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QUANTITATIVE. NEUROHISTOLOGICAL CORRELATES OF VISUAL DEPRIVATION IN. THE 

VISUAL SYSTEM OF THE RAT?. AND GABA IMMUNOCYTOCHEMISTRY OF THE RAT 

CEREBELLUM AND DORSAL LATERAL GENICULATE NUCLEUS.

ABSTRACT

Part one of the thesis is a stereological investigation of the effects of 

light exposure on the morphology of the dorsal lateral geniculate nucleus 

(dLGN) and visual cortex (area 17) of young adult rats dark-reared from 

birth. Four experimental groups were studied: a) rats reared

normally from birth until 52 days post natum (DPN) - Group 52dL, b) rats 

reared upto 21 DPN in darkness and subsequently light exposed for 31 days 

- Group 21/31, c) rats dark-reared until 52 DPN and light exposed for 3 

days - Group 3dL, and d) rats totally dark-reared until 52 DPN - Group 

52dD. The principal morphological correlates of dark-rearing and light 
exposure were :

i) a significant reduction in the volume numerical density (N^) of 

astroglia and oligodendroglia in lower layer V of the visual cortex in 

groups 3dL and 52dD "additionally, group 3dL showed a dramatic increase in 

microglia N^ in thalamorecipient layer IV. No differences were detected 

in neuronal N^ between groups, and few morphological differences were found 

between groups 52dL and 21/31. The neuron and glia cell populations in the 

dLGN were relatively unaffected by dark-rearing.

ii) Although the number, spacing and cross-sectional area of dendritic 

bundles in layer IV of the visual cortex were similar between the 

experimental groups, the number of dendritic profiles and their areal 

density per cluster were significantly reduced in groups 3dL and 52dD 

compared to group 21/31.

/



iii) The major ultrastructural differences concern marked deficits in the

■inhibitory' circuitry of layer IV of the visual cortex, and in the

synaptic glomeruli of the dlGN in group 52dD compared to group 21/31.

These results are considered in relation to previous studies investigating

the morphological effects of visual deprivation on the mammalian visual 
system.

Part two is an immunocytochemical study identifying the GABAergic elements 

of the rat cerebellum using a serum against the 'inhibitory' neurotransmitter 

GABA. The somata and processes of Golgi, basket, and stellate cells were 

invariably immunopositive, as were the axon terminals of Purkinje cells. 

Granule cells, parallel fibres, mossy and climbing fibres, and neuroglia 

were immunonegative. Subsequently, the anti-GABA serum was used to identify 

the GABA-ergic nature of neurons in the rat dLGN using a combined immunocyto

chemical and Golgi/EM approach. The results of this study indicate that the 

thalamocortical projection cells are GABA immunonegative whilst the 'inter- 
neurons' are GABA immunopositive.

Finally, a method is described which allows the Golgi-impregnation of a 

'single' histological section 60-200pm thick.



To Leonie and Leonard

and to my buddy 'Caravaggio' (RIP)

A quantum flies along the lane 
in search of Mr von Korff's brain 
since there inside the cortex tissue 
a certain molecule's at issue:
Von Korff is not at all at ease,
"Do I want bacon, ham, or cheese?"
The quantum speaks with boasting lust: 
"You think you want, in fact you must. 
That freedom you will never gain, 
it s me who's free, your will's in vain" 
Electron 9 begs "Jump on me!".
The quantum wavers leisurely.
Electron 8 is not a frump; 
so she gets the acausal jump.
Just whereupon spontaneously 
von Korff decides to take the Brie, 
and contemplates in peace that still 
he has the freedom of his will.
This was too much for our poor quantum 
he died at (free) will, albeit wanton.



PREFACE

The doctoral thesis contained in the following chapters is divided 
into two parts.

The first part concerns the quantitative morphological effects of
light exposure on the structure of the visual cortex (area 17) and dorsal
lateral geniculate nucleus (dLGN) of adult rats visually deprived from
birth. Chapter 1 introduces briefly the rationale behind^experiments
designed to determine the effects of sensory deprivation on the structural
plasticity of the developing mammalian nervous system, and also introduces
the present investigation and experimental paradigm in the context of
previous relevant research which has dealt with the effects of sensory
modulation on the cellular morphology of the developing mammalian visual 
system.

Chapters 2,3 and 4 can be considered of as analyses of the experimental paradigm 
at increasing levels of magnification (neuronal-dendritic-synaptic).
Chapter 2 is a stereological investigation of the neuronal and glial cell 
populations in the dLGN and throughout the depth of the visual cortex of 
young adult rats. The aim of this quantitative investigation was to 
firmly establish the distribution of cell types in the visual cortex and 
dLGN of normally reared rats, since no previous study has been undertaken 
in this animal (see Heumann et al, 1977; Parnavelas et al,1983) although 
two such investigations have been carried out previously in area 17 of the 
cat and monkey visual cortex (Beaulieu and Colonnier, 1983; O'Kusky and 
Colonnier l982a,b,c) . Such a description is therefore a crucial prerequisite 
for a comparison of the neuronal and glial cell populations between normal 
and visually deprived animals. The central aim of Chapter 2 was to 
determine alterations within these cell populations following total 
dark-rearing and also regimes of dark-rearing and light-exposure imposed 
at important stages of visual system development. The work is first 
presented by a description of the normal adult complement of neurons and 
glia in the dLGN and visual cortex, and subsequently by a description of 
the effects of dark-rearing. I should like to acknowledge here, the 
help and advice of Professor E. Weibel (Berne University), and Drs.
L.Cruz-Orive (Berne University), R. Coleman (Imperial College, London



2.1

University) and V. Howard (Liverpool University) in the development of 
certain aspects of the stereological and statistical techniques..
Additional acknowledgement is due to Dr. R. Sturrock (Dundee University) 
for his assistance in the identification and classification of neurons 
and glia.

Chapter 3 is a short quantitative light—microscopical investigation of 
dendritic bundling within layer IV of the rat visual cortex and the structural 
modification following dark-rearing using part of the same material 
investigated in Chapter 2. Chapter 4 concerns two littermate groups of the 
experimental paradigm (also examined in chapters 2 and 3) and deals 
exclusively with the stereological analysis of presynaptic boutons and 
synaptic junctions at a given level within layer IV, the main 
thalamorecipient zone, of the visual cortex.

Each chapter is introduced by a synopsis of the background literature 
and the results are discussed in terms both of methodology and a 
consideration of the broader perspective of the experimental area which 
includes the normal development of the rat visual system. Part 1 is 
concluded with chapter 5 which gives an overview to the results of the 
previous chapters, as well as indicating, not only how such research might 
progress in the future, but also how quantitative neuroanatomy might 
feature in the overall development of experiments investigating the 
functional anatomy of the mammalian visual system.

Part two of the thesis was originally conceived as complementary 
to chapters 2 and 4, since due to a 'twinning' research grant between 
The Open University, Milton Keynes and The Semmelweis University Medical 
School, Budapest, it became a realistic possibility to analyse Golgi- 
impregnated material derived from animals reared under the experimental 
paradigms used in part one adopting three-dimensional computer 
reconstruction and rotation techniques, followed by a correlated electron 
microscopical examination. Unfortunately, due to technical 
^^^^iculties this was not possible. However, a unique 
opportunity emerged to investigate the cerebellum and dLGN of the rat 
using an anti-serum directed against the inhibitory neurotransmitter 
GABA (Hodgson et al, 1985; Somogyi, et al 1985a,b). The work presented 
in chapter 6 , part two, illustrates the immunocytological testing of
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the serum on the rat cerebellum both at the light- and electron- 
microscopical levels and relates immunocytochemical data to previous 
physiological and anatomical information on the connectivity of the 
cerbellum, in particular the origin and distribution of the 'inhibitory' 
connections(Ecoles,Ito and Szentagothai, 1967; Chan-Palay and Palay, 
1974). Chapter 7 is an investigation using the anti-GABA serum combined 
with Golgi/EM to identify the inhibitory neurons and neural elements in 
the rat dLGN. Given sufficient time this part of the project would have 
gone on to establish the quantitative and qualitative differences present 
in the dLGN of animals reared in the different experiment groups.

Appendix 1 is an account of a technique that was developed by the 
author during his Hungarian visit, whereby a single histological section 
(40-200}im thick) may be Golgi-impregnated and gold-toned. A brief 
account of this procedure has recently been published (Gabbott and 
Somogyi, 1984). Appendix 2 lays out the experimental protocol used in 
this thesis for the conventional aldehyde fixation of brain tissue. 
Appendix 3 presents full details of the stereological nomenclature, and 
histological and immunocytochemical abbreviations used throughout the 
chapters of this thesis.

The author claims all responsibility for the research described in 
P^T't one, whilst in part two, the author acknowledges gratefully support 
from Dr. J. Somogyi and Professor J. Hamori, as well as excellent (and 
unending) technical assistance from Ms. Aniko Nagy.

Finally, the author is keenly aware that both parts of this thesis 
co-exist uneasily together. The result is a hybrid. Nonetheless, the 
work presented in part two is of sufficient merit to warrant it's 
inclusion and spearate presentation. The relation of chapter 7 with 
chapters 2 and 4 is obvious, though regretable that time did not allow a 
fuller exploration of intrinsic inhibitory dLGN circuitry following visual 
deprivation.
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NOTE ON THESIS PRESENTATION

The thesis is divided into two volumes. The first volume contains 
the main body of the text, whilst the photographic figures and their 
accompanying legends are presented in volume two.

NOTE ON ILLUSTRATIONS

The illustrations in this thesis are presented as photographic 
figures and diagrams.

'Diagrams'are line drawings which are presented within the main text 
and are located at the appropriate places in volume one.

Photographic figures are given a separate presentation in volume 
two. References to specific figures contained in the second volume are 
denoted by the 'underlining' of the figure reference in the text; for 
example, 'figure 103' or 'figures 6 , 7, 8 ' indicate to the reader 
that these figures are presented within volume two. This notation 
is used consistently throughout the thesis.
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"Seltsamer Zufall, dass alle die 

Menschen, deren Schâdel man 

geüffnet hat, ein Gehirn hatten!"

Strange coincidence, that every man 

whose skull has been opened had a brain1"

L. Wittgenstein. 'Uber Gewissheit' (On Certainty), 1949





CHAPTER 1

PROLOGUE

The extent to which the development of brain structure and function 

depends on environmental influences has been of central interest to 

neuroscientists for many decades. Indeed, an extensive body of research 

now indicates that the genetically prescibed pre- and postnatal development 

of neuronal circuitry is highly susceptible to epigenetic factors (see 

for example: Keating, 1968; Gaze and Keating, 1972; Jacobson, 1970;

Changeux and Danchin, 1976; Prestige and Willshaw, 1975; Malesburg and 

Willshaw, 1976). These factors may arise from the internal environment 

of the developing organism, such as changes in the electrical, chemical, 

or physical interactions between nerve cells, or in the organism's 

external environment-for example, abnormal hormonal or nutritional 

conditions, or the deprivation of appropriate sensory and social stimuli. 

Developmental neurobiology has therefore sought to identify the mechanisms 

underlying the sequence of events that determine the pattern of adult 

synaptic architecture and the manner in which they are affected by 
epigenetic factors.

Studies of normal and experimentally perturbed neuronal development 

reveal the existence of a complex and dynamic interplay between 'genetic' 

and 'epigenetic' factors which determine the specific pattern of adult 

neural connectivity. Although the mechanisms underlying this interplay 

are poorly understood it is acknowledged that the functional anatomy of 

the brain is malleable within genetically determined constraints, and 

that the normal patterns of synaptic connectivity can be 're-modelled' 

by epigenetic factors during development. Thus it appears that although



there is a basic invariant framework of neuronal and synaptic architecture, 

the structure of the developing nervous system is sufficiently 'plastic' 
to adopt to environmental influences.

The influence of early sensory experience on the postnatal development 

of the mammalian sensory pathways has been most extensively studied in the 

visual system, and many investigations have demonstrated that the post

natal development of the mammalian visual system requires appropriate 

visual stimuli during development to mature normally (see reviews by 

Hirsch and Leventhal, 1978, Movshon and Van Sluyters, 1981; Sherman and 

Spear, 1982). For example, an environment during early visual development 

that restricts pattern information can alter neural connectivity (Garey 

and Pettigrew, 1974; Winfield, 1983), affect visually guided behaviour,

(van Hof-van Duin, 1976a,b), and reduce adult visual capacities (Timmey 

et al, 1978). Moreover, after a relatively limited developmental period 

these alterations become nearly impossible to reverse; likewise similar 

deprivation after this period does not deleteriously affect the visual 

system. Hence the presentation of the appropriate stimuli during this 

developmentally 'critical' period is crucial for normal development of 

the visual system. The critical period is associated with a developmental 

stage of rapid neural growth, and increases in synaptic connectivity and 

efficacy - possibly a period of the selective preservation and 

consolidation of useful synaptic connections or an optimisation of 

construction in response to environmental conditions (Changeux, 1976). ■

The basic observation that early sensory experience can modify the 

structure and function of the brain has been verified in a wide variety 

O f species - it is thus a general phenomenon.



By studying the effects of early sensory experience on neural 

development important information can be provided regarding the mechanisms 

underlying normal and abnormal neural development.

That is, how do the 10^^ - 10^^ neurons seek out their post-synaptic 

targets, how do they initiate and maintain functional synaptic connections 

and how are these processes modified by environmental influences? 

Additionally, since neuroglia are intimately involved in neural development 

and neural functions (Pope, 1978; Varon and Somjen, 1979; Nicholls, 1981; 

Murabe and Sano, 1982) to what extent is this diverse cellular population 

ii^fluenced by sensory modifications during development?

P^svious studies have indicated that sensory deprivation during 

development can cause alterations in the morphology of the neuronal and 

glial cell populations within the mammalian visual system (see references 

to the works of Valverde, Cragg, Borges and Berry, Bhide and Bedi and 

Vrensen). These alterations occur to a very limited extent in the retina, 

(Sherman and Stone, 1973; Chernenko and West, 1976) and the optic layers 

of the superior colliculus (Lund and Lund, 1972; Vrensen and DeGroot,

1977), but are more severe in the dorsal lateral geniculate nucleus and 

most pronounced in the visual areas of the cortex (see the review of 

Sherman and Spear, 1982). In the dLGN and visual cortex, sensory 

deprivation produces changes in the number and size of neuronal somata, 

the orientation and branching of dendritic and axonal arbors, dendritic 

spine density, and modifications of synaptic ultrastructure (see the works 

of Valverde, Winfield, Rosenzweig, Bennett, Greenough, Fifkova, Cragg,

Borges and Berry, Winfield,and Vrensen). In contrast, changes in 

the glial cell populations following visual deprivation have been 

assessed only to a limited extent and previous investigations only 

describe alterations in the relative proportions of the various



glial cell types (Szeligo and Leblond, 1977; Borges and Berry^ 1978;

Heuman and Rabinowicz, 1980).

Whilst the studies described above provide a wealth of information 

detailing the quantitative effects of sensory deprivation on the dendritic 

and synaptic architecture of the rat visual centres, there exists few, if 

any, studies that have adopted rigorous quantitative approaches to investigati 

the effects of sensory deprivation on the distribution of neurons and glia

throughout the rat visual cortex and in the dLGN. Moreover, there are no 

reports in the literature dealing specifically with the effects of sensory 

^®P^ivation on the distribution of dendritic bundles in the mammalian 

visual cortex. Yet from the work of Peters and Walsh (1972) , and Feldman 

and Peters (1974) it appears that dendritic bundles are important 

morphological units in the rat visual cortex, and of functional importance 

since a large part of geniculocortical afferentation is onto the ascending 

apical dendrites of layer V pyramidal cells in layer IV (Peters et al,

1979; Miller, 1981; Miller and Peters, 1981).

/
The object of Part One of this thesis is to investigate the 

quantitative effects of visual deprivation on the cellular morphology and 

distribution of the neuronal and glial cell populations of the rat visual 

cortex and dLGN, as well as its effects on the dendritic bundling of 

layer V pyramidal cells in the visual cortex. Additionally^ the thesis 

has sought to provide morphometric data concerning the effects of visual 

deprivation on the synaptic organisation of the dLGN and thalamo-recipient 

layer IV of the rat visual cortex. With particular regard to the cellular 

structures described above, the following chapters have sought to answer 

these questions



i) What are the resultant morphological effects of dark-rearing on the 

normal developmental of the rat visual cortex and dLGN?

11) To what extent can the morphology of the dLGN and visual cortex in 

rats dark-reared from birth be modified during a brief period of continuous 

illumination during young adulthood?

iii) What are the morphological effects of dark-rearing during the 

developmentally critical period up to weaning and how might these effects 

be subsequently altered by normal light exposure from weaning until 
young adulthood?
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2.1 INTRODUCTION

Quantitative descriptions of the neuronal architecture within the 

mammalian visual system are becoming increasingly important for a correct 

understanding of the neural circuitry subserving vision (Crick et al, 1981) 

Such descriptions are not only important for providing accurate information 

regarding the normal morphological development of the visual system, but 

also enable the structural modifications that occur after sensory 

deprivation or enrichment to be detected and defined more accurately.

One of the primary structural features of visual system architecture 

concerns the morphology and distribution of neurons. Indeed, the 

patterns of afferent, efferent, and internal connectivity of the dLGN 

and visual cortex show a high degree of regional specificity and 

preference (Martin, 1984) , which is related to the distribution of 

neurons and their dendritic and axonal morphologies (Liebermann and 

Webster, 1974a; Ferster and LeVay, 1978; Peters et al, 1979; Lund et al, 

1979; Somogyi et al, 1982; O'Hara et al, 1983; Martin and Whitteridge,

1984). Therefore, one important prerequisite towards understanding the 

principles of connectivity within the mammalian visual system is a 

quantitative description of the neuronal density in these visual centres.

Whilst the quantitative dendritic and ultrastructural characteristics 

of the rat visual cortex and dLGN have been studied extensively (White 

and Hersch, 1982; Borges and Berry, 1976, 1978; Valverde, 1967, 1976;

Miller, 1981; Blue and Parnavelas, 1983b) there are few quantitative 

morphological accounts of their cellular composition. The descriptions 

that do exist are either confined to quantitative planar data (Diamond 

et al, 1977; Parnavelas et al, 1983) or provide only limited information
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concerning the spatial distribution of the cell populations (Leuba et al, 

1977; Heumann et al, 1977,1982; Warren and Bedi, 1982,1984). Moreover, few 

studies give adequate attention to the distribution of the different glial 

cell types (Bhide and Bedi,1984a,c),yet it is becoming evident that the 

postnatal maturation of the mammalian visual system is accompanied by changes 

in the numbers and distribution of glial cells and that such changes may 

modulate neuronal excitability and function (Hertz,1979;Pentreath and 
Kai-Kai, 1982).

Many studies have indicated that glial cells are intimately concerned 

with the maturation and functioning of neurons (see Orkand, 1978; Vidrio 

and Fedoroff, 1981). Astrocytes in tissue cultifre have been shown to 

release factors which promote the growth and prolong the survival of 

neurons (Banker, 1980). The cytoplasmic processes of these cells appear 

to influence axonal growth (Guillery et al, 1970; Grainger and James, 1974) 

and synaptogenesis (Lynch and Akers, 1979). Oligodendrocytes are 

responsible for the myelination of developing axons (Hild, 1957; Bornstein 

and Murray, 1958; Bunge et al, 1961; Peters et al, 1976; Aguayo et al,1981; 

see Norton, 1984). Microglia have the ability to autolyse or phagocytise 

cellular debris following injury to the central nervous system (Rio-Hortega, 

1932; Penfield, 1932; Fujita et al, 1981; Brierley and Brown, 1982).

These cells also show an increased density during maturation which matches 

normal neuronal degeneration (Mathews and Kruger, 1983a,b). Hence a 

knowledge of the quantitative distribution and morphology of the three 

glial cell types is an important index of the normal maturation and 

functioning of neurons, and neural tissue.

The maturation of the glial cell populations in the dLGN and visual 

cortex occurs predominantly in the post-natal period 0-21 days postpartum

(DPN) (Raedler & Sievers, 1975) .In the dLGN astroglia,oligodendroglia,and microglia
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achieve their mature ultrastructural characteristics and distribution

during 13-16 DPN (Raedler and Sievers, 1975; Biesold et al, 1976).

Within the visual cortex astroglia and microglia attain their adult

distributions between 12-16 DPN and oligodendroglia during the period 
(Parnavelas et al, 1983)

24 40 DPN » Therefore, since the distribution of the

glial cell types are still undergoing developmental changes during the

period crucial to neuronal development they may also be susceptible

to environmental influences during the maturation of the visual system.

The morphology of neurons in the rat dLGN, and particularly in the 

visual cortex is susceptible to environmental modifications during 

development and adulthood (Valverde, 1967, 1976; Cragg, 1969, Fifkova,

1970a,b; review by Chow,1973:Diamond e t a l , 1977; Borges and Berry, 1976,1978 

Hauman and Rabinowicz, 1980; Bhide and Bedi, 1982.1984 .-Connor a Diamond, 1982a; 

Davies and Katz,1983). Moreover, these effects are not limited to the 

neuronal population, since early visual experience can also influence the 

number and distribution of glial cells in the dLGN and visual cortex. The 

proliferation of glial cells occurring after birth (Brizze, 1964; Ling 

and Leblond, 1973; Raedler and Sievers, 1975; Heumann et al, 1978) is 

dependent on environmental complexity, since rats reared in an enriched 

visual environment have more glial cells in the visual cortex than 

littermates reared in an impoverished environment (Diamond et al, 1964,

1966) and also that the rate of glial cell division is greater (Altman 

and Das, 1964). The difference is primarily due to an increase in the 

number of astrocytes and oligodendroglia, whilst the number of microglia

remain unchanged (Szeligo & Leblond,1977 cf Bhide & Bedi, 1984a,c) .However,rats 

reared for an extensive period in total dar)cness showed mar)<ed increases of 

microglia in layers IV of the visual cortex, without any modifications to 

oligodendroglia or astroglia (Borges and Berry, 1978). Although there
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are no studies describing the effects of dark-rearing on the glial cell 

population in the rat dLGN, unilateral eye enucleation in the mouse at 

birth produced a 21% reduction in the number of neurons and a 52% reduction 

in the total number of glial cells in the contralateral dLGN at 180 DPN 

(Heumann and Rabinowicz, 1980). These studies indicate that the three 

main types of neuroglia in the visual cortex are differentially affected 

by subtle forms of visual deprivation during postnatal development, 

whilst alteration of the glial and neuronal populations of the dLGN 

requires a severe disruption of visual functioning.

The aim of the investigation described in this chapter is two

fold. The first objective, is to define quantitatively, using 

stereological techniques (Weibel, 1980), the normal cellular composition 

of the young adult rat visual cortex (area 17) and dorsal lateral 

geniculate nucleus (dLGN) in terms of the neuronal and glial cell 

populations. This is important since there are no studies in the 

literature that have used rigorous morphometric techniques (cf Heumann 

et al, 1977; Parnavelas et al, 1983 ; Bhide and Bedi, 1984a,c) to define 

distribution of neurons and glia in the rat visual cortex (area 17). a  

brief comparison is made between the distribution of neurons in the rat 

visual cortex determined by the present study with the distribution of 

usurons in the mouse, cat, and monkey visual cortices, as measured by 

Heumann et al, (1977), Beaulieu and Colonnier (1983), and O’Kusky and 

Colonnier (1982a,c) respectively. The second objective is to identify 

alterations within these cell populations following total dark—rearing 

and also regimes of dark-rearing and light-exposure imposed at important 

stages of visual system development.
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2.2 METHODS

2.2.1 Experimental Paradigm

A litter of Wistar rat pups (stain CFHB) were born in a ventilated 

ligbt—excluding' box, and together with their mother were reared in the 

until they were weaned at 21 days post natum,(21 DPN) . The male pups 

then segregated randomly into three equally—sized littermate groups.

One group was placed for 31 days in a ' normal ' animal house environment on 

^ (diurnal cycle of 14 hours light/10 hours dark, whilst the other two groups 

remained in the dark up to 52 DPN. One of the dark—reared groups was then 

introduced to a continuous light regime for 3 days until 55 DPN ( the 

quality and intensity of illumination was not altered). In addition to the 

above groups a fourth non-littermate group was investigated that had been 

for 52t DPN in a 'normal' animal house environment.

The layout of these experimental groups is shown in diagram 2.1.All groups 

contained eight animals and the littermate groups were composed from 

several evenly distributed litters. Each group is consistently referred to 

by one of the following symbols : 52dL, 21/31, 3dL, or 52dD which expresses

the illumination regime experienced by the group (see Diagram 2.1).

Eye-opening in rat pups occurs naturally around 14-15 DPN, with weaning 

taking place normally at 21 DPN. During the period 14 DPN upto 30-40 DPN 

the rat visual system is developing structurally and functionally and is 

extremely susceptible to environmental modification or sensory deprivation.

At 52 DPN the morphology of the rat visual system has reached adult-like 

maturity (Parnavelas et al, 1977a,b; Miller, 1981; Miller and Peters,
1981).
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Experimental Paradigm Diagram 2.1

14 . 21
•eye*cpening weaning

Groups-

52dL
52

dc^ ’pcst-natum’

21/31
52dpn

52 55d pn

52dD

2.2.2 His tological preparation

At 52 (or 55) DPN the animals were anaesthetised by an intraperitoneal 

injection of sodium pentobarbitone (0*Zml /lOOgm. live body, wt.) and then 

perfused through the ascending aorta with 150ml of warm (35°C) fixative 

containing 2% paraformaldehyde and 2% pure glutaraldehyde in O.lM sodium 

cacodylate buffer and 0.03% CaCl^ at pH 7.2-7.3 (Fairen et al 1977).

Animals reared in complete dar)cness (52dD) were anaesthetised under far-red 

illumination (wavelength = 6.7x10 m) and wore light-excluding hoods during the 

initial stages of perfusion. These hoods did not restrict respiration. The heads < of the

perfused animals were placed in fresh fixative and stored overnight in a 

refrigerator.
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Diagram 2.2 a-c) Cytoarchitectonie map of the cortical areas on the surface of 
the left hemisphere of the rat brain. The primary visual area - area 17 - is 
shown stippled, and in 2a, 2b, and 2c the exact position of the stereotaxic ; 
point is shown encircled and arrowed - tissue from around this point was used 
in this investigation. 2d) Retinotopic projection of the vertical (vert) and 
and horizontal (hor) visual meridians mapped onto the surface of the visual 
cortex.[in 2a-<J. the position of the stereotaxic location has been adjusted to 
accomodate the reference systems used by the different authors}.
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Diagram 2.3

V

/  200pm

-5 -4 -3 -2 -1 0 1 2 3 4 5 mm

DIAG 2.3 —  Computer reconstruction end axial transformation of frontal sections regulaurly spaced 200pm apart 
through the caudal diencephalon of the rat. The dorsal lateral geniculate nucleus (dLGN) is shown in red and 
the optic tract (OT) is coloured yellow. The sections range from 0.6 to 4.2mm anterior to the interaural axis. 

PV, Nucleus paraventricularis thalami* HM, Nucleus haleenularis medialiS) RH, Nucleus rhomboidus thalami; VD, 

Nucleus ventralis thalami pars dorsalis ; VM, Nucleus ventralis thalami pars mediale; VE, Nucleus ventralis 

thzUami; LM, Lemniscus medialis; Zl, Zpna incerta; Cl, Capsula interna; LHAm Area lateralis hypothalami; MT, 
mamillothzdamic tract; V, ventricle; RE, Nucleus reuniens thalami; PH, Nucleus posterior hypothalami; PHD, 
Nucleus praemami1liaris ventralis; FX, Fornix; ML, Nucleus mamilliaris lateralis; PC, Pedunculus cereleri;
RT, Nucleus reticularis thalami; PRT, Area praetectalis; LTP, Nucleus lateralis thalami, pars posterior;
CS, Collieulus superior; GM, Corpus geniculatum mediale; BCS, Brachium colliculi inferioris; BCI, Brachium 

colliculi superioris.
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Next day,,, from around, a. steraotaxically: located point on the pial 

surface of the left visual cortex (Kreig, 1946; Schrober and Winklemann, 1975; 

Zilles,. 1980) a coronal slab (approximately 2mm x 1mm) perpendicular to the 

pia and extending the whole depth of the cortex was remove carefully. The 

stereotaxic co-ordinates of these slabs lie between 1.0-2 .0mm anterior to 

the lambda suture, and 2.85-4.85mm lateral to the mid-line (Diagram 2.2) .

The stereotaxic co-ordinates were chosen so that the tissue slabs were 

located within the visual area of the rat cortex, and confidently

within area 17 (Adams and Forrester, 1968; Wagor et al 1980). From Montero 

et al (1973) it appears that these slabs are in a region receiving a 

retinotopically organised input from near the horizontal and vertical visual 

meridians (Diagram 2.2d). The slab was cut into two blocks and placed in 

fresh fixative for one hour. The lateral block was used to determine 

cortical and laminar thickness, whilst the more medial block was used in the 

quantitative analysis of visual cortex architecture in both the light- and 
electron microscopes.

The whole of the cortex was then removed to reveal the underlying

caudal diencephalon, and by careful inspection of the surface topography,

the medial geniculate body, dorsal and ventral lateral geniculate nuclei

and the optic tract could be located (Diagram 2.3) . Thin frontal slices were

hand-cut from the region containing the left dorsal and ventral lateral

geniculate nuclei. No further attempts were made to isolate the dorsal 
lateral geniculate nucleus (dLGN).

After an extended wash in O.lM sodium cacodylate (pH 7.2) containing

7% sucrose, tissue was postfixed for two hours in buffered 1.5% OsO^,

washed in buffer, dehydrated in ascending grades of ethanol and embedded in 
TAAB resin (see Appendix 2).
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The morphometric analysis of structural features within the dLGN 

and visual cortex of the four groups 52dL, 21/31, 3dL and 52dD aretabulated 

below (Table 2.1 below).

TABLE 2.1 Morphometric synopsis

Structural features 
examined Level* Group

Region 52dL 21/31 3dL 52dD

dLGN Total volume of dLGN LM / / / / 3

Neuronal and glial 
cell population LM / / / / 5

Synaptic structure EM - / - / 5

Visual
cortex

Neuronal and Glial 
cell populations LM / / / / 8

Tangential organisation 
of Layer IV Dendritic 
clusters LM / / / / 8

Synaptic structure 
Layer IV EM - / - / 5

* Level: Light (LM) and electron (EM) microscopy. 
** n • number of animals examined.

i) Sampling strategies

Visual cortex: Because of the structural lamination, cellular anisotropy,

and inhomogeneity of component density within the cortex both a totally 

random sampling (RS) method and a non-orientated systematic (NOS) design 

would produce invalid and highly biased stereological estimators of cortical 

structure (Miles and Davy, 1977). Therefore, a fixed orientation systematic 

random sampling (FSRS) procedure was employed (Miles and Davy, 1977; Cruz- 

Orive and Weibel, 1981; Miles, 1978b; Weibel, 1979; Moral and Haug, 1982) 

Only one hemisphere was analysed, since it has been shown recently that 

cortical depth may vary between the two hemispheres in normal reared animals 

(Diamond et al, 1981).
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An FSRS procedure can accommodate the orientation and density of cortical

neurons. However,only two possible orientations may be adopted - either

parallel or perpendicular to the pia surface. Both orientations have much to

recommend them, but tangential sampling allows a larger area to be sampled (this

is especially true of relatively thin laminae,e.g.layers I and IV), and also reveals

iriformation concerning the apparent tangential clustering of the apical

dendrites of pyramidal cells as they course through thalamorecipient

layer IV (Peters and Walsh, 1972). A FSRS procedure applied tangentially 
to the visual cortex entails partitioning the whole cortex into tangential

sampling strata at regular intervals parallel to the pial surface, and

applying non-overlapping test frames (quadrats) to each stratum. Sampling

stratification began just below the pia (Ojim) and continued at 50pm

intervals for a total distance of 1500pm. Therefore, each cortex and part

of its underlying white matter was artificially segmented into thirty-one

sampling strata (figure 1 ). A separation of 50pm was selected statistically,

since it provided the optimal resolution for the extraction of structural

data from the conventional cytoarchitectonie laminae.

For the analysis of the glial and neuronal cell populations, 0.5pm 

thick sections were obtained from each sanpling stratum throughout the 

visual cortex and stained with 1% toluidene blue containing 0 .5% sodium 

borate (see Appendix 2). The tangential organisation of dendritic clusters 

within layer IV was examined using sections from strata within the confines 

of layer IV (see Chapter 3). In addition to the semithin section, non-serial 

ultrathin sections were cut from around the 500pm sampling stratum (located 

in upper layer IV- figure 1) from five animals in group 21/31, and from their 

five littermates in group 52dD. These sections were collected on 400 mesh 

grids and stained with uranyl acetate and lead citrate prior to examination 

in a Jeol 100s electron microscope (see Appendix 2). Electron micrographs 

of these sections were used in the quantitative analysis of synaptic 

architecture within layer IV of groups 21/31 and 52dD (see Chapter 4).
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C3LGN: By inspection of frontal sections 0.5pm thick, the resin block

containing the dLGN was trimmed precisely. The whole of this nucleus was then 

sampled by a non-oriented random sampling (NORS) procedure since t h ^ C N  

does not display laminae, nor a high degree of structural isotropy. 

Essentially, the dLGN was sectioned without excess regard to orientation, 

and both semithin (0.5pm thick) and ultrathin sections were collected at 

regular intervals (30-50pm apart) starting below the optic tract and 

extending over a distance of upto 500pm. The neuronal and glial cell 

populations have been analysed in 5 animals from 52dL and in five litter

mate animals from each of the groups 21/31, 3dL, and 52dD. Additionally, 

the synaptic populations in three littermate animals from groups 21/31 

and 52dD were examined. In three non-littermate animals from each group 

the whole volume of the dLGN was morphometrically calculated from frontal 

sections cut regularly throughout the whole anteroposterior axis of the 
nucleus (see section 2 .2 .7).

ii) Measurement of section thickness

A knowledge of section thickness (t) is of central importance in 

stereological theory, because the magnitude of ' f  in relation to the size 

of the objects under investigation will ultimately affect the detection and 

sampling of test objects, as well as the quantitative analysis of data 

(Weibel 1979; see also 2.2.4 below).

Although the stereological methods used in the analysis of neuronal 

and glial cell populations adopt correction algorithms for section thickness 

effects it is important to determine the accuracy of the ultramicrotome to 

cut consistently sections with a defined thickness of 0 .5pm.
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Moreover,, in order to apply correction factors in the quantitative 

ultrastructural analysis of the visual cortex and dLGN, precise estimates 

of section thickness are required (Chapter 4.2). A rough guide to the 

thickness of ultrathin sections is given by the interference colour of the 

section surface at the time of sectioning (Peachy, 1958; Sakai, 1980).

Ideally, the thickness of every section should be measured - but this 

is evidently impractical. Therefore, the thickness of individual sections 

from a large randomly selected sample of semithin and ultrathin sections 

cut from the material under investigation were measured using a Vickers M86 

micro densitometer and scanning micro-interferometer (courtesy of Dr. 

Goldstein, Department of Anatomy, University of Sheffield).

The thickness of each section (t) could be calculated from equation 1 
(Gebbie and Twist, 1966) -

t =  (O.D. X  X) x (N^-Nq)"^ eq. 1

where O.D. is the optical path difference, X  is the wavelength of the 

incident radiation (632 nm) , N^ is the refractive index of the embedding 

medium (TAAB resin) = 1.51, and N^ is the refractive index of the 

surrounding medium (air) = 1?0 .
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The average thickness of fifty-seven semithin sections cut at a 

setting of 0.5pm on a Reichert 0MU3 ultramicrotome was 0.479pm ± 0.031 

(mean + s.e.m.). For ninety silver-grey ultrathin sections cut on the 

same instrument using a diamond knife (and expanded with chloroform vapour 

before being collected on 400 mesh grids) the average section thickness was 

67.6 nm 2.24 nm (mean s.e.m.) .

These results indicate that the semithin and ultrathin sections used 

in this study may be assumed to have uniform thickness, because the SEM is 

much less than 10% of the mean value. The average thickness of the ultra

thin sections has been used directly in the correction for section thickness

effects during the stereological analysis of ultrastructural parameters 
(Chapter 4).

iii) Morphological terminology for neurons and glia

The term 'perikaryon’ defines the cytoplasm surrounding the nucleus of 

a cell, but excludes that in the cell processes, 'cell body' or 'soma' 

refer to the combined cytoplasm and nucleoplasm ( Palay and Chan-Palay,

1977).

2.2.4 Stereological sampling methods for cell populations in the dLGN and 
visual cortex

Morphometric system; 'Planar' analytical metho* were chosen for 

stereological analysis in preference to 'line-intercept'or 'point-counting' 

methods' (Weibel, 1979), because using planar methods an optimal compromise 

could be achieved between the quantity and quality of data acquisition,
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speed of acquisition,and 'time expenditure'. Moreover, the construction of 

abivariate analysis , for cell profiles would have been impossible if 

'line' or 'point probes' had been used instead of planar probes, since
f

the inherent analytical problems become indeterminate due to both 

'intercept length' and 'point' distributions being univariate.

i) Numerical density of cells per unit volume (N^).

The mathematical basis for the estimation of the numerical density of 

particles - N^ - (Wicksell 1925,1926; DeHoff and Rhines, 1961) is given 

by the general formula (equation 2)

Ny = \ / D  eq. 2

where N^ is the number of profiles per unit test area of section, and d"

is the 'true' mean caliper diameter of the particles. A description is

given below of the methods used in the estimation of N^ and D*.

_^A estimation and planar cell features. Tissue sections were observed 

under xlOO oil immersion objective lens, using a xlO eyepiece fitted with 

a rectangular test quadrat (active area = ll,800pm=). Randomly located 

quadrats were used to investigate morphological features on the sections - 

all.quadrats were 'non-empty' and 'non-overlapping' (Miles and Davy, 1977). 

Twenty such quadrats were used to sample each cortical stratum within one 

animal, and a total of fifty quadrats were used to analyse between

10-15 frontal sections from each dLGN. The number of quadrats required 

to provide statistically valid estimates of cell structure was determined 

during preliminary investigations (see 2 .2.9 below).

Although cell nucleoli are ideal stereological test objects 

representing the collapsed mass of a cell by a point in space many neurons
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in the rat visual cortex exhibit multiple nucleoli, and glial cell 

nucleoli are frequently indistinct against darkly stained intranuclear 

material. Assuming neurons and glia to be mononuclear - cell nuclei were 

used to define test profiles. Therefore calculations of nuclear numerical 

density give a direct estimate of cell numerical density.

In Nissl-stained material nuclear profiles in the visual cortex and

dLGN may be classified into neuronal and glial cell types according to

their morphology and staining patterns (Ling et al, 1973; Table 2.2;

figures 2 to 11). This study has categorised glial cells into oligodendroglia 
astroglia and microglia (figures 2b, 2d, 3b, 3c, 3d, 4c-4f, 5a-5f, 6d-6h,7b,

8b,10,1 la).Oligodendroglia have two distinct subtypes - light or dark, 

depending on the intensity of their staining (Ling et al, 1973; Parnavelas 

et al, 1983). Since these types could not be recognised with complete 

certainty in Nissl-stained material, they were classified as one category.

The few nuclear profiles (<1%) with ambiguity of cell types were recorded 

as 'unclassifiable' and excluded from further analysis.

The correction factors of Mayhew and Cruz-Orive (1973; 1975) allowing 

for the concentric or eccentric spatial alignment of the nucleus within the 

cell body have not been used since these equations assume perfect structural 

sphericity.

In addition to all the nuclear profiles entirely within the test 

quadrat, only those intersecting the right and upper borders, and the 

lower right corner were included for morphometric analysis and the 

calculation of cell areal density (N^) (Gundersen, 1977; Miles, 1978a; see 

Diagram 2.4).
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Diagram2.4.a) A dispersed population of unequally sized spheres sectioned randomly by an infinitely thin 
plane (pi). b) The test quadrat (TQ) is flanked by 'includion' (open) and 'exclusion' zones (hatched 
area) according to the rule of Gundersen (1977). Circular profiles are excluded from the morphometric 
analysis when profile perimeters lie over the 'hatched' boundary or the upper left hand corner - all other 
profiles are included in the analysis. Therefore, only five profiles are counted in the test quadrat

N a  ' 5 profiles

The nuclear and somatic profiles of cells within each quadrat were 

drawn at a known magnification via a camera lucida. Profile curvature was 

maintained where dendrites emerged from the neuronal perikaryon (figures 2a ; 

I'i) and when infoldings of the neuronal nucleus occurred (figures 3a, 3d;

7a, 10) . In the rare instances where extremely infolded neuronal nuclei 

were bisected by the plane of section, both halves were drawn as one 

profile and considered to be representative of that nucleus.

Additionally, the number of nucleoli per test neuronal nucleus were 

recorded within sampling strata from the cortex and dLGN. For dLGN 

neurons the presence of cytoplasmic laminated bodies (Winfield, 1979) 

was also noted.
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Measurement of mean particle size D; Random sections through a population

of particles will result in a set of profiles. A very efficient control

variate for the estimation of profiles size is its 'area equivalent

diameter' - d.circle (Miles and Davy, 1977) which represents the diameter

of an 'area equivalent circle' (Weibel 1979). This is also an effective

sizing parameter for particles and profiles that are slightly non-spherical 
or non-circular.

Considering a polydispersed phase of non-uniformly sized, spherical

particles the problem is to determine the 'true' mean D. circle of the

sphere population from the observed mean d.circle of all profiles.

Biologically, D.circle represents the'true'mean diameter of all nuclei,whilst

d.circle is their mean 'observed diameter’ obtained from random planar sections 
through the cell population.

In practice D.circle estimates will be hindered by two effects,

i) section thickness effects, and ii) the loss (truncation) of small polar 

cap sections due to a contrast deficiency of small profiles against the 

surrounding histological matrix. This latter effect will also contribute 

directly to an underestimation in (especially if the population is 

composed of a high proportion of small particles or cells).

Abercrombie (1946) proposed two correction factors for section 

thickness effects. Firstly, a general correction to accommodate sections 

possessing a finite thickness (t) , such that = N^/(D.circle + t) .

Secondly, a factor to account for the increased probability to contaminate 

estimates of d.circle using sections with a finite thickness (the 

magnitude of the effect becoming marked if 10t> D.circle ( D.circle =

(4/II) X d.circle). Floderus (1944) proposed similar correction factors 

but also introduced corrections for truncation effects (Weibel, 1979).
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Strictly the corrections of Abercrombie (1944) only apply to a

uniformly sized population of spheres, whilst the practical application

of the 'Floderus method' is fraught with difficulties in the estimation

of the size of the 'lost caps' (Eranko, 1954; Aherne and Dunnill, 1982;

Cruz-Orive,1983a,-Colonnier and Beaulieu,1985). In this study the loss of

small profiles due to translucent polar caps is minimal since neuronal

nuclei, and the nuclei of oligodendroglia and microglia are very sharply

defined against the embedding matrix. The 'Holmes effect'(1927) is not so

negligible for the randomly orientated and highly ellipsoidal small

microglial nuclei, but accurate estimates of its contribution in stereological

parameters is so difficult to determine that it has been neglected in this 
study.

For a population of non-uniformly sized spheres (or cells) Icnown to 

vary greatly in size, it is preferable to derive estimates of D.circle by 

reconstructing the 'true' sphere (cell) size distributions from a/size-frequency, 

distribution of the observed profile d.circle measurements. This may be 

accomplished using the analytical methods of Wicksell (1926), Scheil 

(1935), Schwartz (1934), and Saltykov (1958). Indeed such methods 

accommodate corrective measures for section thickness effects and 

deficiencies in N^, by applying rigorous analytical solutions to the 

observed profile size-distributlon (Wicksell, 1925; Bach, 1959; DeHoff 

and Rhines, 1968; and Underwood, 1970). These univariate methods deal 

solely with profile size and are appropriate for spheres and near 
spherical particles.

Since the size and shape of a cell are affected by its packing density,

cells Which have become flattened (c-U-fiqures 5f . 6b) will assume the shape of
Oblate spheroids, whilst elongated cells (e.g. non-pyramidal bipolar cells
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in layer IV - Feldman and Peters, 1978) will become similar to prolate or 

columnar spheroids . Therefore, calculations of cell numerical volume 

density (N^ - the number of cells per unit volume of tissue) and parameters 

derived from which are based on spherical models will be highly inadequate 

when dealing with non-spherical particles, especially if one substitutes a 

"volume-equivalent" sphere for a "non-spherical" ellipsoid. Errors produced 

through such inappropriate modelling assumptions are described by Weibel 

(1979).

Modelling nuclear (or even somatic) profiles with a phase of particles 

possessing variable size and shape seems appropriate for three major reasons:

1) In many cases, the model will be more realistic than that of a sphere.

2) The profiles are of the same type, which is a ; theoretically manageable 

(problem, with practicable solutions. 3) The solution as put forward by Cruz- 

Orive (1978) is mathematically determinate. However, the introduction of 

section thickness effects into a bivariate distribution would cause severe 

computational problems arising from indeterminate probabilistic operations. 

These operations become indeterminate since bivariate assumptions must be 

made concerning both the size and shape of profiles in the lower size 

classes. Nevertheless, even without compensation for section thickness 

effects it is statistically more accurate to model nuclear profiles by 

spheroids rather than by spheres (Cruz-Orive, 1983b). Although both methods

with spheres and minor deviations from sphericity, the 

bivariate method can additionally accommodate highly elliptical profiles 

which would otherwise contaminate the N^ estimates derived from a univariate 

method. Compared with other stereological procedures for estimating N^ 

(Aherne, 1967; DeHoff and Rhines 1961; Weibel and Gomez, 1962) the size- 

shape distribution method affords a high degree of statistical tolerance and 

flexibility concerning the analysis of the underlying probability density 

functions (Galambos and Kotz, 1978), particularly for the small glial cell 

types (e.g. microglia figure 5a).
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During the initial stages of the study the univariate size distribution 

method was used to analyse the cell populations in the d L Œ . However, 

latterly, the bivariate size-shape distribution method was employed to 

acquire accurate morphometric data concerning the neuronal and glial cell 

populations of the visual cortex . and dLGN. With a/minimum, of technicalities, 

the mathematical bases of these procedures will be described below.

ii) estimation from the univariate profile size distribution

(Saltykov, 1958).

The profile size-distribution is divided up into a certain number of 

profile size classes, each having a class interval of real dimensions, 

(diagram 2,5) . This profile size-distribution graph must then be corrected 

for section thickness (t-corr) and truncation effects (lost caps corr). 

(diagram 2.5). The accommodation of section thickness effects is 

achieved by the symmetrical reflection of the probability density function 

(pdf) about the mean observed profile diameter in a manner dictated by 

Weibel (1979) (Diagram 2.5). Once this is done, the lower size classes 

are then smoothed towards zero by a statistical consideration of the peak 

value distributions within the realigned'pdf'graph (Mallows, 1979; Martin,

1979). The pdf of the resulting profile size-distribution is then used 

as the data base for estimating the numerical density of spheres (Diagram 

2.5).

Diagram 2.5

Group 52 dL

Neuronal nuclei 
Layers ll/lll

Counts 2824 

t n 0-5pm

□.Circle 
O - 21pm

(15 size classes)

0-10 •

corr

0 0 5 -

A =
1j4 Size Classes ( I )
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It follows that profiles of a certain size class i may have been 

derived from all spheres of size classes j ^ i, such that any sphere of

size class j contributes to all profile size classes i ^ j in proportion^to

the probability of obtaining that profile size. Therefore, the number of 

profiles per unit area (ij) contributing to a size class i derived

from spheres having a size class j are

N^(ij) = Ny(j). A ) - /Tj: -i' ) eq. 3

The term in brackets can be redefined as a numerical coefficient k-j and

depends solely on the number of sphere and profile size classes. Over all

possible sphere classes (m) 
m

N^(ij) = A ^  kj^j.N^(j) eq. 4
3=1

By matrix inversion the volume numerical density of profiles in a sphere

size class (j) are given by
m

Ny(j) = "ii
1=]

eq.5

The overall numerical density (N^) of spheres in the population is simply
]=m

NyCj) eq.6
j = l

Special attention should be paid to the coefficients which depend

critically on the way the sphere and profile diameters, Dj and dĵ , have been 

grouped into size classes. The approaches of Saltykov (1958) and Wicksell 

(1925) provide rather poor estimates of N^, particularly in the lower size

classes which even after smoothing operations, may still be deficient in
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small profiles. To alleviate this problem Cruz-Orive (1978) proposed that 

the coefficient are derived from

i - If 2, 3 ... (j-1) and that

eq. 1,

Kii = /(j^3/4) eq. 8
for i = j.

The coefficient have been calculated by Cruz-Orive (1978)

iii estimation from bivariate size-shape profile distributions 
(Cruz-Orive, 1976, 1978).

This method assumes that the profiles of cell nuclei were generated 

by non-spherical particles which could be accurately modelled by 

mathematical relationships linking the bivariate size and shape probability 

density function of a finite population of 'prolate spheroids' scattered 

randomly in space. The profiles of cell nuclei were considered to have 

been generated by ellipses revolving around the major principle axis of 

their perikarya - which is considered to be perpendicular to the pial 

surface. The procedure requires the measurement of the major (M) and minor 

(m) axes of the nuclear profiles and the calculations of their shape 

eccentricity factor (SEF) (SEP or y=) = 1 - (m/M)'. A rectangular size- 

shape grid is optimally constructed for each morphological cell type 

(Diagram 2.6a)having 's' size and 'k' shape classes. If 'B' is the largest 

value of 'm', then the width of each size class (s) is B/s (diagram 2.6c). 

Since the shape component varies between zero and unity, the shape class 

width is K  ̂ (diagram 2c). Elliptical profiles therefore belong to only 

one square on the 'sxk' grid. Grid classes will thus house a given number 

of a, 6 ellipse profiles, where (a-1) <m<a and (g-l)/K<y:<g/k, and whose 

areal density is (a,B).
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Diagram 2.6 Bivariate unfolding procedure for ellipsoids (see text) using 15 size classes and 
10 shape classes. The bivariate scatter diagram in 'b' maps onto the 's x k '  grid seen in 'a' 
to produce a bivariate frequency histogram, 'c' represents the two dimensional collapse of 
the grid into graphs of frequency versus size or shape.
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From the known discrete bivariate distribution of elliptical nuclear

profiles the method of Cruz-Orive (1978) mathematically recovers (= unfolds)

the discrete size-shape distribution describing the spheroid (= cell)

population in terms of the same sxk grid. Except 'b*, the spheroid minor

semiaxis replaces *m', and the spheroid shape component x^ = 1 - (^/a)^

replaces (where'a' and'b' are the spheroids major and minor semiaxes, 
respectively) . Grid classes now house a given number of 'i , j ' spheroids, where

(i - 1) A<b <iA and (j - l)/k<x^ < j/k, and whose numerical density is (i,j) .

Once the spheroid distribution is established, the numerical density 

of cells in each grid class is obtained by equation 9 (Cruz-Orive 1978).

-1 ^  ■

(i,j) =A \  \  (a,6) q eq. 9.
a=i 3=j

where the algorithms for calculating the size-correcting coefficient

and the shape-correcting coefficient 'q^^' are given by Cruz-Orive 

(1978).

The overall cell numerical density for the whole population Nyp is
given by equation 10.

s k
\ p =  NyCi,]) eq. 10

i=l j=l

For completeness, the papers of Wicksell (1926), Tallis (1970), Moran 

(1972) and Cruz-Orive (1976, 1978a,b) should be consulted.

iv) Practical application of univariate and bivariate methods.

The major and minor axes of each test nucleus, the surface areas of 

the nucleus and the soma, as well as the total area of the tissue section



34

(A ) were measured using a semi-automatic image analysis computer sec
(Reichert-Videoplan: below). The 'area equivalent circle diameter'

(dcircl^ was simultaneously calculated for each soma and nucleus during 

the morphometric analysis.

Videoplan - IBAS 1
Interactive Image 
Analysis Computer

^ Videoplan semi-automatic analysis system comprises (from left to right - a videomonitor, 

a small 64K microprocessor, a teletype input board, a 'high-resolution* digitising tablet 
with cursor, and a thermal printer.

Adopting the outlined sanpling strategies about 8000 nuclear profiles 

were analysed per cortex and about 700 profiles were measured on; sections 

from the dLGN of one animal. The data for neurons, oligodendroglia, 

astroglia, and microglia were stored separately for each cortical stratum, 

or dLO^, from each animal. The data were coded to allow extensive analytical 

manipulation of data volumes relating to the experimental groups.

A family of computer and calculator programmes called 'UNFOLD and 

'BIFOLD' were developed to accomplish the computational analysis of the 

"Univariate" and"Bjvariate" algorithms from the planar data base. These 

programmes were enployed extensively in the conversion of planar data into
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' stereological ' or 'volume component:' information.

2.2.5 Stereological Parameters

The following stereological parameters were calculated for each dLGN, 

each cortical stratum, and for the cortical laminae within individual 

animals.

i) Cell volume numerical densities (N^)

ii) Mean nuclear (v^) and somatic, (v^) volumes :

^n " V  ; " \ s  (Weibel, 1959, 1980)

here and are simply the areal densities of the nucleus and 

perikaryon respectively (i.e. the total surface area occupied by these 

structures per unit test area).

(VR) = V /v s n calculated directly from V /V . A 'VR'vs vn
iii) Volume ratio

value of 1.0 indicates that the nucleus completely fills the cell body 

and when VR = 2.0 perikaryal and nuclear volumes are equivalent.

iv) Glia to Neuron Ratio. (G/N) Volume numerical density of total glia/ 

volume numerical density of neurons.

v) Number of nucleoli per neuronal nucleus.

Error terms for compound parameters were determined according to Parratt 

(1961), Cochran (1963), and Snedecor and Cochran (1967) .

2.2.6 Cortical and laminar thickness

The lateral tissue block was cut perpendicular to the pia and l|im thick
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resin sections collected every SOpm and stained with toluidene blue.; The 

section plane was optimised so that the maximal length of the apical 

dendrites of layer V pyramidals was included. By careful observation of 

neurcnal morphology and density at several optical magnifications it is 

possible to establish the boundaries between cytological laminae - except 

the nebulous borders of layers II and III. The depth of the cortex and 

the thickness of layers. I, Il/lII, IV, V and VI were measured five times 

on each section. Average values were calculated for each animal and then 

pooled to give mean values for the experimental groups 52dL, 21/31, 3dL 

and 52dD.

2.2.7 Stereological reference volumes

Stereological parameters need to be defined with respect to a given 

reference volume.. (Weibel, 1980). The total volume of the tissue under 

survey is considered normally to be the most appropriate and biologically 

important reference frame in which to assess the structural parameters 

defined stereologically (DeHoff and Rhines, 1968; Underwood, 1969) .

The distinct boundaries of the dLGN help to define this nucleus in 

serial sections, and hence its volume is readily calculated. Unfortunately, 

the visual cortex (Area 17) does not possess distinct boundaries with the 

neighbouring cortical areas and it was impossible to determine accurately 

the volume of this structure. Despite this, an artificial volume was 

defined: the volume of cortex under Imm^ of cortical surface. This 

volume will be subsequently called a 'cortical volume' - although it has 

no apparent functional significance. Knowing laminae thickness, the 

absolute number of neurons and glia in a 'cortical column' can be defined 

for each lamina in the various experimental groups.
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2.2.8 Tissue Shrinkage

Given that there is little or no tissue shrinkage in frozen sections 

(Olsezewski, 1974), linear shrinkage has been estimated by comparing 

thickness measurements between the sharply delimited boundaries of the pia 

and layer Vl/white matter in 40/im cryostat sections with the same thickness 

in l)im resin sections. Assuming isotropic shrinkage for all tissue 

components, linear shrinkage was calculated as 15.1 + 1. % (mean + s.e.m-,

n = 3 , 52dL) and measuring algorithms were amended accordingly prior to the
collection of planar data.

During each perfusion session equal numbers of animals were prepared 

from the experimental groups, therefore the differential effects of minor 

variations in fixative composition and histological processing are considered 

to be distributed randomly over all groups. The estimated value for linear 

tissue shrinkage has therefore been used as a correction factor for the 

material analysed during the course of this study.

2.2.9 Data Presentation

For each group, two modes of data presentation have been adopted 

- a) As graphs of parameter variation with depth below the pia surface.

To achieve this, twenty randomly applied quadrats were used to estimate cell 

parameters at each of the thirty-one sampling strata throughout the visual 

cortex of one animal (see 2.2.3). The morphometric analysis was applied 

separately to the eight animals in each of the four groups - 52dL, 21/31,

3dL and 52dD. For a given group, parameter values from the eight animals 

were averaged to provide a single estimate (with error term for individual 

sampling strata). Graphs were then constructed to demonstrate the 

variation of these parameters with respect to the depth below the pia I surface.
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- b) AS tables of average parameter values for the cytologically defined 

cortical laminae. From the depth extent below the pia of each laminae 

boundary, sampling strata could be segregated according to their laminae 

position (Table 2.4 ) - parameter data were then averaged to provide 

■animal-mean' laminar values. 'Group-mean' laminar values for each 

parameter were then obtained by averaging the eight corresponding 'animal-

- P - t e d  for all the cortical lamina 
Within the groups. Sampling strata lying in the white matter were 
disregarded and not considered further.

2.2.10 Statistical Analysis

i) Efficiency of Sampling Design

The design of the sampling regimes applied to the dLGN and visual 

cortex were optimised by subjecting neuronal estimates derived from 

preliminary studies, to a nested multi-analysis of variance (MANOVA)

(Shay 1975; Gundersen and Osterby 1981; Kiss and Pease, 1982). A, nested- 

MANOVA identifies the most efficient sampling design, by optimising 

statistically.the variance at each of the levels (e.g. quadrat, section, 

lamina, animal) within a hierarchical sampling regime. A nested-MANOVA 

was applied to the neuronal data to define the number of sampling units

^ precision in the variance
torsÿ^of p .ÿ 0.05. In four animals from group 52dL, initial

neuronal estimates for the dLGN were derived from the univariate

■unfolding' procedure (2.2.4, ii) , and in the case of the visual cortex

the bivariate 'unfolding' procedure was applied to sampling strata in layers 
II and III.
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An independent assessment of the statistical performance of the 

'bivariate' unfolding procedure for stratal estimates was evaluated by 

the unbiased variance estimator Var equations 11 and 12
(Cruz-Orive, 1978).

Var = (AA= )-1

a=i 3=j

where A is the total test area, V is the total volume of the sampling

stratum, and A is the size class interval. V is calculated from A x d,sec
where d is the distance between sampling strata (= 50pm, except for the

0pm stratum where d = 25pm). The overall variance estimator is then given 
by

s k

Var N_. = X . Z' . VarV
i=l j=l

eq. 12

ii) Visual Cortex: 21/31 v 3dL v 52dD - Statistical methodology.

A univariate analysis of variance (Winer, 1977; Finn, 1974; Krishnaiah,

1980) was considered more appropriate than a multivariate analysis of

variance (Coleman, 1982; Cruz-Orive, 1983b; Weibel and Cruz-Orive, 1983)
_ / dichotomoussince many of the data parameters were derivqj indirectly as^ratio estimators

(e.g. vp, vn, VR) . This would give them a high degree of statistical

weakness when analysed rigorously via a MANOVA. Moreover, a MANOVA could

detect misleading statistical interactions due to the incomplete definition

of the stereological reference volume of the visual cortex ( Coleman, 1982;

Cruz-Orive, 1983b). More practically, the amount of time to complete a

MANOVA was considered to be excessive, and of questionable statistical
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value considering the nature of the biological questions, the parameters

measured (and those derived subsequently), as well as the inherent

morphological assumptions prevalent in the stereological methodology 
(Weibel, 1979).

Cell parameter data was analysed using the univariate ANOVA programme 

of the Statistical Package for Social Sciences (SPSS), available on the CAMBRIDGE 

DEC 20 computer operated by The Academic Computer Services of The Open 

University, Milton Keynes. Data was entered into this programme using a 

'block' design (Winer, 1977). Each block contained the eight 'animal- 

mean' values for a given parameter, and blocks were further defined 

according to their group and laminar origins. Since the data blocks 

representing a particular group, lamina and parameter contained equal 

numbers of observations (n = 8) the overall block design was orthogonal 

and totally balanced (i.e. non-redundant).

The homogeneity of variance for a given parameter, lamina and group

was tested via a Bartlett-Box F test prior to the identification of

statistical differences for given cell parameters at corresponding laminae 
between the groups 21/31, 3dL, 52dD.

For clarity of presentation, the results are accompanied by tables 

only detailing the outcome of the ANOVA,by the level of significance 
(p<0.05; p <  0.025; p <  0.001: df = 3,21).

Cortical depth and lamina thickness data for the groups (21/31, 3dL,

52dD) were compared statistically using multiple Student t-tests.
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iii) Visual cortex: 52dL v 21/31 - Statistical methodology.

Laminar data for these two groups were analysed using a one-way 

analysis of variance (ANOVA) to compare statistically cell parameters in 

given laminar between the two groups. A one-way ANOVA was used as a 

preliminary statistical test since it was readily apparent that corresponding 

laminar data for both these groups was similar (see Results). Cortical 

depth and lamina thickness data were compared statistically using Student 

t-tests.

iv) dLGN: Statistical methodology

Data for each group was derived as a 'Grand-mean' (with error term) 

from the individual 'animal mean' results. The five animal mean values for 

the littermate groups (21/31, 3dL, 52dD) were subjected to Barlett's test 

for homogeneity of variance prior to a one-way ANOVA. When the ANOVA 

resulted in a significance level of p < 0.05, littermate groups were compared 

paii^“Wise using a Student t-test - significant differences were considered 

to occur when p < 0,05. Data in Group 52dL and group 21/31 were compared 

using a one-way ANOVA followed by a Student t-test.
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2.3 RESULTS

2.3.1 Presentation of results

Morphometric data for the dLGN and visual cortex are presented in 

tables (tables 2.3-2.10) and in distribution histograms (diagrams 2^4-2.13)

2.3.2 dLGN: Morphometric data

Volume: The average total volumes of the left dLGN are given in

Table 3b , ii. Groups 52dL and 21/31 showed no statistical differences in 

c3LGN volume, however the littermate groups (21/31, 3dL and 52dD) differed 

significantly - the volume of the dLGN in group 21/31was about 7% larger 

than &r either group 3dL or group 52dD. Noteworthy is the small increase of 

2% in dLGN volume after 3 days light exposure .subsequent bo an extensive 

period of dark-rearing (3dL v 52dD). (A cautionary note concerns the

magnitude of the statistical differences in dLGN volume considering the 
sample size - n = 3).

11) Neurons : No significant differences were observed for the volume numerical 

density (N^) of neurons between groups (Table 2.3A and Diagram 2.8). Despite 

this, a non-signifleant trend in N^ densities emerged - 21/31>3dL>52dD,. 

Comparisons of neuronal somatic volume indicate a significant volumetric 

difference - 21/31>52dD,with neurons in group 3dL being intermediate in 

size. Neuronal nuclear volumes did not differ between groups, therefore 

the volume ratio (VR) of neuronal somatic to nuclear volume is significantly 

larger for group 21/31 than for the other two littermate groups (3dL and 

52dD). It follows that the VR of group 21/31 is correlated with a greater 

volume of somatic cytoplasm, compared with the other two groups.
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Size-distribution histograms of d.circle, profile area, and neuronal 

somatic volume are all unimodal (data not presented); indicating that the 

two morphologically distinct neuronal populations in the rat dLGN (see Chapter 7,and 

Grossman et al, 1973) possess overlapping somatic size parameters. Since 

profiles were not defined as being derived from either thalamocortical 

(projection) neurons or putative interneurons it was impossible to identify 

and correlate the increase in perikaryal volume observed in group 21/31 

with a particular cell type. However, qualitative electron—microscopical 

observations (see Chapter 4) indicated that a class of neuron with large 

circular somatic profiles was encountered more frequently in group 21/31 

than in the groups 3dL or 52dD. Moreover, these neurons commonly possessed 

vast amounts of somatic cytoplasm, large mitochondria, extensive Golgi 

apparati, and widespread arrays of rough endoplasmic reticulum. Although a 

strict quantitative comparison was not made between the groups regarding these 
parameters, it is probable that the comparatively large somatic volumes 

found in group 21/31 are attributable directly to a selective volumetric 

increase in the cytoplasm of this particular neuronal type in group 21/31 

and that it is smaller volumetrically in groups 3dL and 52dD.

Neurons of the rat dLGN contained varying numbers of distinct, 

darkly-stained nucleoli (Table 2.3B). In groups 52dL and 21/31 binucleolated
r-

neurons made up approximately one-fifth to one-sixth of the total neuronal 

population. No tri-nucleolated neuronal nuclear profiles were encountered.

In comparison with either group 52dL or 21/31, the numbers of binucleolated 

neuronal profiles vere much reduced in groups 3dL and 21/31 - representing 

about one-twentieth of the overall neuron population.

Cytoplasmic laminated bodies were absent consistently in the cytoplasm 

of rat dLGN neurons in either light or electron—microscopical preparations•
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TABLE 2.3A  «ilgn cell morphometry^

\ll values + s.e,

Neurons
52dL

(2) 21/31
(3) 3dL
(4) 52dD

^  Oligodendroglla
52dL

(2) 21/31
13) 3dL
(4) 52dD

3  Astroglia
52dL

(2) 21/31
(3) 3dL
(4) 52dD

^  Microglia
52dL

(2) 21/31
(3) 3dL
(4) 52dD

Glia/Neuron Ratio

3 -

V (urn)

43.15 ± 1.38 1525.52 + 79.3 348.50 + 17.9 4.47 + 0.07

45.60 + 1.04 1551 .87 + 50.3* 327.21 + 16.4 4.71 + 0.18*
43.42 + 1.40 1490.85 + 61.2 329.30 + 12.1 4.64 + 0.16
42.32 + 1.41 1428.6 + 70.4 345.27 + 18.2 4. 56 + 0.19*

52dL 1.33 + 0.03

(2) 21/31 1.27 + 0.01
(3) 3dL 1.29 + 0.02
(4) 52dD 1.32 + 0.02

Statis t i cal Atialys is; Multiple "t-tests

22.65 + 1.10 161.07+ 16.1 38.72 + 3.4 4.37 + 0.18

22.58 + 1.51 3.91 + 0.20 
4.23 + 0.16171.03 + 38.47 + 4.0

21.62 + 0.98 165.01+ 10.4 40.77 +

201.06+ 10.6 70.08 + 2.89 + 0.14

166.33 + 65.69 +
182.09+ 5.6 65.68 + 3.9 2.85 + 0.16

31.40 + 1.52 183.50 + 66.77 + 2.75 + 0.17

33.40 + 0.37 53.64 f 17.42 + 0.9 3.02 + 0.18

29.92 + 0.35 47.63 +
32.65 + 0.42 
28.49 + 0.30

54.58 + 5.6 0.7 3.03 + 0.09
52.71+ 0.9

not significant

Neurons - 2>4, p <0.05; Astrocytes 52dL >21/31, p < 0.05 
0,A .111(1 M - not -significant for groups 21/31, 3d:, and 52dD.
not si <)n i f i c a n t

G/N

Neurons - 2>4> p > 0.05; Microglia - 4>2, p < 0.05 
O and A - not significant 
Nut significant.
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When the absolute volume of the dLGN was taken into account, the 

absolute number of neurons per dLGN (Table 2.3B ,iii) was statistically 

different for group 21/31 versus the other two littermate groups (3dL, 

52dD) - on average group 21/31 possessed 13% more neurons per dLGN. The 

difference in absolute neuronal number between groups 52dL and 21/31 was 

non-significant.

Although neuronal N^ estimates did not differ amongst littermate 

groups, the significant somatic volume (v^) differences between the groups 

(Table2,3a ) combine to produce significant neuronal somatic volume 

densities (V^^ neuron - Table2.3C,i) such that per unit volume of dLGN, 

neuronal somata in group 21/31 occupy approximately 15% more volume of the 

dLGN than for groups 52dD and 3dL. Considering the absolute volume of the 

d L Œ  nucleus-in the three littermate groups,the results still indicate that 

neurons in group 21/31 occupy more absolute volume of the dLGN than groups 

3dL and S2dD (Table 2,3C, iii) .

Whilst no trend could be defined statistically, many neuronal 

parameters for group 3dL (N^, V g , VR, absolute neuronal number, and V^^) 

are intermediate between the corresponding parameters for groups 21/31 and 

52dD.

iii) Glia : No significant differences were detected in the cell parameters

N^/ Vg and v^ , of oligodendroglla, astroglia, and microglia amongst the 

littermate groups (Table 2. 3A and Diagram 2 .8). However, the VR of microglia 

in groups 52dD was significantly larger by 12% compared with groups 3dL 

and 21/31 (Table 2. 3A microglia) . Taking into account the absolute volume 

of the dLGN and the N^ of each glial cell type, statistical 

differences emerged in the absolute microglial number in the various 

groups (Table 2.3B,iii). The relatively large volume of the dLGN in group
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table 2.3B dLGN CELL MORPHOMETRY

Number of Nucleoli per Neuronal Nuclear Profile (expressed as % of 
total number of neurons)

0 1 2 3

52dL 48% 32% 20% -

21/31 52% 31% 17% -
3dL 59% 37% 4% -
52dD 58% 38% 4% -

Total Volume of left dlXlN in mm' s.e.m. (n = 3)

52dL 1.82+0 15

(2) 21/31 1.85 + 0 21*
(3) 3dL 1.75 + 0 .19*
(4) 52dD 1.72 + 0 .23**

^£tatisti£al_Analjrses^ Multiple Student t-tests. 
* 2>3, p<0.05; ** 2>4, P < 0.05

Absolute cell number (xlO*) in dLGN + s.e.m. (n - 5)
N - neurons} O - oligodendrogliaj A - astrocytes ; M - microglia

N O A M

52dL 77.5 +3.4 41.1 + 3.2 57.1 + 3.1 60.7 + 4.9

(2) 21/31 83.3 +4.5* 41.8 + 2.4 58.3 + 4.9 61.8 + 5.2*
(3) 3dL 73.6 + 5.4* 37.4 + 2.6 53.3 + 4.2 56.2 + 4.3
(4) 52dD 72.4 + 4.1* 37.7 + 2.3 49.6 + 3.7 49.7 + 5.1*

Statistical Analyses: Multiple Student t-tests.
N* - 2 > 3,4. p < 0.05; M* - 2>4. p < 0.05.



TABLE 2.3C dLGN CELL MORPHOMETRY

Somatic Volume Density (V̂ )̂ ̂ . 
' % values ± s.c.m. (n « 5)
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Neurons Oligodendroglla Astroglia Microglia

(1) 52dL 6.58 t  0.41 0.36 t 0.05 0.63 ±  0.02 0.18 ± 0.05
(2) 21/31 7.07 * 0.32 0.36 ± 0.04 0.54 ±  0.04 0.14 ± 0.03
(3) 3dL 6.47 ± 0.49 0.37 t 0.07 0.56 t  0.05 0.18 ± 0.04
(4) 52dD 6.04 i 0.51 0.36 t  0.06 0.57 ± 0.03 0.15 ±  0.02

Statistical Analysis - Multiple t-tests

2 > 4* (1 > 2*) 3 > 2 * *

* p < 0.05 
*• p <0.025

(n^ Total Somatic Volume Density (V^^ TOTAL)*

% Values t  s.e.m. (n “ 5);j V TOTAL is the sum of the total somatic volume densities of all cell types 
per unit volume of the dLGN expressed as a percentage.

t o t a l  %

(2)
(3)
(4)

52dL
21/31
3dL
52dD

7,75 t  0.34
8.15 * 0.28 
7.58 ♦ 0.36 
7.12 * 0.25

Statistical Analysis - Multiple t-tests 
Vy total ; n.s.

(üD Absolute somatic volume of neurons per dLGN (AVg neurons) and absolute somatic volume of all glial types 
per dLGN (AVg total glia) - values in mm’ ± s.e.m. (n » 5).

AV_ neurons AV total glia

(2)
(3)
(4)

52dL
21/31
3dL
52dD

0.12 ±  0.04
0.13 t  0.05 
0.11 ± 0.03 
0 .1 0 * 0 .0 2

0.021 t  0.002
0.019 ± 0.001 
0.019 ± 0.002 
0.019 ± 0.001

Statistical Analysis - Multiple t-tests

AVg neuron ; n.s. 
AV glia ; n.s.

Absolute volume, occupied by the somata of all cell types (AV ), also absolute volume occupied by non-sooatic 
elements (AV̂ )̂ (see text) - values in mm’ ± s.c.m. (n • 5). The ratio AV /AV^^ is dimension!ess.

- Multiple t-lesti;
AVg : 2 >3, p f 0.05; 2 >4, p < 0.05
AV̂  ̂: 2 > I, p < 0.05.
AV^/AV^^ : 2 > 4, p < 0.05.

a v _/a v _

S2dL 0.14 ± 0.04 1.68 1 0.08 0.083 i 0.003
( 2 ) 21/31 0.15 1 0.01 1 .70 1 0.05 0.088 t 0.002
(3) 3dt. 0.13 t 0.01 1 .61 i 0.07 0.000 t 0.004
(4) 52dU 0.12 t 0.01 1 .00 1 0.04 0.075 t 0.003
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dLGN Cell Morphometry - D ia g r a m  2 . 8
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21/31 compared with groups 3dL and 52dD (Table 2.3B, ii) together with the 

comparatively similar microglial estimates for all the groups, ^ v e  

groups 21/31 a markedly higher absolute microglial content (+20%) over 

groups 52dD. However, the absolute microglial cell number in group 3dL 

is intermediate between (and differs non-significantly) from the values 

for both groups 21/31 and 52dD.

The volume density (V^^) of microglial somata, which is derived 

directly from and v estimators,vas statistically greater for group 3dL 

compared with group 21/31. Somatic volume densities for oligodendroglia 

and astroglia diowed no statistically discernable differences between 

littermate groups.

Contrasting the glial data of group 52dL with group 21/31 gave only 

two major differences - the somatic volume of astroglia was larger by approx

imately 25% in group 52dL compared with group 21/31. Related to this, is 

the greater somatic volume density of astroglia per unit volume of dLGN 

in group 52dL (Table 2.3A). Despite these two significant differences no

other major quantitative effects on the glial cell population could be 
discerned between the two non-lit^ermate groups 52dL and 21/31.

iv) Glia to Neuron Ratio; (Table 2.3A) The ratio of the total glia N^ to 

total neuronal N^ was not significantly different between groups (52dL,

21/31, 3dL and 52dD; Diagram 2.8}.

v) Total somatic Volume Density (V̂ , TOTAL - Table 2.3C, ii) Combining the

somatic volume densities (V^^) for neurons and glia in the dLGN gives the

total volume occupied by the somatia of these cell populations per unit

volume of dLGN. The remaining volume of a given 'volume unit' (=1-V ) isVS
occupied by non-somatic elements, i.e. dendrites, dendritic/processes, axons 

capillaries, other cell types, and extracellular space.
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A greater proportion of unit volume was occupied by non-somatic 

elements in group 52dD compared with groups 21/31 and 3dL. However, when 

the absolute volume of the dLGN occupied by somatic and non-somatic 

elements was calculated for the various groups (Table 2 ,3G ,iv) , group 21/31 

had a significantly greater volume of dLGN occupied by somata than the 

other two littermate groups. Moreover, this increased absolute somatic 

volume for group 21/31 is related directly to the neuronal population 

rather than the glial cell population , (Table 2 3̂ 0, iUi) since the absolute 

volume of neuronal somata cccupiedasignificantly larger proportion of the 

dLGN nucleus then did glial somata:in group-21/31 than in groups 3dL and 52dD.

Whilst there were no differences in the absolute volume of non-somatic 

elements between groups 21/31 and 3dL, significant differences were 

detected between group 21/31 and group 52dD.

The ratio of the absolute volume of somatic to non-somatic elements 

(AVs/AVns/* Table 2.3c, iv)defines the relative change in absolute non- 

somatic volume to somatic volume. This ratio indicated a significant 

decrease in the absolute volume of non-somatic dLGN elements between groups 

21/31 and 52dD relative to the absolute volume of the somatic elements.

For all groups no binucleated, or mitotically dividing neurons were 

seen. However, on rare occasions oligodendroglia, microglia, and astroglia 

were found to be binucleated, presumably undergoing mitosis. The 
occurence of such cells in the rat dLGN did not suggest inter-group 
differences.
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2.3.3 Visual Cortex: Morphometric data.

A description of the results for the visual cortex will be given 

initially for the non-littennate group 52dL and subsequently for the

littermate groups 21/31, 3dL and 52d0. Due to the extent of the data, the

results Will be presented separately for each cell type.

and laminar thickness: The average thickness of the left

visual cortex and the absolute thickness of each cortical lamina are 

presented in Table 2.4 (A,B) and Diagram2\5. Calculations of the depth

laminae boundaries below the pia enabled sampling strata to be segregated into

cytological laminae (Table 2.4;C, D, E). For all the groups, strata

were allocated to laminae using a nearest neighbour technique (Table 2.4 
A cf E) .

52dL: The overall cortical thickness was measured as 1342.0 ± 31.4um
(± s.e.m.) with layers V and VI occupying over 50% of the depth (Table 2.4

B, D,Diagram 2.9),whilst layers I, II/III and IV reside in the upper half 
of the cortex.

21/31, 3dL, 52dD: The overall depth of the cortex was not significantly

deeper in groups 21/31 than in the littermate groups 3dL and 52dD - (Table 2.4A, 

see also Diagram 2.9),the depth below the pia of laminar boundaries was 

greater for groups 21/31 compared with groups 3dL and 52dD (Table 2.4,0).

This latter effect is a result of the relative increase in depth of 

laminae I and IV in group 21/31. No differences occurred between groups 

in the relative proportions of the whole cortex occupied by individual 
laminae (Table 2.4; B,D).

Although groups 3dL and 52dD did not differ significantly, the total 

depth of the cortex, and of individual laminae in group 3dL were marginally
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TABLE 2.4 c o r t i c a l  a n d  la m in a r  THICKNESS^

^All values + S.e.m, (n - 8)

A : Depth below pia of laminar boundaries In pm; B : % depth of laminar boundaries (values In peurentheses 
obtained by Schroder and Wlnklemann, 1975); C s Absolute lamina thickness In pm; D ; % of total thickness ; 
E ; Segregation of sampling strata into laminae.

52 (IL

3 1̂
(set 3)

52dD
(set 4)

21/31
(set 2)

A B C 0 £

I 133.7 + 6.1 10.0 (11) 133.6 + 6.1 10.0 (11) 0-150II/III 455.8 + 12.9 34.0 (33) 322.2 + 11.3 24.0 (21) 200-450IV 645.6 + 14.3 48.1 (48) 189.8 + 19.3 14.1 (15) 500-650V 992.0 + 23.9 73.9 (73) 346.4 + 22.1 25.8 (25) 700-1000VI 1342.0 + 31.4 100.0 (100) 349.9 + 28.9 26.1 (28) 1050-1350

TOTAL 1342.0 + 31.4

A B C D E

I 136.5 + 3.6 10.3 136.4 + 3.6 10.3 0-150II/III 446.8 + 11.8 33.6 310.3 7 16.8 23.3 200-450IV 646.9 + 17.2 48.7 210.1 + 15.9 15.8 500-650V 985.4 + 26.2 74.2 328.5 + 24.8 24.7 700-1000VI 1329.5 T 20.3 100.0 344.1 7 30.2 25.9 1050-1350

TOTAL 1329.5 + 20.3

A B C D E

I 121.8 + 3.4 9 .5 121.8 + 3.4 9.5 0-100II/III 427.3 + 11.7 33 2 305.0 +12.5 23.7 150-400IV 618.6 + 17.0 48 .1 191.3 + 16.1 14.9 450-600V 939.6 + 25.8 73 0 321.0 7 19.9 24.9 650-950VI 1287.1 7 27.1 100.0 347.5 + 13.6 27.0 1000-1300

TOTAL 1287.1 + 27.1

A B C D E

I 118.1 + 3.3 9.2 118.1 + 3.3 9.2 0-100II/III 420.8 + 6.4 32.9 302.7 + 14.9 23.7 150-400IV 609.9 + 13.2 48.5 189.2 + 14.0 15.6 450-600V 927.3 + 18.2 72.5 317.4 + 18.6 24.0 650-950VI 1278.6 + 20.1 100.0 350.7 + 24.3 27.5 1000-1300

TOTAL 1278.6 20.1

TICS - Pair-wise t-tests on data sots 2, 3, 4.
A B C D

I ns - ns 2 > 3,4*
I I / I I I ns ns nsIV ns ns 2 > 4*V IIU ns ns nsVI ns ns ns ns

not significant 
p < 0.5
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Diagram 2.9

Cortical and Laminar Thickness
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l a r g e r  t h a n  f o r  g r o u p  5 2 d D  ( T a b l e  2  ̂ 4 r A > C  —  3dl» c f  5 2 dD) .

G r o u p  5 2 d L  a n d  ; g r o u p  2 1 / 3 1  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  d e s p i t e  

b e i n g  n o n — l i t t e r m a t e  g r o u p s  .

ii) N e u r o n s :  T h e  n u m e r i c a l  d e n s i t y  o f  n e u r o n s  per* m m* ( N ^  t h r o u g h o u t  t h e

c o r t e x  is p r e s e n t e d  a s  c o r t i c a l  d e p t h  d i s t r i b u t i o n  g r a p h s  f o r  a l l  t h e  g r o i p s  

i n  D i a g r a m  2.10 a n d  a s  l a m i n a r  d a t a  in  T a b l e  2.5. D i a g r a m  2.11 s h o w s  t h e  v a r i a t i o n  

o f  n e u r o n a l  s o m a t i c  a n d  n u c l e a r  v o l u m e s  w i t h  r e s p e c t  t o  c o r t i c a l  d e p t h .

52dL: Layer I was sparsely populated with small neurons,which represented only

1% of the neuronal population in a cortical column (2.2.7). The remaining 

layers showed a bimodal neuronal density distribution with peaks occurring 

above and below layer V (Diagram2.10) .The upper peak (200-700jim)could be 

further subdivided into two maxima occurring within layers II and IV 

respectively, and in perpendicular toluidene blue sections many small, 

densely packed neurons could be found in layer II having round or elliptical 

cell bodies which probably originated from non-pyramidal neurons (Feldman 

and Peters, 1978). Whilst the border between layers ll ahd'.III is indistinct 

in perpendicular Nissl stained sections,the perikaryal profiles of layer III 

neurons are less variable in size and shape, being more pyramidal than layer 

II neurons. However, the average somatic volume for the non-pyramidal and 

pyramidal neurons of layers II and III (1728.0 p.’) was double the mean 

somatic volume of layer I neurons ( 842.2 ) (Table 2.5 and Diagram.2.11).

Although layers II and III occupy 24% of the total cortical depth they 

contained 26,320 neurons (over 30% of the total neuron population), within 

a cortical column (Table 2.5). In contrast, layer V occupied 26% of 

cortical depth but because of low numerical density it contained only 18% 

(15,990) of cortical column neurons. This possibly reflects the size of



TABLE 2.5 neuronŝ

A U  VUU.S i s.e.m. (e - 81, y per mm-, ab«>lute number of cell. In e given lemlno under Irmf of
pin. . totu in perenfhesee, v,. eometle volume (nm'l, V„. nuole.r volume (um'U V», volume retlo.

S2<il Ny X 10’ X 10' (pm' ) (fim’ ) VR

I
II/II3
IV
V
VI

6.42 + 0.31 
82.78 + 2.69 
86.63 + 2.60 
46.27 + 1.96 
78.02 + 2.66

0.88+0.04 (1.0) 
26.32 + 1.80 (30.3) 
16.59 +_0.81 (19.1) 
15.99+0.85 (18.4) 
27.11 + 1.34 (31.2)

842.2 + 13.3
1728.0 + 38.4 
1863.4 + 38.6
3130.0 + 74.1
2222.0 + 56.4

452.8 + 16.4 
860.0 + 19.3 
850.4 + 17.7 
1456.0 + 34.4 
998.6 + 23.5

2.02 + 0.08 
2.03 + 0.12 
2.13 + 0.09 
2.12 + 0.11 
2.22 + 0.13

Cortical Mean 
Total 60.02 + 3.84

86.89 + 2.14 1957.1 + 80.4 923.6 + 30.4 2.10 + 0.12

' 21/31
(set 2) Ny X 10' X 10' Vg (pm*) (pm*) VR

I
II/III
IV
V

VI

5.64 + 0.42 
75.40 + 3.28 
87.14 + 2.08 
47.84 + 2.50 
76.96 + 3.11

0.75+0.03 (1.0) 
23.37 + 1.20 (27.6) 
18.30 + 0.84 (21.6) 
15.71 + 0.82 (18.6) 
26.48 + 1.51 (31.3)

1005 + 19.2 
1579 + 38.9 
1619 + 27.7 
2418 + 61.5 
1786 + 39.4

469.0 + 8.8
705.7 + 16.9
784.8 + 13.9 
1105.0 + 26.6
903.1 + 19.69

2.17 + 0.08 
2.25 + 0.13 
2.19 + 0.09
2.17 + 0.12 
1.97 + 0.11

Cortical
Total

Mean 58.60 +4.14
84.62 + 2.01 1681 + 69.3 793.2 + 25.2 2.13 + 0.09

3ciL
(set 3)

Ny X 10' X 10' Vg (pm') (pm') VR

I
II/III
IV
V
VI

6.73 + 0.43 
72.01 + 2.65 
88.34 + 2.22 
47.53 + 2.74 
76.40 + 3.05

0.82 + 0.06 (1.0) 
22.01 + 1.11 (27.0) 
16.90 + 0.96 (20.7) 
15.26 +_ 0.91 (18.7) 
26.51 + 1.35 (32.5)

1328 + 29.3 
1226 +25.7 
1901 + 35.6 
2278 + 66.7 
1561 + 41.7

508.2 + 14.5
591.3 + 10.8
793.3 + 13.8 
1061.0 + 28.1
800.6 +_ 17.9

2.50 + 0.07 
2.08 + 0.11 
2.39 + 0.10 
2.19 +0.13 
1.98 + 0.19

Cortical
Total

Mean 58.20 + 4.81
81.50 + 2.09 1658 +51.2 750.6 + 18.9 2.23 + 0.19

52dD
(set 4)

X 10' X 10' Vg (pm') (pm' ) VR

I
II/III
IV
V
VI

6.78 + 0.81
74.56 + 2.56
81.56 + 2.13 
49.35 + 2.79 
74.89 _+ 2.89

0.80+0.07 (1.0) 
22.52 + 1.01 (27.9) 
15.41 +0.95 (19.1) 
15.64 + 0.81 (19.4) 
26.21 + 1.50 (32.5)

1100 +26.1 
1248 + 27.6 
1428 + 26.54 
2197 +58.80 
1502 + 32.88

465.7 + 10.6
593.3 + 12.7 
726.1 + 13.3
985.4 + 23.1 
713.0 + 15.4

2.37 + 0.08 
2.10 + 0.10 
1.97 + 0.08 
2.24 + 0.13 
2.15 + 0.11

Total 57.43 + 3.61
80.58 +2.16 1495 + 62.11 696.4 + 13.2 2.14 + 0.13

ANOVA STATISTICS on data sets 2,3,4.

N. X 10’ V (nm’ ) V (pm’ )

I
rr/rri

IV
V

VI

3>2*»*, 3>4** no
no 2 '3,4**2<3***> 3-4*** ns

2>4* 2>4*
ns 2 >3>4***

nsnn
ns
ns

4 2,3**

not significant 
p < 0.05 
p < 0.025
p < 0.01
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layer V neurons which are amongst the largest found in the cortex, their 

somatic volume ( 3 1 3 0 . being over one and a half times that of neurons 

from layers II/III and IV, and nearly four times the volume of layer I 

neurons (Table 2.5 and Diagram 2.11). Noteworthy, is the apparent bimodal 

distribution of neuronal somatic volume in layer V (Diagram 2-11:., 700-800jim 
cf 900-960 pm).

Layer IV contained small round neuronal profiles, many with the initial

parts of dendrites radiating outwards in all directions. The neuronal

density of this layer (86,639 mm )wasthe highest withinthe visual cortex

and whilst layer IV comprised only 15% of cortical column volume, it

contained 19% of the column's neuronal population. Compared with layer V,

layer IV has almost half the cortical column volume yet contains a similar 
number of neurons (Table 2.5).

Cytoplasmic laminated bodies (CLBs) have been reported in the somata

of a small minority of layer IV neurons in the striate cortex of the cat

(Winfield, 1979) and the monkey (Krugar and Maxwell, 1969). However, there

was no evidence of CLBs as inclusions within the somatic cytoplasm of

over 4,000 layer IV neurons in group 52dL, nor in any neuronal profiles 
from other cortical laminae.

Layer VI was the most extensive lamina within the rat visual cortex 

encompasssing 28% of cortical column volume with 31% of column neurons.

In tangential and vertical sections the neurons of layer VI displayed a 

heterogeneity of soma profile size and shape. The area of some somatic profiles 

wascomparable to the largest layer V cells, but generally their shape was 

more varied than in other cortical laminae displaying several forms in 

tangential sections ranging from highly elliptical to circular. The 

boundary between layer VI and the white matter was indistinct with
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regards to the decline in neuronal density^ suggesting that many neurons 

lie entangled in the white matter (figure 5f ; 6h) . The volume ratio (VR), 

remainedrelatively constant throughout the cortex, displaying a slight 

increase with cortical depth (Table 2.5).

Diagram 2.12 shows the depth distribution of the number of neuronal nuclei 

with a given number of nucleoli as a percentage of the total number of 

nuclei observed. Neurons between 300-600 pm below the pia have the 

highest occurrence of multiple nucleoli compared Vith other neurons in the 

visual cortex. Qualitative observations gave the indication that neurons 

with regular and smooth nuclear envelopes tended to have multiple 

nucleoli (Figure 2c), whilst nuclear profiles with irregular and infolded 

nuclear envelopes contained none or one large nucleolus (figures 2a, 3a,

d̂_j— 4c_j_4ê . However, no quantitative relationship could be established 

between these morphological parameters.

A comparison was made between the neuronal somatic and nuclear 

volumes obtained from either the 'univariate' or 'bivariate' unfolding 

procedures (Diagram 2.13) used on neuronal data from group 52dL.

Modelling neuronal profiles using a univariate procedure (which 

assumes structural sphericity) produced consistently lower volume estimators 

than the ellipsoidal bivariate procedure. The most marked differences 

between the two 'unfolding' procedures (about 12-18%), occurred in the 

estimation of somatic and nuclear volumes for strata containing the larger 

cell types (i.e. layers III and V pyramidal cells-Diagram 2.13; 350-500 pm; 

750-900pm).
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Visual Cortex - Diagram 2.11
Neuronal : Somatic and Nuclear Volumes
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Visual Cortex - Diagram 2.12 
Number of Nucleoli per Neuronal Nucleus
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Diagram 2.13
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21/31, 3dL, 52dD: For both the neuronal N_ per mm® and N estimates thereV Ii
were no significant differences between groups. Unfortunately, due to the 

lack of information concerning the mean total volume of the visual cortex 

it was impossible to define the absolute differences that possibly occurred 

between littermate groups.

The average somatic volume of neurons in layer V of group 21/31 was 

larger than for layer V neurons in groups 3dL or 52dD (Table 2 5 and diagram 

2". 11).A bimodal distribution of somatic volume with maxima at 750 îm and 

850 Mm below the pia, was observed for neurons in layer V of 21/31 (almost 

similar to group 52dL: see diagram 2.11; 21/31 cf 52dL).However, in groups 

3dL and especially in group 52dD, there was a marked reduction of 

neuronal somatic volume in the sampling strata that correspond with 

the upper peak (750 Mm) of the bimodal distribution. The absence of this 

upper peak in layer V of groups 3dL and 52dD accounts for the difference 

in the mean somatic volume of layer V neurons between the groups. If the 

upper peak value in layer V of group 21/31 is reduced to an average value 

between the two flanking sampling strata (700 Mm and 800 Mm) then 

intergroup statistical differences no longer exist for the mean somatic 

volume of layer V neurons (Table 2.5A).

TABLE 2.5A Mean somatic volume (v̂ ) of layer V neurons in groups 21/31*, 3dL and 52dD.
In group 21/31, the value of the 750um peak has been replaced by the average value of the neuronal somatic 
volume at the 700mn and BOOpm strata. No statistically significant differences occur between groups.

Group 21/31* 3dL* 52dD*

Layer V. neuron vs 2315 ± 61 2278 ± 67 2197 ± 59

not significant

The nuclear volume of neurons shows a trend different to somatic 

volume - with neurons in layers Il/lII and VI of group 21/31 being larger 

than for neurons in the same laminae of the other two littermate groups 

(Table 2.5A).
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the groups, no binucleated or mitotically dividing neurons 

were found in any cortical lamina.

The relative differences in both somatic and nuclear volumes underlie 

the changes in the volume ratio (VR) index for the various laminae of the 

9^oups. Essentially, a low VR indicates that the nucleus occupies a high 

proportion of the somatic volume, whilst a high VR indicates the 

converse, namely that the nucleus occupies a small volume of the cell body 

(see 2.2.5). Hcwever,in contrast to group 52dL, no significant trend could 

be identified in the VR ratio of neurons with respect to cortical laminae 

(Table 2.5;52dL cf 21/31, 3dL, 52dD). Nevertheless, layer VI neurons in 

group 52dD showed.ahigher VR value than groups 21/31 and 3dL, which 

correlates with a decrease in nuclear volume relative to overall somatic 

volume - indicating a relative increase in perikaryal volume. Despite 

this difference, the VR results for all the groups demonstrate a uniformity 

in the relationship between nuclear and somatic volumes throughout the 

cortex (Table 2.5, diagram 2.11).

Compared with group 21/31 the number of nuclear profiles possessing 

multiple nucleoli were much reduced in groups 3dL and 52dD (diagram 2.13). 

The number of neurons with three 'nucleolar—like ' densities were less in 

all the cortical strata of groups 3dL and 52dD - noticeable is the absence 

of tri-nucleolated neurons from the middle of layer III and their total 

absence from layer V,in group 52dD compared with group 3dL (diagram 2.13). 

Quadri-nucleolated neurons appeared to be located specifically in layers 

III and IV of group 52dL. However, whilst there was a reduction of these 

neurons in group 21/31, they vere absent altogether from groups 3dL and 

52dD (diagram 2.13).
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iii;) Glia; The total numerical density distribution of the glial cell types 

is shown in diagram 2.14 (Total Glial N^) .The depth-distribution of total, 

glial numerical volume density did not reveal a distinct cytoarchitectonie 

lamination for any of the groups (52dL, 21/31, 3dL or 52dD). However, two 

minor peaks in total glial occurred above and below layer IV in groups 53dL 

and 21/31 (diagram 2.14; 450^31 and 950|im) , but no such peaks could be discerned 

readily for groups 3dL or 52dD (diagram 2.14) . When the numerical density of 

the separate glial cell types was calculated for each lamina in a cortical

column, a strong bimodal distribution emerged around layer IV in all 

groups (see in Tables 6, 7, and 8). The only exception was the peak 

values for microglia in layer IV of group 3dL (Table 8, 3dL).

Oligodendroglia: (Table 2.6, Diagrams 2.14 and 2.15).

52dL: The numerical density of oligodendroglia increased with cortical

depth (Table 2.6,diagram 2.14).However, the highest density (35,000 per mm® ) 

occurred within the white matter. From the numerical density of 

oligodendroglia per lamina, there were two peaks of laminar cell density 

in a cortical column on either side of layer IV, with layers V and VI 

containing over 64% of the oligodendroglia cell population found in a 

cortical column. Layers II and III occupied 20% of the oligodendroglia column 

population. Despite having a low absolute number of oligodendroglia,in layer 

IV these cells had the largest mean somatic volume in a cortical volumn . Layer 

I had the lowest oligodendroglial and contained only 3% of column 

oligodendrocytes.
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TABLE 2.6 oligodendroglia^

^AH values ;f s.e.m» per mnP j N^, zibsolute number of cells in a given lamina under 1mm* of pia with 
% of total in parentheses; v , somatic volume (um’); v , nuclear volume (um’); VR, volume ratio.

52dL N„ X 10' X 10' (pm' ) V (jim* )

III/III
IV
V
VI

Cortical Mean 
Total

21/31
(set 2)

I
II/III
IV
V
VI

Cortical Mean 
Total

3JL
(set 3)

I
II/III
IV
V
VI

Cortical Mean 
Total

52dD
(set 4)

II/III
IV
V

VI

Cortical Moan 
Total

4.66 + 0.15 
13.68 + 0.72 
14.46 + 0.67 
20.56 + 0.95 
20,42 + 1.02

0.64 + 0.02 
4.38 + 0.41 
2.96 + 0.29 
7.12 + 0.38 
7.14 + 0.44

(2.9)
(19.7)
(13.3)
(32.0)
(32.1)

163.6 + 2.4 
176.3 + 3.7 
277.1 + 5.5 
251.8 + 5.1 
239.5 + 5.0

78.9 + 1.10 
79.3 + 1.16
159.5 + 2.90
147.6 + 2.40 
133.0 + 3.80

2.12 + 0.08 
1.90 + 0.11 
1.99 + 0.08
1.84 + 0.14
1.84 + 0.11

14.76 + 0.58
22.24 + 0.76

221.7 + 8.7 119.7 + 5.80 1.94 + 0.09

Ny X 10' X 10' Vg (Mm') v^ (pm') VR

4.26 + 0.25 
12.26 + 0.11 
14.89 + 0.89 
20.92 + 0.73 
19.94 0.88

0.58 + 0.03 
3.80 + 0.51 
3.12 + 0.21 
6.87 + 0.31 
6.86 + 0.44

(2.7)
(17.9)
(14.7)
(32.4)
(32.3)

224.3 + 9.80
207.5 + 5.50 
282.0 + 5.60
265.6 + 6.40 
255.8 + 5.30

107.6 + 2.83 
98.9 + 2.68 
144.8 + 3.03 
142.5 + 3.49 
133.3 + 2.77

2.22 + 0.08 
1.92 + 0.11
1.87 + 0.11
1.88 + 0.09 
1.95 + 0.11

14.45 + 0.81
21.23 + 0.78

246.6 + 8.91 124.8 + 2.51 1.96 + 0.10

Ny X 10' X 10' Vg (pm') v^ (pm' ) VR

4.30 + 0.15 
11.64 + 1.12 
13. 11 + 0.47 
15.99 + 0.49 
13.88 + 0.79

0.52 + 0.02 
3.56 + 0.14 
2.51 + 0.30 
5.13 + 0.42 
4.82 + 0.45

(3.1)
(21.5)
(15.2)
(31.0)
(29.1)

241.5 + 6.16 
272.1 + 7.15
297.7 + 5.67
307.7 + 6.50 
284.3 + 6.67

133.5 + 3.67 
134.9 + 3.33 
153.3 + 2.74 
155.2 + 3.41 
170.8 + 3.92

1.82 + 0.06
1.92 + 0.11
1.92 + 0.03 
1.77 + 0.10 
1.68 + 0.06

11.78 + 0.71
16.54 + 0.84

280.2 + 7.11 149.2 + 3.84 1.82 + 0.09

X 10' X 10' Vg (pm*) v^ (pm') VR

5.18 + 0.21 
10.01 + 0.68 
15.88 + 0.86 
14.51 + 0.94 
17.18 + 0.87

0.61 + 0.02 
3.02 + 0.91
3.00 + 0.21 
4.60 + 0.41
6.01 + 0.40

(3.5)
(17.5)
(17.4)
(26.7)
(34.8)

219.1 + 9.3
257.1 + 9.8 
292.5 + 12.1
296.4 + 15.9
291.5 + 4.9

104.9 + 4.98
125.2 + 3.46
189.3 + 3.82
148.0 + 4.59
164.1 + 3.48

2.23 + 0.08 
1.97 + 0.10 
1.71 + 0.07 
1.85 + 0.10 
1.92 + 0.11

12.55 + 0.69
17.24 + 0.71 271.4 + 8.9 146.0 + 3.84 1.94 + 0.09

ANOVA STATISTICS on data sets 2,3,4,

Ny X 10' Nj X 10* (pm') (pm’ ) VR

I nil
II/III ns 2 >3,4 **IV ns 4>2,3***V 2>3,4** 2>.i,4*
VI 3<2,4* 3<2,4»* 2<3,4**

not significant 
p < 0.05 
p < 0.025
p < 0.01
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21/31, 3dL, 52dD: Layers V and VI are the only laminae which di^layed
significant differences in the of oligodendroglia (Table 2.6,Diagram 
2.14).The numerical density for this glial cell type in layers V and VI was 
about 30% greater in group 21/31 compared with the same laminae in groups 
3dL and 52dD (Table2.16) .within a cortical column only the infragranular 
layers showed significant differences — with the absolute number of 
oligodendroglia being much greater in layer V of group 21/31 ; whilst in 
layer VI, group 3dL had a much reduced oligodendroglial cell number.

relative proportion of the total number of oligodendroglia in 

layer IV of a cortical column ̂ owed that for group 52dD, layer IV contained 

27%, whilst in groups 3dL and 21/31 they represented only 15% of the absolute 

oligodendroglial cell number (Table 2.6).

The somatic volume of oligodendrocytes was reduced significantly in 

layer VI of group 21/31 compared with the littermate groups 3dL and 52dD 

(diagram 2.15). The nuclear volume of oligodendroglia showed intergroup 

fs^ences in layers II/III and IV — however, no differences in VR were

detected (Table 2.6). Mitotically dividing oligodendroglia were rarely 

seen in any of the groups.

Astrocytes: (Table 2.7, Diagram 2.14 and 2.15)

52dL: Layer I had the highest volume numerical density (N^) of astroglia in the visual

cortex but this rapidly diminished in layer II and remained relatively 

constant throughout the cortex (diagram 2.14 - except for layer V, which 

showed both an Increase in the numerical density and columnar population relative 

to the other cortical laminae- Table 2.7) . The lowest astroglial volume 

numerical density (N̂ ) and column population existed in layer IV, which lies



TABLE 2.7 astroglia^

^All values + s.e.m. (n » 8) •, per mm’j N^, absolute number of cells in a given lamina under 1mm’ of 
pia with % of total in parentheses
5 2 d L  N X 10’ N X 10’ V (pm’) V (pm’) VR

I
II/III
IV
V
VI

66.93 + 0.20 
21.85 + 0.87 
16.42 + 0.13 
24.72 + 0.89 
18.84 + 0.82

8.96 + 0.52 
7.04 + 0.61 
3.14 + 0.29 
8.65 + 0.42 
5.78 + 0.35

(26.6) 
(20.9) 
( 9.3) 
(25.7) 
(17.2)

327.2 + 14.4
384.2 + 7.9
493.5 + 21.2 
425.0 + 17.8
412.5 + 9.3

221.8 + 13.3
275.9 + 8.8 
360.0 + 13.7
277.7 + 15.4
281.8 + 6.7

1.31
1.42
1.38
1.48
1.46

+ 0.05 
+ 0.08 
+ 0.06 
+ 0.08 
+ 0.04

Cortical
Total

Mean 29.75 + 1.45
33.66 + 0.89

408.5 + 15.9 283.4 + 12.1 1.41 + 0.07

21/31 N^ X 10’ N^ X 10’ Vg (pm’) v^ (pm’) VR
(set 2)

I
II/III
IV
V
VI

65.28 + 0.24 
21.68 + 0.21 
17.87 + 0.11 
24.42 + 0.21 
16.66 + 0.11

8.90 + 0.51
6.72 + 0.41 
3.75 + 0.32 
8.02 + 0.54
5.73 + 0.35

(26.9)
(20.3)
(11.3)
(24.2)
(17.3)

383.2 + 9.84 
467.5 + 14.43 
459.9 + 10.95
440.2 + 8.61
462.3 + 12.40

274.5 + 4.08 
305.2 + 8.37 
290.8 + 6.79
284.6 + 5.57
323.7 + 8.30

1.38
1.51 
1.63
1.51 
1.45

+ 0.05 
+ 0.09 
+ 0.07 
+ 0.08 
+ 0.09

Cortical
Total

Mean 28.98 + 1.10
33.12 + 0.81

442.2 + 15.01 295.3 + 9.11 1.49 + 0.06

3dL
(set 3)

X 10’ N^ X 10’ v^ (pm’) v^ (pm’) VR

I
II/III
IV
V
VI

60.84 + 0.57 
16.08 + 0.11 
17.81 + 0.97 
19.99 + 1.01 
16.16 + 0.95

7.41 + 0.61 
4.92 + 0.31
3.41 + 0.35
6.42 + 0.41 
5.61 + 0.32

(26.7)
(17.7) 
(12.3)
(23.1)
(20.2)

354.4 + 8.73
442.9 + 9.22
485.3 + 10.08
447.9 + 11.09
512.3 + 14.28

252.6 + 5.08 
322.9 + 7.15 
338.3 + 6.97
302.6 + 7.71 
337.1 + 9.63

1.68
1.43
1.46
1.49
1.51

+ 0.06 
+ 0.07 
+ 0.07 
+ 0.09 
+ 0.08

Cortical
Total

Mean 26.16 + 1.11
27.77 + 0.76

447.9 + 13.12 310.2 + 8.12 1.51 + 0.09

52dD N^ X 10’ N^ X 10’ v^ (pm’) v^ (pm’ ) VR
(set 4)

I
II/III
IV
V
VI

62.73 + 0.16 
18.39 + 0.37 
13.94 + 0.59 
17.92 + 0.11 
16.16 + 0.79

7.40 + 0.62 
5.55 + 0.37 
2.63 + 0.11 
5.68 + 0.21 
5.66 0.33

(27.5)
(20.6) 
( 9.7) 
(21.1) 
(21.0)

358.0 + 8.38
425.0 + 10.01 
482.5 + 20.90
423.2 + 10.74
499.3 + 11.70

243.0 + 5.70 
308.3 + 7.28
302.8 + 7.15 

. 291.0 + 7.33
365.8 + 8.47

1.47
1.39
1.47
1.40 
1.36

+ 0.06 
+ 0.07 
+ 0.06 
+ 0.07 
+ 0.07

Cortical
Total

Moan 25.82 2 1.16
26.92 + 0.71

437.4 + 12.48 301.8 + 10.10 1.42 + 0.10

ANOVA STATISTICS on data sets 2,3,4.

"v X 10' % 10’ v^ (pm’) v^ (pm’ ) VR

I 2>3,4*
II/III 2>3,4*

IV 2>3 ,4*V 2 -J ,4* 2>3,4*
VI

not significant 
p < 0.05 
p < 0.025
p < 0.01
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Visual Cortex - Diagram 2.15
Glial : Somatic and Nuclear Volumes
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TABLE 2.8 microglia^

All values s.e.m. (n " 8); per mm’j N^, absolute number of cells in a given lamina under 1mm’ of 
pia with t of total in parentheses
52dL \  X 10’ X 10’ v^ (pm’ ) (pm’) VR

I 5.01 + 0.16 0.67 + 0.03 (10.9) 74.5 + 3.1 53.9 + 3.8 1.44 + 0.06
I I / I I I 3.90 + 0.20 1.24 + 0.08 (20.2) 73.9 + 2.6 44.5 + 3.9 1.73 + 0.10

IV 3.61 + 0.15 0.68 + 0.04 (11.1) 105.7 + 4.0 64.9 + 2.4 1.71 + 0.07
V 6.98 + 0.29 2.42 + 0.18 (39.3) 133.0 + 4.7 75.9 + 3.6 1.68 + 0.09

V I 3.16 + 0.16 1.14 + 0.10 (18.5) 104.2 + 2.8 57.8 + 2.6 1.89 + 0.12

Cortical Mean 4.53 + 0.31 98.26+ 5.1 59.42+ 3.7 1.59 + 0.14
Total 6.15 + 0.23

21/31 Ny X 10’ X 10’ Vg (pm’ ) (pm’ ) VR

(Set 2)
I 8.85 + 0.27 1.20 + 0.31 (22.6) 101.8 + 1.5 42.9 + 3.0 1.69 + 0.08

II/III 3.33 + 0.19 1.03 + 0.21 (19.4) 80.7 + 1.9 42.0 + 1.0 1.91 + 0.16
IV 2.60 + 0.13 0.54 + 0.01 (10.2) 85.3 + 2.1 48.9 + 1.1 2.00 + 0.09

V 4.99 + 0.24 1.63 + 0.09 (30.6) 99.0 +3.5 56.7 +1.1 1.75 + 0.09
V I 4.09 + 0.21 1.41 + 0.01 (26.5) 106.8 + 3.7 61.8 + 1.2 1.75 + 1.03

Cortical Mean 4.77 + 0.24 94.7 + 2.98 50.4 + 2.4 1.82 + 0.16
Total 5.32 + 0.31

34. X 10» X 10’ Vg (pm’) (pm’) VR

(Set 3)
I 6.59 + 0.21 0.80 + 0.01 (11.1) 113.7 + 1.60 58.0 + 0.8 2.04 + 0.31

II/III 3.16 + 0.18 0.97 + 0.03 (13.5) 100.4 + 3.01 52.6 + 1.5 1.98 + 0.14
IV 10.00 + 0.34 1.91 + 0.04 (26.5) 102.4 + 1.66 48.6 + 0.8 2.13 + 0.11

V 6.41 + 0.35 2.06 + 0.11 (28.6) 94.7 + 1.74 42.2 + 0.8 2.21 + 0.32
V I 4.22 + 0.17 1.47 + 0.21 (20.4) 101.7 + 1.62 53.8 + 0.9 1.89 + 0.09

Cortical Mean 6.07 +0.3 102.2 +2.11 51.0 + 0.9 2.05 + 0.16
Total 7.21 + 0.29

52dD Ny X 10’ X 10’ v̂  (pm’ ) v^ (pm’ ) VR

(Set 4)

I 7.42 + 0.22 0.88 + 0.02 (15.4) 95.52 + 1.9 50.7 + 0.8 1.93 + 0.84
II/III 3.82 + 0.21 1.15 + 0.04 (20.1) 79.70 + 1.7 40.0 + 0.8 1.89 + 0.97

I V 3.92 + 0.16 0.74 + 0.01 (12.9) 109.3 + 1.3 59.2 + 2.0 1.90 + 0.81
V 5.28 + 0.21 1.67 + 0.08 (29.3) 98.7 + 2.7 40.8 + 1.1 2.21 + 0.98

V I 3.61 + 0.16 1.26 + 0.09 (22.1) 89.9 +2.9 48.3 + 1.0 1.77 + 0.87

Cortical Mean 4.81 + 0.24 94.3 + 2.1 47.5 + 1.2 1.94 + 1.02
Total 5,70 + 0.24

ANOVA STATISTICS on data sets 2,3,4.

Ny X 10’ N^x 10’ v^ (|im’ ) v^ (pm’ ) VT<

I 2>4>3** 2>3,4*
I I / I I I 3>2,4* 3>2,4** 3>2,4*

IV 3>4**s 3>2*** 3>4>2** 3,4>2»* 3>2,4** 3>2,4*
V 2>3,4** 2<3,4**

V I 2,3>4* 2,3>4* 2>3>4** 3>2,4*

not significant ,
p < o.or>
P < O.Ü25 
p < 0.01
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between two laminae with higher glial densities and higher proportions 

of astroglia in a cortical column. Although the mean somatic volume of 

layer I astrocytes was smaller than for the remaining layers, there was no 

significant difference between laminae. The low VR (in all cortical 

layers) indicated that the nucleus was surrounded by a small volume of 

cytoplasm (figures 6d, 11a, 11b).

21/31, 3dL, 52dD: Significant differences in the astroglial volume

numerical density (N^) between groups only occurred in layers II/III and V.

In layer V, group 21/31 had a 22% greater than group 3dL and a 27% 

greater than group 52dD (Table2:7, Diagram 2.14).

The distribution of astroglia in a cortical column was bimodal - with 

maxima above and below layer IV (Table 2.7). Group 21/31 showed significantly 

increased numbers of astroglia in layers I, Il/lii and V, compared with 
groups 3dL and 52dD.

Whilst no differences were detected in either the somatic or nuclear 

volumes only the VR in layer IV of group 21/31 was significantly different

from the other two littermate groups (Table 2.7,Diagram 2.15). Dividing astroglia
were seen occasionally in all groups.

Microglia: (Table 2.8, Diagram 2.14 and 2 .15).

52dL: Layer V showed a higher of microglia than other visual cortex

laminae, 39% of microglia in a cortical column (Table 2.8) (the mean 

somatic volume of microglia in this laminae w s  also much larger than for 

other layers) . Both and estimates indicatedthat layer IV is interposed 

between two regions of higher microglial concentration.
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The laminar microglial VRs for group 52dL showed no direct relationship 

to cortical depth (Table 2.8) .

21/31, 3dL, 52dD: Layer IV of group 3dL was consistently different from

the other two groups with regard to microglial cell parameters. In this 

lamina of group 3dL all values were significantly larger than for groups 

21/31, and 52dD (Table 2.8). The group 21/31 demonstrated an increase in the 

volume numerical density and columnar proportion in layer 1 and an increased 

column population of microglia in layer VI. The microglial somatic volume 

and nuclear volumes of layer II/III in group 3dD were larger than for the 

other groups (21/31, 52dD). Differences also existed in the VR index 

throughout the cortex (Table 2 . 8 ). Although no quantitative estimates were 

derived, the occurrence of binucleated microglia was more common in group 

3dL than in the other groups.

Even taking into consideration differences in laminar thickness 

(Table 2.4) ,the [total number of microglial in a cortical column was 36% 

greater for group 3dL compared with groups 21/31 and 52dD - the latter two 

groups differed non-significantly from each other (Table 2.8).

iv) Glia to Neuron (G/N) Ratio (Table 2.9)

52dL: The relationship of the total glial cell population to the neuronal

populations denonstrated two major peaks occurring above and below layer IV - 

at 400jim and 750-900jim below the pia ( D i a g r a m 2 .16;52dL,arrowheads) . The 

peak in layer V may be subdivided into two maxima occurring at 750jim and 

900)j.m (Diagram 2.16,52dL) . Using multiple t-tests between the individual 

stratal G/N ratio estimates for group 52dL indicated that the -two peaks 

were statistically separable (p < 0.05).
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TABLE 2.9 gliaAjeurcn ratio*

Total glial numerical density/neuronal numerical density. 
All values + s.e.m. (n - 8)

Lamina

III/III
IV
V
VI

Mê û  for 
whole cortex
Mean for 
LII-VI

52dL

29.97 + 1.37 
0.53 + 0.04 
0.44 + 0.04 
1.16 + 0.03 
0.58 + 0.02

21/31
set 2

3dL
set 3

27.32 + 0.89 
0.56 + 0.04 
0.41 + 0.01 
1.05 + 0.04 
0.54 + 0.03

25.92 + 2.0 
0.48 + 0.03 
0.46 + 0.01 
0.85 + 0.04 
0.44 + 0.03

52dD
set 4

28.73 + 1.69 
0.45 +_ 0.02 
0.45 + 0.02 
0.79 + 0.04 
0.42 + 0.02

6.54+0.52 5.98+0.65 5.63+0.89 6.16+0.74

0.68 + 0.04 0.64 + 0.03 0.56 + 0.03 0.53 + 0.02

ANOVA STATISTICS

I
II/III

IV
V

VI
2>3,4*

not significant 
p < 0,05
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High numbers of astroglia in layer I raised the G/N ratio in excess 

of 2.0, and the same effectvas seen in sampling strata within the white 

matter,where a combination of high astroglial and oligodendroglial volume 

numerical density (N^) greatly exceeded the low neuronal N^.

While maxima in the G/N ratio for layer V occurred at minimum neuronal 

density (52dL; layer V, diagram 2,16cf layer V, diagram 2.10) , the high volume 

numerical density (N^) of neurons in layer IVwere found at minimum glial 

cell densities (diagram 2.10,52dL; layer IV neuronal N^ cf layer IV Total 

glial N^). A Kendall rank-order correlation gave a significant (P <0.05) 

negative correlation between the neuronal density and the G/N ratio of 

individual strata throughout the cortex (-0.87 to -0.95), indicating that 

strata with low neuronal densities tended to have a high total glial cell 

density and vice versa.

For the whole depth of the visual cortex, the G/N ratio was 6.54 + 0.52. 

When the high glial content of layer I wasexcluded, the G/N ratio for 

layers II - VI wasO.68 +^0.04 (Table 2.9).

21/31, 3dL, 52dD: The ratio of total glial numerical density to neuronal 

numerical density (G/N ratio) gave significant differences in layers II/III 

and V (Table 2.9). These differences are most readily appreciated in 

diagram 2.10 by comparing the G/bî distribution for groups 21/31, 3dL and 

52dD with the G/N distribution for group 52dL. /

The G/N distribution for group 21/31 showed two peaks above and below 

layer IV - with the peak in layer V divisible into two separate maxima (750jj.m 

and 90Ojimbelow the pia,dia .2 .16).The G/N distribution for group 21/31 was similar to



TABLE 2.10 SOMATIC VOLUME DENSITY PER LAMINA*
» Values ± s.e.m. (n = 8); V^ TOTAL is the sum of the total somatic volume densities of 

all cell types per unit laminar volume.

51dL V^^TOTAL

I
II/III
IV
V
VI

0.56 + 0.02 
13.17 + 0.01 
15.00 + 0.20 
14.04 + 0.14 
17.23 + 0.20

2.43 + 0.03 
1.41 + 0.02 
1.25 + 0.01 
1.55 + 0.01 
1.23 + 0.01

2.99 + 0.06
14.58 + 0.23 
16.25 + 0.18
15.59 + 0.12 
18.46 + 0.20

Cortical Mean 
Mean LII-VI

12.00 + 0.16 
14.06 + 0.17

1.57 + 0.01 
1.36 + 0.01

13.57 + 0.17 
16.22 + 0.12

21/31 
set 2

V^ neuron V^ total glia V^ TOTAL

I
II/III
IV
V
VI

1.68 + 0.04 
11.72 + 0.02 
12.61 + 0.10 
10.89 + 0.12 
13.87 + 0.20

1.77 + 0.04 
1.41 + 0.03 
1.25 + 0.02 
1.56 + 0.06 
1.35+0.04

3.45 + 0.67 
13.13 + 1.14 
13.86 + 0.73 
12.45 + 0.81 
15.22 + 1.38

Cortical Mean 
Mean LII-VI

10.15 + 0.06 
12.27 i 0.02

1.47 + 0.06 
1.39 + 0.04

11.62 + 0.19 
13.66 + 0.21

3dL
set3

V^ neurons V^ total glia Vy TOTAL

I
II/III
IV
V
VI

0.91 + 0.03 
8.76 + 0.02 
14.78 + 0.06 
11.04 + 0.05 
11.94 + 0.02

2.44 + 0.01 
1.27 + 0.02 
1.58 + 0.04 
1.25 + 0.03 
1.32 + 0.01

3.35 + 0.25 
10.03 + 0.64 
16.36 + 1.02 
12.39 + 0.46 
13.26 + 0.52

Cortical Mean 
Mean LII-VI

9.48 + 0.01 
11.63 + 0.02

1.57 + 0.01 
1.35 + 0.03

11.08 + 0.24 
13.01 + 0.31

51dD
set4

V^ neurons V^ total glia TOTAL

I
I I / I I I
IV
V

VI

0.62 + 0.09 
9.38 + 0.10 
10.72 + 0.06 
10.79 + 0.04 
10.87 + 0.01

2.51 + 0.03 
1.08 + 0.02 
1.40 + 0.01 
1.62 + 0.03 
1.26 + 0.04

3.13 + 0.54 
10.46 + 1.03
12.12 + 0.39 
12.41 + 0.47
12.13 + 0.69

Cortical Mean 
Mean LII-VI

8.48 + 0.04 
10.44 2 0.03

1.57 + 0.03 
1.33 2 0.01

10.05 + 0.36 
11.70 + 0.21

ANOVA STATISTICS on data sets 2,3,4.

V^ncurons V^ total glia Vy TOTAL

I
II/III

IV
V

VI

2>3, 4* 
2>3* 
3>2, 4* 3>2,4**

2>3*
3>2,4*

not sX'jnificant 
p < 0.05 
1> < 0.025
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that of group 52dL with the exception of a marginal reduction in the 400|im 

peak (diagram 2.16). Groups 3dL-and 52dD demonstrated a striking 

reduction in the 900/950jLim G/N peak occurring in lower layer V, as well 

as a reduction in the G/N ratio in lower layer III - group 52dD was more 

affected than group 3dL (diagram 2.16). These differences in the G/N 

distributions are reflected in a comparison of the mean laminar G/N estimates 

between the littermate groups (Table 2.9).

Since estimates of neuronal N^ in layeis II/III and Vwere not significantly 

different between littermate groups (Table 2.5,Diagram 2.10^ differences in 

the G/N ratio are related directly to changes in the total glial N^ within 

these layers. Indeed, the effects may be further defined with respect to 

individual glial cell types since the differences in the G/N ratio for layer V 

of the various groups correlate with a greater N^ of both oligodendroglia 

and astroglia in lower layer V (900/950jjm) of group 21/31 compared with 

groups 3dL and 52dD (Tables 2.6 and,2.7;Diagram 2.4, 21/31 cf 3dL and 52dD) .

The G/N ratio differences occurring in lower layer III are attributable 

solely to astroglia (Diagram 2.14, astroglia, 400-450jJm, 21/31 cf 3dL and 

52dD).

When the mean G/N ratios for layers II/III were compared statistically 

between groups, only groups 21/31 and 52dD differed significantly (Table2.9) . 

The marginally lower neuron N^ in layers II/III of group 3dL (Table 2.5) 

raised the mean G/N ratio of layer II/III to non-significant levels 

compared with group 21/31.

Within each group (21/31, 3dL and 52dD) a Kendall rank-order correlation 

gave a significant negative correlation between neuronal N^ and the G/N 

ratio for cortical laminae.
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v) Soma Volume density (V^): The somatic volume density for neurons

(V^ neurons) and for the combined glial cell types (V^ total glia) 

were calculated for each cortical stratum and cortical lamina. Additionally 

the total somatic volume densities of all cell types TOTAL)

were calculated (Table 2.10).

52dL: Layer I has only 3% of its volume occupied by cell bodies with

glia contributing 2.43% (Table 2.10). The remaining cortical laminaehave a 

relatively constant TOTAL with little fluctuation in the relative 

proportion of neurons to total glia (Table 2.10, Diagram 2.17). The 

stratal volume proportion was never higher than 22% (Diagram 2.17) .

Nowhere in the cortex did the total glial volume density exceed 2.6% andI
the neurons exceed 19.8% (Diagram 2.17). Although estimates are 

related directly to soma size (v^) and volume numerical density (N^)

(see 2.2.5 - page 35)no relationships between neuron estimates and cortical 

laminae emerged .

21/31, 3dL, 52dD: Since the absolute volume of the visual cortex was not

determined for any group,it vas inç»ossible to define the changes in the absolute 

volume density (contribution) of any cell type to the overall volume of 

the visual cortex in the littezrmate groups. Therefore, statistical 

conparisons with regard to volume density information between the groups, 

21/31, 3dL and 52dD only gave differences in' the relative change of

the somatic volume density of a given cell type per unit laminar or unit 

stratal volume.

Group SdL^owed a highly significant increase in the TOTAL of cells 

in layer IV (Table 2.10) .Both the neuronal and total glial cell volume
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densities are increased in this, group relative to groups 21/31 and 52dD 

(Table 2.10,Diagram 2.17). This increase was the result of a marginally higher 

neuronal estimates and neuronal somatic volume estimates in layer IV 

of group 3dL compared with the other two groups (Table 2.5) , as well as 

similar increases in layer IV glia (in particular, microglia and astroglia; 

Tables 2.7 and 2.8) . For the other cortical laminae (except layer V),the v 

neurons was significantly greater for group 21/31 than for groups 3dL and 

52d£> (Table 2.10).The V^ total glia in layer II/III was also significantly 

increased for group 21/31. No definite group trend or bias emerged for 

\  total glial estimates in layers I, V and VI. The increased V TOTAL 

in layers II/III and V of group 21/31 over groups 3dL and 52dD were direct 

results of high V^ neuron estimates in layers II/III and V (Table 2.10).

These effects also served to increase the layer II-VI mean V ^ TOTAL 

groups 21/31 compared with groups 3dL and 52dD (Table 2.10).
'VS

Differences between groups regarding total somatic volume densities 

are demonstrated clearly by the V^^ TOTAL distribution in Diagram 2.17.



80

Cortex - Diagram 2.17 
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2.4 DISCUSSION

2.4.1 Methodology.

i) Tissue Shrinkage: The effects of tissue shrinkage have severe repercussions

on quantitative measurements- . An accurate estimate of linear tissue

shrinkage is required to compensate for these effects, but the methodological

procedures are beset with problems (Weibel, 1979). Direct comparison of the

results from different studies is likely to be misleading and confused if

stereologioal parameters have not been corrected for the shrinkage of tissue.

Linear and area values will be underestimated, but area (a ) and volume (Vy)

and other proportional measurements (l^_, L^) will be unaffected by isotropic 
linear shrinkage effects.

Nevertheless, the value for linear shrinkage after aldehyde fixation 

obtained by this study of 15.1%, is in good agreement with linear shrinkage 

estimates of 14.8% for the cat striate cortex (Beaulieu and Colonnier, 1983) 

and 16% for the monkey visual cortex (O'Kusky and Colonnier, 1982a).

11)Identification of Cell Types: Of central importance to the present

investigation is the correct identification and categorisation of the 

individual cell types. Before the identification of glia was undertaken 

using light-microscopy (LM) alone, a correlated light- and electron- 

microscopical analysis was used to establish firmly the basis of glial cell 

characteristics at the LM level (Figure 11). Only by careful observations 

of a wide spectrum of parameters (see Table 2.2) could cells be identified and 

classified on a 'probabilistic basis' (least error) as a given glial cell 

type. Table 2.2 is an amalgam of glial cell characteristics derived from the 

work of several authors (Mori and Leblond, 1969, 1970; Mori, 1972; Ling and 

Leblond, 1973, Vaughn and Peters, 1974; Privât, 1975; Peters et al, 1976;
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Falay and Chan—Palay„ 197%; Rsyners; et al, 1982) (—  see also Pamavelas 

et al, 1983% Vaughn, 1984) ...

Alt3iough,.in. the majority; of cases cells could be di=&f f npd i?na mb j gi i m  i |gly 

as either neurons or glia„ the further subdivision of glial cells into 

digc^cudroglia, astroglia, and microglia was more prone to uncertainties.. 

Indeed, repeated inconsistencies in the identification of the various 

oligodendroglial cell types (Ling, et al, 1973; Parnavelas et al, 1983) lead 

the present investigation to group these glial types together as 

'oligodendroglia' (cf Borges and Berry, 1978).

Ambiguity arose for three different reasons. The first concerned the 

quality of the Nissl staining. Although the staining had been standardised 

to produce a high quality of cellular and nuclear definition, occasional 

vaguaries of technique occurred. In these cases, the sections were either 

re-stained or discarded from analysis and further serial sections cut from 

the block face. The second difficulty in distinguishing between the glial 

types was the size of the nuclear and somatic profiles. Small polar 

nuclear profiles provide only limited criteria for cell type definition 

particularly between 'light-oligodendroglia' and astroglia. The deposition 

of chromatin around the nuclear membrane was similar in both cases and only 

by careful observation of the nucleoplasmic staining could these cell types 

be separated. Although both astroglia and 'light-oligodendroglia' can have 

similar nuclear sizes and shapes (often circular), the nucleoplasm of 

astrocytes was stained more lightly. The staining of astroglia cytoplasm 

was of a similar quality to the nucleoplasm (Figures 3b, 3c, 4e, lla,b) , 

whereas the staining of 'light-oligodendroglial 'cytoplasm was darker than 

the nucleoplasm (Figure 2b,3b) • Similar difficulties were encountered between 

dark—oligodendroglia and microglia. Both these cell types are small sized 

glia, and only when their nucleoplasm and cytoplasm could be seen clearly
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were sufficient morphological characteristics available for a distinction 

between these glial classes. Microglial nucleoplasm although dark, was 

more lightly stained than that of 'dark-oligodendroglia' (Figures 4f, 5a, of 

5e,6f,6g), and the cytoplasm of microglia often contained dark condensed 

clumps of 'debris* (Figure 5a ). The third problem in defining glial cell 

types is that they are derived from populations of cells possessing over

lapping morphological features. Only by careful consideration of a number 

of morphological features could they be ascribed to a given glial category, 

even so y glial cell classification was still problematic.

2.4.2 Quantitative Analysis

i)Cortical and Laminar Thickness: Ideally, when using 0.5-l^m thick resin

sections for the measurement of cortical and laminar thickness, the sections 

should have been cut strictly perpendicular to the pial surface. A good 

indication of this is the inclusion of the total length of the layer V 

pyramidal cell apical dendrites. However, in some of the sections used in 

this study for the estimation of cortical depth and laminar thickness only 

the first few tens of microns of the apical dendrites of the layer V 

pyramidal cells were contained within the section plane. By trigonometry 

it can be ascertained that in these cases the plane of section was less 

than 2.5 degrees away from the perpendicular plane. The consequent errors 

in the estimation of laminar thickness and cortical depth are much less 

than 1%.

ii)Quantitative Methods: A validation of the quantitative methodology and

statistical analyses have already been given in the section on 'Methods'

(see 2.2.3, 2.2.4 and 2.2.10). However, a few additional points need to 

be considered:- '
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a) Definition, of test object: In the determination of neuronal N  ,V
cell nuclei were used to define test objects since they provided the 

essential distinguishing characteristics between neurons and glia, as 

well as between the glial subtypes (Ling et al, 1973) . . Normally

nucleoli have been used to define test objects (Hendrickson.;et al,

1978) - since these structures are quite distinct and easily recognised. 

However, although Konismark (1979) considers that multiple nucleoli per 

nucleus represents an insignificant problem, the spatial distribution and 

eccentricity of nucleoli in the nucleus will have to be corrected for 

using the approaches outlined by Mayhew and Cruz-Orive (l973, 1975).

Indeed, if a nucleolar biased sampling design is used the problems are not 

insignificant, since as this study has demonstrated, many cortical 

neurons possess multiple nucleoli.

b) Planimetric v Systematic Point Count Methods: Although the systematic

point counting methods or line intercept methods for determining N^, N^, 

V^, and v^ yield lower coefficients of variation than planimetric methods 

(Weibel, 1980a; Cruz-Orive, 1983 personal communication) the major draw

back is that they cannot give a bivariate profile size shape distribution. 

Additionally, the acquisition of data using a semi-automatic measuring 

device (e.g. Reichert Videoplan) via point counting methods is relatively 

more time consuming than planimetric methods, particularly if extensive 

stereological parameters are to be derived subsequently from the primary 

data base.

c) Despite the flexibility of the 'bivariate' unfolding procedure, one of 

its limitations is the requirement for a large sample size (Cruz-Orive,

1980). Indeed, when the Ny of certain cell populations is given 

sampling strata (eg neurons in layer I) were analysed using this method



85

the intra-animal coefficient of variation was very large (^30%).

Despite such intra-animal variation, when the stereological parameters 

were derived for the whole group (n = 8), the variance estimators fell 

to within statistically acceptable limits (SEM ± ^ io% x) .

Estimations of somatic volume using both the 'univariate' and 

'bivariate' unfolding procedures indicate the error of modelling elliptical 

particles by a spherical model - no estimation was made to determine when 

this effect became statistically significant since the effects of volume 

underestimation are readily apparent (Diagram 2.13).

iii) Experimental Paradigm; 21/31, 3dL, 52dD.

The experimental paradigm examines the effects of exposing littermate 

rats dark-reared from birth to varying periods of illumination instigated at 

different stages during development. Exposure to normal diurnal illumination 

began for'group 21/31' at 21 DPN (natural weaning) and was extended for 31 days 

until young adulthood. 'Group 3dL' was exposed to 3 days of continuous 

illumination at 52 DPN, whilst rats in 'group 52dD' were totally dark- 

reared from birth to young adulthood (52 DPN) .

One problem concerning the experimental paradigm is the extent to 

which dark-rearing affects the morphological development of the visual 

system during the period after eye-opening (14 DPN) until weaning .(21 DPN). 

Ideally, the light exposure of group 21/31 should have begun at 14 DPN, 

since during the period 14-21 DPN the visual system is still undergoing 

crucial developmental processess involving the final stages of dLGN 

maturation (Parnavelas et al, 1977; Biesold et al, 1976), as well as the | 

maturation of pyramidal and non-pyramidal neurons (Miller and Peters, 

.1981a; Parnavelas et al, 1978) and of neuroglia (Mares and Bruckner, 1978; 

■Parnavelas et al, 1983) in the visual cortex.
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A comparison of group 21/31 with the other littermate groups, and 

with group 52dL will provide ambiguous information, since it will be 

impossible to decide whether morphological differences were the results of 

permanent structural modifications produced by dark-rearing during the 

period 14-21 DPN, or were the results of structural remodelling brought 

about by light exposure during 21-52DPN. These effects could have been 

identified by studying animals in groups 21/31 and 52dL, at both 14 DPN and 21 

DPN in order to determine the morphological effects of visual deprivation 

during this period{14-21 DPN). (Indeed, if there were no morphological 

effects at 21 DPN in the two groups, delayed changes may become manifest at 

later stages of development) . However, this was not done since non-litter- 

mate animals would need to have been used, and in rats reared normally it 

would be difficult to assess the effect that light entering through the 

eyelids has on rat visual system development before eye-opening. Further

more, the effects of 'cross-fostering' dark-reared animals at 14 DPN are 

unpredictable since abnormal 'pup-mother' interactions may occur, as well 

as nutritional and hormonal deficits caused by differences in lactation.

Only male rats were used, since the effect of hormones regulating 

female ovarian cycles on neuronal morphology are poorly understood (Raisman 

and Field, 1973).

2.4.3 Dorsal Lateral GeniculateiNucleus (dLGN).

i) dLGNfNormal Visual Development: 52dL.There are few studies in the literature 

concerned with the quantitative development of the rat dLGN upto adulthood. 

Hence the data derived by this study cannot be compared with other studies 

of dLGN maturation in the rat. Nevertheless, from a variety of sources it 

is possible to outline qualitatively the postnatal development of the rat 

dLGN upto the period studied quantitatively in the present investigation.
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At birth both the presumptive geniculocortical projection neurons 

(Class A cells of Grossman et al, 1973) and the non-projecting inter- 

neruons ( Class B cells) are morphologically distinguishable in Golgi- 

preparations. (The categories Class A and Class B, will be used below to 

denote these two neuronal types,see Chapter 7) . On the third postnatal day 

(3 DPN) neurons begin to mature progressively and both astroblasts and 

oligodendroglia as well as glioblasts possess characteristic morphology. 

Subsequently the class A neurons display 'bimodal' growth periods, both of 

which are characterised by enlargements in the size of class A 

perikayae and a specific increase in their dendritic length, spine density 

and complement of dendritic appendages, (Parnavelas et al, 1977a,b). The 

increase in Class A perikaryal size is accompanied directly by an 

equivalent outgrowth of dendrites from the soma (Parnavelas, 1977b). These 

periods of accelerated growth in the dLGN occur between 4-6 DPN, a period 

of increased synapogenesis, and also between 14-15 DPN around the time of 

eye-opening (14 DPN) which may be related to a further period of increased 

synaptogenesis and gliogenesis within the dLGN. Class B cells mature later 

than class A cells and reach their maturity around 18-20 DPN - the dendrites 

and 'axon-like' dendrites of these cells still continue to develop and 

mature much later than the dendrites of Class A neurons. From electron 

microscopical studies (Lieberman and Webster, 1974) it appears that the 

structural basis of the presynaptic 'internuncial' role of class B cell 

dendrites, which mediate transmission of afferent visual information from 

retinal axon terminals to Class A cell dendrites, may develop quite 

late in the synaptogenesis of the dLGN (18-21 DPN) and may be one of the 

important postnatal factors affecting synaptic transmission in the dLGN.

By 14 DPN both large/medium- and small-sized neurons can be discerned 

readily. Astroglia, microglia, and oligodendroglia achieve their mature 

ultrastructural characteristics and distribution during the period 12-15 

DPN. ^
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The results of the present study quantified the.neuronal and glial 

celi populations of the young adult rat dLGN in terms of their numerical 

volume density, size, and their proportional volume density of the total 

volume of the rat dLGN. The density of neurons was calculated as 43^150 

^ 8 0  (SEM). per mm* , whilst the density of the glial cell types was 

22,650 ±- 1,100.per mm* for oligodendroglia/31,480 ±  ^ 5 0  per mm* for 

astroglia; and 3,340 ± 370 for microglia.per mm* (Table 2.3A). The total 

glia: neuron ratio was 1.33 ± 0.03. The average neuronal somatic volume 

was 1525.52 i 79.3 pm* , with the glial scxnatic volumes less tdian cibout 

200 pm* (Table 2.3a ). The proportion of oligodendroglia, astroglia, and 

microglia in the dLGN were respectively 39.4%, 54.7% and 5.8%. The somatic 

volume density (Vy) of neurons was 0.066 and for total glia 0.012. Thus, 

the somatic volumes of neurons and glia combined, occupy 7.75 ± 0.34% of 

the total dLGN volume with 92.25% of the volume given over to neuropil, 

capillaries and endothelial cells.

The only other study to describe quantitatively the cellular 

composition of the rodent dLGN is by Heumann and Rabinowicz (1980) who 

investigated the postnatal development of the mouse dLGN in normal and 

enucleated animals. Heumann and Rabinowicz obtained neuronal and total 

glial . celL density estimates, of. 112,000 per mm* and 81 ,600. per mm* , 

respectively, (glia to neuron ratio= 0.73) for normal mice 60 days old. These 

results contrast markedly with those obtained by the present study. The 

wide discrepancies in the cell density estimates and glia to neuron ratios 

are too large to be accounted for simply by species differences.

Histological and quantitative techniques may have contributed to these 

^^^^Grences since Heumann and Rabinowicz fixed their mouse brains by 

immersion using solutions without the normal aldehyde fixatives. Additionally 

they used an ocular graticule to perform cell counts on 25pm thick 

paraffin sections stained with cresyl-violet. More importantly, these
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authors did not correct their results for tissue shrinkage during 
histological preparation. Differences in the glia to neuron ratio, may

again reflect methodological differences, since Heumann and Rabinowicz

chose to differentiate neurons from glia in their 'thick' sections, using

the defining characteristics of Ling et al (1973) - which were intended for

semi-thin sections (1pm thick) of resin embedded material stained with

toluidene blue.

Although Heumann and Rabinowicz (1980) did not give somatic volume 

estimates (V^) , this parameter can be calculated easily from their 

results taken in conjunction with data derived from several other studies, 

including stereological data from the present study. However, a complication 

is that Heumann and Rabinowicz did not give data concerning neuronal and 

glial somatic sizes (diameters) nor did they differentiate between 

çlial cell types. estimates for the mouse dLGN can be derived using the 

following approach:- In a Golgi study of the adult mouse dLGN, Rafols and 

Valverde (1973) measured the somatic ellipsoid diameters of Class A neurons

(Thalamostriate Relay [t SR] neurons of Rafols and Valverde}and of Class 3

neurons (Pseudo Amacrine [PA]neurons of Rafols and Valverde) as being 15-20pm

and 10-20yum respectively. Taking the mean of these neuronal diameter 

measurements, together with the data of LeVay and Ferster (1979) and 

Hamori et. al (1984 - unpublished observations) for the cat dLGN which 

suggests that Class A and B neurons are present in a ratio of 3.5:1.0 

respectively, then by assuming that these cells are spherical and randomly 

distributed,a mean neuronal somatic diameter of 17.7yjra would be obtained 

from measurements performed on random semi-thin sections through the mouse 

dLGN (cf a mean neuronal soma diameter of 15.7pm obtained here for the rat

dLGN). Using the glial cell data (somatic profile diameter) of the present 
study, a mean soma diameter for the whole glial cell population (corrected

for the relative frequencies of the various glial cell types) would be

7.6pm - assuming that the relative frequencies of the glial cell types are

similar in the rat and mouse dLGN, If a neuron and glial cell are assumed

to be spherical, then their respective somatic volumes are 2178pm
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and 172 pm*. Heumann and Rabinowicz have calculated the absolute volume 

of the mouse dLGN to be 0.162 mm* , and the absolute numbers of neurons 

I and glia as 16,936 and 12,315 (per dLGN) respectively. Therefore, the 

total volume of the neuron and glial cell populations can be calculated: 

itotal volume of absolute number neurons = 0.037 mm*; and total volume of 

absolute number of glia = 0.002 mm*. For both cell populations combined 

the total somatic volume is 0.039 mm*. The total somatic volume (0.039 mm*) 

divided by the total volume of the dLOi (0.152 mm* ) thus gives the somatic 

volume density of cells in the mouse dLGN (V^g T0TAL.= 0.256) . The for the 

neuron population is 0.243 and for the combined glial population is 0.013.

As given above (in 2.3.2 : Table 2 .3c^ the for neuron, total glia, and combined

neuronal and glial somata in the rat dLGN are 0.065, 0.012, and 0.075 

respectively. Whilst the glia Vy estimate is in high agreement with the 

result derived from the data of Heumann and Rabinowicz, a further discrepancy 

emerges over neuronal Vy. Errors in the determination of the mouse and rat 

dLGN volumes can be disregarded since Brauer (1982) has estimated the 

volume of the dLGN in the rat and mouse to be 1.09 mm* and 0.13 mm* 

respectively, giving credibility to the estimates derived by both studies.

The only other source of error is the neuronal N y  density estimates. In 

view of the fact that O'Kusky and Colonnier (1982a) derived a mean Ny 

estimate of 119^000 neurons per mm* of monkey visual cortex, it is likely 

that the Ny  estimate of 112^000 neurons per mm* for the mouse dLGN is 

excessively large. Hence, a reduced neuronal N y estimate would increase the 

G/N ratio derived by Haumann and. Rabinowicz for the mouse dLGN and may well 

bring it within range of the G/N value reported here for the rat dLGN. In 

summary, from the qualitative reports described above it is likely that the 

rat dLGN acquires its mature distribution and morphology of cells during 

the period 21-25 DPN, and that the quantitative descriptions provided in 

this chapter are accurate accounts of the neuronal and glial cell composition 
of the young adult rat dLGN.



Specific neurons in the dLGN of the cat have been shown to contain 

laminated bodies in their cytoplasm (CLBs) (Winfield, 1982) and the failure 

to find such cytoplasmic inclusions in rat dLGN neurons is an interesting 

observation. Possible explanations include the total absence of these 

structures from neurons in the rat dLGN, or by 52 DPN they have become 

greatly reduced in size and density such that their presence is not 

revealed by Nissl stains.

A comparison of somatic profile-size distributions of neurons with 

none, one, or two nucleoli were all highly over-lapping and unimodal and 

did not provide evidence that cells with multiple nucleoli were either 

'class A' or 'class B ' neurons (Grossman et al, 1973)1

Functional Implications : On the basis of the cell size distributions

obtained from measurements made on 1pm thick semi-thin sections, the two 

principal neuron types of the rat dLGN - the class A neurons 

and the class B neurons -could not be separated into their underlying

cell size distributions. Therefore, the relative volume numerical
class A and class B 

densities(Ny) of t h ^  neuronal cell types were unable to be calculated.

However, from studies on the cat dLGN it appears that the ratio of class

A-to-class B neurons is between 3-4:1 (LeVay and Ferster, 1979; Lin et al ,1977 ;

Weber and Kalil, 1983 ; and Fitzpatrick et al , 1984)

Hence should a ratio of 3-4:1 apply to the rat dLGN (i.e. class 
B neurons form 22.5% of the total neuron population) then the relative N

V
of these two cell types are 33,441 per mm* for class A neurons and 9,708 

per mm* for 'class B ' neurons. Since the total volume of the dLGN was 

calculated as 1.82 ± 0.15 mm* then the absolute numbers of 'class A ' and 

class B neurons are respectively 6Q862 and 1^^68 per rat dLGN. These 

cell ratios are important for an understanding of the functional inter

actions occurring within the mammalian dLGN since 'class B ' neurons are
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known to control synaptic events in the dLGN via chemically mediated 

inhibitory mechanisms which use the neurotransmitter gamma-aminobutyric 

acid (GABA) (Chapter 7; Burke and Sefton, 1966; Ohara et al,

1983; Fitzpatrick et al, 1984). If the quantitative synaptic interactions 

of each dLGN neuron type are described in detail then such N^ ratios will 

aid in the determination of the patterns of divergent or convergent 

connectivity of inhibitory and excitatory mechanisms in the mammalian 

dLGN (see Chapter 5).

It is likely that the development of the functional mechanisms of the 

rat dLGN are limited by the post-natal development of the synaptic 

connections formed by class B neurons around 15-21 DPN since the 

intrinsic circuitry matures late in dLGN development. Indeed, Winfield 

etal (1980) provided- evidence that the maturation of the synaptic organisation 

in the cat dLGN occurs during the period of susceptibility to eyelid 

closure and that the maturation of the dLGN is due predominantly to a 

logarithmic increase in the number of symmetric (Gray Type II) contacts 

derived from 'interneurons' within synaptic glomeruli. Moreover, the 

whole functional development of the dLGN will be related to the maturation 

of other afferent systems, such as the thalamic reticular nucleus (Montero 

and Scott, 1981; Hale et al, 1982) and from the pyramidal cells found in 

layer VI of the visual cortex (Schober et al, 1976). The precise 

developmental time course of the latter two afferent systems is not known 

although it is likely their maturation occurs around 21 DPN. The synaptic 

distribution of these afferents in the mature rat dLGN has been described 

previously (Lieberman and Webster, 1974; O'hara et al, 1983).
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ii) dLGN: Visual Deprivation. 21/31, 3dL, 52dD

The cellular anatomy of the dLGN is fairly resistant to the effects of 

dark-rearing during the period 14-21 DPN since the only morphological 

differences to occur between groups 52dL and group 21/31 are due to the 

increased soma volume (v̂  ) and somatic volume density (Vy) of astroglia in 

group 52dL compared to group 21/31. Since the astrocytic nuclear volumes 

are similar in both groups then the increase in somatic volume is 

attributable directly to a greater volume of cytoplasm in the astrocytes 

from group 52dL. Considering that astrocytes have been implicated in the 

turnover and metabolism of transmitters (glutamate, GABA, taurine) and also 

in the homeostasis of the extracellular ion concentration (Hertz, 1979) 

it appears likely that they modulate neuronal excitability to a great extent. 

An increase in the volume of somatic cytoplasm of astroglia may be correlated 

with an increase in cytoplasmic organelles such that the metabolic 

properties of astroglia in group 52dL are different from those in group 

21/31. It is tempting to speculate that changes in the somata of astroglia 

are related to differences in the functional capacity of the dLGN in the 

two groups. But since dLGN class B neurons use the inhibitory neuro

transmitter GABA (Chapter 7) and that animals in group 52dD were in 

darkness during the period when the synaptic connectivity of the GABAeric 

'intrinsic' neurons were maturing (14 to 28+ DPN; Parnavelas et al, 1978) 

then the speculation may have some validity, albeit presently unfounded.

A summary comparison of the quantitative morphological effects of 

visual deprivation on the dLGN between groups 21/31, 3dL and 52dD is given 

in Table 2.11. Although there were no significant differences in the density 

of neurons between groups, the significantly larger dLGN volume in group 

21/31 (+7%), meant that this group possessed 11% more neurons per dLGN than 

the other two littermate groups. Moreover, the somatic volume of the
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Group 21/31 =  2  

Group 3dL = 3  

Group 5 2 d D =  4

Parameter N 0 A M

- - - _

Absolute cell no. 2 > 3, 4 - 2 ) 4

Vs 2 ) 4 - - -

V - - - -

VR 2 ) 4 - - 4 ) 2

V 2 ) 4 - - 3 ) 2

TOTAL

AVs -

AV 2 ) 3 , 4

AVs/AVns -

N/G -

Absolute dLGN volume 2 ) 3 , 4
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neurons in this group was 10.8% greater than for the other two littermate 

groups. Henoe it appears that the dLGN is suffioiently plastic during the 

period 21-52 DPN to respond at a gross histological level to 'visual 

rehabilitation and that most struotural neuronal parameters showed marked 

increases compared to,neurons found in the dLGN of dark—reared animals. 

Although it is impossible to define quantitatively whether class A or class 

B neurons were differentially affected by dark—rearing, qualitative results 

would suggest that the somatic size of class A neurons increased

after a 30 day period in the light. However, since their mature size 

could be immune from environmental factors, the period of dark-rearing may 

ba.ve had no effect on their growth. Therefore, the question remains: 

whether dark—rearing affects the growth of the class A neurons in the 

dark-reared animals, or does it result in atropy through disuse? An ancillary 

problem concerns the effect that dark-rearing during 14-21 DPN on these 

mechanisms. A partial answer to this lies in the fact that no degenerating 

neurons with abnormal morphological features were detected in the light

er electron microscopes, hence it would appear that a lack of growth may 

account for the differences in somatic size between groups 21/31 and 52dD, 

but that the time course of these events is unknown. Since the mean size of 

in group • 3dL was intermediate between the two other littermate ^

groups then it is c-o rvceivable that cell development during maturation may be 

stimulated and maintained by 'normal' functional use.

No significant changes were found in the density of glial cells 

between groups, but in group 21/31 there was a significant increase in the 

absolute number of microglia, compared to the other groups. Since microglia 

are known to be phagocytic (Rio Hortega, 1932; Penfield, 1932), the

increased number of these cells in group 21/31 may indicate that there is 

a higher turnover of cellular material in this group than for the other 

groups.
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All the other neuronal parameters were significantly larger in group 

21/31 than group 52dD, — the values for group 3dL being intermediate.

Most of these parameters were derived from the density and size of the 

neurons in group 21/31. One interesting finding is that due to the 

, increased size of neuronal somata in group 21/31, the volume density of 

neuropil, capillaries and endothelial,cells is less than in groups 3dL and 

52dD - though the difference is non-significant.

The effect of unilateral eyelid closure from birth for a 3 month

period on the rat dLGN was shown by Fifkova and Hassler (1959) to produce a 

17% decrease in the cell number and a 5% decrease in the total volume of 

the contralateral dLGN. More dramatic effects are described in the dLGN of 

the mouse following bilateral eye enucleation at birth - which produced a 

deficit in the neuronal and glial cell populations of 27% and 53% 

respectively at 180 DPN, as well as a 57% decrease in total dLGN volume 

(Heumann and Rabinowicz, 1980) . Hence it appears that the effects of visual 

deprivation on the rat dLGN are much less severe than monocular or binocular 

®yslid suture, and uni— or bilateral eye enucleation.

In the cat dLGN evidence suggests that following an extensive period 

of monocular eyelid suture initiated before normal eye-opening, there are 

marked morphological changes in the monocular and binocular segments of the 

deprived A laminae (ie those laminae receiving retinal input from the 

sutured eye) (Weisel and Hubei, 1963; Guillery and Stelzner, 1970; .

Garey et al, 1973; Dursteler et al, 1976; Mower et al , 1981).

These studies indicate that the size of neuronal somata in the deprived 

monocular segments of lamina A were about 10% smaller compared with the 

non-deprived monocular segments, moreover there was a 33-34% decrease in 

somatic size of neurons in the binocular segments of the deprived A
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laminae.- Kalil (1980) subsequently demonstrated that there was a 

gradient in effects of monocular, deprivation on the monocular segment cells 

with a greater reduction, in cell size nearer the binocular segment. Whether 

the lack of ceil growth,, or even cell hypertrophy through disuse produces 

these effects of monocular deprivation (Hickey et al, 1977), or whether 

more subtle competitive binocular interactions between the dLGN and other 

visual areas underlies these morphological changes (Singer, 1977) is still 

unknown • Monocular deprivation in the monkey

produces a less dramatic reduction of neuronal size (15-20%) in the binocular 

segment of the deprived laminae (see Sherman & Spear,1982;Peduzzi & Hickey, 1984)

In contrast to monocular suture, Guillery (1973) and Hickey (1980) 

found that binocular eyelid suture in the cat retards geniculate neural 

somatic growth by roughly 5-10% in laminae A and A l . Dark-rearing of cats 

has been shown to cause a shift in the ratio of the physiologically 

different dLGN projection cell classes (X- and Y- type cells: see Lennie,

1980). Kalil and Worden (1978) reported that double the normal number of 

cells possessing cytoplasmic laminated bodies (CLBs) could be found in the 

A laminae of cats dark-reared from birth to adulthood. Since CLBs were 

considered by LeVay and Ferster (1977) to be a characteristic of X-type 

dLGN neurons, Kalil and Worden (1978) speculated that the Y-cell population 

(which have larger somata than X-type neurons - Freidlander et al, 1979,

1981) failed to develop normally and matured into X-type cells. It is now 

established that the morphology and function of Y- and X-type cells are 

differentially affected by visual deprivation during development (Sherman 

et al, 1982; Wiesel, 1982; Peduzzi and Hickey, 1984).

A similar physiological segregation of retinal afferants to the dLGN 

is also present in the rat. Fukuda (1973; 1977) described 'fast' and 

'slow' conducting axons in the rat optic tract. However, it is unclear
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whether these axons are correlated with the two morphologically distinct 

types of retinal axon endings seen in the rat dLGN by Brauer et al (1973, 

1977) .. Brauer and Winkiemann (1977) have demonstrated that the caudal 

part of the rat dLGN is only innervated by the smaller type of axon ending 

(class 2b-terminals). This axonal type possesses numerous small boutons 

that contact preferentially the distal segments of thalamocortical 'class 

A cells. Class 2a-terminals are larger calibre axons that give rise to 

large, sparse boutons, and appear to contact mainly the dendritic branch 

points of 'class A' neurons. Both classes of axons are found in the rostral 

part of the dLGN. The morphological character of class 2a-terminals led 

Brauer et al (1979) to conclude that they were the morphological correlates 

of the Y-type-axons. Since class A neurons show only a gradual diminution 

in some size in the rostrocaudal direction it is unclear whether neurons in 

the rostral and caudal portions of the rat dLGN represent two distinct 

class A neuron categories (the X and Y cells of the cat dLGN)

Consequently, it was impossible to define whether one category of cell was 

selectively affected by dark-rearing.
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2.4.4 VISUAL CORTEX :

i) NORMAL VISUAL DEVELOPMENT - 52dL

Cortical Depth and Laminar Thickness: The values obtained by the present

study for the thickness of"each lamina agree well with the data given by 

Schrober and Winkleman (1975) , Miller and Peters (1981) and Parnavelas et al 

(1983). The development of the cytoarchitectonie lamination of the rat 

visual cortex as determined by Miller and Peters (1981) is presented in 

diagram 2.18 below.

DIAGRAM 2.18. Development of the laminae in the rat visual cortex from 
0 DPN to 21 DPN (Amended from Miller and Peters, 1981) . For comparison 
the lamination of the visual cortex at 52 DPN as derived by the present 
study is also presented. Laminae are shown as roman numerals (layer IV 
in black). DPN, Days post natal; MZ, Marginal zone; CP, Cortical plate; 
IZ, Intermediate zone.
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The characteristic laminar organisation of the adult rat visual 

cortex is not apparent in newborn animals. However, during normal 

postnatal development, the lamination undergoes dramatic changes over the 

first two weeks, which is witnessed by changes in the thickness that each, 

lamina occupies of the total cortical depth. Generally, by 12 DPN the 

visual cortex has attained its normal adult thickness and lamination. 

However, changes in lamination continue to occur - layer IV increases 

during the period 12-15 DPN (eye-opening 14 DPN) and layer VI decreases in 

thickness by 5-6% between 15-21 DPN (Raedler and Sievers, 1976; Miller and 

Peters, 1981; Parnavelas et al, 1983). Nevertheless, from about 21 DPN 

onwards the lamination of the rat visual cortex may be considered 
mature.

Neuronal Cytoarchitectonies: The variation in neuronal density and soma

size reported (Table 2.5) is concordant with the visual impression gained ^ 

from Nissl stained or Golgi-impregnated material - small, highly packed 

neurons in thalamorecipient layer IV and a low density of large-sized 

neurons in regions containing pyramidal cells (layers III and V) . The 

trends for the maximal neuron densities to occur in layers II, IV and V I , 

with minima in layers III and V is also seen in the visual cortices of the 

monkey (O'Kusky and Colonnier, 1982a), cat (Beaulieu and Colonnier, 1983), 

and mouse (Haumann and Rabinowicz, 1977) (Diagram 2.21; see Functional 

cytoarchitectonies below - page 408).

The distribution of neuronal density throughout the depth of the rat 

visual cortex is similar to that reported for the rat by Werner et al 

(1982) and Parnavelas et al (1983). Compared to these latter studies the 

estimation of cell densities at sampling strata 50pm apart used in the 

present investigation gives a very high resolution to the depth distribution 

of neuronal and glial densities (Diagram 2.19). Indeed, although 

limitations in the methodology, quantitative analysis, and inter-animal
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DIAGRAM 2.19 - A,B)Distribution of neurons and 
glia throughout the depth of the developing 
rat visual cortex at various postnatal ages/ 
from birth (0 days) to adulthood (6 months):
The data represents the total number of cells 
of each category identified in 6 montages at 
each age examined. A - astrocyte. G - glioblast,
M - microglia, N - neuron, NB - neuroblast, and 
O - oligodendroglia. Data is taken directly from 
Parnavelas et al, 1983. C) Data derived by the 
present study for the cortical distribution of 
neurons and glia in the visual, cortex of Group 
52dL. Note the differences in the abscissa scales, 
(Compare.B and C for differences between studies)
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variation will have affected this resolution, several additional peaks in 

neuronal density not reported by the above authors are seen in the depth 

distribution shown in diagram 2.19) .There are two peaks in neuronal density 

either side of the layer III-IV border- at 250pm and 650pm below the pia.

The trough in between these densities may represent the highest density of 

the larger—sized pyramidal cells in layers II/III. These two peaks in 

neuronal density which are not evident in the distribution obtained by 

Parnavelas et al (1983) for the visual cortex of the three month old rat,

. become evident at six months of age (Parnavelas et al, 1983) (Diagram 2.19) 
The other peaks occur in layer VI (at 1,150pm and 1,300pm below the pia,

see Diagram 2.19c) , and are not present in the distributions of Werner (1982), 

nor Parnavelas et al (1983).

The mean neuronal density in the visual cortex of the young adult rat 

derived by the present study of 6(^020 neurons per mm^compares with the neuronal 

density estimates of 11^000 per mm^ for the monkey visual cortex (O'Kusky 

and Colonnier, 1982a)and 49000 per mm^ for area 17 of the cat cortex 

(Beaulieu and Colonnier, 1983). Heumann et al (1977) have derived a 

remarkable neuronal density estimate of 191,000 per mm^ for the mouse visual 

cortex:however,given that the methodology and quantitative analysis of these 

authors is suspect (see dLGN above - pages 89-90 it is likely that this 

Ny estimate is exaggerated.

Pyramidal versus Non-lyramidal Neurons :

Preliminary criteria for the ultrstructural distinction between 

pyramidal and non-pyramidal neurons are the convexity of the nucleus and 

the possession of multiple nucleoli (Peters and Fairen, 1978; Feldman and 

Peters, 1978; Peters and Kimerer, 1981; Muller et al, 198,4a,b). Pyramidal 

cells nearly always have spherical nuclei and rarely display more than 

slight irregularities of the nuclear envelope. Additionally, regardless 

of age, pyramidal neurons have three or four nucleoli which undergo 

changes in size during the first three postnatal weeks
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Miller and Peters, 1981). Conversely the nuclei of
non-pyramidal neurons normally posses one dark nucleolus and the nuclear 

membrane is often highly irregular with deep, clefts and infoldings 

(Peters and Kimerer, 1981; Werner et al, 1982; Connor and Peters, 1984). An 

additional feature of thts neuronal type is that pyramidal neurons 

display greater amounts of somatic cytoplasm compared to non-pyramidal 

neurons (Peters et al, 1976). A parameter that would be reflected in the 

VR of these neuronal populations.

However, on the basis of these features, it was impossible in this 

study to determine the ratio of pyramidal to non-pyramidal neurons in the 

non—serial semithin sections sampled randomly from the various laminae of 

the visual cortex. Nevertheless, Werner et al, (1982) have obtained 

qualitative and quantitative information on the topographical distribution

of the neuronal types in the rat visual cortex — the reinterpretation of
the work of Wernsretal (1982) in terms of the neuronal densities (N - this

V
study) would be unreliable as their data is presented in graphical format.

Neuronal Somatic and Nuclear Volume: Neuronal soma size is greatest for

the layers containing pyramidal cells - layers II/III and V. Miller (1981) 

modelled the silhouttes of Golgi-impregnated pyramidal somata in tie rat 

visual cortex by ellipsoids of revolution. He calculated subsequently 

that at 21 DPN the mean soma volume of ten layer II/III pyramidal cells

was 2500 nm^ and for ten layer V pyramidal neurons the somatic volume was
cortical pyramidal in the rat 

4000 îm . From the studies on the maturation of neurons^, visual cortex^

Miller (1981) concluded that at 21 DPN pyramidal neurons exhibit

relatively mature morphological characteristics. In this study, mean soma

volumes of 1728pm^ and 3130 hm^ were obtained for neurons lying in layers

II/III and V respectively. Within layers II/III the maximum neuronal soma

volume was 2052 pm" (at 250 m  below the pia. Diagram 2.11) and for layer V
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maximal value was 3485 )im̂  (at 750jjm below the pial surface. Diagram 2.11),, 

considering that these values were derived from random seraithin sections 

through mixed pyramidal and non-pyramidal cell populations with diverse - 

shapes and sizes - the results between studies are in good agreement.

Heumann et al (1977) present data of the nuclear sizes of neurons 

throughout area 17 of the mouse visual cortex, their mean nuclear diameter 

fiDr cortical neurons of 10.0pm is smaller than the 13.3pm derived in the 

present investigation. However, in a similar trend to that demonstrated by 

Heumann et al (1977),the distribution of nuclear sizes through the visual 

cortex shows a gradation from pia to white matter with the largest 

nuclear sizes (mean diameter 15.5pm) occurring in layer V.

Neuronal Somatic and Nuclear Profile Size Distributions: One of the

simplest morphological attributes of a cell is soma size - area, mean 

caliper diameter, or area equivalent diameter (see Weibel, 1980). In an 

ideal brain region with two or more highly discrete neuronal populations 

with non-overlapping soma sizes, a soma size-distribution derived from 

random sampling techniques will reveal a bi- or multi-modal distribution 

(given the optimisation of abscissa bin-size). Using analytical functions 

(log-normal, Gaussian, Weibull - Howard et al,1980), the underlying 

distribution of each cell population may be derived - provided the 

separation of their means is statistically acceptable. Populations with 

co-incident means will have infinite underlying distributions. From these 

size-distributions the densities (N^) of the neuronal

sub-populations may also be derived given a knowledge of their respective 

areal densities (N^j (Howard et al, 1980).
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Diagram 2.20
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DIAGRAI'i 2.20 — The profile size-distribution for neuronal scxnata (S) 
and nuclear (N) profiles in layers II-IV of the rat visual cortex: 
data derived from 6047 neurons in one young adult rat (52dL) - Size 
class interval is O.Shm. The somatic profiles have been derived from 
neurons containing between 0-4 nucleoli. The mean values of the two 
distributions are indicated by the arrows on the abscissa.



106

In an attempt to identify specific neuronal types within the visual 

ths area equivalent diameter (d.circ) for neuronal somata from 

layers II-IV in one animal were segregated into five data sets 

corresponding to the number of nucleoli (0—4) contained within their 

nucleus. The resulting soma and nuclear size-distributions were unimodal 

(Diagram 2.20) /indicating that the neuronal cell types (non-pyramidal and 

pyramidal) resident in these cortical layers display a wide heterogeneity 

of size and shape/ giving rise to highly overlapping and continuous size 

distributions. Nevertheless, it is possible to identify underlying sub

populations from size-frequency distributions using morphometric techniques 

(Hebei and Hollander, 1979; Oyster et al, 1982). However, most of these 

investigations dealt with very distinct cell populations, e.g. alpha or

gamma motoneurons, retinal cells. The size-frequency distribution for the 
neuronal nuclei was unimodal.

Multiple neuronal nuclei: In the mouse visual cortex, Heumann et al (1977)

found neurons in the supragranular layers which contained between one and 

three nucleoli. Similarly, O'Kusky and Colonnier (1982a) report multiple 

^^cleolar neurons in the visual cortex of the monkey, although they do not 

give details of their laminar or cortical distribution. In the rat visual 

cortex it appears that the widest variation in the number of nucleoli per 

nuclear profile occur for neurons lying in layers II/III and IV (Diagram 2.12) . 

Because Miller and Peters (1981) and Miller (1981) give no clear indication that layer 

pyramidal cells have a greater tendency for more nucleoli per 

nucleus than layer V pyramidal neurons, the finding reported here of a 

selective disposition of multiple nucleolar neurons in the granular and 

supragranular layers is at first surprising, not least because this would 

imply that layer IV contained a high number of 'pyramidal-like» neurons.

One might suspect that the large layer V pyramidal neurons would contain
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more nucleoli on average than the layer II/III pyramidal cells, and 

that this would be reflected in the depth distribution shown in 

Diagram 2.12.

Multiple nucleoli present an increased surface area of chromatin, 

which implies that the chromosomal material is highly involved in the 

transcription processes of protein synthesis. The extensive ramifications 

of the dendritic and axonal arbors of layer V pyramidal cells (Lund et al 

1979; Martin and Whitteridge, 1984; Martin, 1984) would necessitate the 

soma housing abundant cytoplasmic machinery for the synthesis of proteins 

capable of supporting the metabolic and structural requirements of the 

cell body and its processes. Indications of this functional relationship 

are the size and the number of nucleoli, as well as in the VR of the cell. 

The very low percentage of cell profiles displaying 3 or 4 nucleoli is a 

function of size, and also the distribution of nucleolar structures 

within the nucleus. Obviously these factors will affect the number of 

nucleoli present in random sections through a cell body. This effect 

will be greater for the layer V pyramidal cells since the probability 

that a random section will intersect one or more nucleoli will decrease 

as the nuclear volume increases, whilst the overall neuronal decreases. 

This bifunctional effect could explain why triple nucleoli are seen in 

the relatively more dense layer VI pyramidal cells (1150)im and 1200pm 

below the pia, Diagram 2.11) than in the layer V neurons.

Winfield (1979) describes cytoplasmic laminated bodies (CLBs) in 

layer IV of cat visual cortex. However, no CLBs were detected in the 

somata of neuronal perikarya in any laminae of the visual cortex - possibly 

as a result of their reduced size. However, since Winfield reports 

that their occurrence is extremely rare it is likely that they are
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totally absent from the visual cortex of young adult rats. This is in 

agreement with the literature on the ultrastructure of neurons in the 

rat visual cortex (see references in Peters, 1981, and Parnavelas, 1984).

Functional Cytoarchitectonies: The division of the mammalian visual

cortex into laminae and sublaminae underlies specific features of the

afferent, efferent and intracortical connectivity (see Diagram 2.21).

Geniculocortical afferents to the visual cortex terminate principally

within layer IV, with secondary sites of termination in layers I and VI.

In the monkey and cat visual cortex,the afferents from /two principal

physiological groups (X-^ Y- types, see Lennie, 1980) are highly

specific in their zone of terminal arborisation particularly within

layer IV (Gilbert and Weisel, 1979; Lund et al, 1979; Orban, 1984;

Martin, 1984), whilst in the rat and mouse visual cortex no specific 
physiological

^segregation of the geniculocortical afferents has been found (Peters 

et al, 1979; White, 1979). Frost and Caviness (1980) report that in the 

mouse neocortex two different types of afferent fibres from the thalamus 

end in specific regions - with large caliber fibres terminating heavily 

within lower layer Ill/layer IV but also sending a sparse collateral input 

to layers I and VI, with small calibre fibres ending principally in layers 

I and VI. The correlation of these afferents with the 'physiological'channels
afferent fibres to the cat and monkey cortex is unclear. Other

subcortical afferents to the cat visual cortex are derived from the

pulvinar, claustrum, and brainstem (see references in Chapter 3 of Orban 
primary '

1984). They(visual cortices in the cat (areas 17, 18 and 19) project
. , , fpsilaterai

mainly to layers I upper IV and V,VI of the contralateral^visual

cortices (Lund and Lund, 1970; Schrober et al, 1976; Cipolloni and Peters, 
ïn the. rat,

1979). / ipsliateral corticocortical connections are poorly understood but



DIAGRAM 2.21 Comparisons of laminar and sub-laminar thicknes>ies (a) and neuronal densities (b) in the visual cortices 
of the mouse, rat, cat and monkey. In a the mean cortical thickness are given at the bottom left of the diagrams 
whilst in *b' the mean cortical neuronal densities (Nv) are given in the top right of the diagrams. In 'b' note the 
differences in the cell density scales* Also, note the correspondence of neuronal density with laminae in the four 
animals. The fine resolution in determining neuron densities used in the present investigation is also apparent (rat 
cf mouse, cat monkey). Data derived from Heumann et al (1977), Beaulieu and Colonnier (1983), and O'Kusky and 
Colonnier (1962),
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projections of the cells in layers II/III (mainly pyramidal cells) of
ipsilateral and contrlateral 

visual area 17 are to the supragranular layers of the^peristriate visual

areas and vice versa (Gilbert and Kelly, 1975; Lund et al, 1979; Meyer

et al 1981; Olavarria and Monereo, 1981).

The pyramidal neurons of the rnfragranular layers project both 

cortically and subcortically (Martin and Whitteridge, 1984) - in the 

cat, layer V pyramidal cells project to area 18, the superficial 

layers of the superior colliculus (Gilbert and Kelly, 1975; Lund et al 

1979; Olavarria and Van Sultyers, 1982), the pons (Albus et al, 1981; 

Bjaalie and Brodai, 1983), the pretectum (Schoppmann, 1981), and the 

pulvinar complex (Updy)ce, 1977; Lund et al, 1979). Layer VI neurons 

project back to the dLGN and claustrum (Gilbert and Kelly, 1975; Lund 

et al, 1979).

The segregation of neurons into laminae also underlies their

electrophysiological receptive field properties (Gilbert, 1977; Leventhal

Hirsch, 1978). However, in the rat visual cortex no apparent

relationship exists between a neuron's laminar position and it's receptive 
field properties (Parnavelas et al, 1983b).

In general, the same principles of input and output arrangements in 

the cat and monkey, apply to the afferent and efferent connections of the 

rat visual cortex. But in addition to the descending projection of the 

layer VI neurons to the dLGN and thalamic reticular nucleus, Sefton et al 

(1981; rat) and Lent (1982; hamster ) describe a projection from the layer 

V pyramidal neurons to the ventral lateral geniculate nucleus (vLGN).

In conclusion, the segregation of neurons into different laminae with
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different neuronal densities undelies the basic afferent and efferent 

connectivity of the mammalian cortex (see Lund et al, 1979; Martin, 1984) 

However,this is a gross simplification since when the internal connectivity 

of the cortex is considered, given laminae or sublaminae may have a 

heterogeneous array of post-synaptic targets.

•Cortical Column': The recalculation of cell densities in terms of the 

absolute number of cells (and possibly cell types) occurring in a given 

lamina under 1mm’ of cortical surface area gives an important insight 

into the cellular composition of cortical columns defined by either 

functional or anatomical methods. If the diameter of these columns are 

)cnown then the absolute cellular composition in given layers within the 

column can be readily determined (Szentagothai, 1983).

Glial Cytoarchitectonies: There are few studies employing stereological

methods to determine the cytoarchitectonie distribution of glia in the 

mammalian visual cortex. The most comprehensive account is that given 

by O ’Kusky and Colonnier (1982c) dealing with the postnatal changes of 

oligodendroglia, astroglia and microglia within the monkey visual cortex. 

Heumann et al, (1977) have determined the laminar distribution of total 

glia in the mouse visual cortex, but they make no reference to the 

different types of glial cells.

The present study obtained mean cortical glia cell densities for 

oligodendroglia, astroglia, and microglia, of 14760 mm’ , 29750 per mm’ 

and 45300 per mm’ , respectively. The relative distribution of the various 

glial cell types in given laminae of the rat visual cortex are presented 

in table 2.12. The mean cortical somatic volume of oligodendroglia, 

astroglia and microglia was 222 pm’, 408 pm’ , and 98 pm’ respectively.
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The morphological features of the glial cell types are portrayed in their 

VR. Oligodendroglia contain a proportionally greater volume of somatic 

cytoplasm than astroglia (Figures 2-11) as indicated by VRs of 1.94 and 

1.41 respectively. Microglia have an intermediate VR of 1.59.

TABLE 2.12. Percentage laminar distribution of glial cell types in the rat 

visual cortex; O, oligodendroglia; A, astrc^lia; M, microglia.

Layer 0 A M
I 6.0% 87.4% 6.5%

II/III 34.7% 55.4% 9.9%
IV 41.9% 47.6% 10.5%
V 39.3% 47.3% 13.4%

VI 48.1% 44.4% 7.4%
Cortical Mean: 30.1% 60.7% 9.2%
Layers II-III 41.0% 48.7% 10.3%

In the visual cortex of 3 month old rats, Parnavelas et al (1983) 

obtained a mean cortical proportion between oligodendroglia (O), astroglia 

(A), and microglia (M) of 38%, 53%, and 8% respectively which is in high

agreement with the values obtained here for layers II-VI. -The high

astroglial density in layer I is responsible for the high overall mean 

cortical G/N estima tes (seeG/N ratio below-page 113). However,Szeligo 8 TeMond 

(1977) obtained values of 0 = 27%, A = 60% and M = 12% for oligodendroglia, 

astroglia and microglia distribution in the visual cortex of 51 day old 

rats - in exact agreement with the present results given above in table 2.12 

The overall proportion of the glial cell classes is also similar in the

adult monkey visual cortex 0 = 28%, A = 65% and M = 6% (o’kusky and
Colonnier, 1982a).
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In the adult macaque monkey the distribution of oligodendroglia 

increases throughout the depth of the cortex but shows two peak densities 

occurring in the lowest part of layer III and across the layer IVc/upper 

layer V border. In contrast astroglial density ( M y  ) is relatively constant 

throughout the depth of the monkey visual cortex except for a peak in upper 

layer V. Microglial cell density is highest in the region of layer IV.

In layers II-V of the rat visual cortex oligodendroglial and astroglial 

cell densities display a bimodal distribution about layer IV with the 

peak densities occurring in_the infragranular layers - in layer V there are 

two coincident but non-significant peaks in astroglial and oligodendroglial 

cell densities (compared to the rest of the cell depth distribution).

The distribution of glial cell densities follows a

bimodal distribution (Diagram 2.14). However, for the monkey there is a 

strong bimodal distribution of oligodendroglia above and below the stria 

of Gennari, while astroglia show a maximum density within upper layer V.

Glial Somatic and Nuclear Profile size-distributions: The size-distribution

of the combined glial cell populations was unimodal even though it was 

composed of a heterogeneous mix of oligodendroglia, astroglia and microglia. 

Hence the segregation of the various glial types is not possible using a 

purely morphometric approach, but requires the definition of the cell 

types using additional morphological or immunocytochemical features. Glial 

nuclear size-distributions were also unimodal.

Glia-to-Neuron Ratio (G/N ratio): Using stereological numerical density
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estimates of total neuronal and total glia cell populations the present

investigation derived a mean cortical G/N ratio estimate of 6.54. Since the

sampling of the neuronal and glial cell populations began just below the

pial surface where there are high densities of astroglial cells

associated with surface capillaries,the G/N ratio in layer I will affect

greatly the mean cortical G/N ratio; indeed the G/N ratio for layer I is

29.97. The mean G/N ratio for layers II—VI is 0.68, with a peak value 
in layer V of 1.16.

It is not possible to compare this value with the data of Parnavelas 

et al (1983) since these authors have only used a semi-quantitative 

analysis to derive their neuronal and glial cell depth-distributions ; 

moreover, a reliable interpretation of the number of neurons and glia 

within layer I in the graphs they present is difficult to ascertain (see

diagram 2.19, page 101). The stereological investigation of O'kusky

and Colonnier (1982a,c) obtained a G/N ratio of 11.8 for layer I of the

adult monkey visual cortex, with a cortical mean G/N of 0.49. The 
difference between the value they obtained and the value for the rat visual

cortex may be due to the use of different sectioning planes. O'Kusky and

Colonnier sectioned the monkey visual cortex perpendicularly whilst in 

this study the rat visual cortex was cut tangentially (see Chapter 3 in 

Weibel, 1980a). Using microfluroraetric DNA assays combined with 

differential cell counts Bass et al fl 971)calculated the N/G ratio in the 

rat somatosensory cortex. Their findings indicate that the density of glia 

only exceeds that of neurons in layers I and Vic and that the N/G ratio 

was highest in layers, II, IV and upper layer VI - with a cortical mean of 

2.5. Taken as a G/N ratio then Bass et al (1971) obtained a mean value of 0.4.

In the visual cortex of 51 day old rats Szeglio & Leblond (1977) calculated 

a G/N ratio of 0.41. Heumann et al (1977) have calculated that in the
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mouse visual cortex the G/N ratio is 0.5 - the maximum G/N ratio occurs 

in l ^er V (0.28). If the G/N ratio of layer I is removed from Heumann 

et al's (1977) data then their recalculated mean cortical G/N is reduced

to only 0.16. Borges and Berry (1978) have

calculated that the G/N ratio in layer IV of the young adult rat visual 

cortex is 0.75, which compares with a value of 0.12 and 0.44 in the visual 

cortices of the mouse (Heumann et al, 1977), and rat (this study) 

respectively. From the data presented by O'Kusky and Colonnier (1982a) 

the mean G/N ratio for layer IV is 0.4 for the monkey visual cortex - 

indeed the maximal G/N ratio occurs in lower layer V (0.58)

It thus appears that the G/N ratio derived here using stereological 

methods is higher than those obtained in studies using areal counting

methods to determine the G/N ratio in the rodent visual cortex.

The results of the distribution of neuronal and glial cell densities 

throughout the depth of the visual cortex derived by the present 

stereological investigation are supported by the study of Parnavelas et al 

(1983). The primary objective of these authors was to estimate the depth 

distribution of neuroglia in the rat visual cortex and to plot the post

natal developmental time courses of these distributions. Parnavelas 

et al (1983) used a simple counting method (number of cells occurring per 

level of a cortical montage composed of electron-micrographs) to chart 

the areal density and depth distribution of neurons and glia throughout 

the depth of the cortex. The profiles of their adult neuronal and glial 

cell distributions (3 and 6 months) are the same as the one derived by the 

present study for young adult rats aged 52 DPN (c 1.7 months). Diagram 2.19 

above (page 101) indicates the postnatal development of the depth distribution 

of neurons and glial cell types throughout the rat visual cortex from 0 DPN 

until 6 months postnatally.
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Somatic Volume Density (Vy) of Neurons and Glia: The depth distribution

of neuronal and total glia soma volume density is relatively uniform in

layers II-VI. This uniformity is achieved by an inverse relationship

between soma-size and neuronal density (Ny) (Table2.10 Vy  neurons; layer

IV cf layer V). The high neuronal Ny and large somatic volume (Vg 2 ,222pm’ )

give a large overall neuronal Vy estimate in layer VI. The Vy for the

total glial population is consistently low throughout the cortex and

reflects the relationship between soma size (v^) and cell numerical density 
(Nv) in determining V y estimates.

The total volume of neuronal somata occupy 12% and the total somatic 

volume of glial cells occupy 1.6% of unit cortical volume, the remaining 

86.4% of the volume is occupied by neuropil, endothelial cells and 

capillaries. Because V^ estimates are immune to errors produced by 

isotropic shrinkage during histological preparation it is possible to 

compare directly the Vy values derived by other authors. In the adult 

monkey visual cortex, 80.9% of unit cortical volume is occupied by neuropil 

(O'Kusky and Colonnier, 198 2b). The difference between the two studies 

is due to the Vy of capillaries and endothelial cells. In a stereological 

study of the anterior horn of the cervical cord, Mayhew and Monish (1973) 

obtained Vy estimates of 9.3% for neuronal cell bodies, 1.9% for glial 

somata, 84.7% for neuropil and 3.8% for capillaries. Assuming a capillary 

Vy of 4% in the cortex and a Vy of less than 1% for endothelial cells, 

then the results from the present study for the total somatic Vy and for 

the neuropil V^ agree well with the values presented byO'Kusky and Colonnier 

for the adult monkey visual cortex. Furthermore, the extensive 86.4% of 

unit cortical volume occupied by the highly intricate neuropil of the 

cortex may be contrasted with a neuropil Vy of only 48% found in the rat 

supra optic nucleus (Pilgrim et al, 1982).
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ii) VISUAL DEPRIVATION - 21/31, 3dL, 52dD

A summary comparison of the quantitative morphological effects of 

dark-rearing on the rat visual cortex between groups 21/31, 3dL, 52dD is 

presented in Table2.13, and only the salient features of these 

morphological effects will be discussed below.

Cortical and Laminar Thickness: The effect of visual deprivation during

the period 14-21 DPN does not significantly affect the overall cortical 

thickness nor the thickness of individual laminae in group 21/31 compared 

with group 52dL. The depth of the whole cortex was greater (approximately 

+4%) in group 21/31 than for the other two groups and this overall 

increase may be correlated with the increased thickness of layers I 

(+ 12%) and IV (+11%). The mean overall thickness of the visual cortex 

in group 3dL (1287pm) was intermediate between groups 21/31 (1329pm) and 

52dD (1278pm), and may have been the result of a non-selective increase 

in the volume of neuronal and glial cells and their processes throughout 

the depth of the visual cortex.

Quantitative changes in the thickness of the visual cortex have been 

found in the brains of rats subjected to environmental complexity (EC) when 

compared to their stimulus-deprived (IC) counterparts (Diamond, 1966, 1967; 

Rosenzweig et al, 1968; 1969; 1972; Globus et al, 1973; Davies and Katz, 

1983). Moreover, studies suggest EC reared rats have increased weight, 

length, and width of cerebrum, and in particular an increased cross- 

sectional area of the visual cortex compared to their IC littermates 

(Davies and Katz, 1983; Bhide and Bedi, 1982). However, the studies of 

Bhide and Bedi (1982, 1984a,b,c) suggest that environmental complexity 

imposed on well-fed and previously undernourished rats does not have any 

significant effect on visual cortical thickness and that the reported
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TABLE 2.13Summary table of the quantitative morphological effects of visual deprivation on neuronal and glial 
cell parameters in layers I-VI of the rat visual cortex. The table is derived from the morphometric results 
presented in the Results section, consequently, group 21/31 - data set 2; group 3dL » data set 3j group 52dD 
■ data set 4, N, neurons,; O, oligodendroglia; A, a«troglia; M, microgli. Only statistically significant 
results at the level of p < 0.05 are included. See text for explanation of symbols.

CORTICAL LAYER

ll/lll

IV

V

VI

N 0 A M
Ny - - - 2>4>3

- - 1>3, 4 2>3, 4
VS 3>2, 4 - - -
vn - - - -
VR - - - -
Vv 2>3, 4 - - -
Vyg TOTAL -
N/G -

Laminar thickness

N 0 A M
Nv - - - -

- - 2>3, 4 -
vs - - - 3>2, 4
vn 2>3, 4 2>3, 4 - 3>2, 4
VR - - - 3>2, 4
^V 2>3 - - -

■ • - Vyg TOTAL - -" 2)>3

N/G -
Laminar thickness

N 0 A M
Nv - - - 3>4, 2
N- - - - 3>4>2
vs 2>3;3>4 - - 3>4>2
Vn - 4>2, 3 - 3>2, 4
VR - - 2>3, 4 3>2, 4
Vy 3>2, 4 - 3>2, 4 -
V„_ TOTAL 3>2, 4
N/G -

Laminar thickness 2>3, 4

N 0 A M
«V - 2>3, 4 2>3, 4 -

- 2>3, 4 . 2> 3,4 -
Vs 2>4 - - -
vn 2>4 - - 2>3, 4
VR - - - 2>3, 4
Vv - - - -
V TOTAL

N/G 2>3, 4
Laminar thickness -

N O A M
Ny - 3>2, 4 - -
"L - 3>2, 4 - 2, 3>4
Vs - 2>3, 4 - 2, 3>4
Vn 2>3>4 - - 2>3>4
VR 4>2, 3 - - 3>2, 4

- - - -
......  ' TOTAL..vs

N/G -
Laminar thickness
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increases (approximately+6%) of the EC compared to the IC group are the 

results of suspect methodology. Therefore it appears that although 

environmental modification may cause increases in cortical depth,

these changes are only moderate and non-significant when compared to 

animals reared normally. The repeated contradictory findings of variations 

in cortical depth following sensory or nutritional modification brings into 

question the value of cortical depth comparisons between control and 

experimental groups, especially as no attempts have been made to rigourously 

identify the cortical laminae in which these changes take place. It is 

interesting to note that gross morphological changes between EC and IC rats 

appear to be more pronounced after 30 days of differential housing when it 

is begun during the pre-weaning period (< 21 DPN) (Malkasian and Diamond, 

1971) and that such effects are maximal in the visual cortex (Massey et al, 

1973). Furthermore, EC-IC differences in female rats are smaller than in 

male rats (Diamond, et al, 1971). The numerical density (N^) and the 

absolute number of neurons occurring within a given cortical column are not 

significantly different between the groups ■ (including group 52dL) indicating 

that the experimental paradigm does not affect the density or distribution 

of neurons in the rat visual cortex even after total dark-rearing. The 

somatic size of neurons in layers IV and V is greater for group 21/31 than 

for the other littermate groups and may underlie,some functional, differences 

of neurons with processes that enter the thalamorecipient zone of the 

cortices in the various groups (Valverde, 1957; Ruygo, et al, 1975; Borges 

and Berry, 1976, 1978). However, there is much evidence to suggest that 

visual deprivation affects the finer morphology of the rat visual cortex 

especially of neurons and their processes traversing or resident within 

the thalamorecipient territory of lower layer Ill/layer IV (see Chapters 

3 and 4).
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Diamond (1967) and Diamond et al (1975) have demonstrated that in the 

visual cortex of EC rats the average area of neuronal nuclei was 

significantly greater ̂ +11,7%) compared to the nuclei of visual cortical 

neurons from rats housed in impoverished environments. The present study 

has detected significantly largerneuronal nuclei (v^) in neurons in layers 

II/III, V and VI, and showed that the somatic volume (v ) of layer V

was much largerfor animals reared in group 21/31 compared to groups 

3dL and 52dD. Moreover, Feldman (1976) reports that amoung the many 

structural parameters that were altered during the process of normal aging, 

the size of layer V pyramidal somata decreased by 22% and 27% in their minor 

and major somatic ellipsoid axes (respectively) between 3 and 36 months of age

The observation that the size (profile diameter and somatic volume) 

of neuronal perikarya were affected by dark—rearing is an important 

observation, because it indicates marked differences in the morphological 

effects of dark-rearing on the visual cortex compared to the effects of EC 

or IC rearing. Bhide and Bedi (1984a,c) have demonstrated consistently 

ill rats that have undergone various combinations of environmental 

complexity^ undernutrition, and normal feeding that the size of neuronal 

perikarya throughout the visual cortex (area 17) is not significantly

firent between rats reared in the various experimental groups. However, 

Bhide and Bedi (1984a,c) limited their morphological study to only three 

cortical regions (- layers I and II, III and IV, V and VI) and may thus 

have reduced signficant somatic volume changes occurring within particular 

parts of these regions.
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The depth distribution of the number of nuceoli per neuron between 

groups indicates that the supra-granular neurons in groups, 3dL and 52dD 

possess less neurons with tri- or quadri-nucleolated nuclei. The 

functional implications of this suggest that neurons in the supragranular 

layers of group 21/31 are more metabolically active than neurons in similar 

layers in groups 3dL and 52dD.

Estimates of the total somatic volume densities (V Total) are 

liable to be misleading in the interpretation of visual cortical data.

This parameter is normally expressed as a percentage of unit cortical 

volume, however, since the absolute volume of the visual cortices (area 

17) were not determined then absolute comparisons between groups are 

meaningless. Nevertheless, either for the visual cortex (area 17) as a 

whole,there are no significant differences between the experimental 

groups. Even when the absolute volume of neurons and of total glia are 

calculated per lamina under a pial surface area of 1mm' (cortical 

column), differences in the absolute volume of the neuropil cannot be 

established since the of capillaries and non-neuronal or non-neuropil 

elements were not determined., Therefore, whilst it may appear that

the volume of non-somatic elements is marginally greater in groups 52dD 

and 3dL compared with group 21/31, unless additional cellular parameters
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are considered and the absolute volume of area 17 known, firm 

differences between groups cannot be resolved.

The most marked effect of visual deprivation is the alteration of a 

wide range of glial cell parameters. The most prominent of these concern 

the numerical densities of astroglia and oligodendroglia in layer V of group 

21/31. Both these cell types show significantly increased volume numerical 

densities in layer V, and on inspection the increases can be localised 

to the lower region of this lamina (900-1000 pm below the pial surface;

' ' ' ' M t t e ^ a t r "  — With Similar regions in the

-  Significant differences were detected in this 
region regarding the proliferation of these glial cell types, and that

found in group 52dL, then either glial proliferation occurred rapidly 

after 21 DPN and not morphologically detectable at 52 DPN or that these 

two cell populations were unaffected by dark-rearing during the period 

14 21 DPN. Nevertheless, the importance of this result is that it

indicates a differential effect of dark-rearing on the glial cell 

populations in the upper and lower regions of layer V. This effect is 

witnessed by the differences in the distribution of the G/N ratio 

through layer 5 between the experimental groups (see Diagram 2.16).

Although there were no significant intergroup differences in the neuronal 

densities in these two regions of layer V, the works of Ruygo et al (1975), 

Conner (1982) and Conner et al (1982) indicate that the dendritic 

morphology of the deep pyramidal neurons situated in the lower region of 

layer V are more susceptible to modification of the afferent sensory 

information than are the superficial pyramidal cells in the upper region 

of layer V. Ruygo et al (1975) report a marked reduction of spine 

density on apical dendritic segments of the deep layer V pyramidal
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neurons transversing layer IV-as a result of bilatei/ral enucleation at birth- 

the spine density on the apical dendrites of superficial layer V 

pyramidal neurons was unaffected. Similarly, Connor (1982) and Connor 

et al (1982) found that solitary or communal housing during development 

differential affected the two populations of layer V pyramidal neurons.

The frequency of basal dendritic branching, and the appearance of 

dendritic spines on the basal dendrites of neurons in lower layer V were 

markedly affected by the different social environments during maturation, 

whilst the upper layer V pyramidal cell basal dendrites were relatively 

unaltered. . In conjunction with the present investigation, these results 

suggest that the pyramidal neurons in lower layer V and their supporting 

complement of oligodendroglia and astroglia are more affected by dark- 

rearing and enucleation than the superficial layer V cells. The effects 

on the glial cell population in groups 3dL and 52dD may result from a 

decreased functional role of the pyramidal cell population in lower 

layer V. Conversely the higher astroglial and oligodendroglial content 

in lower layer V of groups 21/31 and 52dL may reflect not only an 

increased functional capacity of neurons in this region, but also increases 

in the extent of the myelination of their axons and axon collaterals.

Lower layer V pyramidal cells in the rat project principally to the 

optic layers of the superior colliculus (Olavarria and Montero, 1981) 

and may also project via axon collaterals to a variety of other subcortical 

sites,as do the layer V pyramidal cells in the cat visual cortex (see 

Functional Cytoarchitectonies - page 108), hence the correlates of visual 

deprivation on the lower layer V pyramidal neurons may be a result of 

geniculo-corticotectal interactions. Cells in the optic layers of the 

rabbit superior colliculus that receive corticotectal input show a preference 

for moving stimuli (Ostrach et al 1982). Therefore, modifications of the
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afferentation to the lower layer V pyramidal cells via the retino-

geniculocortical system might produce alterations in the output of the
cortex to the superior colliculus, thus affecting certain aspects of
visual guided movement (Sprague et al,1973, Heurta and Harting,1984, Dean 
and Redgrave, 1984a,b,c).

in the visual cortex of group 3dL, the major morphological 
difference in comparison with the other littermate groups, is the higher 

of microglia (+300%) in lower layer IV, moreover, the density of 
microglia in this region is greater than layer IV in group 52dL (Diagram 
2.14,Table2.8) . Microglia in layer IV of group 3dL show significantly 
larger structural parameters than the other groups. Although the glial 
somatic volume density is not significantly different between layers I, 
II/III, V and VI, in layer IV the in«eased microglial and somatic 
volume combine to produce a signifi::^:^"^:' this layer compared to the 
other groups. since microglia are the principle macrophage cells of the 
central nervous system involved in the phagocytosis of cellular debris 
(Rio-Hortega, 1932, Penfield, 1932) then their very high density in the 
major thalamorecipient territory of the cortex would implicate them in 
some form of cellular changes occurring in this region of the cortex.
These morphological changes may have occurred following transneuronal 
degeneration within the cortex as a result of photoreceptor damage 
produced by continuous exposure to illumination (Parnavelas and Globus,
1976). Since no similar effects were detected in the dLGN of group 3dL, 
it is unlilcely that the increased microglia in the visual cortex are 
directly related to photoreceptor damage. In a theory based on the 
specific localisation of thiamine phosphatase activity in the plasma 
membrane of microglia (Murabe and Sano, 1981), together with the 
association of microglia with areas of synaptic contact, Hurabfe and 
Sano (1982) proposJthat microglia play an essential role in the
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formation and maintenance of synapses. Therefore, increases in the 

density of microglia in layer IV of group 3dL may have occurred in 

response to a structural modification of neural elements in this region 

brought on by the increased functional activity in the visual system, 

and such re-modelling may necessitate the removal of large amounts of 

cellular debris. Since microglia do not normally proliferate after the 

third postnatal week (Korr, 1980) it is possible that the high numbers 

Microglia were derived from 'reactive' phagocytes of haematogenous 

origin (Fujita et al, 1981).

Borges and Berry (1978) using a similar experimental paradigm 

report a different effect of dark-rearing, since they found an increased 

areal density (+25%) of microglia in layer IV of rats dark-reared from 

birth, compared with control animals. No similar effects were detected in 

the present investigation.

Krech et al (1962,a,b, 1966) found an increased number 

cf glial cells, but not in neuronal content, in the visual corticies of 

EC reared rats. The ultrastructure of cortical glia or 'glial-like* 

elements also appears to be modified by environmental changes (Diamond 

et al, 1964, 1966; Altman, 1967; Essman, 1971, 1972). Walsh et al (1966)

^Iso reports changes in the glial population in the hippocampus of EC rats*“ 

with increases (+39%) in the oligodendroglia cell content, but decreases 

(-9.8%) in the astroglial cell number. However,Szeligo & Leblond (1977) have 

-ound increases in both astroglia and oligodendroglia after environmental 

enrichment instigated at weaning and lasting for a period until either 

51 DPN or 101 DPN. Compared to the control animals, the depth of the visual 

cortex of animals in the enriched enviroment was enlarged, and the number of 

oligodendroglia increased by 27-33% in 51 day old rats, with an additional
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increase (+13%) in the number of astroglia in the 101 day old animals.

However, in the visual cortices of monJceys subjected to monocular 

deprivation for periods of 3 and 6 months from birth, no significant 

differences were observed in the structural parameters of the neuronal 

or glial cell populations (O'Kusky and Colonnier, 1982c).

It is important to mention here, the recent stereological studies of

Bhide and Bedi (1982,1984a,c) concerning the effects of environmental

diversity on well-fed and previously undernourished rats, since these

authors report no changes in and cell size measurements of neurons

and glia between experimental and control groups. Bhide and Bedi,

classify 'glia' as comprising solely of oligodendroglia and unfortunately

make no mention in their studies of changes in astroglia or microglia.

However, these authors (Bhide and Bedi, 1984a,c) divided the cortex into

upper, middle and lower regions which may have'masked^^^^the effects

occurring at given levels within these regions. Indeed, the whole

experimental paradigm of undernourishment and subsequent exposure to

diverse environments (E and IC) for upto 90 days appears to produce

less dramatic morphological effects than dark-rearing (this study).

Moreover, in studies dealing with the morphological effects of 
and enviromental diversity 

undernutrition^on cortical morphology (Bedi et al 1980;Bhide and Bedi

1982, 1984a,c) no details are given as to the effects on the motor or

somato-sensory cortices, where the effects due to reduced motor

activity or lack of environmental interaction may be more pronounced 

than in the visual cortex (area 17).
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2.4.5 CONCLUSIONS

i) Overview: Using stereological methods, the present investigation has

^®termined the neuronal density and certain structural parameters of neurons 

and glia in the dLGN, and in tangential sampling planes (50|im'apart) 

throughout the depth of the visual cortex (area 17) of rats reared upto 

young adulthood (52 DPN) under normal nutritional, social, and 

environmental conditions (Group 52dL). The same quantitative approaches 

were applied to the visual cortices of rats reared to young adulthood 

in complete darkness (Group 52dD) or under various regimes of dark- 

rearing and light exposure (Groups 21/31 and 3dL).

The effect of dark-rearing during a 'critical' period of visual

system development (14-21 DPN) causes no major structural alterations in

the gross neuromorphology of the dLGN and visual cortex in group 21/31

compared to the non-littermate group 52dL. However,prolonged dark-

rearing until adulthood (Groups 3dL and 52dD) produces marked deficits

in the oligodendroglial and astroglial content in lower layer V of the

visual cortex. These changes may reflect an increased functional

activity of the corticotectal pathway in rats reared in groups 52dL and

Additional to these deficits, animals totally dark—reared upto

52 DPN and then subsequently exposed to continuous illuminations for 3

days (Group 3dL) have a highly increased microglial content in layer IV

of the visual cortex. This significant increase of microglia in the

thalamorecipient territory of the visual cortex may be due to a

remodification of neuronal elements in response to the increased

functional activity of the retinogeniculocortical pathway. The gross

Morphology of the dLGN was not affected by extended periods of dark-

rearing, nor by a brief period of visual rehabilitation in adulthood 
(Group 3dL).
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These results suggest that the gross morphological effects of dark- 

rearing in the rat visual system are centrally located within the visual 

cortex and that the dLGN is relatively unaffected by visual deprivation.

The exact maturational profile of these modifications could not be 

determined from the present study, and can only be established by further 

extensive . ■ investigations \during development ̂

ii) Future Directions: The fundamental premise on which this chapter is

based is the correct morphological identification of neurons, oligodendroglia, 

astroglia, and microglia in semithin sections stained with toluidene 

blue. Although the quantitative results are in high agreement with other 

studies, using either quantitative or qualitative approaches (see 

Discussion) , more definite criteria would have been provided by the

imnunocytochemical localisation of these cell types using cell-specific
markers.

Antisera have already been developed to identify the various glial 

cell types in the nervous system. Oligodendroglia may be localised 

using an antiserum against the isoenzyme carbonic anhydrase II (Ghandour 

et al, 1980), whilst astroglia can be localised with antisera directed 

against glial fibrillary acidic protein - GFAP (Bignami and Dahl, 1973,

Eng and Bigbee, 1978). Recently, microglia have been demonstrated 

immunooytochemically in the retina of the mouse by the localisation of a 

macrophage specific antibody P4/80 (Hume et al, 1983). m  the mouse 

retina such macrophages differentiated subsequently into microglia 

(Hume et al, 1983). Although the methodologies for combining these 

immunocytochemical markers are not presently available, the identification 

of glial cell types in the same tissue would greatly enhance the validity 

of both qualitative and quantitative studies.
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The immunocytochemical localisation of specific neuron types and

their synaptic connections is presently accomplished by the use of antisera 
directed against either the biosynthetic enzyme of neurotransmitters or

the neurotransmitter itself (Parnavelas and McDonald, 1983; Parnavelas,

1984; Martin, 1984). Indeed, the quantitation of cell populations in the

visual cortex defined by their neurotransmitter content would enable the

density depth distribution of identified neuronal classes to be readily

determined. For example, using the stereological methods employed in

the present investigation in combination with post—embedding GABA

immunocytochemistry (Hodgson et al, 1985; Somogyi et al, 1985a; see

Chapters 6 and 7) it is possible to define quantitatively the density

depth distribution of GABA-immunopositive neurons in the rat visual

cortex (Figure. 21a,b,c). A comprehensive quantitative account of the

depth distribution of neurons containing a single neurotransmitter or a

co-existence of transmitters (Somogyi et al, 1984) may be provided

ultimately for the total neuron composition within a physiologically

meaningful cortical column (Hubei and Weisel, 1972; Szenthagothai, 1983).

Indeed, it can be envisagedthat cell specific markers will be

developed against various neuron populations (pyramidal versus non-

pyramidal) or specific neuron types (aspiny multipolar versus bipolar

non-pyramidal cells). Such cell specific markers would represent a

major advance towards the understanding of the cellular composition

(O'Kusky and Colonnier, 1982à,.c), and connectivity of the visual cortex 
(Muller et al, 1984a.b) .
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If quantitative descriptions can.be obtained for the spatial 

distribution of specific neuronal cell classes together with detailed 

information regarding the post-synaptic specificity of these neurons 

(e.g. axoaxonic cells - Somogyi, ët al, 1982) then the possibility 

would arise of deriving a very powerful understanding of the functional 

anatomy of the nervous system both in the adult animal, and during 

normal or purturbed development.
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3.1 INTRODUCTION

Dendritic bundles have been reported in many regions of the mammalian 

brain (for a recent review see Roney et al, 1979) , however Peters and Walsh 

(1972) and Fleischhauer et al (1972) were the first to report the bundling 

of pyramidal cell apical dendrites in the mammalian cerebral cortex.

Although the nature of bundling differs between cortical areas, there 

are several common principles of organisation. Namely, that the apical 

dendrites from a variable number of layer V and VI pyramidal cells aggregate 

to form a bundle and they then rise in close apposition with each other through the 

various layers of the cerebral cortex. Peters and Walsh (1972) cfetermined that 

the somata of pyramidal cells in the adult rat visual cortex whose dendrites

engage in bundling are themselves apposed closely, and often lie directly 

beneath their clustered apical dendrites (diagram 3.1). On entering the 

supragranular layers, the dendritic bundles are joined by the apical 

dendrites of layer III pyramidal cells. The bundles begin to disperse in 

upper layer II and then diverge rapidly in the molecular layer due to the 

extensive bifurcation of dendrites (diagram 3.1). Although no quantitative 

information is available concerning the proportion of 'bundled' to 'non

bundled' apical dendrites, it is considered that the majority of the

apical dendrites from pyramidal cells engage in bundling (Fleischhauer 
and Detzer, 1975).

Sections cut parallel to the pial surface of the cortex reveal the clustered 

profiles of the tangentially sectioned dendritic bundles, as well as other 

dendritic, axonal, and cellular profiles (Feldman and Peters, 1974;

Winklemann et al,1975; Peters and Feldman, 1976; see short review by 

Feldman, 1984). The clustering of apical dendrites from pyramidal cells in 

layers V and VI is most readily apparent at the level of layer IV (diagram 

3.1b ; Feldman, 1984)
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Given that layer IV is the major thalamorecipient territory of the 

visual cortex (Peters and Feldman, 1976) and that many of the dendrites 

which invade this zone belong to the intra-cortical pyramidal cells in 

layers II/III, and the cortico-efferent pyramidal cells in layers,

V and VI (Schrober et al, 1976; Peters and Saldanha, 1976), the discrete 

(i.e. non-random) clustering of apical dendrites within this layer may 

underlie the functional processes governing the integration of afferent, 

efferent and intra-cortical transfer of visual information.

Although no direct electrophysiological data are available concerning 

the function of dendritic bundles, it is possible to gain some insight 

into their functional importance from visual deprivation studies, since 

investigators have shown that after either eye enucleation^eyelid suture, 

or periods of dark—rearing, there is a marked reduction in spine density 

on the apical dendrites of Golgi-impregnated pyramidal cells as they pass 

through layer IV (Globus and Scheibel, 1967; Valverde, 1967; Fifkova, 1970: 

Ryugo et al, 1975). Because dendritic spines are known to mediate the 

vast majority of synaptic input to pyramidal neurons (Peters and Feldman, 

1976; Fairen and Valverde, 1980) the distribution and character of the 

synaptic input will be modified accordingly. Moreover, it is likely that 

the impregnated apical dendrites were members of dendritic bundles, but 

because of the capricious nature of the Golgi method, the other dendrites 

in the same bundle were not impregnated (—or if some of them were, their 

distribution did not allude to their bundling). Due to this methodological 

limitation of the Golgi procedure it is not surprising that there are no 

reports describing the structural alteration of dendritic bundles following 

visual deprivation or after dark-rearing. However, since dendritic bundles can 

be recognised clearly in toluidene blue stained sections, the object of 

this part of the thesis was to investigate quantitatively the effects of 

dark-rearing on the tangential organisation of dendritic clusters in 

semithin sections through layer TV of the rat visual cortex.
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Diagram 3.1 A — A s^diematic 
composition camera lucida 
drawing illustrating the 
manner in which the apical 
dendrites of pyramidal cells 
in layers V, VI and II/III 
combine to form vertical 
bundles. The pyramidal cell 
bodies in the infragranular 
layers V and VI are reported 
(Peters and Walsh, 1972) as 
being directly beneath their 
respective dendritic bundles 
(filled arrows).

3.1B“Semithin sections cut 
parallel to the pial surface 
through layer IV (open arrow
head) will reveal the 
tangential clustering of 
apical dendrites from layers 
V and VI pyramidal cells and 
also the dendritic profiles 
of various other cell types 
(see text) .
The diagram was derived from 
Peters and Walsh (1972) and from 
material prepared during the 
course of this study. For 
presentation purposes, the 
diagram is not strictly to 
scale. (Scale bar approx.
50pm) .

DIAGRAM 3.1
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3.2 METHODS

The toLuidene blue stained sections (0.5|ira thick) used previously to 

estimate neuronal and glial cell parameters (Chapter 2) were also used to 

analyse the 'clustering' of dendritic profiles at the tangential sampling 

strata between 400-700|im below the pial surface (8 animals from each of the 

littermate groups 21/31. 3dL, 52dD and also from the 52dL group were analysed.

Dendrites passing through these strata appear unstained (figure 12a) and 

approximated to circular profiles (2.6pm in diameter). The ascending apical 

dendrites of pyramidal cells are commonly grouped together into readily 

identifiable 'clusters'(Peters and Walsh,1972; Feldman and Peters, 1974).

At each sampling stratum camera lucida drawings were made of all the 

discernible dendritic profiles occurring within twenty randomly positioned 

quadrats (figure 12) - the size of the quadrat and its mode of application 

have been described above (see 2.4.1). By reference to lamina thickness 

only those strata occurring within layer IV0[?able'2.4 and diagram 2.9) were 

analysed morphoraetrically. It was assumed that although strata from 

different depths below the pia were being studied, in terms of the overall 

cortical depth they represented similar morphological levels.(designated 

as levels A-D, Table 3.1).

TABLE 3.1

Layer IV strata 

(depth below 

pia in |ims)

Level 52dL 21/31 3dL 52dD

500 450 450

550 500 ; 500

600 550 550

650 600 600
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On each, drawing the dendrites were clustered together manually using 

a nearest-neighbour technique (figure 12b), and dendritic profiles lying 

at the perimeter of the cluster were interconnected by straight lines.

The number of dendritic profiles within each cluster (NdP^) was noted, as 

well as the number of clusters occurring per quadrat - thus enabling the 

number of clusters per unit area to be calculated (NdC ). Videoplan was 

used- to measure the surface area bounded within each cluster perimeter 

(CA) and to calculate the centre -to-centre intercluster distance (I) - 

fche centroid of each cluster was assessed visually). From the parameters 

NdP^ and CA, the areal density of dendritic profiles per lOOum^ of cluster 

area was calculated (NdP^) .

3.2.1 Statistical analyses of dendritic cluster data: Data from the

various layer IV strata of the littermate groups 21/31, 3dL, and 52dD were 

combined in several ways to facilitate intra- and inter-group statistical 

analyses. For corresponding strata within a group the mean stratal 

estimates of individual animals were combined for the analysis of levels 

between groups; the mean animal stratal values were used in the analysis 

differences between strata within a particular group. Barlett's test 

for homogeneity of variance (Snedecor and Cochran, 1977; Clarke, 1969) was 

performed to show that the variance of data at each sampling stratum did 

not differ significantly within groups nor for corresponding levels between 

groups. The test was also performed on the average layer IV data of the 
different groups.

A one-way analysis of variance (ANOVA) was used to determine i) stratal 

clustering differences within a group, ii) clustering differences at a 

given 'level' between groups, and iii) differences between average group 

data. When the ANOVA resulted in a significant p value.(p <0.05), group
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means were compared using the layered approach of a Newman-Keul's 

Multiple Range test (Newman, 1939; Keuls, 1952; Bruning and Kintz, 1978; 

Harter, 1980).

A highly conservative analysis of the data was desired (Snedecor and 

Cochran, 1977) because the factors affecting dendritic clustering form a 

complex multivariate system, and together with limitations in the resolution 

and sensitivity of the sampling procedure, only general statistical 

irifsrences were considered to be related directly to the parameters examined. 

Newman-Keul's statistics adopt a strict significance criterion in order to 

reduce type '1' error (unwarranted claims of statistical difference) • and 

were therefore more mathematically defensible than the normal Studentised 

range (t—test), Duncan s Multiple—Range test (Duncan, 1955) or Bonferroni 

t-statistics (Miller, 1966) ,
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3.3 RESULTS

The dendritic cluster data for the various layer IV sampling strata 
are presented in Table 3.1.

3.3.1 Quantitative analysis: The variance of mean parameter values

between the corresponding levels of the groups 21/31, 3dL, and 52D were 

homogeneous - so was parameter variance between levels within a group.

ANOVAs indicated the existence of significant differences (p <0.05) for 

the parameters NdP^ and NdP^^, both at corresponding levels between groups, 

and within groups (Diagram 3.2 and 3.3).

Newman Keuls' tests established that, i) within 52dD the NdP of
C

levels A and B are significantly greater (p < 0.5) than level D, 'ii) 

the NdP^ at level D of groups 21/31 and 3dL are both greater (p20.05)

than the NdP^ for level D of 52dD, 3*3 iii) at levels A,B, and C in group
21/31 which were significantly different from levels A,B, and C in groups 3dL

and 52dD. in addition, the NdP ^ at. given levels

within group 42dD were different (p < 0.05; A, B. > C, D ; diagram 3.2) and 

also that the NdP^^ at level D in group 52dD is significantly lower 

(p<0.05) than the NdP^^ at level D in groups 21/31 and in group 3dL.

TABLE 3.1 - DENDRITIC CLUSTER ANALYSIS^

^Average dendritic clustering parameters from Layer IV NdP^ : number of dendritic profiles per cluster.
1 : Contre-to-Centre intercluster distance (pm). CA : cluster area (pm'). NdPC^ : number of dendritic 
clusters per 1000pm'. N d P ^  : number of dendritic profiles per 100pm' of cluster area. (N.B. NdC c.f. 
NdP^^). Mean values for layer IV i s.e.m. (n = 8). ^

NdPc I CA NdC^

52dL 17.69 i 2.08 52.90 ± 4.91 344.60 ± 29.11 1.35 ± 0.12 5.22 1 0.39

21/31 (2) 18.20 ♦ 1.91 50.31 i 3.82 342.10 ± 18.20 1.31 ± 0.14 5.40 i 0.32
3dL (3) 16.12 ♦ 2.11 48.29 i 5.10 370.12 i 26.01 1.34 t 0.15 3.55 ± 0.21
52dO (4) 12.01 1 1.84 51.85 ± 4.01 378. 1 1 t 21.19 1.29 i 0.14 3.24 ± 0.37

STATISTICAL ANALYSIS (Newraan-Keuls) ,

n s. p> 0.05
pi2 0.05 2,3 <4* n.s. 2<3,4*» n.s. 1 2>3,4**** p < 0. 05 1
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A statistical comparison of the average data for layer IV (diagram 3.3} 

indicates that the parameters CA and NdP^^ give significant differences : 

between group 21/31 and the groups 3dL, 52dL. Tangential cluster area is 

also significantly reduced in layer IV of group 21/31. Since the average 

NdP^ is only marginally different between the groups, the combined effect 

of the two parameters NdP^ and CA act to decrease significantly the areal 

density of dendritic profiles per unit cluster area (NdP^^) for groups 3dL 
and 52dD (diagram 3.2).

DIAGRAM 3.2-Number of dendritic profiles per lOOum' of cluster area-NdP 
corresponding morphological strata are labelled (A-D). Speckled and 
cross-hatched' areas indicate significant differences (see text).

Mean values ± s.e.m. (n = 8) indicated by filled arrowheads.
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Intercluster distance and the overall areal cluster density (NdC ) are

not affected by the experimental paradigm (diagram 3.3).

Diagram 3.4 illustrates the combined distribution of layer IV clustering

parameters for the 52dL group. Noteworthy are the range of dendritic

profiles that constitute a  cluster ( Diagram 3 .4a) and the overall wide

variation in cluster area ( Diagram 3 . 4 c )  . Centre-to-centre intercluster

distance displays an almost 'normal' distribution with a minimal positive- 
skew (Diagram 3.4B).
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DIAGRAM 3.3 : DENDRITIC CLUSTER ANALYSIS

Analysis of dendrite clustering parameters averaged within groups for 
the morphologically corresponding levels A-D. (see text). NdP^ : 
number of dendritic profiles per cluster. I : centre-to-centre 
intercluster distance (jim) . CA : cluster area (Mm^). NdC^ : number 
of dendritic clusters per lOOOpm^ .
Mean values ± s.e.m. (n = 8). Overall group mean values given by 
filled arrowheads. The stippled D levels and the cross-hatched levels 
B,C,D group 52dD indicate statistical differences.
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Diagram 3 .4 -Dendritic ClusterAnafysis
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3.3.2 Qualitative analysis (Diagram 3.5): The individual dendritic profiles 

from group 21/31 were considered to possess a larger average cross-sectional 

diameter than the more widely spaced dendritic profiles from groups 3dL 

and 52dD. Indeed, in the latter two groups it was sometimes difficult to 

estimate the perimeter of the cluster because of small and often barely 

recognisable peripheral profiles (diagram 3.5). in all groups there was a 

tendency for the larger dendritic profiles (diameters > 3nm) to congregate 

near the centre of each cluster, with a diminution in dendritic diameter 

towards the periphery. The dendritic profiles displayed no regular spatial 

pattern within clusters, and as far as could be discerned, dendritic 

clusters showed no preferential or uniform distribution within the neuropil. 

The shape of individual clusters ranged from nearly circular to almost 

linear, and was highly variable throughout the levels of all groups.

Dendritic profiles of all sizes were freqeuntly found randomly disposed 

between clusters, and whether they represented the most peripheral, or even 

'extracluster' dendrites was unclear. These dendrites were apparently 

more common in 21/31, than in 3dL or 52dD. Nevertheless such dendrites 

outside the bounds of the clusters were excluded from morphometric 
analysis.

No striking differences were observed between the qualitative and 

quantitative character of clusters found in 52dL and 21/31 groups.
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3.4 DISCUSSION

3.4.1 Morphological Considerations.

Although previous authors (Peters and Walsh, 1972; Fleishhauer et al, 

1972? Feldman and Peters, 1974; Winkelmann et al, 1975; Detzer, 1978) have 

defined bundles as being composed solely of the ascending apical dendrites 

from pyramidal cells, it is likely that when clusters are defined in 

toluidene-blue stained semi-thin sections at the level of layer IV, the 

peripheral territory of a cluster is invaded by dendritic and axonal 

profiles not related to the ascending apical dendrites of layer V and VI 

pyramidal cells. Therefore, it is important to define the possible origins 

of the dendritic and axonal profiles in layer IV and their potential 

contribution to dendritic bundles. -

The work of Parnavelas et al (1977c),Feldman and Peters (1978) Miller 

and Peters (1981) and Hedlich and Winkelmann (1982), suggest that dendritic 

profiles in semithin sections through layer IV may be derived from: i) the 

relatively thick ascending dendritic trunks of layer V pyramidal cells and 

their occasional side branches, ii) the thin ascending apical dendrites and 

dendritic tufts of layer VI pyramidal cells, iii) the descending basal 

dendrites of layer III pyramidal cells, and iv) the dendritic arbors of 

non-pyramidal (stellate) cells. Axonal profiles coursing through a cluster 

may have been derived from neurons in several cortical layers.

Although myelinated axonal profiles were not included in the analysis, 

it is possible that large unmyelinated axons, sectioned tangentially could 

have been classified mistakenly as small dendritic profiles. Since many axonal 

fields are not strictly perpendicular to the pia, and the cross-sectional 

area of unmyelinated axonal profiles is small in comparison to the diameter 

of ascending apical dendrites (Peters and Walsh, 1972), the erroneous
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inclusion of axonal profiles in the quantitative analysis may be 

considered to be minimal. Moreso because many of the small profiles 

included in the analysis will have been true small dendrites. The 

contribution of 'true' dendrites to bundling can only be determined from 

extensive serial-sections in the electron-microscope, which would enable 

the exact nature of each bundle member to be determined. Therefore 

together with the inherent disadvantage of clustering profiles visually, 

it is without doubt that clusters will have contained non-apical dendritic 

profiles and also some axonal profiles whose true origins.remain obscure.

Given the foregoing limitations to the interpretation of the data, the 

results suggest that the tangential organisation of dendrites in 

I^y®r IV of the rat visual cortex is not random* since dendritic profiles 

are grouped discretely into clusters. Additionally, the internal 

architecture of each cluster is capable of being modified by visual 

^sprivation but the number of clusters and their spatial distribution 

remain unaffected. This is supported by the quantitative analysis which 

indicates that dendritic profiles in group 21/31 are arranged into compact 

clusters, whilst in groups 3dL and 52dD there are fewer profiles 

contributing to a cluster, and on average they are more widely dispersed 

within the cluster area. The number of clusters (NdC.̂ ) and their spatial 

distribution (I) in layer IV are not significantly different between groups

The observation that there were more dendritic profiles per cluster in 

group 21/31 compared with groups 3dL and 52dD is an interesting finding, 

especially if one assumes that all the profiles occurring within clusters 

are derived from ascending apical dendrites. This could be taken to imply 

that a greater number of clustered apical dendrites in group 21/31 may be 

a result of a more highly ordered system of apical dendrites with only a 

few unclustered dendrites in layer IV of group 21/31, conversely in group
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52dD and 3dL there may be a tendency for dendrites to remain unclustered. 

An alternative explanation may be that an increase occurs in the branching 

of apical dendrites from layers V and VI pyramidal cells and/or in the 

extensive dendritic tufts of layer VI pyramidal cells in layer IV of group 

21/31 compared with groups, 52dD and 3dL.

The numerical density of neurons in layers V and VI of the visual

cortex is not different statistically between the groups (Chapter 2),

hence it would appear unlikely that the observed differences are related

directly to differing numbers of neurons or their relative packing density, 
but more probably to differences in dendritic branching.

Since the dendritic profiles at cluster boundaries within group 52dD 

were smaller than those in either group 21/31 and group 3dL, a proportion 

of them may have become indistinguishable from the surrounding neuropil to 

such an extent that they were neglected and therefore excluded from 

morphometric analysis. If this were the case (albeit unlikely), then these 

excluded profiles would have reduced the NdP for clusters within group 

52dD. Indeed the size of apical dendritic profiles might be related to 

the position of their parent neurons within layer V, since the cross- 

sectional diameter of an ascending apical dendrite diminishes gradually 

with the distance from its cell body (Miller, 1981). Hence it is likely 

that the large dendritic profiles at the centre of clusters are derived 

from pyramidal cells situated more superficially in layer V, and the smaller 

peripherally placed profiles derived from deep lying pyramidal cells in 

layers V and VI - obviously there will be vast local variations and 

exceptions to this pattern. However it is important to note that a low Ndr^^ 

in groups 51 dD and 3dL may be correlated with a decrease in the size and 

possibly the number of peripherally placed small dendritic profiles which 

may themselves be derived from neurons situatëd deep in the infragranular layers. 

If visual deprivation does affect the centre and periphery of a
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dendritic cluster differentially, tiien such effects could be investigated 

by placing a concentric sampling zone over individual clusters and determining 

the changes in radial dendritic profile density within each zone 

(cf Curcio and Coleman, 1982).

Winkelmann et al (1975) estimate that the average number of dendrites 

per bundle in the adult rat consists of 5 from lower layer V and about 8 

from upper layer V. Moreover, Ryugo et al (1975) report that in Golgi 

preparations of the rat visual cortex, the pyramidal cells located in the 

upper and lower portions of layer V react differentially to bilateral 

enucleation - the apical dendrites of the deeper lying cells showing a 

highly significant reduction in the spine density of dendritic segments 

passing through layer IV compared with the relatively unaffected segments 

belonging to the more superficially positioned layer IV pyramids. This 

suggests the existence of two distinct populations of layer V pyramidal 

cells, a view which is given further support in studies by Connor (1982) 

and Connor et al (1982). In Golgi preparations of the rat visual cortex 

these authors demonstrated that the extent of 5th order basal dendritic 

branching of layer V pyramidal cells and the appearance of spines on these 

dendritic segments was statistically different for neurons in the upper and 

lower zones of layer V - the nature of these dendritic differences was also 

affected by solitary or communal housing during development.

Taken together these results identify pyramidal cells in the deeper 

aspects of layer V as being highly susceptible to modification of their 

sensory input. Consequently, their contribution to the centre and 

periphery of dendritic clusters within layer IV may be modified selectively. 

It is noteworthy that the pyramidal cells in lower layer V have 'descending 

axonal projections' to a variety of subcortical nuclei (e.g. superior 

colliculus), whilst the pyramidal cells in upper layer V have association 

and callosal efferentation ( Lorento de No, 1938, Martin,1984) and also 

intracortical connectivity to the superficial layers (Lund et al, 1979)
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Considering the heterogeneity of dendrites in layer IV several 

additional factors could have had direct effects on dendritic bundling;. The 

apical dendrites rising through layer IV sprout oblique side branches which 

contribute either to the centre or to the more peripheral regions of 

clusters (depending on the level of the section (diagram 3.1). Should

dark-rearing affect the branching pattern of these side branches there may 

be corresponding changes in the number of clustered profiles and in the 

overall cluster area. Therefore the magnitude of this 'peripheral inclusion 

effect' could be different for the various experimental groups.

The spine density and branching patterns of the basal dendrites of

cells in layers II/III have been shown to be altered by sensory 

modification (Rosenzweig et al, 1972; tyiings et al, 1978; Juraska, 1980; 

Connor and Diamond, 1982), aging (Feldman and Dowd, 1975; Feldman, 197 7), 

and undernutrition (Davies and Katz, 1983). Although no studies have 

described explicitly the effect of dark—rearing on the basal dendrites that 

extend into layer IV, from the above studies it would appear that the 

effects of visual deprivation might reduce the higher order branching and 

spine density of those basal dendritic segments that invade the territory 

of fhal^Mocortical afferents. Since it is likely that these dendrites 

interweave within the dendritic bundles, they would then contribute 

directly to the observed clustered profiles. A decrease in the number (and 

possibly the diameter) of basal dendritic segments from pyramidal cells in 

layer III as a result of dark-rearing, would reduce the number of profiles 

within dendritic clusters observed in semithin sections. A similar effect 

may be predicted for the non-pyramidal (stellate) cells within layer IV, 

since Volkmar and Greenough (1972) have indicated that Golgi impregnated 

stellate neurons from layer IV of the rat visual cortex show a considerably 

increased system of higher order branches in animals raised in an enriched 

environment.
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Of particular interest here, is the increase in the number of profiles 

belonging to a cluster with ascending distance through layer IV (see figure 5*2. 

52d,NdP^). Moreso because Valverde (1958) and Borges and Berry (1976,1978)

^^ve described a preferential orientation of stellate cell dendrites in layer 

of the visual cortex of dark-reared rats. Borges and Berry (1978) provide 

evidence that following dark-rearing the dendritic fields of layer IV 

stellate cells are polarised such that there is a greater dendritic density in 

upper layer IV and lower layer III, whilst in lower layer IV and the upper 

^o^fons of layer V, their diminished dendritic arbors show a 'repressed 

growth pattern'. If these dendritic fields have contributed directly to the 

clusters defined at the sampling levels within layer IV, evidently the 

increase in the NdP^ may be in some part attributable to the effect of 

dark-rearing on layer IV stellate cells. This effect is abolished in 

group 3dL (diagram 3.3), where a reorganisation of stellate cell dendritic 

fields may have occurred, together with an increase in the size or even 

the number of apical dendritic branches in the lower regions of layer IV.

It could be argued further that the lack of clustered profiles in the 

lower levels of layer IV for group 52dD is attributable to the slow 

ascending convergence of bundle members. This is unlikely since Peters 

and Walsh (1972) report the very tight binding of apical dendrites 

throughout upper layer V and layer IV.

At the level of layer IV, the present study has estimated that there are 

approximately 18 dendritic profiles per bundle, and that the centre-to- 

centre distance between bundles is about SOjim. This compares with the data 

of Peters and Walsh (1972) and Feldman and Peters (1974) where between 4-8 

apical dendrites from pyramidal cells were thought to contribute to a 

dendritic cluster - the average intercluster distance was estimated as 

30-40pm. Winkelmann et al (1975)found that the average intercluster distance 

was 76hm and that clusters within layer IV "were composed of about 13
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dendritic profiles. The above data indicate that bundles are approximately 

50Mm apart and composed of between 4-18 dendritic profiles. The high 

average NdP^ estimate for groups 52dL and 21/31 may have been caused by 

the possible inclusion of'non-apical* dendritic profiles.

The only data concerning the postnatal development of dendritic

bundles .comes from Schierhorn (1978), ^  studied the development of apical

dendritic bundles from layer V pyramidal cells in rat sensorimotor cortex.

Schierhorn reports that by four days after birth, a loose bundle-like

arrangement is observed, and by postnatal day 24, dendritic bundles are

clearly visible. Since Miller and Peters (1981) consider that layer V

pyramidal cells are mature by postnatal day 21, it seems likely that the 
bundling of apical dendrites remains susceptible to the effects of

dark-rearing for a considerable period of time after their parent somata 

have reached maturity. Moreover it would appear that a period of dark- 

rearing before weaning does not produce permanent deficits in the 

character of dendritic bundles, since there are no major differences 

between bundles at the level of layer IV in groups 21/31 and 52dL. A 

developmental time-course of the structural alterations of dendritic 

bundles during normal visual maturation would be highly desirable since 

It might help to illucidate the functional and structural mechanisms that 

govern dendritic bundling during 'dark-rearing'.

3.4.2 Functional considerations: Firstly, it is important to distinguish

clearly between 'bundles' and 'columns'. Columns have been demonstrated

as discrete functional entities in the cat visual cortex (Hubei and Wiesel,

1963, 1974, 1977). when they are defined anatomically these columns are

arranged as a mosaic of units positioned perpendicular to the pial surface
(Hubei et al, 1978). The dimension of an orientation column is about 50(im

whereas for an ocular dominance column it is in the region of 400pm.
Hypercolumns with a complete 180° rotation in orientation are approximately 
500pm (0.5mm wide).
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Additionally, on the basis of known neuroanatoraical data a columnar 

organisation of cortical neuronal elements has also been proposed 

(Szentagothai, 1975, 1978; Gilbert, 1983). These anatomical columns have 

similar neuronal composition and synaptic relationships and are roughly 

300pm in diameter - however in these models no particular emphasis is 

placed on the bundling of pyramidal cell apical dendrites within anatomical 

columns. Whether the anatomical columns (or modules) represent the 

functional anatomy of the electrophysiologically defined columns is at 

present unknown. But from the foregoing it is likely that dendritic 

bundles are constituent subunits of both functional and anatomical columns.

Although electrophysiological columns have not been demonstrated in the 

rat visual cortex (Parnavelas et al,1983b) the bundling of dendrites in layer 

IV might be related to the distribution of thalamo-cortical afferents, and 

serve as their principal foci of termination. However, after placing a lesion 

in the rat dorsal lateral geniculate nucleus, Peters and Feldman (1976) did 

not find an aggregation of Js-generating thalamocortical axons preferentially 

located within the vicinity of dendritic clusters. These authors found a 

random pattern of degeneration within layer IV neuropil. Nevertheless, Sloper 

(1973) found degenerating thalamocortical terminals to occur most frequently 

in the vicinity of apical dendrites in the monkey motor cortex after thalamic 

lesions. The question of the three dimensional spatial distribution of 

thalamocortical afferents and their relationship with, not only dendritic 

clusters, but also other neuronal elements is clearly needed. One approach 

may be the intra-axonal injection of horseradish peroxidase to define the 

axonal fields of thalamic afferents in the cortex (Martin, 1984) . Gilbert 

and Wiesel (1979) have done such experiments in the cat, where the 

maximum diameter of the axonal field was found to be highly variable, 

ranging from 500pm upto several millimeters. Since the distance between 

apical dendritic bundles in layer IV of the cat auditory and visual
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cortex is about 50-70pm (Feldman and Peters 1974), individual thalamocortical

afferents are likely to encounter several hundred dendritic clusters.

Therefore, dendritic bundling would seem to be of major importance for

local neuronal circuitry and in this respect their capacity could be to

correlate or synchronise the activity between pyramidal neurons in the

infra- and supragranular layers in response to both thalamic and local

input (Schiebel and Schiebel, 1973, 1975; Legendy, 1978; Peters et al

1979). This being so, then the tight bundling of dendrites observed in

9^cups 52dL and 21/31 may serve to enhance the electronic coupling between

the neuronal members of dendritic bundles (Horowitz, 1981). Indeed, the 
Proximity of dendrites may indicate that the bioelectrical characteristics

of these dendrites and possibly of their parent neurons are substantially

^iffClient in the various experimental groups. Together with the

observations of a decrease in spine density oh the dendrites of dark-reared

or enucleated animals (Valverde, 1967; Ryugo et al, 1975) the loose

bundling of dendrites in groups 3dL and 52dD could well be a product of

reduced spinous afferentation to these dendrites as well as an attempt by

dendritic clusters to seek out’ an equivalent degree of input, in response

to a more diffuse afferent dLGN axonal arbor.

Finally, although the long vertically oriented 'string-like' axonal 

arbors of 'double bouquet cells' (Somogyi and Cowey, 1981, 1985) appear 

to present an axonal correlate of the dendritic bundles which may well 

ramify within the dendritic confines of the clusters — providing extensive 

inhibitory input along apical dendritic shafts/ Somogyi and Cowey (1984) 

report that the ultrastructural characteristics of the post-synaptic targets 

suggest that both pyramidal and non-pyramidal cells alike receive symmetrical 

synaptic input from 'double bouquet cells'. Therefore it is unlikely that 

'double bouquet cells' provide a principal 'inhibitory'control of activity 

within apical dendritic clusters.
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3.5 CONCLUSIONS

Undoubtedly, the exact electrophysiological characteristics and 

anatomical connections of dendritic bundles must be firmly established 

before definitive conclusions can be made concerning what effects of 

modulating afferent sensory information have on the ̂ t i a l  and functional 

architecture of dendritic bundles. Nevertheless, thë data presented here 

are indicative of a subtle'modification in the tangential organisation of 

dendritic bundles in layer IV of the rat visual cortex following dark-rearing 

Whether or not these alterations produce functional and behavioural 

deficits remains to be determined.
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INTRODUCTION

The projection cells of the dLGN send axons to the visual cortex and 

the spatial distribution of these axons within the neural circuitry of the 

visual cortex is of great importance for the integration of afferent visual 

information into the initial stages of cortical processing.

In the mammalian visual system the geniculocortical afferentation to 

area 17 terminates principally within layer IV and lower layer III (Ribak and 

Peters,1975; Peters and Feldman,1976; Peters et al, 1979). Geniculocortical

afferents have been demonstrated to contact neural elements derived from 

pyramidal cells in layers III and V, and also from a heterogeneous 

population of non-pyramidal cells resident within the zone of afferent 

termination (Peters et al, 1979; Farien and Valverde, 1979;"Peters 1981; 

Hornung and Gar ey, 1:981 a,b) . Therefore, the aff erentation from the dLGN not 

only contacts pyramidal cells with axons projecting out of the visual 

cortex, but also contacts several non-pyramidal neuron classes responsible 

for 'excitatory' and 'inhibitory' intracortical circuitry (Somogyi et al,

1983d, Peters and Proskauer, 1980; Peters, 1981; Parnavelas and McDonald 
1984; Martin, 1984).

It IS within the principal zone of geniculocortical afferentation that 

the morphological effects of visual deprivation have been shown to be most 

pronounced. Layer IV stellate cells (bitufted and multipolar non-pyramidal 

cells) in the visual cortex of dark-reared cats exhibit fewer and shorter 

dendrites than do üie layer IV stellate cells of control animals (Coleman 

and Riesen,,1968). Furthermore, in dark-reared rabbits, layer IV stellate 

cells show a greater than usual variation in dendritic length (Globus and 

Scheibel, 1967), whereas the dendrites of layer IV stellate cells in mice 

enucleated at birth are directed away from layer IV to layers V and III,
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as if seeking afferent axonal relations outside layer IV' as suggested by 

Valverde (1968 -diagram 7.Oiii). Borges and Berry (1976,1978) have shown that

the dendritic density of non-pyramidal neurons in layer IV of the visual 

cortex of rats dark-reared from birth is abnormal, with a greater density 

above the soma than below it. Valverde (1976) reports that whilst the 

total dendritic length of non-pyramidal cells is unchanged by visual 

deprivation, the total length of the axonal arbors of these cells 

are severely reduced. These modifications may have resulted from a spatial 

redistribution of afferent(thalamocortical) and intra-cortical axonal arbors 

following visual deprivation, with concommitant structural changes in the 

size, distribution and efficacy of their synaptic contacts (Valverde, 1976). 

With respect to the pyramidal cell population in the infragranular layers,the

density of spines along the apical dendrites of layer V pyramidal cells

passing through layer IV have been shown to be particularly susceptible

to visual deprivation. The work of Valverde (1967), Ruiz-Marcos and

Valverde (1969), and Ruygo et al, (1975) have demonstrated that large

reductions in the density of spines on the dendritic segments rising

through layer IV occur after visual deprivation (diagram 7.0i,ii).. other

reported effects of visual deprivation and deafferentation on cortical

neurons include alterations in the shape and size of spines on the apical

dendritic segments in layer IV derived from layer V pyramidal cells (Freire,

1978; Globus and Scheibel, 1967), and a reduction in the numbers and length

of basal dendrites of layer III pyramidal cells in layer IV (Ruiz-Marcos and 
Valverde, 1970).

The structural alteration of dendrites following visual deprivation

are therefore probably a complex result of anatomical and physiological

modifications of the intra-cortical axonal arbors of non-pyramidal and

pyramidal neurons, as well as in the afferent and efferent connectivity of 
the visual cortex.
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Previous investigations on the ultrastructural effects of visual 

deprivation are ambiguous. Cragg (1967) kept rats in darkness from birth 

until weaning, then exposed one group to daylight whilst the other group 

remained in darkness. Synaptic density was not changed in the upper half 

of the visual cortex, but there was a marked reduction in synaptic density 

in the lower half of the visual cortex in dark-reared animals. Cragg 

(1975) also demonstrated a reduction of synaptic density in layers IV and 

V of the visual cortex in dark-reared cats. In contrast, Vrensen and 

Nunes-Cardozo (1981) and Muller et al (1981) report that the density and 

distribution of synapses ;in the visual cortex of rabbits is unaffected by 

dark-rearing. Other evidence exists to support the results of both these 

investigations (see for example Fifkova, 1968, 1970a,b; Cragg, 1968; cf 

Friere, 1978; Vrensen and DeGroot, 1975).

The object of the investigation described in this chapter is to 

define quantitatively the effects of visual deprivation on a number of 

structural parameters of the synaptic architecture (not previously 

examined by the studies described above) in layer IV of the rat visual 

cortex. The experimental paradigms of dark-rearing and light-exposure are 

similar to those used by Cragg (1967). An additional aim of this study 

was to investigate quantitatively the effects of visual deprivation on 

the synaptic organisation of the dLGN, since changes in the visual cortex 

produced by an alteration in the visual environment may cause subtle 

modifications in the synaptic organisation of the thalamic nucleus relaying 

this information to the visual cortex.
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4.2.1 Preparation of material and sampling strategy.

The experimental paradigm and histological preparation of material 

from the left dLGN and left visual cortex are described in Chapter 2.2.1 and 

2.2.2. Five animals from groups 21/31 and their five littermates in 

group 52dD were used in this investigation.

i) V%sual cortex (layer IV) : From around the SOOum tangential sampling 

stratum in each animal approximately 30-40 non-serial silver-grey ultra- 

thin sections were collected over a distance ranging from 490|iim to 510pm 

below the pial surface. This region of the visual cortex represents the 

upper half of layer IV in both groups 21/31 and 52dD (see Chapter 2, 

Diagram 2.9)and is in the middle of the thalamorecipient zone of the 

visual cortex (figure 1).

11) dIGD: The dLGN was sectioned according to a non-orientated random

sampling (NORS) procedure (Chapter 2.2.3). In this procedure,ultrathin 
sections were collected at regular intervals of between 30-50pm apart, 

upto a total distance of 500pm from the optic tract. In total about 

30-40 sections were collected from each dLGN.

The ultrathin sections were cut on a Reichert 0MU3 ultramicrotome 

using either a glass or diamond knife and sections were expanded with 

chloroform vapour before being mounted on uncoated 400 mesh grids (Polaron). 

The average thickness of ninety randomly selected silver/grey ultrathin 

sections was measured as 67.6nm ± 2.24nm (± s.e.m.) using a Vickers M 86

microdensitometer and scanning microinterferometer (see Chapter 2.2.3, ii)

Sections were post stained with uranyl acetate and Reynolds lead (see 

Appendix 2) prior to examination in a Jeol lOOS electron-microscope,

operated at an accelerating voltage of 80KV.
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The orientation of the tissue section on the supporting grid could 

not be guaranteed, therefore, the section was assumed to have been 

positioned randomly - hence the bars of the specimen grid were used as a 

regular test lattice array (Weibel, 1979). Test quadrats were represented 

in the electron microscope by the field—of—view (at a given magnification) 

and finally by the size of the corresponding photographic print.

Test quadrats were defined as occurring in the upper left hand corner 

of the grid bars - consequently material that completely filled a test 

quadrat was photographed. Sections with poor ultrastructural preservation, 

folds, or with deposits of heavy metals were rejected from the quantitative 

affialysis of ultrastructure. Specimen grids were manipulated slightly so that 

only neuropil was present within the test quadrats.

Preliminary quantitative synaptic data from three animals in group

21/31 were analysed to define the optimal sampling design (Shay, 1975;

Gundersen and 0sterby, 1981; see Chapter 2.2.10). The design was defined

with respect to synapse number per quadrat, final magnification and the

number of quadrats per animal. The results of this survey indicated that

for each of the five animals per group, 20 randomly located quadrats from

both the dLGN and visual cortex of each animal were to be photographed in

the electron microscope and printed at a known magnification around X45,000,

in order to achieve the desired accuracy in the estimation of the group

mean values of ± 5% standard error of the mean. An electron micrograph of

a cross-grating replica with 2,160 lines per mm was taken after every tenth

test electron micrograph to give a precise estimate of the final printed 
magnification.

4.2.2 Definition of a synapse

Synapses are membrane specialisations which can be identified by 

specific ultrastructural differentiations (Peters et al, 1976). In this 

study synapses have been identified and included for morphometric analysis 

on the bases of the following morphological features (diagram 4 .2 ; see
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figures 13-2o),

i) Pre- and post-synaptic thickenings along the zone of 

apposition between pre- and post-synaptic elements (figure 14)

ii) Accumulation of five or more synaptic vesicles near to the 

"presynaptic membrane.

^ synaptic cleft of variable distance interposed between the 

pre- and post-synaptic membranes.

The term used in this chapter to designate the specific morphological 

differentiations of the pre- and post-synaptic membranes (paramembranous 
densities) is 'synaptic contact'.

Synaptic contacts are divisible into two broad categories as either:-

i) Asymmetrical (A) (Figure I5b )

ii) Symmetrical (S) (Figure 15a )

according to the deposition of electron-opaque material on the inner surface

of their post-synaptic membrane (Gray, 1959). These synaptic boutonal types 
are also characterised by the size and shape of synaptic vesicles in the

pre-synaptic bouton; asymmetrical synapses possess round vesicles and 

symmetrical synapses have either flattened or pleomorphic vesicles 

(figure 15 and figures 14, 16-20).

The synaptic architecture of the dLGN and visual cortex of the rat 

has been well described previously(Lieberman and Webster, 1972, 1974a,b,c; 

Kriebel, 1975; Parnavelas, et al 1977b;Peters and Fairen, 1978; Peters 

et al, 1979; White, 1979; Peters and Proskauer, 1980a,b; Peters and 

Kimerer, 1981; Somogyi, Freund and Cowey, 1982). m  accordance with the 

ultrastructural descriptions given by these authors, the present study has
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classified synaptic boutons in the dLOT and visual cortex as shown in 

Table 4.1. Further, pre-synaptic boutons,which contained synaptic vesicles 

in the vicinity of 'putative' synaptic junctions with badly defined 

junctional membrane characteristics were recorded as 'unclassifiable' 

(fig^_J3-15). Pre-synaptic boutons with poorly defined junctional membranes 

yet possessing clearly either round orflattened/pleomorphic synaptic 

vesicles were ascribed to the appropriate boutonal type.

Synaptic contacts in the visual cortex were not defined according to 

their ultrastructural position (e.g. dendritic spine or shaft, soma or 

axon initial axon segment) due to the problems concerning the unequivocal 

identification of these elements in non—serial ultrathin sections.

TABLE 4.1

dLGN Location Vesicle Shape Bouton Size Asymmetrical/
symmetrical

Classification
Type

Glomerular * R = round L - large A GRL
G F = flattened - S GF

P » pleomorphic - S GP

Non-glomerular R S small A NGR
NG F - S NGF

P - S NGP

Visual •
Cortex Layer IV R « round Variable A A

F = flattened Variable S S

Examples of these synaptic types are shown in figures 13-20
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4.2.3 Synapse morphometry

The test quadrats used to sample the synaptic populations of the 

dLGN and visual cortex were considered to be the electron micrographs. 

Therefore, the number of synaptic contacts in each electron-micrograph 

were calculated according to the rule of Gundersen (1977). Briefly, a 

small border (2cm wide) was drawn around the edge of each electron- 

micrograph (diagram 4.1b ). The upper and right-hand borders were designated 

as inclusion zones whilst the lower and left-hand borders were defined as 

exclusion zones. Additionally, the intersection at the upper left-hand 

comer was defined as an exclusion zone; and the lower right hand corner as 

an inclusion zone. All identified synapses (see diagram 4.1b ) that 

were contained entirely within the central zone and had any part of their 

pre synaptic bouton crossing the inclusion zones of the quadrat were 

included for morphometric analysis (diagram 4.1b ).

Diagram 4.1

B
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4.2.4 Quantitative synaptic parameters

The following planar synaptic parameters were measured for all the 

synaptic boutons included in the morphometric analysis (diagram 4.2).

Diagram 4.2

POST-

y j - K Ratio

1) A (ubM
11) n
ill) N,
iv) C ratio

V) (lan )

vl) (mm )

vil) (WL*)
vill) B (urn)
I») (bou-'l

xl) J (urn)

xil) L (wm)
xlli) K Ratio

Average teat area sampled per animal (including cell bodies, 
capillaries, and neuropil).
Number of test synaptic membrane specialisations (synaptic junctions). 
Number of test presynaptlc boutons
Average number of synaptic membrane speclalisatlwis per bouton (i.e. 
complexity Index of synaptic membrane specialisations per bouton). 
Number of test presynaptlc boutons (with one or more Identified 
synaptic junctions) per unit test area of tissue.
Number of test presynaptlc boutons (with one or more Identified 
synaptic junctions) per unit test volume of tissue (N.B. per mm*). 
Profile area of eadi test presynaptlc bouton
Boundary length (or perimeter) of each test presynaptlc bouton.
Number of synaptic vesicles per test presynaptlc bouton.
Number of synaptic vesicles per unit area of presynaptlc bouton.
Total length of membrane apposition between pre- and post-synaptlc 
elements.
Continuous profile length, including Interruptions (due to synaptic 
grid complexity) of the pre- and post-synaptlc membrane specialisations. 
Ratio of L/J expressed as a percentage (i.e. Association Index of 
pre- and post-synaptlc elements).
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4.2.5 Estimation of the volume numerical density of synaptic boutons (N^

It was assumed that the brain regions being investigated contained a 

polydispersed population of randomly orientated spherical synaptic boutons. 

Each bouton was considered to possess 'a single, infinitely thin, disc

shaped membranous density' of varying size attached between the pre- and 

post—synaptic elements (Mayhew 1979). In section, the synaptic profiles 

of these discs appear as'curved or'straight line-segments, often with 

discontinuities along their length (Figure 14). Such 'perforated' synaptic 

discs are assumed to have been derived from a single 'complex' synaptic 

grid sectioned randomly (Vrensen, et al 1980; Muller et al, 1981; Verwer 

and DeGroot, 1982; DeGroot and Bierman, 1983). Unless clear morphological 

evidence indicated that an individual presynaptlc element contacted two or 

more separate ppst-synaptic targets, it was assumed that each part of a 

perforated synaptic disc contacted the same post-synaptic element.

Estimates of the mean line-segment diameter (L), will give an 

underestimate of the true synaptic disc diameter (D), since a proportion 

of the discs will have been cut non-equatorially and small profiles will 

have been 'lost' due to insufficient morphological criteria resulting from 

contrast deficiencies within the tissue.

For circular discs, the true mean disc diameter (D) may be 

calculated from the observed mean line-segment diameter using equation 15 

(Abercrombie, 1946; Weibel, 1980).

D - L X ^  equation 15.
7T
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The numerical volume density of synaptic discs per unit volume of 

neuropil incorporating corrections for complex synaptic junctions (and 

therefore of synaptic boutons) is calculated directly from equation 16 

(Abercrombie, 1946; Weibel, 1980 - see Colonnier and Beaulieu (1985) for 

a critical review of the method).

N = Nb.V A syn equation 16.

D + t"
The mean section thickness (t) is included in equation 16 to correct for 

section thickness effects which are similar to those described for neuronal 

nuclei (see Chapter 2.2.4).

The length L)im of the synaptic disc and the other synaptic parameters 

were measured for each *test' presynaptlc bouton using a Reichert 

Videoplan (Chapter 2 - page 33) . For each animal,mean synaptic parameters 

(including ^ estimates) were derived for the dLGN and layer IV of the 

visual cortex.

4.2.6. Normalisation of test area sampled.

Although equal numbers of test quadrats were sampled from each animal 

per group, random variations in certain parameters (e.g. electric current) 

during the electron microscopical stage of the sampling regime produced 

slight variations in the final total quadrat sample area. To overcome these 

unavoidable inconsistencies^ the 'n* and'N^'data of group 52dD have been 

normalised to that derived for group 21/31. The normalisation procedure 

has no other effect than to facilitate the direct comparison of the 

graphical and tabular data of these parameters.
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4.2.7 Statistical Analysis

Mean animal values were combined to produce mean group values for the

littermate groups 21/31 and 52dD. The homogeneity of variance for each

parameter was tested using a Barlett Box-F test (Clarke, 1970).

Individual parameters were compared statistically between the two groups

using a one-way ANOVA. A two-way ANOVA was used when the dependent

relationship of two parameters within a group was being compared between 
the two groups.
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4.3 RESULTS

4.3.1 dLGN - Qualitative observations <

i) C e U  bodies- Class A cells in group 21/31 were multipolar cells 

(c.16pm, mean diameter) with a large round or slightly oval nucleus (c.9pm, 

mean diameter) possessing blunt indentations of the nuclear membrane and a 

prominent nucleolus. The cytoplasm surrounding the nucleus contained many 

ranks of rough endoplasmic reticulum and a large number of ribosomal 

clusters. Also encircling the nucleus were medium-sized and well-fenestrated 

mitochondria which became elongated and very stringy near to the bases of 

primary dendrites. Long strings of Golgi apparati were present at the 

entrances to dendrites, and ribosomal aggreates were frequently encountered 

in primary dendrites and with decreasing frequency in successive dendritic 

orders. In contrast, class A cells in group 51dD had reduced somatic sizes 

(c.14pm, mean diameter), but similar nuclear-sizes (c.9pm, mean diameter).

The cytoplasm of this cell class was less rich in the frequency and size 

of cytoplasmic organelles and there was an apparent reduction in the 

diameter of dendrites originating from the soma. The somata of class A 

cells in groups 21/31 and 52dD were not seen to contain cytoplasmic 

laminated bodies (CLBs).

Class B neuronal somata in both groups possessed qualitatively similar 

ultrastructure to class B cells from normal adult animals as described in 

chapter 7 - see also Lieberman (1973); Lieberman and Webster (1974, a,b,c). 

However, there was possibly an increase in the number and degree of nuclear 

invaginations of class B cells in group 21/31 compared with group 52dD.

ii) Non-glomerular neuropil: Boutons containing flattened (cf pleomorphic)

vesicles present in the non-glomerular (or extraglomerular) neuropil of group
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21/31 appeared much smaller than similar boutons in group 52dD - despite 

the fact that the size and frequency of synaptic vesicles per bouton, 

remained unaltered.

Other boutonal types (NGP, NGRS and U) appeared to be qualitatively 

siinilar for both groups. No degenerating boutons were found in the non- 

glomerular dLGN neuropil of either group.

iii) GiomevulcLT neuvopH: The most striking differences between groups

concerned the differences in the appearance of retinal boutons. In group 

21/31, as in group 52dD, retinal boutons were the central components of 

synaptic glomeruli. However, the GRL boutons in group 21/31 appeared 

considerably larger than those in group 52dD. The size and nature of the 

structures post-synaptic to GRL boutons differed between groups. In group 

21/31, G R L boutons frequently contacted small dendritic profiles - possibly 

the appendages of class A cell dendrites, whilst in group 52dD GRL 

boutons more commonly synapsed with the shafts of class A cell dendrites.

GP boutons, within the glomeruli of group 21/31 contained more polyribosomes 

and microtubules than group 52dD. When present within glomeruli, GF-type 

boutons appeared qualitatively similar in both groups. No degenerating 

^®^bons were present in the glomerular neuropil of either group.

4.3.2 dLGN - Quantitative Results

Table 4.2 presents the morphometric differences for the various boutonal 

types between the glomerular and non-glomerular regions of the dLGN in 

groups 21/31 and 52dD. Diagram 4.3 presents the absolute frequency 

distributions of the synaptic parameters n, N^ and ZN^ for glomerular and 

non-glomerular components in equivalent (= normalised) test areas. For 

groups 21/31, glomerular and non-glomerular boutons represented 44% and 56%
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complexity of each bouton type is taken into account when estimating the absolute number of 

boutons per unit test area (N^; see Table 4.2). b) Average total number (is.e.m.) of the 
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for further explanation.
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respectively of the total mean number of boutons (EN^) and,45% and 55% 

(respectively) for group 52dD - (noteworthy is the absolute numerical 

differences in between groups - diagram 4.3).

There were no statistically significant differences between groups as 

to the junctional complexity of synaptic boutons (C Ratio) in either 

glomerular or non-glomerular neuropil. However, within groups there were 

differences between the same boutonal category in the glomerular 

and non-glomerular components. This was especially prominent for GF versus 

NGF boutons of both groups - the F-type glomerular profiles had a greater 

absolute mean number of synaptic membrane specialisations (vide supra) 

with single identified post-synaptic structures compared with the non- 

glomerular F—type profiles. This difference was most marked for group 

21/31 ( Table 4.2).

For glomerular components the major quantitative differences between 

groups concerned the GF and GP boutons (Table 4.2). gp boutons were 

approximately 30% more numerous on an areal basis (N^ ^) in group 21/31 

compared with group 52dD. Indeed, since the mean length of GP 

bouton membrane specialisations was significantly longer in group 21/31 

compared with group 52dD - consequently in conjunction with the parameter N ,b.A
significant differences emerged in the ^ of GP boutons between the two 

groups. Glomerular F-type boutons showed significant ^ differences 

between groups due to a difference in ^ values but not in the pre—post 

synaptic membrane specialisation length (L|im).

In non-glomerular neuropil, NGF- type boutons were quantitatively 

^iffsrent, the parameters N^, N^ ^ and, L being statistically larger in 

group 21/31 than in group 52dD ( N^ ^ was unaffected).

Apart from GF, GP and NGF boutons, no quantitative differences could 

be detected between groups for the other boutonal types.
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4.3.3 Visual Cortex (layer IV) - Qualitative Observations.

Due to the complex neuronal and synaptic organisation of layer IV in 

the visual cortex it was impossible in material prepared for conventional 

electron microscopy, to identify unambiguously the different neuronal and 

synaptic populations on the basis of their qualitative ultrastructure. 

Consequently, no attempt was made to determine the qualitative effects 

that the experimental paradigm may have had on specific neuronal and 

synaptic populations.

4.3.4 Visual Cortex (Layer IV) - Quantitiative Results

The morphometric data is presented in Table 4.3 and 4.4 and summarised 

in diagrams 4.4 and 4.5.

Parameters n, C Ratio, Nĵ  and ^ ; The absolute number of 

individual presynaptlc membrane specialisations (n) sampled in equivalent 

(= normalised) test areas were significantly different (p < 0.01) between 

groups - the total absolute number of synaptic contacts (En) being 44.5% 

more numerous in group 21/31 than in group 52dD. When the pre-synaptic 

boutons'per se'were considered in order to account for the junctional 

complexity of individual boutons, the total absolute number of pre-

synaptic boutons (EN^^ remained significantly different (p > 0.025) between 

groups, although the effect was slightly reduced (Table 4.3). In terms of the 

absolute numbers of each boutonal type (N^ : A,S, and U) the major difference 

between groups occurred for boutons possessing symmetric junctions. S-type 

boutons were 119% more frequent per equivalent test area in group 21/31 than 

in group 52dD - additionally, A-type and U-type boutons were respectively,

11% and 58% more common in group 21/31 compared with group 52dD. One 

uncertainty remains - namely the proportion that unclassified boutons U-type
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DIAGRAM 4.4 —  a) The absolute frequency (Abs. Freq.) of the average number of asymmetric (A), 
symmetric (S) and unclassifiable (U) synaptic contacts, (n) occurring at the 500pm sampling level 
in the visual cortex of rats reared in the 21/31 and 51dD environmental groups (5 animals per 
group). When the complexity of individual bouton types is considered the absolute number of 
boutons occurring in a similar total test area can be calculated (N ; see Table4.3). b) The 
junctional complexity of individual pre-synaptic boutons with respect to the number of membrane 
specialisations that they establish between pre- and post-synaptic elements. The junctional 
complexity of each bouton is represented by the numbers 1-5 which indicate the number of separate 
pre/post paramembranous densities from each identified bouton onto the same post-synaptic 
element. The numbers occurring per complexity class is given as an absolute frequency per unit 
test area (Abs. Freq.) - the numbers in parentheses represent the total absolute frequency - N, 
(Table 4.3, gives the average values and error estimates of the synaptic parameters). "b"



1 7 1

would contribute to eac* identified bouton type and whether this-

contribution would be equivalent both within and between groups. 0-type

boutons represented 33.8% of (in group 21/31),therefore clear absolute

frequency differences must remain tentative. Nevertheless, (neglecting U-type

boutons), for asymmetrical and symmetrical boutons combined, 83.66% were

asymmetrical and 16.33% were symmetrical in group 21/31 whilst for group

52dD, 90.97% were asymmetrical with only 9.02% symmetrical (Table 4.3 and 
diagram 4.4) .

The number of boutons per unit neuropil area (N^_^) followed a similar 

trend for N^, but the level of significant difference increased, despite 

the fact that the actual mean test area sampled (a um^) for group 52dD was 

marginally larger than for group 21/31 (Table 4.3). Nevertheless, 

individual boutonal types still showed marked areal differences (N^ a) 

between groups (Table 4.3). When N^_^ data was transformed to N^ ^ ^ t a  

using stereological volume numerical density formulae (equations 15 and 16) 

the overall density of boutons in layer IV neuropil of group 21/31 was 

3.58 ± 0.19 X 10®mm , whilst for group 52dD the value

was 2.68 ± 0.17 x lO^mm" (21/31 > 52dD by 33%: Table 4.3).

The volume numerical density differences for individual boutonal types are all 

greater in group 21/31 compared with group 52dD — most strikingly S—type 

boutons showed a 221% greater volume density, with the ^ values of A-type 

and U-type boutons being, respectively, 8% and 70% greater in absolute 

frequency per mm^.

The junctional complexity of the individual boutonal types is given in 

Table 4.4 and diagram 4.4b. Although the volume density of A-type boutons 

was comparable between groups, the junctional complexity of boutons in group 21/31 

was significantly higher than in group 52dD. (Table 4.4 : C Ratio - A-type 

boutons: 21/31 > 52dD; indeed there were higher numbers of boutons having

2,3 and 4 pre-post synaptic membrane specialisations in group 21/31 

(diaaram 4.4).
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The junctional complexity of symmetric synapses was similar for 

both groups. However, unclassifiable synapses in group 52dD had on 

average a significantly higher C-ratio than those in group 21/31 (Table4.4 

U-type boutons: 52dD > 21/31; p < 0.05). The imbalance regarding the 

C-Ratio of U-type boutons between groups may indicate an uneven ratio of 

symmetric to asymmetric synaptic junctions that were unclassifiable. The 

high C Ratio in group 52dD of U-type boutons is likely to have been 

derived from A-type boutons, whilst S-type boutons may have contributed to 

a lower C ratio of U-type boutons in group 21/31.

TABLE 4.4“ Junctional complexity for the boutonal types A-asymmetrical,
S - symmetrical, and U - unclassifiable. No. of pre-synaptic specialisations 
per presynaptic bouton ranges from 1-5. The number of individual boutons 
falling into each class are given as absolute frequencies. Values in 
parentheses are percentages of total.

JUNCTIONAL COMPLEXITY
Group 21/31 1 2 3 4 5 TOTAL

A 142 ± 8.5 93 ± 5.4 37 ±  2.1 15 ± 0.90 5 ± 0.09 292
(0.49) (0.32) (0.13) (0.05) (0.02)

S 43 t  2.1 8 ± 0.6 3 ± 0.2 2 ± 0.1 1.0 ± 0.09 57
(0.75) (0.14) (0.05) (0.04) (0.02)

U 130 Î 12.1 27 ± 2.1 15 ± 1.4 5 ± 0.2 1.0 ± 0.07 178
(0.73) (0.15) (0.08) (0.08) (0.01)

IN. 527

Group 52dD 1
JUNCTIONAL COMPLEXITY 
2 3 4

188 ± 16.4 52 ♦ 3.1 13 ± 1.1 7 ± 0.43 2 ± 0.01 262
(0.72) (0.20) (0.05) (0.03) (0.01)

19 i 1.4 5 ± 0.3 1.0+ 0.09 1.0 ± 0.07 • 26
(0.73) (0.19) (0.04) (0.04)

76 ± 3.4 28 i 1.8 13 ± 0.9 3 ±0.10 - 122
(0.62) (0.23) (0.11) (0.03)

fN^ = 410
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The parameters , ^VES Ab' ^VES Ab versus A^, J, L and K Ratio are 

given as absolute frequency distributions for each group (all boutonal 

types combined) in diagram 4.5).

Parameters A^(jxm^) and B(am) : The mean pre-synaptic bouton area was

significantly lower by 30% in group 21/31 compared with group 52dD, with 

both A-type and S-type boutons showing marked areal reductions of 29% and 

44% respectively (Table 4.3). Data for the mean pre-synaptic boundary 

lengths (Bjjm) correlated directly with the boutonal area (A^) results 

(Table4.3). Closer inspection of B values and their translation into 'circle- 

equivalent areas', gives a measure of the structural deviation of pre- 

synaptic boutons from sphericity. (This parameter has not been calculated).

-1 -2
Parameters Ny^^(bou ) and ^ ' No differences were

detected between groups for the mean number of synaptic vesicles per bouton 

(N hou  ̂ ; Table 4.3) - however, when the vesicle density per unit area

of pre-synaptic bouton was calculated, significant differences emerged 

between the mean values per group (Diagram 4.5, table 4.3), and between 

similar bouton types (Table 4.3). A-type and S-type boutons in layer IV ofr 

group 21/31 had on average a 32% and a 53% greater synaptic vesicle density 

(respectively) than similar boutons in group 52dD. A bivariate scatter- 

plot of the vesicle density per presynaptic bouton against the bouton area 

(N versus A : diagram 4.5)indicated that for the combined boutonVJcjO .AD D

population, there was a marked tendency for the presynaptic boutons in 

layer IV of group 21/31 to have small cross-sectional areas and possess 

high synaptic vesicle densities. The scatter-plot for group 52dD showed 

similar parameter-ranges but a more diffuse and non-clustered distribution.

Parameters J(ixm)̂  L(im) and K-Ratio: The apposition zone length (Jpm)

was marginally shorter by 8% for A-type boutons in group 21/31 than for
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similar boutons in group 52dD - the mean apposition zone length of 

S-type boutons was however significantly shorter by 18% in group 21/31 

compared with group 52dD. U-type boutons differed by 15% in their mean 

apposition zone length (52dD > 21/31). As a combined bouton population, 

synaptic contacts in group 21/31 had overall smaller apposition zone lengths 

compared with the bouton population of group 52dD.

The mean lengths of the para-membraneous densities (L) were not 

significantly different between the two littermate groups and showed only 

marginal differences between bouton types within a group (Table 4.3 - 

L()im); : A-type v S-type boutons) .

From the inter-group differences in J, the K-Ratio (= L/J) (or 

association index)was significantly different between groups (Table 4.3).

All bouton types in group 21/31 had a greater proportion of their 

apposition zone differentiated into synaptic membrane specialisations.

Since the parameter'l 'did not differ significantly between groups, 

parameter'j'alone is responsible for the increased K-Ratio of group 21/31 

over group 52dD (Table 4.3).

IPcL’PCLïTiô'bô'ï} d'îySiÿJP'L’bu'b'LOTi ! The parameter size—frequency distributions 

in diagram 4.5 were all unimodal, with the plots for group 21/31 appearing 

more positively - skewed (except the K-ratio) than for the corresponding 

distributions from group 52dD.

Several parameters (A^, Ab^ ^ 3-nd L) show slight secondary minor

peak values in their distributions (curved arrows in diagram 4.5) which may 

represent the mean values of a small underlying sub—population of large- 

sized boutons; the effect is more evident for group 21/31.
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4.4 DISCUSSION 

4.4.1 Methodology

i) Experimental Design: The same criticisms apply to the experimental

paradigm used here as described in Chapter 2 for the analysis of the 

neuronal and glial cell populations in the dLGN and visual cortex (see

2.4.2 iii). It should be stressed that the experimental paradigm used in 

this chapter examines the morphological effects of light-exposing dark- 

reared animals between the period 21-52 DPN compared with animals that 

have been totally dark-reared from birth upto 52 DPN.

This investigation was considered to be an extensive study 

of the effects of visual deprivation on the synaptic morphology of the 

rat visual system. However, only a limited number of animals were 

investigated initially since it became abundantly clear that without a 

firm basic knowledge of the circuitry of the rat visual cortex and dLGN^ 

such a study was premature (see Chapter 5). Nevertheless, the data 

obtained from the small sample of animals used here was sufficiently 

interesting and novel in terms of other contemporary investigations to 

warrant presentation. The results should only be taken as indicating a 

basic trend in the morphological effects of visual deprivation.

ii) Synapse Morphometry : The morphological analysis of synaptic 

structures in ultra-thin sections sampled randomly from a population of 

synapses is beset with assumptions concerning the shape, size, orientation 

and structural complexity of the synaptic membrane specialisations - 

synaptic contacts (Mayhew, 1978; Verwer and DeGroot, 1982; DeGroot and 

Bierman, 1983; Colonnier and Beaulieu, 1985). The complex morphological
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shape of the synaptic contact (Vrensen et al, 1980) causes problems for 

the modelling of these structures (Verwer and DeGroot, 1982), since the 

adoption of particular synaptic models will contain inherent assumptions that

dictate the accuracy of quantitative synaptic data. The simplest and most
(Colonnier and Beaulieu, 1985), fi^s^usntly used model is the 'circular disc'/ whereby the profiles of

synaptic contacts identified in random sections are considered to be line 

segment profiles through infinitely thin/Dr curved circular discs (Cragg,

1967; Vrensen and DeGroot, 1975; Winfield et al, 1980; Warren and Bedi,1982; 

Bhide and Bedi,1984a,b;Beaulieu and Colonnier,1985).The size (trace length) • 
frequency distribution of these discs, will give the mean synaptic contact

diameter and enable the volume numerical density of synaptic contacts to be 

calculated (N^^^-see Methods). However, many synaptic contacts cannot be be 

modelled realistically by circular discs since the work of Vrensen and his 

colleagues (see .references to the work of Vrensen et al, and Muller et al) 

have shown the heterogeneity of synaptic contact size and shape in brain 

tissue stained with phosphotungstic acid (E-PTA). Cruz-Orive (1980) has 

suggested that considering the variety of synaptic contact shape, an 

accurate measure of mean synaptic contact diameter (accounting for the 

complexity of the synaptic grid)can only be obtained by serially sectioning 

a synaptic population in a given volume of neuropil and calculating the 

mean projected height of a sample of synaptic contacts. This is achieved 

by considering the number of sections over which individual synaptic 

contacts can be identified (Verwer and DeGroot, 1982). Knowing section 

thickness, the mean projected height of synaptic contacts can be determined. 

However, although this method may be more mathematically and theoretically 

realistic than the circular disc model, it suffers from several drawbacks. 

Firstly, synaptic contacts are assumed to be randomly orientated in space, 

and although generally true, there may be instances where the. distribution 

of synaptic contacts is not strictly random with respect to the 

sectioning plane, particularly when the defined neuronal structures are
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being investigated^ For example, synaptic contacts on the apical 

dendritic shafts of layer V pyramidal cells are orientated non-randomly 

in sections parallel or perpendicular to the pial surface. Secondly, 

errors may occur in the determination of section thickness, and thirdly 

the time required to conduct such an analysis is excessive if large 

volumes of neuropil are to be examined.

Although the flat—circular disc* model is a simplistic reduction,

it nevertheless provides a useful biological model by which to determine

comparative differences between experimental groups. Furthermore, in a

recent study Colonnier and Beaulieu (1985) have attempted an empirical

assessment of the stereological formulae for obtaining synaptic ^

data. These authors provide morphometric evidence that accurate N
b.V

data with a low coefficient of variation can be obtained using the 

formulae ^ ^b.A^^^ when synaptic discs are assumed to be perfectly

circular and infinitely thin. Although the precise validity of this 

latter assumption is not totally realistic (see Muller et al, 1981), 

the results of their study suggest that the formula used in the present 

investigation l] (4.2.5 - equation 16) leads to an

underestimation of synaptic However, Colonnier and Beaulieu (1985)

do not identify precisely the possible sources of error, they merely 

suggest that the correction factors for finite section thickness, missing 

small synaptic profiles (possibly unidentifiable) and the graphical 

conversion of L to D, cancel each other out, so that eventually,

L = D (cf Weibel, 1979, Volume 1 Chapter 2.8).

Despite the fact that the absolute values of synaptic ^ derived by 

the present study may have been underestimated^because the same stereological
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formula was applied to both groups then the relative differences in 

^ are still valid indicators of the effects of dark-rearing on 

the density of synaptic boutons in the experimental groups.

iii) Identification of synaptic types : The identification of synaptic

contacts is readily accomplished by several contributory morphological 

features (see 4.2.2). However, a categorisation of the membrane densities 

comprising the synaptic contact into asymmetrical (Gray type I - [Gray 

19593) and symmetrical (Gray type II) classes is much more difficult, 

since in random sections the orientation of the 'synaptic contact grid * 

with respect to the section plane is crucial. The use of a goniometric 

specimen stage can alleviate some of these difficulties, but this device 

was not available on the Jeol lOOS electron-microscope used in the present 

investigation. For this reason, as well as the need for caution in 

defining Gray type I and II synaptic contacts, the number of 'unclassified' 

synaptic boutons is relatively high compared to those that could be 

unequivocally identified according to the symmetry of their synaptic 

contacts.

iv) Length measurement of the pre-post synaptic membrane specialisation: 

The length of the pre-post synaptic membrane specialisation (Lpm) was 

measured as the continuous profile lengthy including interruptions due to
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the junctional complexity of the junctional contact. This measurement 

thus includes regions where para-membraneous densities were absent and 

cannot represent strictly the 'true' length of mëmbrane specialisations 

between the pre-post synaptic elements. However, such a measurement is 

commonly used, although Muller et al, (1984a,b) have measured the 

individual lengths of para-membraneous densities constituting a 'complex' 

or 'perforated' synapse (cf Bhide and Bedi,1984b; Beaulieu and Colonnier,1985)

I

4.4.2 dLGN

i) Boutonal types in the rat dLGN: The ultrastructural characteristics 

of pre-synaptic structures (axonal boutons and dendrites) in the rat dLGN 

have been well described previously (Lieberman and Webster, 1974a,b,c;

Ohara et al, 1983; Montero and Scott, 1981; Houser et al, 1980; Chapter 7) 

and a brief summary of these structures is given below (Table 4. 5).

ii) Synopsis of results: The principle quantitative ultrastructural

differences between the dLGN of the two littermate groups 21/31 and 52dD 

concerns the synaptic morphology of GP, GF and NGF-type boutons. Since 

these boutonal types are derived from extrinsic and intrinsic neurons 

which have been demonstrated immunocytochemically to contain GABA-like 

immunoreactivity (Ohara et al, 1983; Chapter 7; Ottersen and Storm-Mathisen 

1984) it is therefore likely that the major morphological changes 

associated with visual deprivation are most pronounced within the 

inhibitory synaptic circuitry of the rat dLGN.
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GP-type boutons derived from the GABA—ergic class B neurons were 

severely affected by dark-rearing^ since in group 52dD their ^ and 

Nb yj frequencies, and the length of their synaptic contact zone were 

significantly reduced compared to group 21/31. Hence after light exposure 

from 21-52 DPN, the glomeruli in group 21/31, contained more profiles 

derived from GABAergic class B neurons than did glomeruli in group 52dD.

More severely affected were the ^ and ^ frequencies of GF- and 

NGF-type boutons. Because of their morphological character and 

relationships in synaptic glomeruli (Lieberman and Webster, 1974a), it is 

probable that GF-type boutons are derived from class B interneurons (note 

however, that within glomeruli F-type boutons are vastly outnumbered by 

P-type boutons). Although the axonal nature of class B neurons has not 

been established ultrastructurally, on the basis of the types of boutons 

that they contribute within synaptic glomeruli it is probable that they 

also contribute F-type and P-type boutons to the synaptic organisation of 

the extraglomerular neuropil (see Chapter 7). It is also conceivable that 

the majority of NGP-type boutons are derived from class B neurons, and that 

NGF-type boutons are derived from two sources - either as afferents to the dLGN 

from neurons in the thalamic reticular nucleus - TRN (Guillery, 1959;

Ohara,et al, 1980; Montero and Scott, 1981; Hale et al, 1982) jor from 

'intrinsic' dLGN class B neurons (Lieberman and Webster, 1974a; Ohara et al, 

1983). The relative proportion and distribution of each F-type bouton 

sub-population in the extraglomerular neuropil is unknown and complicates 

further interpretation of the data.

In addition to these effects, the retinal afferents to the dLGN (GRL- 

type boutons) in group 52dD were judged qualitatively to be smaller than 

those in the dLGN of group 21/31. The frequency of occurrence, and the



183

number of synaptic contacts made by GRL-type boutons with class A dendrites 

and class B cell glomerular profiles were not significantly different 

between the two littermate groups - the complexities of these junctions 

and their C-ratios were also similar. No signficant ultrastructural 

differences were detected in the small—sized boutons containing round 

synaptic vesicles present in the extraglomerular neuropil (NGRS-type 

boutons) — these boutons are derived from corticogeniculate neurons in 

layer VI of the visual cortex - area 17 (Lieberman and Webster, 1974b;

Luth et al, 1980). NGRS-type boutons are therefore relatively unaffected 

by the effects of visual deprivation produced either directly through the 

functional modifications of their post-synaptic targets within the dLGN, 

or less directly by modifications of cortical function.

The contribution that GU- and NGU-type boutons would give to other 

boutonal types in the dLGN is uncertain, and considering the relatively large 

proportion that U-type boutons occupy of the total bouton population in 

both groups (between 20-22%) ,together with the small sample size of 

animals (n = 5), the results should be interpreted cautiously.

To appreciate the functional implications of these results several 

Poir^ts need to be considered. Firstly, there were no significant intragroup 

differences in the number of synaptic glomeruli. Secondly, although the 

number of glomerular profiles derived from a single class B neuron is not 

known (Lieberman and Webster, 1974a), the markedly increased number of 

GP-type boutons within the glomeruli of group 21/31, suggests that the 

dendritic appendages on class B neurons possessed more pre-synaptic 

dendritic glomerular profiles. There may have been a concommitant increase 

in the actual number of these dendritic appendages on class B dendrites 

giving rise to glomerular profiles, but this is impossible to determine
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directly from the morphometric data presented here „ since in the Golgi 

studies of Chapter 7,. the varicose dendritic appendages of class B neurons 

are sufficiently profuse to innervate more than one glomerulus (Famiglietti 

and Peters, 1972; Grossman et al, 1973; Kriebel, 1975). Essentially, the 

proposition that one dendritic appendage ramifies within one glomerulus is 

unfounded. It is also interesting to note that the size of the P-type 

glomerular profiles was assessed to be smaller in group 21/31 than in 

group 52dD. The functional importance of these results towards the 

transmission of information through the dLGN should be stressed. Given 

the feed-forward inhibitory role of class B neurons to the input of 

retinal information onto class A dendrites (Lieberman and Webster, 1974a) 

a higher density of small inhibitory boutons affecting this information 

transferal would allow for an increased opportunity to modulate the

passage of information through the dLGN (Koch and Poggio ,1983;Jacks,1983).
The manner via which this modulation could be carried out is poorly under

stood at the level of synaptic interactions within glomeruli.

An additional point of some interest, concerns the possible 

morphological effects of visual deprivation on the synaptic inter

relationships between class A and B dLGN neurons, and the afferentation to 

the dLGN from GABAergic TRN neurons. The internucial role of class B 

neurons has already been mentioned, but in addition to this feed-forward 

inhibitory control of input onto class A cell dendrites, there is an 

inhibitory feedback control loop, again onto class A cells via non- 

glomerular F-type boutons derived from GABAergic neurons in the TRN. The 

feedback mechanism originates because geniculocortical afferents in the 

rat send collaterals to the TRN which terminate on the dendrites of TRN 

neurons ( Chapter 7, Diagram 7.5; Ohara et al, 1980; Hale et al, 1982). 

The disruption of the normal functioning of dLGN class A cells produced by
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dark-rearing may cause the inhibitory feedback loop to be similarly 

affected with a consequent modification of the distribution and numbers 

of NGF-type boutons in the dLGN. Since there are dramatic reductions in 

the contact size and number of GP-type boutons and NGF-type boutons 

derived respectively from the feed-forward and feedback inhibitory 

circuitry in the dLGN, it could be argued that the mechanisms subserving 

the inhibitory control of class A neurons develop poorly as a result of 

the deficits in the functional performance of both retinal afferents and 

of class A cells during extended periods of dark-rearing (group 52dD).

Taken together the results of the present study on the dLGN of the 

rat indicate that dark-rearing from birth to 21 DPN with subsequent light 

exposure upto 52 DPN can cause ultrastructural changes in the size and 

organelle composition of the somata of class A cells projecting to the 

cortex, in the quantitative distribution of presynaptic dendrites and 

'axon-like' processes of class B neurons within both glomerular and non- 

glomerular neuropil, and also in the afferentation to the dLGN from the 

TRN. The development of inhibitory circuits in the dLGN of the rat occurs 

predominantly after eye-opening during the period 14-21 DPN and may well 

extend into the third and fourth postnatal weeks (Parnavelas et al, 1977a,b) 

Therefore, the quantitative data obtained by this study identifies the 

plasticity of the inhibitory neural cirucitry in the dLGN and the extent 

to which it can be modified ultrastructurally by dark-rearing upto 21 DPN 

and light exposure during the period 21-52 DPN.

iii) Results in relation to other studies: In the rat dLGN, Cragg (1967)

determined that, compared to control rats, the effect of a 3 month period 

of dark-rearing initiated at 28 DPN produced a 29% increase in the overall
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mean length of the synaptic contacts. However, when rats were dark-

reared from birth until 28 DPN and exposed to 3 months of diurnal lighting,! Opposite  ̂ ^ '
essentially ^  effects were found, in that compared to animals totally 

dark-reared from birth there was a 14.8% decrease in the mean length of 

the synaptic contacts, together with an increased synaptic bouton density 

of 34%. Therefore, a period of light exposure between 28-120 DPN decreases 

the mean length of the synaptic contacts compared to dark-rearing during 
this period.

Cullen and Kaiserman-Abramof (1975) studied the cytological 

organisation of the dLGN in mutant anopthalmic mice, and mice bilaterally 

enucleated at stages between 1-20 DPN. Their results indicate that the 

maturation and maintenance of the normal number of dLGN neurons and glial 

cells and the differentiation of post-synaptic targets is dependent on the 

presence of optic axon terminals during the development of the dLGN.

These are important findings since the maturation of the synaptic 

organisation of glomeruli in the kitten (Winfield and Powell, 1980) occurs 

during the period of susceptibility to the effects of eyelid closure or 

visual deprivation (Hubei and Wiesel, 1970) and indicate that the normal 

development and connectivity of the dLGN requires functionally intact 

retinogeniculate axon terminals despite insults occurring in the visual

environment (cf. Liberman and Webster, 1974a). Indeed, Winfield et al
ié

(1980) provide evidence that the maturation of synaptic connectivity in 

the cat dLGN occurs during the period of increased susceptibility to the 

effects of visual deprivation and is due primarily to a logarithmic 

increase in the number of P-type and F-type glomerular boutons derived 

from 'intrinsic neurons'. The results of Winfield et al, (1980) correlate 

directly with those given here, since the present investigation has 

determined that one of the principal morphological effects of dark-rearing
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affects the development of both P-type and F-type boutons within the 
synaptic glomeruli of the rat dLGN.

In contrast to the studies reported above, Pysh and Khan (1972) 

found no significant differences.in the size, densities, or lengths of 

the synaptic contact zones of the retinogeniculate, intrageniculate, and 

corticogeniculate dLGN synapses, in mice raised in total darkness from 

birth to 70 DPN compared with their littermate controls. Similarly, 

Winfield et al (1980) have reported that in kittens with unilateral or 

bilateral eyelid suture initiated during the critical period of visual 

system development in the cat (28 DPN to 42-56 DPN) there was little if 

any disruption of the normal morphological development of the synaptic 

circuitry (both glomerular and non-glomerular) that could be detected 

using quantitative electron microscopical techniques.

4.4.3 Visual cortex (Area 17)

i) Synopsis of results: The major differences between the layer IV

synaptic populations of the two littermate groups 21/31 and 52dD, concern 

the size and volume numerical density of synaptic boutons, the density of 

synaptic vesicles per bouton, the junctional complexity of synaptic 

contacts, and changes in the association index between pre- and post- 

synaptic elements.

For the synaptic population as a whole, the density of boutons in 

group 21/31 was 28.5% greater than in group 52dD. The mean profile area 

of these boutons was significantly smaller (-33%) in group 21/31 and since 

no significant differences were detected in the absolute number of vesicles
ortaJ

per bouton, vesicie^density was significantly greater (+35%) compared with group
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52dD. Additionally, the junctional complexity of synaptic boutons in 

group 21/31 was greater than in group 52dD - since boutons with higher 

orders of complex synaptic contacts (4 and 5) were more frequent. There 

were no significant int&rgroup differences in the mean synaptic contact 

lengths. However, the percentage that the mean profile length of synaptic 

contacts occupied of the whole membrane apposition length (association index 

or K ratio) was significantly different between die two littermates groups. On 

average, the synaptic contacts in group 21/31 occupied 77% of the apposed 

membrane length, whilst synaptic contacts in group 52dD covered only 63% 

of the membrane interface. Whether or not this increased coverage of 

membrane between the pre- and post-synaptic targets was a direct 

consequence of an increase in the junctional complexity of the synaptic 

contacts in group 21/31 could not be determined directly from the data 

derived here due to the incompatibility between the layout of the data 

base and the segregation of the data into a suitable form for statistical 

analysis.

ii) Overview to the effects of dark-rearing on the boutonal types: 

Discounting the contribution of unclassified boutons to the overall 

synaptic population in layer IV of both groups, then the percentage ratio 

of A-type to S-type boutons with respect to the total number of these two 

boutonal categories, highlights the principal findings of this investigation 

(see table 4.6 below).

TABLE 4.6

GROUP 21/31 GROUP 52dD

A-type S-type 

83.7% 16.3%

A-type S-type 

91.0% 9.0%
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The data given above (Ihble 4.6) indicates the dramatic increase in the 

contribution of S—type boutons to the overall synaptic population of A — 

and S—type boutons in layer IV of group 21/31. Considering that the 

absolute density of A—type boutons in group 21/31 was greater than in

52dD) then the relative increase in the S—type synaptic boutons is 

considerable.

FoZzme of gowtozzs The mean N density of
boutons in group 21/31 was 3.6 x 10 per mm^ , whereas in group 52dD the 

density was 2.7 x 10 per mm^. These values compare favourably with the 

synaptic density estimate derived stereologically by Warren and Bedi (1982,1984) 

of 8.2 X 10® per mrâ  in the visual cortex of adult rats at 100 UPN.

^ î ouiOTiŝ  rh.Q morphological differences described above (see Results)

between the two groups, were most pronounced for S—type boutons containing 

pleomorphic or flattened vesicles. The avtrage volume numerical density 

of this boutonal category was 221% greater in group 21/31 (0.42 x 10® 

per mm ) than in group 52dD (0.19x 10 per mm^). Moreover, the density of 

synaptic vesicles in these boutons was 153% higher in group 21/31 compared 

to the S-type boutons in group 52dD. The-mean areal profile of S-type 

boutons in group 21/31 was reduced by 44% compared to similar boutons in

52dD. Additionally, the association index for S-type bouton synaptic 

contacts in group 21/31 was the highest of any boutonal category in the two 

groups, occupying 78% of the membrane interface.

A-type boutons: Although A-type boutons were affected in a qualitatively

similar manner to S-type boutoflS ~ with significant differences emerging 

for many synaptic parameters between the two groups : the magnitude of 

these differences were much smaller than for S-type boutons. Notably, the volume
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numerical density of A-type boutons was only 8% greater in group 21/31 

(1.84 X 10® per inmM than group 52dD (1.71 x 10® per mrâ  ) (a finding 

discussed in detail below), whilst the mean areal profile of these boutons 

was 30% reduced in group 21/31. Despite this, an increase in synaptic 

vesicle content of about 32% was recorded for the A-type boutons in group 

21/31 compared to the A-type boutons of group 52dD. No significant 

differences were detected between the two groups concerning the mean 

profile lengths of the parameters, J, and L. However, the K-ratio (J/L) 

emerged as significantly different, since A-type synaptic contacts in 

groups 21/31 occupied 76%, whereas A-type contacts in group 52dD occupied 

61% of the interface membrane.

U-type boutons: As mentioned above(4.4.1 .iii)the proportion of synaptic 

junctions that could not be classified unequivocably was extremely high 

in comparison to the number of identified A-type and S-type boutons. 

Approximately, 34% and 30% of boutonal profiles in groups 21/31 and 52dD, 

respectively, could not be identified with certainty as possessing 

clearly asymmetric or symmetric synaptic contacts. The effect of these 

boutons on the direction and magnitude of the results reported here is 

extremely difficult to assess, since many of the quantitative parameters 

were not consistently biased towards one boutonal type in either group. 

Whether this large population of unclassified synaptic contacts was 

composed of an unequal proportion of A-type and S-type junctions that had 

been sectioned (such that the symmetry of their para-membraneous junctional 

contact was not readily apparent) is open to question. It is undoubtedly 

true that this technical limitation will have occurred in many instances. 

Evenso, it should be emphasised that the division of synaptic contacts 

into the two opposed categories that E. G. Gray (1958) defined with 

respect to the shape of synaptic vesicles and the symmetry of the para-
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membraneous synaptic contact, may represent a gross simplification of 

synaptic morphology. It is conceivable that a continuous spectrum of 

synaptic membrane symmetries exist, ranging from the totally symmetrical 

to the totally asymmetrical synaptic contact, and that synaptic vesicles 

possess a similar heterogeneity of size and shape not confined to the 

original 'bimodal' definition (Gray 1959).

Many studies that have investigated the immunoreactive nature of 

cortical neurons in tissue exposed to a variety of antisera directed 

against specific neurotransmitters (see Parnavelas and McDonald, 1983) 

do not give clear descriptions of the morphological symmetry of the 

synaptic contacts of immunoreactive boutons (see for example, Connor and 

Peters, 1984). This is understandable because certain immunocytochemical 

procedures disrupt the integrity of membrane structure to allowagreater 

degree of antiserum penetration (see Chapter 5).

It is commonly thought that the 'A-type' junctions (Gray type I) are 

excitatory and 'S-type' (symmetric) junctions (Gray type II) are inhibitory 

in function,as has been demonstrated recently by immunocytochemical studies

(Peters et al, 1982; Ribak, 1978; Wolff and Chronwall, 1982). However, 

the symmetry of GABA-immunopositive boutons in the rat cerebellum was highly 

variable - ranging from almost asymmetrical to highly symmetrical (Chapter 6) . 

Boutons suspected on morphological grounds of being inhibitory would 

display the 'classical' structural characteristics of 'pleomorphic' or 

'flattened' synaptic vesicles in the vicinity of a highly symmetrical 

synaptic contact (Peters et al, 1976).

Despite this discrete categorisation of synaptic boutons and their 

junctional membranes into two 'clear-cut' types, it is probable that a 

continuous and highly over-lapping population of synaptic symmetries
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exist, and that the transmitters or transmitter of the pre-synaptic bouton 

could be present only within a given spectrum of boutons having a particular 

range of contact symmetries (and possibly of junctional complexities).

Location of synaptic contacts: The locations of the synaptic boutons

studied in this investigation were not recorded since their exact 

morphological position could not be determined with certainty in the non

serial sections. In retrospect, this is highly unfortunate, since the 

definition of the post-synaptic targets would have greatly enabled the 

identification of the position and location of the quantitative structural 

modifications reported in this investigation. Such information would have 

represented a major advance in understanding the differential effects of 

dark-rearing on identified neuronal structures in the visual cortex.

Synapttc contact length : The size-frequency distribution of synaptic

contact lengths (Diagram 4.5)indicates clearly that although the mean 

values of the two groups are similar, there was a higher frequency of 

smaller-sized synaptic contacts in group 21/31 compared with group 52dD, 

but more importantly there was a total absence of a distinctly large- 

sized population of synaptic contacts (0.9 - 1.1 |im) in group 52dD. It is 

difficult to determine ; how such changes may have occurred - whether 

the size of the large synaptic contacts were reduced as a result of visual 

deprivation, with a total absence of small-sized boutons, or whether the 

growth of a specific synaptic population was suppressed is unclear.

However, since Muller et al (1981, 1984a,b) have demonstrated that synaptic 

contacts are formed with a specific size which does not alter during 

development, then this would indicate that the two particular categories 

of large- and small-sized boutons described above, either failed to mature 

normally, or were totally absent from group 52dD. The separate size- 

frequency distributions of the individual boutonal types in group 21/31
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size—distribution were all derived from A-type contacts — the complexity 

of these junctions is unknown but it is suspected that they all possessed 

several junctional complexities.

Furthermore, for the same reasons as presented in chapter 2 (see

2.4.4) , although it would appear that the large-sized A-type synaptic

contacts could constitute a discrete sub-population of contact^, the

mathematical definition of the discrete nature of this sub-population

would be difficult — only by the use of specific histological markers for
jor intracellular ' /or by PHA-L labelling see page22ll 

these boutons (e.g. by retrograde^HRP labellingj|* might the homogeneity of

this suspected synaptic -bouton 'sub-population' be established.

Nevertheless, the absence of large-sized A-type contacts from group 52dD

is by itself an important finding.

JuTiC't'LOTiciL Coïïïp'Lexi'ty2 In the present investigation, the complexity of 

synaptic junctions was different between boutonal types as well as between 

groups. The complexity of a synaptic junction (as defined in the present 

study, 4.2.3) reflects the number of separate synaptic contacts that the 

pre-synaptic bouton establishes with a single post-synaptic target - high 

junctional complexity indicates that a pre-synaptic bouton posseses 

several synaptic contacts with a given post-synaptic element. The 

synaptic junctions in group 21/31 were on average, more complex than 

junctions in group 52dD.

Although Peters and Kaiserman-Abramof (1969) first described the 

presence of holes or perforations in the membrane of post-synaptic 

densities. Cohen and Siekevitz (1978) , and Vrensen .{1980) have shown 

recently that the 'en face' shape of the post-synaptic membrane 

specialisation ranges from a simple circle, via an annulate and 'horseshoe'.



194

to a complex 'W-shape' - with a multitude of intervening morphological 

forms. Muller et al (1981) have also demonstrated that during normal 

postnatal maturation, there is an increase in the numbers of complex 

junctions, (i.e. junctions possessing perforations), and that this 

probably represents the gradual developmental 'perforation' of synaptic 

contacts, rather than the acquisition of new and more 'complex' contacts 

with age. Consequently, the results of the present study indicate not 

®7ily an overall reduction in the number of these types of synaptic boutons 

in group 52dD, but that these boutons were poorly developed regarding 

their junctional complexity.

The studies of Vrensen and his colleagues on the quantitiative 

morphological effects of visual deprivation in the rabbit visual cortex 

(Vrensen,and DeGroot, 1974, 1975, 1977; Vrensen, 1978; Muller and Vrensen, 

1980; Muller et al, 1981; Vrensen and Nunes Cardozo, 1981) demonstrate 

that neither dark-rearing nor monocular deprivation significantly affects 

the mean synaptic density and the depth distribution of synapses in either 

the visual cortex or superior colliculus. However, the number of synaptic 

vesicles per terminal is significantly lower in the deprived hemisphere of 

monocularly deprived rabbits and in both hemisphere of dark-rearéd 

rabbits. In addition to the complex shape of the post—synaptic membrane, 

the pre-synaptic membrane posessses dense projections which are dispersed 

in a hexagonal array over the inner surface of the pre-synaptic membrane 

(Vrensen et al, 1980). Muller et al (1981) have shown that the size of 

synaptic grids in the rabbit visual cortex is not affected by dark-rearing 

- what is modified, is the maturation of the pre-synaptic dense projections 

and the extent to which the post-synaptic membrane becomes perforated. 

However,Muller et al (1981) found that the surface area of synaptic grids at 

various depths throughout the rabbit visual cortex were unaffected by a 

period of extensive dark-rearing (0-210 DPN). In addition, dark-rearing
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did not affect the occurrence of 'perforated' (or 'complex') synaptic 

contact zones, but it did affect the number, size and distribution of the 

presynaptic dense projections over the post-synaptic thickening. In the 

visual cortex of rabbits dark-reared from birth (0-210 DPN) pre-synaptic 

dense projections appeared immature with respect to rabbits reared normally- 

they were less well-defined and their distribution over the post-synaptic 

membrane was scant and random.

The investigation of Muller et al (1981), and Vrensen and Nunes-Cardozo, 

(1981) , gave results that are in disagreement with the data derived here. 

Possible explanations include methodological differences between groups, 

since the studies of the Amsterdam group were conducted on O.Spm thick 

sections stained with E-PTA whilst the present investigation used material 

prepared for conventional electron microscopy. It should be borne in mind 

that the largest profiles of synaptic contacts recorded in the present 

investigation were about 1.1 |im in length, and the failure to correct 

adequately for the omission of part of large synaptic discs orientated 

badly in 0.5pm thick sections may be a possible source of error.

Additionally, inter-species differences may be contributory factors.

In the present study no 'related trend' was detected in the length versus 

complexity of the synaptic contact, nor in the number or density of synaptic 

vesicles versus the. area of individual pre-synaptic boutons - this is 

corroborated by the developmental study of Jones and Devon (1980) which 

investigated quantitatively several synaptic parameters (including those 

investigated here) in the molecular layer of the rat parietal cortex.

Although synaptic parameters were highly variable, these authors report 

no consistent relationship between parameters, except a general decline 

in parameter magnitude (ie presynaptic terminal area, synaptic vesicle 

number, tubular cis t e m a e  in the presynaptic bouton etc) with increasing 

age.
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A-type versus S-type boutons: Considering the marked reduction in the

density (30-40%) of dendritic spines along the apical dendrites of layer V

pyramidal cells coursing through layer IV of the visual cortex after 

visual deprivation (Valverde, 1967, 1971; Ruygo and Ruygo, 1975) and that 

dendritic spines receive predominately A-type boutons (Peters and 

Kaiserman-Abramof, 1969; Peters et al, 1979; Miller, 1981; Miller and 

Peters, 1981; Muller et al, 1984a,b) , then the 12% decrease in the number 

of asymmetrical contacts in layer IV of group 52dD compared to group 21/31 

appears to be relatively small.

One possible explanation for this apparently 'reduced' deficit in the 

density of A-type boutons between groups concerns the period of dark- 

rearing from birth upto 21 DPN, particularly during the critical period 

after eye-opening (14-21 DPN). During 7-14 DPN there is an intense period 

of synaptogenesis in axodendritic A-type synaptic contacts (Raedler and Sievers, 

1975;Miller and Peters,1981;Miller,1981;Blue and Parnavelas,1983a,b).
This is followed by a further spurt in synaptogenesis during 14-16 DPN, 

whereafter the number of A-type contacts remain relatively constant over 

the period 16-90 DPN (Blue and Parnavelas, 1983b). The increase in the 

numbers of S-type axodendritic contacts is less dramatic, but nevertheless, 

shows two growth periods - 8-14 DPN, and more markedly during 14-16 DPN 

(Blue and Parnavelas, 1983b). Furthermore, throughout the period around 

eye-opening (7-20 DPN) geniculocortical (Lund and Mustari, 1977) and 

callosal afferents, and the complex intracortical axonal arbors of 

cortical pyramidal neurons (Martin and Whitteridge, 1984),̂  are developing

and ramifying extensively within specific regions of the visual cortex 

(Caley and Maxwell, 1968, 1971; Armstrong-Jones and Johnson, 1970; Cragg, 

1975; Raedler and Sievers, 1975; Wolff, 1976; Jones and Cullen, 1979; 

Kristt, 1979; Dyson and Jones, 1980; Miller and Peters,1981; Miller, 1981; 

Muller et al, 1984a,b), and most, if not all of the boutons derived from 

the axonal arbors of these cells are A-type (Peters et al, 1979; Hornung
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and Garey, 1981a,b; Miller and Peters, 1981; Miller, 1981; Müller et al 

1984a.b; Tieraan, 1984). The development of non-pyramidal neurons (Feldman 

and Peters, 1978; Regidor and Peters, 1981) does not follow directly the 

maturation of pyramidal neurons since the development of their axonal 

arbors and dendritic characteristics occurs comparatively later (Mathers, 

1979; Miller and Peters, 1981; Miller, 1981; Meyer and Ferres-Torres, 1984) 

Indeed, non-pyramidal cell types undergo a differential sequence of 

maturation as demonstrated recently in areas 17 and 18 of the cat visual 

cortex by Meyer and Ferres-Torres (1984). Since non-pyramidal neurons 

provide extensive intra-cortical connectivity, it is likely that the

development of the 'excitatory' and 'inhibitory' circuitry derived from 

non-pyramidal neurons occurs late in cortical synaptogenesis (Peters, 1981; 

P3.rnavelas, 1984). Moreover, the evidence provided by Meyer and Ferres— 

lo^^ss (1984) indicates that the development of the 'inhibitory' circuitry 

of the cat visual cortex extends over a considerable time—span, possibly 

ending with the development of the GABAergic basket neurons (Somogyi et al 

1983d) and 'chandelier cells' (Peters et al, 1982; Somogyi et al, 1982).

The foregoing description was introduced to provide a background to 

the idea that the effects of dark-rearing between 14-21 DPN may have 

produced a significant reduction in the density of spines on dendritic 

processes in layer IV of the rat visual cortex due to the concomitant 

reduction in the number of A-type boutons. Given that certain S-type 

connections are still relatively immature at 21 DPN then it might be

conclude that the surprisingly small significant difference between the___

two groups in the number of A-type contacts is a result of the effects of 

dark-rearing during this period (14-21 DPN), whilst the quantitative 

differences in S-type contacts are more likely to be the result of the 

combined effects of dark-rearing upto 21 DPN in conjunction with the 

subsequent exposure to a normal visual environment (21-52 DPN).
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Finally, the differences that exist between the two groups in the 

density and quantitative synaptic parameters of the A—type boutons may 

reflect changes in the distribution of afferents to the cortex (especially 

of the geniculocortical projection, [Pieman, 1984])as well as in 'intrinsic' 

excitatory circuits (Parnavelas and McDonald, 1983).

iii) Results in relation to other studies : Early studies on the ultra—

structural effects of visual deprivation on the rat visual cortex were 

contradictory. Cragg (1967, 1968) found that after 3 weeks of dark—rearing 

(bilateral deprivation) and subsequent light exposure for varying periods, 

fhore was a reduction in the synaptic contact zone length and an increase 

in synaptic density - these effects were greater in the lower half (compared 

to the upper half) of the visual cortex. He also found that the length of the 

synaptic contact zone was reduced in dark-reared animals. Fifkova (1970a) 

determined that in the rat visual cortex following an 8 week period of 

monocular deprivation (unilateral eyelid suture) initiated at 14 DPN there 

was e decreased synaptic density in the hemisphere connected to the deprived 

eye, but that the mean profile length of the synaptic contact was increased 

(+7.6%) in the deprived animals compared to animals raised normally - this 

effect was greater in layers II and III. In a further study Fifkova 

(1970b) demonstrated that the mean trace length of the profiles of 

axosomatic synaptic contact in layers II, III and IV of the rat visual 

cortex supplied by the deprived eye were 23% smaller compared with rats 

scared normally. Indeed whilst axosomatic boutons with flattened vesicles 

were more frequent than axosomatic contacts containing round vesicles, the

latter type of bouton appear to be selectively reduced by monocular visual 

deprivation. Fifkova's results (1970b) indicate that the 'inhibitory' 

afferentation to neuronal perikarya (possibly derived from basket cells - 

(Somogyi et al, [1983d])was severely reduced following monocular visual 

deprivation.
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Compared with dark-rearing, rats reared normally until weaning and 

then placed in an 'enriched' environment (EC) (versus an impoverished 

environment - IC) for 30 days show an increased number of synapses (+24%) 

in layer IV of the visual cortex as well as increases in the length of the 

synaptic contact zones by 14% and 10% in the upper and middle regions 

(respectively) of the cortex (West and Greenough, 1972). In further 

experiments, Greenough et al (1978) demonstrated that the number of 

perforations of the post-synaptic membrane was markedly increased in 

visual cortical layers I, III and IV of rats reared in the EC environment 

compared to the IC group (same experimental paradigm as West and Greenough, 

1972). When rats were left in their respective EC or IC environments for 

130 days (until 151-154 DPN) 19.5% of synapses in layer III were perforated 

in the EC group whilst only 13.9% were perforated in the IC group. However, 

the mean length of the synaptic contact was not significantly different 

between groups EC and IC. These results correlate highly with the results 

of the present study in both magnitude and direction.

The stereological studies of Warren and Bedi (1984) and Bhide (1984b) 

investigating the size of synaptic contacts (discs) in the rat visual cortex 

using an experimental paradigm involving undernourishment or normal feeding 

from birth upto 25 DPN followd by rearing(from 35 DPN onwards) in diverse 

environments for 80 days (enriched or isolated - see Chapter 2.4.4 ii, page 

117) report that nutritional deficits caused no detectable size-changes in 

synaptic parameters, but after the differential environmental rearing of well 

fed animals significant increases (+14%) in synaptic 'disc' dimensions were 

detectable. Statistical tests established that only the enviromental 

housing produced significant effects on the synaptic parameters.

However, when the size of the presynaptic discs (d) and their areal

density (N^^^ - N.B. Bhide and Bedi (1984b) do not give N ^  data) were used

to estimate the volume numerical density of synaptic boutons (N ) noV.b
significant effects were found. This again highlights (see Chapter 2.4.4 

ii) the differences between the experimental paradigms of undernutrition and
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environmental diversity, compared with dark-rearing, since in this study 

large significant differences were detected in the ^ between groups 

21/31 and 52dD, whereas no discernable effects were seen in the overall 

synaptic 'disc' diameter.

iv) Functional Considerations: Vrensen and Nunes Cardozo, (1981) and

Muller et al (1981) have reported alterations following visual training in 

the ultrastructural characteristics of synaptic junctions in material from 

the rabbit visual cortex stained by the E-PTA method. They observed 

increases in the thickness (but not trace length) of the post-synaptic 

density (PSD) and in the number of synapses exhibiting 'perforations' in 

the PSD. (The thickness of the PSD was not measured in the present 

investigation due to methodological and theoretical problems concerning 

the validity of this parameter in brain tissue prepared conventionally 

for electron microscopical analysis). Nevertheless, these authors 

speculate that such changes are associated with an increase in the number 

of calcium channels, thereby raising the probability of transmitter release
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The net effect, they believe, is an enhancement in .synaptic efficacy (see 

in particular Vrensen (1980) and the references therein). If such 

changes do result in the increased efficacy of a given synaptic contact 

(Jack d: al 1975/83) , then the average performance of synaptic contacts in 

group 21/31 would be greatly enhanced compared to the layer IV synaptic 

population in group 52dD. However, synaptic efficacy can be achieved in 

a variety of different ways (Cragg, 1974; Cragg and McLachlan, 1978;

Cotman, 1978; see the reviews of Shain and Carpenter, 1981; Cotman et al, 

1981; and Steward, 1982), for example by the re-positioning or the 

increased 'synaptic-weight' (Jack et al ,1975/83) of a synaptic contact at 

an important strategic post-synaptic location (e.g. at the base of a 

functionally important dendrite, on the soma or axon initial segment), by 

changes in membrane conductance, or by the modification of receptor 

sensitivities (Su et al,1979). It is also conceivable that the efficacy of 

particular synaptic sub-populations in the two experimental groups were 

differentially affected, however without additional correlated morphological 

and physiological data it is inappropriate to speculate further on this 

issue.

The 'strength* or 'efficacy' of an individual synaptic bouton depends 

on the quantity of transmitter released by an appropriate volley of 

electrical impulses, the proportion that diffuses across to the post- 

synaptic target, the locational influence of the pre-synaptic bouton on the 

activity of the post-synaptic target, and the response sensitivity of the 

post-synaptic target. Therefore, the important 'morphological' features 

of pre-synaptic boutons (with regard to synaptic efficacy) concern their 

shape, size, vesicle density, and junctional complexity. Boutonal profiles 

of the synaptic population in group 21/31 were smaller yet contained a 

significantly higher areal density of synaptic vesicles compared to group
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52dD. Additionally, the overall junctional complexity was greater for 

boutons in group 21/31. The functional effect of small bouton size coupled 

with high synaptic vesicle density, and possibly also with junctional 

complexity, provides a morphological correlate of the efficacy of the 

synaptic bouton. The electrical field density around small pre-synaptic 

profiles (group 21/31) will be high in comparison to larger boutonal 

profiles (group 52dD), smaller sized synaptic boutons will have

a higher resistance to the longitudinal spread of current (Jack et al,
1983).

Hence, depending on several parameters of synaptic transmission (eg input 

membrane conductance of the pre- and post-synaptic elements, linearity of 

conductance, target site on post-synaptic element (soma, dendritic shaft or spine) 

and stimulation frequency etc), the effective voltage transients (Jack et al., 1983 

in small presynaptic boutons are likely to be greater than for large pre-synaptic

boutons due to Ohm's law considerations *(see bottom of page). This will increase

the probability of activating the physiological and biochemical mechanisms producinc 

transmitter release and thereby neural transmission, and such mechanisms may even 

selectively produce a lower threshold potential requirement for transmitter release.

A related issue is the theoretical observations of Koch and Poggio (1983) who 

Identified the 'gain amplification' properties of dendritic spines. The size and 

shape of the spine neck will act as an electrical 'choke' to input current from the 

presynaptic bouton. Since the resistan-e of the spine neck is directly 

proportional to its length and inversely proportional to the square of its cross- 

sectional diameter, long narrow spine necks will have higher overall resistances

* Voltage transients in small-sized (Bs) and large-sized (Bl) pre-synaptic 
boutons for a given current (:i amps). (see Koch and Poggio, 1983)

- Resistance is inversely proportional to size.
Resistance Bs > Resistance Bl.

- Since V=IR (Ohms Law) then:- 
Voltage in Bs > Voltage in Bl
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than short widw (stubby) spine necks, therefore, due to Ohm's law!?! given input

current to a spine head the voltage changes in the parent dendritic cable will be 

amplified to a greater degree by long thin spine necks than for short stubby spine 

necks. There will be an optimum efficiency range in the size of the spine neck for 

this amplification, since the spine neck and spine head will have a limited 

capacitative reactance and impedance attenuation towards injected current which 

will affect the biophysical and biochemical events underlying the establishment 

of the membrane equilibrium potential at the time of synaptic transmission. Hence

although long thin spine necks will act as amplifiers of the injected current 

there will be a cut-off value above and below which the size and shapes of the 

dendritic spine necks will impede and become inefficient at establishing the 

reversal potential and even to conducting this current into the parent dendritic 

cable (Koch and Poggio, 1983). ^his

speculation is in conflict with the idea that synaptic efficacy requires 

an increase in the size of synaptic boutons and contacts in order to 

^^^^cilitate synaptic transmission ^rensen et al, 198o)

From the fore going it can be speculated that in the case of axo-spinous contacts

the optimal -functional coupling- (ie the efficacy of nerve impulse propagation)

etween the pre- and post-synaptic element (bouton to spine) is related to the

geometry of both elements. Although the present study did not identify any

quantitative morphological cahnges occuring in the post-synaptic structures in

groups 21/31 and 52dD, it is interesting to note that Connor 11982) and Connor et

al (1982) report an increaset%E^!88#e&,of dendritic spine necks over the short

stubby variety along the basal dendrites of layer V pyramidal cells in the visual

cortex of rats that had been reared communally compared with those that had been 
reared in isolation.
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Therefore it may well be that in light exposed rats (21/31 V 52dD) there is a

higher proportion of small-sized pre synaptic boutons (asymmetrical type) in

oomtact with long slender dendritic spines. Further studies will be required

to determine if this is indeed a specfic functional and morphological correlate of 
dark-rearing and light exposure.

Dsspitethe apparent contradiction mentioned above between the size of the pre

synaptic bouton and'synaptiv efficacy-, it is interesting to note that

following visual training, Vrensen and Cardozo (1981) also report a 

slight reduction in the mean profile area of the presynaptic bouton, 
compared to control animals.

Two factors which may partially alleviate this problem are the 

-association index- and junctional complexity parameters. Synaptic 

contacts in group 21/31 occupied proportionally more post-synaptic membrane 

compared with group 52dD and the increased complexity of these junctions 

may have led to an increase in the density of pre-synaptic dense projections 

(Muller et al, 1981) which may facilitate vesicle attachment and 

transmitter release (Vrensen 1980). One further morphological feature 

which may increase the efficacy of synaptic transmission is the -positive-
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or 'negative' curvature of the synaptic contact and the degree to which 

it covers the post-synaptic target (Jones and Devon, 1980; Dyson and 

Jones, 1980; Wesa et al, 1982).

The foregoing model is based simply on morphological data and does 

not take account of the biophysical and biochemical properties of the 

synaptic boutons in the various groups.

The results of the present investigation indicate that morphological 

parameters of the inhibitory synaptic population of layer IV of the rat 

visual cortex are highly susceptible to dark-rearing during the developmental

period 21-52 DPN. As mentioned previously, the development of the inhibitory 

connections (Gray type II symmetric synaptic junctions) within the rat 

visual cortex occurs relatively late in cortical synaptogenesis, and acquire ’ 

adult characteristics and densities around day 21DPN (Blue and Parnavelas,

1984a,b). However, the concentration of glutamic acid decarboxylase (GAD - 

the biosynthetic enzyme for the inhibitory neurotransmitter GABA) increases 

slowly during the period 14-21 DPN,;and reaches adult levels after 30 DPN 

(diagram' 4.6 - taken from Fosse et al, 1984). Nevertheless if thë increase in GAD 

concentration correlates with an increase in the number of GABAergic synapses 

during the period 20-30+ DPN, and/or with an increase in GABA-mediated 

intra—cortical inhibition, then the morphological effects reported here of a 

reduction in the density of S-type synaptic contacts in layer IV of group 52dD 

may also correlate with a reduced concentration of cortical GAD fallowing 

dark—rearing (Group 52dD versus 21/31), and possibly with a decrease in 

intracortical inhibitory mechanisms. Electrophysiological and biochemical 

studies will be needed to determine this.
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DIAGRAM 4.6 Postnatal development of high affinity uptake of gluta
mate, glutamic acid decarboxylase and choline acetytransferase in 
rat visual cortex. Each point is expressed as percent of adult level, 
and represents the mean value from 5-7 experiments. Adult levels 
were (mean ±SD): 85.5 ± 10.5 pmole/mg protein/3 min for glutamate 
uptake, 108.1 ± 5.4 nmole/mg protein/hr for glutamic acid decar
boxylase and 52.4 ±1.2 nmole/mg protein/hr for choline acetyl trans
ferase. From Fosse et al, 1984

In the cat visual cortex similar deficits in the S-type synaptic 

population have been reported in kittens reared with uni- or bilateral 

eyelid suture (Winfield, 1983). Winfield reports that following 

unilateral or bilateral eyelid suture upto adulthood, there were reductions 

of about 27% and 23%, respectively, in S-type synaptic boutonal density 

in layer IV compared to normally reared kittens. However, by far the 

greatest reduction after either form of visual deprivation occurred in the 

A-type axo-spinous synaptic contacts in layer IV at 110 DPN.

Recently, Beaulieu and Colonnier (1985) have provided stereological 

and statistical evidence that whereas the N^ ^ of R-type synapses in the 

monocular and binocular regions of the visual cortex (Area 17) of 

normally reared cats show no significant inter-animal differences, the
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b.V of S-type synapses in these regions are statistically different 

between animals. Beaulieu and Colonnier speculate that the maturation 

of S-type synapses is a limiting factor in the anatomical and functional 

development of the visual cortex and that inter-animal variation in 

S-type synapses may be a result of differences in age, breed, and the 

environmental experiences of the cats used in their study. The results 

of the present investigation support directly their speculations.

Finally, since neurons in the visual cortex of dark-reared cats lose 

part of their orientation and direction selectivity, and those of rabbits 

reared under stroboscopic illumination show a marked decrease in 

direction selectivity, Leventhal and Hirsch, (1980) and Pearson (1983)

have suggested that the 'inhibitory' connections mediating these 

neuronal response properties are highly dependent on visual experience 

during development. Moreover, from studies of the electrophysiological 

effects of GABA-mediated 'intracortical' inhibition on several features of the 

response properties of neurons (eg orientation tuning) in the cat visual 

cortex (Sillito, 1975a,b; 1977, 1979; Sillito et al, 1980), the reduction in 

S-type boutons (Gray type II), after total dark-rearing may underlie 

marked alterations in the physiological responsiveness of neurons in 

the visual cortex of rats in group 52dD.
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4.4.4 CONCLUSIONS

The evidence provided by this study, identifies specific alterations 

after dark-rearing in the quantitative morphology of synaptic populations 

involved in the inhibitory circuitry of the dLGN and cortical layer IV of 

the rat visual system. Such changes may have profound effects on the 

normal electrophysiological functioning of neuronal circuits in these 

regions.
i

Within the dLGN, the main effects concern the density of P- and F- 

type boutons in synaptic glomeruli derived from GABAergic class B neurons 

(Grossman et al, 1973; Chapter 7). F—type boutons in non-glomerular 

neuropil were also affected, and these boutons probably represent a 

diverse population derived from both class B neurons and also afferents to 

the dLGN from GABA-ergic neurons in the thalamic reticular nucleus. In 

layer IV of the visual cortex, the most marked effects of dark-rearing 

occurred to the S-type synaptic bouton population. This bouton type is 

derived principally from 'intrinsic* inhibitory neurons in the visual cortex 

(Somogyi and Cowey, 1981; Somogyi et al, 1982; Somogyi et al 1983d).

Although the data provides extensive information regarding the 

quantitative alteration of synaptic ultrastructure following dark-rearing 

several highly important morphological features were not able to be derived 

from the type of approach adopted by this investigation. A fuller 

interpretation of the present data was hindered greatly by the lack of 

information concerning the morphological identity of the pre- and post- 

synaptic targets, as well as the rudimentary information that exists about 

the types of neuronal and synaptic circuits within the cortex (Lund et al, 

1979; Peters, 1981; Parnavelas, 1984; Martin, 1984). if the 'plasticity' 

of neuronal circuits is to be assessed after visual deprivation, it can be
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envisaged that future works must concentrate primarily on ellucidating 

the normal 'afferent' and 'efferent' synaptic connectivity of identified 

cell types (Pettigrew, 1978), and that major advances in the understanding 

of cortical circuitry are to expected when this approach is combined with 

a correlated knowledge of the cell's physiological properties (Somogyi 

et al, 1983d; Martin, 1984). Such studies will provide ultimately a 

framework in which to determine more accurately the morphological effects 

of visual deprivation.
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CHAPTER 5

Chapter 5 is intended to present additional information which is 

derived from a combination of the data contained within the previous 

chapters. The functional implication of the data presented in this thesis 

is considered briefly. Additionally, the way in which future work on the 

effects of visual deprivation within the visual system might be conducted 

is also presented.

5.1 Overview to Chapters 2, 3 and 4 .

One aspect of the data derived in Chapter 2 concerns the volume 

numerical density of neurons and glia within the dLGN and visual cortex of 

the rat. The results for the density of neurons in the dLGN and layer IV 

of the visual cortex (chapter 2) may be correlated directly with the data 

obtained in chapter 4 on the density of the various synaptic bouton types 

in the dLGN and visual cortex. Since only two groups were used in chapter 

4, estimates of the numbers of synapses per neuron within these two 

regions can only be obtained for the littermate groups 21/31 and 52dD.

The synapse-to-neuron ratio (S:N.ratio) is a more meaningful

measurement of the functional capacity of a given brain region compared

to simple volume numerical density estimates (N^) for the separate synaptic

and neuronal populations. Since the neuronal N of the dLGN and visualV
cortex was not significantly different between groups 21/31 and 52dD 

(2.3.3 ii), the S:N ratio therefore provides a strong insight into the 

morphological effects of dark-rearing and light exposure on the dLGN 

and layer IV of the visual cortex in the two groups. The limitation 

of this ratio is that it is a 'global parameter' which does not take 

into account the afferentation to specific neuron types. (The S:N ratio 

is used here to denote the ratio of pre-synaptic boutons occurring
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in a given volume of tissue per number of neurons occurring in the same 

volume of tissue).

5.1.1 S:N Ratio - dLGN: Several populations of synaptic boutons are

present in the glomerular and non-glomerular neuropil of the dLGN 

(Lieberman and Webster, 1974a,b,c; Ohara et al, 1983). The volume 

numerical density of these boutonal types was estimated in chapter 4 and 

is summarised below in table 5.1. Using the mean volume numerical density 

estimate of neurons in the dLGN as determined in chapter 2, then the mean 

S:N ratio can be estimated (table 5.1). Moreover, assuming that the two 

neuronal classes (A and B) of the rat dLGN are present in the proportion 

3.5:1 (A:B) in both groups (see chapter 2.4.3), and also that the P-type 

and F-type synaptic boutons are derived solely from class B cells, then it 

becomes possible to establish to a rough first approximation the number of 

boutons that an individual class B neuron establishes within a synaptic 

glomeruli. In addition, if it is assumed that each retinal bouton is the 

central component of one synaptic glomerulus then the mean number of boutons 

derived from any one class B cell can be calculated (table 5.1). It will be 

G^vious that these calculations contain many assumptions ; principally that 

class B neurons throughout the dLGN participate to the same extent in.synaptic 

glomeruli and that retinal afferents innervate all neurons equally through the 

rostral and caudal portions of the dLGN, also that all the glomerular F- 

and P-type profiles are derived from class B neurons. This latter 

assumption is not unreasonable, since Montero and Scott (1981) have 

shown that very few afferents from the thalamic reticular neucleus 

innervate dLGN synaptic glomeruli and establish F-type terminals.

The data presented in table5.1 illustrate important points in the 

interpretation of the morphometric data. Although there are marked
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significant differences in the density of certain synaptic types between 

the two groups (GF-, GP-, and NGF-type boutons), when the densities of 

these pre-synaptic boutons are considered in relation to the density of 

potential post-synaptic neurons (S:N ratio), the differences between the 

two groups are reduced (see table 5.1; GP-type boutons - of S:N ratio 

data). This implies that there is a relatively greater convergence of 

synaptic input onto neurons in group 52dD than in group 21/31. This is 

^^^P^ising, because it might be expected that since the neuronal densities 

of the dLGN showed no significant differences between groups 21/31 and 

52dD (chapter 2.3.2), and that certain bouton types were markedly more 

dense in group 21/31 compared to group 52dD (chapter 4.3.2), then the 

convergence of boutons onto neurons in group 21/31 would be greater than 

for neurons in group 52dD.

No explanation for this convergence can be found when the absolute 

tissue volume of the dLGN, or the absolute total volume of neuropil or 

somata are considered - the increased 'convergence' of synaptic boutons 

per neuron as demonstrated by the S:N ratio still shows a relative increase 

in group 52dD. Whether or not this is a real morphological correlate of 

dark-rearing, or is a consequence of the statistical manipulation of the 

data as a ratio estimate can not be established unequivocally from the 

data of the present study and would necessitate a closer morphological

investigation of identified neuronal classes in the dLGN of both groups -
in the rabbit visual cortex 

possibly using the approach adopted by Muller et al (1984a,b^L These

authors serially sectioned identified Golgi-impregnated neurons to derive 

stereological information about the distribution of synaptic contacts on 

pyramidal and non-pyramidal neurons in the rabbit visual cortex. Neverthe

less, an increased convergence of boutons onto neurons in group 52dD may 

^spresent an attempt by the afferent and intrageniculate circuitry to 

increase the efficacy of neural function and thalamic transmission.



2 1 0

The number of boutons per dLGN neuron for both groups is high, and 

may be derived from excessively high synaptic density estimates. Evenso, 

the average number of glomerular profiles derived from one class B neuron 

- 11.5 and 10.9 for groups 21/31 and 52dD, respectively, may not be an 

exaggeration, since the number of varicosities constituting one dendritic 

appendage (dendritic clusters arising from a class B neuronal dendrite ) 

appears to be similar to that seen in Golgi-impregnated material (see the 

class B dendritic appendages in figures 13,17,18 and 91B. All of the dendritic 

varicosities arising from class B cells do not receive synaptic contacts 

from retinal afferents, but many of them establish serial contacts with 

other varicosities in the cluster (ie P->P-type boutonal contacts). This 

interconnectivity of P-type boutons is a structural feature of rat dLGN 

synaptic glomeruli reported previously by Lieberman and Webster (1974a)

(see figures 13,17, and 18).

5.1.2 S:N Ratio - Visual Cortex: Table 5.2 presents the S:N ratio data for 

layer IV.of the visual cortex in both the littermate groups. Many of the 

assumptions presented for the derivation of the S:N ratio in the dLGN 

apply to the visual cortex. Additionally, it is assumed that the density 

of the synaptic population of 500pm below the pial surface represents the 

mean boutonal density throughout layer IV.

TABLE 5.2 S:N Ratio for layer IV (500pm below the pia) in groups 21/31 
Abbreviations for the boutonal types are given in Chapter 4.4.2

Bouton
Type

Mean Bouton
N X lO^ram"^

Mean Neuronal
N X 103mm-3

Mean 
S:N Ratio

GROUP 21/31 A 1.85 2409
S 0.42 547
U 1.21 1575Mean Total T 3.48 76.8 4531

GROUP 52dD A 1.71 2192
S 0.19 244
U 0.71 910Mean Total T 2.61 78.0 3346
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The S:N ratio indicates a marked increase (+ 35%) in the mean number 

of synaptic boutons contacting layer IV neurons in group 21/31 compared to 

neurons in group 52dD. The most pronounced difference in the S:N ratio 

occurs for S-type boutons which are dramatically reduced (- 55%) in group 

52dD. The S:N ratio highlights the data presented in chapter 4, indicating 

that the principle morphological effect of dark-rearing in the visual 

cortex is on the inhibitory circuitry passing through layer IV. The S:N 

ratio still demonstrates the high 'inhibitory' afferentation to neurons in 

group 21/31 compared to neurons in group 52dD. Unfortunately, the data 

does not allow this reduction to be determined in relation to their post- 

synaptic targets, but the results of Fifkova (1970b) would indicate that this 

reduction is most marked for axo-somatic S-type boutons. The positioning 

of 'inhibitory' contacts onto the soma of a neuron (Somogyi et al, 1983d) 

represents a strong functional control of a neuron's electrophysiological 

performance, since it will dramatically affect the spatial and temporal 

summation of dendritic potentials arriving at the axon initial segment 

(see references to W. Rail in Jacks et al, 1983). Therefore, if dark- 

rearing produces the same morphological affects, then the functional 

capacity of the visual cortex of dark-reared animals will be greatly 

affected. The extent to which these morphological correlates of dark- 

rearing will alter visually guided behaviour is presently unknown.

The S:N ratio derived by this investigation for neurons in layer IV 

of the rat visual cortex of 4,531 for group 21/31 and 3,346 for group 52dD 

is in high overall agreement with other studies estimating the S:N ratio 

in the visual cortices of the mouse, rat, rabbit, cat and monkey.

In studies dealing with the effect of undernourishment oh the S:N 

ratio in the rat cerebral cortex, Thomas et al, (1979) found a 37% deficit
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in the S:N ratio in layers II-IV of the frontal cortex in undernourished 

rats compared to 'well-fed' controls. The actual S:N ratio derived by 

these authors was 14,020 for the undernourished rats compared to 22,270 

for the control animals. Using a similar experimental paradigm and 

similar stereological techniques, Bedi et al (1980) estimated the S:N 

ratio in the same brain region of rats undernourished upon 30 DPN and 

then nutritionally rehabilitated upto 160 DPN; the S:N ratio in under

nourished rats at 160 DPN was 11,800 compared to 13,360 for the control 

animals. However, after a reappraisal of their experimental paradigm and 

morphometric techniques, Warren and Bedi(l982,1984) derived a S :N ratio of 

11,950 in the visual cortex of 'well-fed' controls at 100 DPN, compared to 

10,350 for animals undernourished upto 100 DPN - this represents a deficit 

of 13% in the mean synaptic afferentation to neurons in the visual cortex 

after extensive undernourishment upto adulthood.

In a more recent stereological investigation Bhide and Bedi (1984b) studied 

the effects of undernutrition versus normal nutrition (well-fed condition) 

from birth until 25 DPN, followed by exposure at 35 DPN to either an 

enriched or an isolated environment upto 115 DPN on the S.-N ratio in layers 

II/III of the rat visual cortex. The results of their study revealed that 

only the environmental conditions significantly affected the S:N ratio. 

These effects were a direct result of reduced (-20.5%) neuronal N^ 

estimates in well-fed animals assigned to an isolated environment compared 

to well-fed animals placed in an enriched environment - synaptic bouton 

^V.b significantly different between the four groups. The S;N

values obtained by Bhide and Bedi (1984b) ranges between. 7,590 for the 

undernourished/isolated rats, 8,090 for the well-fed/isolated rats,

9,170 for the undernourished/enriched rats, and 11,070 for the well-fed/
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enriched animals. These S:N estimates are double those derived in the 

present study using a paradigm of dark-rearing followed by light exposure. 

Although the experimental paradigms were different between studies (Bhide and 

Bedi cf this study), it should be b o m  in mind that essentially similar 

morphometric techniques were used, but Bhide and Bedi do not give precise 

details concerning how synaptic boutons were counted on their micrographs.

For example, without attention to the 'edge effect' in sampling test objects 

(ie the rule of Gundersen, 1977 - see Chapter 2.2.41,page 25;and Chapter 

4.2.3,page 159) it is easy to include profiles that should be sttictly 

excluded from analysis according to Gundersen (1977). In neglecting 

'edge effect' considerations it is possible to increase the areal density 

of test profiles (N^ ^) and consequently augment greatly volume numerical 

density estimates (N^ ^) of synaptic boutons,.

Vrensen et al (1977) have charted the normal postnatal development 

(from birth to 7 months) of the S:N ratio in the visual and motor cortices 

of the rabbit. At day 14 (around the time of eye-opening) the S:N ratio 

in the visual cortex was 3,900 which increased to 17,710 in the mature 

adult. This value contrasts strongly with the S:N ratio value derived by 

Cragg (1957) for the visual cortices of the adult mouse and monkey which 

were, respectively, 7,000 and 5,600 synapses-per-neuron. Moreover, the - 

magnitude of the markedly lower estimate of Cragg has been corroborated 

recently by the studies of O'Kusky and Colonnier (1982a), who derived a 

mean S:N ratio of 2,300 for the monkey visual cortex (area 17), and separate 

S:N ratios of 1,400 for layer IV c3 and 2,800 for layers II and III.

The magnitude of the differences in the S:N ratios for the visual 

cortex of the rat and rabbit, compared to those estimates derived for the
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mouse and monkey visual cortex are in direct apposition - by at least a 

factor of two » The lower estimates are given further support by the

recent Golgi/EM investigation of Muller et al (1984a,b). In the visual 

cortex of rabbits reared normally,these authors serially sectioned identified 

Golgi-impregnated and gold-toned pyramidal and non-pyramidal cells, and 

determined stereologically the distribution of the synaptic characteristics 

of the afferentation to the identified neurons. The results of their 

studies indicate that at 20 DPN pyramidal neurons in layers II/III and V 

receive on average 1,521 synaptic contacts over their somata, apical and

basal dendrites, and that the surface area occupied by these synaptic
identified fsoma & dendrites)

contacts is only 2.1% of the mean total^neuronal surface area^» In the

pyramidal neurons receive on average, 1,416 synaptic contacts, 

covering 2.2% of their surface area. In contrast, at 20 DPN non-pyramidal 

neurons in layers II/III, IV and VI receive 1,316 synaptic contacts which 

cover 4.8% of the dendritic and somatic surface, whereas in the adult animal 

non-pyramidal cells are contacted by 1,756 synapses covering 8.1% of the 

total neuron membrane surface area. Muller et al (1984a,b) argue that 

these results demonstrate the relative maturity of cortical pyramidal cells 

at 20 DPN (as does Miller 1981, and Miller and Peters, 1981), but that non- 

pyramidal cells in the visual cortex acquire their mature synaptic 

characteristics subsequent to 20 DPN. The increase in the area covered by 

synaptic contacts onto non-pyramidal cells is attributable mainly to S-type 

contacts onto their dendrites (Müller, personal communication, 1984).

The number of synapses-per-neuron derived by the present study in 

layer IV of the rat visual cortex are in accord with the estimate obtained 

by Muller et al (1984a,b) for identified neurons in the rabbit visual cortex. 

It is interesting to note the discrepancy that can emerge in S;N ratio 

estimates obtained by a stereological consideration of the separate neuron
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and synapse populations in the rabbit visual cortex (Vrensen et al, 1977) 

and serial-section studies through identified neurons in the same 

tissue (Muller et al, 1984b).

In conclusion, Beaulieu and Colonnier (1985) have derived S:N 

ratios for the different lamina of the binocular and monocular regions 

of the cat visual cortex (Area 17). The approach they used was similar 

to that used in the present investigation, in that they estimated 

stereologically the separate of neurons and synapses to obtain the 

S:N ratios. In the monocular region they estimated an average cortical 

S:N ratio (for all synaptic types) of 5,600, whereas in the binocular 

region the value was 6,000. In layer IV, the average S:N ratios were 

4,650 for the monocular region, and 5,950 for the binocular region.

More specifically {a-type synapses: wjratios in layer IV were 3,750 and 

4,900 for the monocular and binocular regions respectively. In contrast, 

/s-type synapses: wjratios were 850, and 900 respectively for the 

monocular and binocular regions. The magnitude of these results 

correlates directly with the data of this study (Table 5.2)which are

larger by a factor of about one-third - this may be explained in part 

by the stereological formulae used in chapter 4.2.5 (see Colonnier and 

Beaulieu, 1985). However, despite this slight quantitative difference, 

the study of Beaulieu and Colonnier (1985) provides S:N estimates which 

are larger by approximately three and half times the S:N ratios of the 

Golgi/EM studies of Muller et al (1984a,b), whereas the S/N ratios of 

the present study are two and three-quarters times greater than the 
estimatesof Muller et al.

One final point, concerns the ratio of R-type to S-type boutons 

(discounting unclassifiable boutonal types). Winfield (1983) determined 

that for the cat visual cortex the ratio of R-:S-type boutons
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was 15.5:1, whereas for the monocular and binocular regions of layer IV, 

Beaulieu and Colonnier (1985) derived estimates of 6.6:1 and 6.1:1  ̂

respectively. In comparison with the rat (group 21/31) this study 

provided a much lower R-:S-type bouton estimate in layer IV of 5.4:1, 

which may be the result of visual deprivation upto 21 DPN or may 

represent a true species dependent difference in the absolute number of 

R-type to S-type synaptic boutons.

5.2 Summary of the Morphological Results and Possible Functional 

Implications: The principal quantitative results in Chapters 2, 3 and 4,

indicate that the densities and distributions of the neuronal populations 

in the dLGN and visual cortex of the littermate groups 21/31, 3dL, and 

52dD are relatively unaffected by dark-rearing. However, in the visual 

cortex the size of neuronal somata, the volume numerical density of 

astroglia and oligodendroglia, and the overall G/N ratio in lower layer V 

of groups 3dL and 52dD was markedly reduced in comparison to groups 52dL 

and 21/31. The clustering of dendrites rising through layer IV was also 

modified by dark-rearing with the number of dendritic profiles constituting 

a dendritic cluster reduced in groups 3dL and 52dD - the number of 

dendritic clusters and inter-cluster distances were not significantly 

different between the various groups. Variations in the numbers of 

dendritic profiles within a cluster may have been produced by a reduction 

in the size and 'clustering tendency' of apical dendrites derived from 

neurons situated in the deep infragranular layers, in particular from 

neurons in lower layer V. Together these results indicate a possible 

modification of the corticotectal pathway (Olvarria and Montero, 1981) 

following dark-rearing.

If the visual cortical areas 17, 18 and 19 are removed in monocularly 

deprived cats, the receptive field properties of collicular neurons are 

the same as in normally reared cats after visual cortex lesions. Collicular 

neurons become dominated by the contralateral eye, their receptive field
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properties lack direction selectively, and respond better than normal to 

stationary flashing stimuli (Wicklegreen and Sterling, 1969; Berman and 

Sterling, 1976). Hence, the corticotectal pathway may normally modulate 

the retinotectal input. Modifications in the structure and function of 

lower layer V pyramidal cells may therefore affect the afferentation of 

these neurons to the optic layers of the superior colliculus with 

consequent affects on the performance of visually guided behaviour.

The volume numerical density of microglia in layer IV of group 3dL 

was significantly much greater than for any other group, suggesting that 

the need for macrophagocytic activity in this cortical region may have 

resulted from alterations and a possible remodification of synaptic 

connectivity after 3 days continuous illumination. The functional 

implications of these morphological changes in the visual cortex in group 
3dL are indeterminate.

At the ultrastructural level, groups 21/31 and 52dD showed significant 

differences in the synaptic connectivity of the dLGN and layer IV of the 

visual cortex. In the dLGN the volume numerical densities of GP-, GF-, 

and NGF-type boutons forming the inhibitory circuitry of glomerular and 

non-glomerular neuropil were reduced in group 52dD compared with group 

21/31. A similar effect was seen in layer IV (500 nm sampling stratum) in 

the visual cortex, with a distinct reduction in boutons forming S-type 

(Gray type II) synaptic contacts.

GABAergic mechanisms in the cat visual cortex have been demonstrated to 

exert a powerful inhibitory control on the electrophysiological receptive 

field properties of neurons (Rose and Blakemore, 1974; Sillito, 1975a,b,1977; 

1979;Sillito et al, 1980; for review see Chapter 12 in Orban, 1984). Indeed,
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several classes of 'inhibitory' local-circuit neurons are now thought to 

underlie such intracortical inhibition (Somogyi and Cowey, 1981; Somogyi, 

et al 1982; DeFelipe and Fairen, 1982; Somogyi, et al, 1983d). The 

extensive reductions in the volume numerical density of S-type boutons and 

in the S:N ratio of S-type boutons per neuron in rats totally dark-reared 

from birth (group 52dD) may well alter drastically the receptive field 

properties of cortical neurons in this group compared to neurons in the 

visual cortex of 'normal' rats (Montero et al, 1973; Wiesenfeld et al,1975; 

Shaw et al, 1975; Drager, 1975; Parnavelas et al, 1983b) - such electro

physiological correlates of dark-rearing on the functional properties of 

neurons in the rat visual system remain to be determined more=rfuHy-.~-

^ ^  The Effects of Dark-rearing on the Maturation of the Rat dLGN and 

Visual Cortex; The effects of dark-rearing and light-exposure (groups 21/31, 

3dL) and of total dark-rearing (group 52dD) on the maturation of the rat 

dLGN and visual cortex is difficult to assess, because due to the practical 

limitations of the experimental methodology only one postnatal time period 

was investigated by the present study (52 DPN). Therefore, it is impossible 

to define accurately the maturational sequence of the effects of dark- 

rearing on visual system development without similar morphometric data from

postnatal periods (see Chapter 2.4.2 iii). Whether the morphological 

differences within the dLGN and visual cortex (viz.changes in the size of

neurons in glial cell densities, and in the synaptic populations of these 
(visual cortex and dLGNj 
regions^^vwere a result of a simple failure to mature normally, or a complex

result of normal initial development with a subsequent regression through

reduced functional activity cannot be determined.



217

Future studies using a similar experimental paradigm and morphometric 

techniques should be addressed specifically at determining the developmental 

profile of the morphological changes reported here. Of significant 

functional importance would be a developmental profile of the changes 

occurring in the synaptic population with respect to the distribution of 

given synaptic types on identified post-synaptic elements.
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5.4 Future Directions for Morphological Studies of Normal and 

Experimentally Perturbed Development; Many qualitative and quantitative 

morphological studies investigating the normal development of the 

mammalian visual system have concentrated on the maturation of one 

particular structural feature - either the development of neuronal and 

glial cell densities within visual structures (Heumann and Rabinowicz,

1980; O'Kusky and Colonnier, 1983a,c), the elaboration of dendritic and 

axon arbors (Juraska and Fifkova, 1979; Juraska, 1982; Meyer and Ferres- 

Torres, 1984), the maturation of dendritic spines (Miller, 1981; Miller and 

Peters 1981), or the ultrastructural characteristics of synaptic contacts 

(Blue and Parnavelas, 1983a,b; Muller et al, 1984a,b). Moreover, there 

exists an extensive body of literature on how these various morphological 

parameters are affected by sensory and environmental modifications during 

development (e.g. visual deprivation, enriched or impoverished housing, 

undernutrition - see references in chapters 2 , 3  and 4). However, due to 

technical and methodological limitations many of these studies have been 

aimed at one level of structural analysis - cell populations in thick and 

semi-thick sections, Golgi-impregnated structures in thick sections, and 

the analysis of synaptic populations in ultra-thin sections. One ultimate 

goal of this research is to identify normal or abnormal behaviour in terms 

of defined morphological and functional correlates. Nevertheless, even 

with the present wealth of morphological and functional data, it is 

unfortunately.,true that such research is not in a position to even assess 

normal visual development in terms of the physiological functioning within 

specific morphologically defined neuronal networks (see reviews in Peters 

and Jones, 1984a,b), nor indeed to determine the precise effects of 

purturbed development on the functional architecture of the visual system.
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The absence of fundamental information concerning the neuronal 

circuitry and synaptic connectivity of the visual system is a limitation 

to a fuller interpretation of the results from sensory deprivation 

studies. For example, although the synaptic data derived in chapter 4 

is interesting because of the differences that have been identified 

between the two littermate groups after a period of dark-rearing from 

21-52 DPN, it is impossible to relate these changes with any certainty 

to specific modifications in the 'inhibitory' neuronal circuitry of layer 

IV of the rat visual cortex.

Neuroanatomical research which was confined to conventional light- 

or electron-microscopical techniques has yielded important information 

regarding synaptic connectivity, (Peters and Fairen, 1978; Peters and 

Proskauer, 1980a,b; Peters and Kimerer, 1981; Muller et al, 1984a,b), and 

the manner in which it is affected by sensory deprivation (Greenough,

1978; Gabbott et al, 1981; Muller et al, 1981; Vrensen et al, 1981; 

Winfield, 1983; Tieman, 1984) but such approaches will have limited value 

in the future unless it can be correlated directly with physiological data. 

Moreover, it is becoming insufficient to simply document neuronal

morphology and connectivity (Peters and Jones, 1984a) and increasingly more 
important to differentiate between the afferent and efferent connectivity

of specific neuronal classes, the cellular location of different synaptic

typos, and their functional and strategic siting in a defined neuronal

network (Martin, 1984). Such an approach in the normally developed visual

system is a daunting task, but even moreso in the abnormally developed

visual system given the widespread structural and functional correlates of

sensory deprivation (see Sherman and Spear, 1982).

If advances are to be made in describing the functional and structural 

correlates of sensory deprivation, then the neuronal connectivity and
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functional anatomy of the 'normal' visual system must be established more 

firmly. Due to the lack of specific information detailing the connectivity 

of cortical circuitry in the developing and mature animal (Lund et al,

1979; Martin, 1984), it is here that the most fruitful area of research 

lies. Indeed, the morphological definition of functionally identified 

neuronal circuits will be of direct benefit to pharmacological, morphological 

and physiological studies investigating the 'normal' or 'abnormal' 

development of the mammalian visual cortex.

5•5 The Functional Anatomy of the Visual System — A Place for Quantitative 

Neuroanatomy : For a description of the functional anatomy of a neuron in

the visual system, the ideal strategy would be the determination of it's 

physiological and pharmacological characteristics using combined anatomical, 

pharmacological and physiological techniques to establish both the 'context' 

of the cell in the functional machinery of the visual system, and its exact 

physiological role within a given information processing channel (Lennie, 

1980). Additionally, one would want quantitative data describing the 

cell's three dimensional structure (Lindsey, 1977), and biomathematical 

data about the input and output operations of the cell's connections 

(Jacks et al, 1975/1983).

The functional anatomy of neurons in the visual system has been 

described successfully by the iontophorectic injection of HRP into a 

neuron after it's electrophysiological characterisation (Lin et al, 1979; 

Frielander et al, 1979; Parnavelas et al, 1983b; Martin and Whitteridge,

1984; Martin, 1984). The main advantage of this method over any other 

marker is that it produces a Golgi-like filling of the entire dendritic 

and axonal arbors, and it is a technique that is compatible with a wide 

range of existing anatomical, immunocytochemical, and morphometric
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techniques(Somogyi, et al, 1983d; Freund et al, 1983). In combination ■ 

with other labelling techniques (retro- and anterograde HRP labelling,

PHA-L [Gerfen and Sawchenko, 1984]), autoradiography, and fluorescent 

markers (Steward, 1981: see Bullier et al, 1984a,b), the method has great 

potential for the functional definition of the connectivity within specific 

neuronal circuits. In an opportune electrophysiological experiment it may 

have been possible to record from, and then iontophorecticallyinject one or 

several cells that establish synaptic contacts either with each other, or 

with identified structures of the labelled neuron population/s - thus 

establishing several morphological links between adjacent members within 

a neural network. (The basis of this combined approach is illustrated in 

diagram 5.1, below).

During the histological treatment of the material, sections may be 

Golgi-impregnated using either the 'section-block' technique (Freund and 

Somogyi, 1983) or the 'single section' impregnation procedure (Gabbott and 

Somogyi, 1984; see also Appendix 1). If the nature of the impregnation 

process is understood then the latter technique offers the ability to 

selectively induce and control the impregnation process in regions of 

suspected synaptic contact between the HRP-filled structures and unidentified 

elements. If these elements were Golgi-impregnated then further anatomical 

relationships in the neural chain could be established. Hence the light 

microscopical' features of the tissue under survey, may contain one or more 

physiologically identified cells, Golgi-impregnated neurons and processes, 

as well as labelled axons, dendrites and neuronal somata. The sections 

containing these structures would then be gold-toned (Fairen and Peters,

1977; Fairen et al, 1981) to enable electron microscopical analysis.
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Diagram 5.1

s

»

Degen
3h-A
HRP

HRP
Golgi

pi

DIAGRAM 5-1: Composite drawing illustrating the principles of a multidisciplinary approach to
quantitative neuroanatomical research, a) Spatial distribution of cortical cells A,B and C together with 
their axons and dendrites, b) Camera lucida drawing of the neurons in *a* when viewed along the 
optical axis indicated by the thick arrow in *a*. c) The three-dimensional reconstruction of 
pyramidal cell A allows the neuron to be rotated and viewed from any angle, facilitating the 
computational analysis of its axonal and dendritic arbors. d) The volume of neuropil indicated 
by the small cube in 'a* contains one unidentified dendrite(1) and two Golgi impregnated (or 
KRP-fillfd) dendrites (2, 3). Mien sectioned for electron microscopy, a section plane (pi) 
through the cube cuts the neuropil elements revealing their ultrastructural character (e) .
Electron micrographs of the sampled area (pi) may be used for qua litative and quantitative 
ultrastructural analysis of identified (2, 3) and unidentified (1) neural elements.
The transmitters used by the neurons seen in 
immunocytochemistry.

a" stay have been identified by pre- or post-embedding
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After the light microscopical features of the neurons have been 

recorded there would follow an extensive quantitative programme of three- 

dimensional computer reconstruction, followed by morphometric analyses.

The aim of the computer reconstruction would be to digitise the spatial 

co-ordinates of the dendritic and axonal arbors of the cell or cells, in 

order to facilitate their three-dimensional rotation (Gilbert and Wiesel,

1983; Van Essen and Maunsell, 1980) and quantitative analysis. During 

digitisation specific features of the cell's axonal and dendritic arbors 

(eg axonal swellings, dendritic spines) as well as putative pra.- and post- 

synaptic elements also would be recorded by spatial co-ordinates.

Ancillary ' computer programmes would then use the data base to examine 

morphometrically the arbors, adopting methods derived from topological and 

metrical network analyses (Smart, 1969; Berry et al, 1975; Uylings et

al, 1975; Berry and Bradley, 1976; Lindsay, 1977; Macagno et al, 1979;

Weibel, 1980; Berry and Pymm, 1981; Van Pelt and Verwer, 1983; Sadler and 

Berry, 1983; Verwer and Van Pelt, 1983) - calculated parameters would 

include the frequency, orientation, and the density of processes, process 

branching patterns, spine and bouton densities, branch orders, and segment 

lengths. These parameters would then be constructed into three-dimensional 

polar contour maps'around the cell body to provide relative or absolute 

frequency distributions of given parameters and to detect zones within 

user-defined volumes, laminae or sublaminae,of dendritic and/or axonal 

clustering.

The aim of a rigorous quantitative light microscopical survey would be to

define as accrately as possible the spatial characteristics and interconnectivity

of neurons and their processes. The ultrastructure of important neuronal 
and

elements^structural features viewed in the light microscopy may then be determined 

using correlated light and electron microscopical techniques (Somogyi,
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1978). Indeed, with the advance of post-embedding immunocytochemical 

techniques using serai- and ultra-thin sections (Priestley and Cuello,

1983; Somogyi, et al, 1985b; see also chapter 7) it may become possible 

to identify the existence or co-existence of neurotransmitters in the 

various neural structures. Techniques will soon become available that 

remove the HRP-reaction product from sections taken from regions of the 

iontophorectically injected cell and permit identification of their 

transmitter class or classes. Depending on the combination of techniques 

adopted, the electron microscopical examination will yield important 

qualitative and quantitative information regarding synaptic connectivity 

within a defined neuronal network. A quantitative electron microscopical 

analysis similar to Muller et al, 1984a,b ) , but more along the approaches 

of Somogyi et al (1983d) and McGuire et al (1984), may be able to identify 

subtle differences in the type, complexity, size, position and distribution, 

and character of the synaptic connections, and such approaches may 

eventually provide stereological and statistical methods for defining 

given cell classes. Even dendritic and axonal processes would be analysed 

quantitatively, to provide absolute structural descriptors enabling 

realistic models of local dendritic and axonal function to be formulated 

(Jacks et al, 1975/1983 and references therein to the work of W.Rall).

The place of quantitative neuroanatomy either at the light—  or 

electron-microscopical levels is to provide data regarding important and 

relevant aspects of neuronal structure and synaptic connectivity that will 

enable neuronal sub-populations to be segregated statistically according 

to defined morphological features. This is where stereology is expected 

to be of value since by giving the process of sectioning due consideration 

(Weibel, 1980), mathematical and geometrical methods can be developed 

which will allow observations made on such sections to be interpreted in 

terms of the spatial structure and distribution of a neuron or neuronal
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assembly. Stereological analysis of thin cryostat sections, and of 

resin-embedded semi-thin- and ultrathin-sections will enable cell 

populations or sub-populations to be quantitatively defined and segregated 

with regard to their volume numerical densities and other stereological 

cellular parameters in given regions (Weibel, 1980a,b; see also Chapter

2). With the introduction of antibodies directed against particular 

transmitters, neuromodulators, or specific cell types, and together with 

advances in both pre- and post-embedding immunocytochemical techniques it 

will become possible to further define the volume numerical density of 

cells based on the existence (or co-existence) of neurotransmitter types 

through specific immunolabelling in their somata. For example,semi-thin sections 

from the rat visual cortex GABA-immunoreacted using the post-embedding 

technique (figure 21) are amenable to the type of stereological analysis 

used in chapter 2, whereby the cortical depth distribution of GABA-ergic 

cell parameters could be determined.

When identified or defined cell populations are examined ultra- 

structurally, there exists a whole battery of powerful stereological 

techniques (see Weibel, 1980a,b) enabling the statistical segregation of 

somata, dendrites, and axons of given cell types using quantitative 

cytoplasmic and membrane characteristics. Although, the stereological 

analysis of the afferentation to neurons (Thomas et al, 1979; Gabbott 

et al, 1981; Stewart, 1983; Muller et al, 1984a,b) is presently beset with 

assumptions concerning the shape, size, orientation and structural 

complexity of presynaptic boutons and synaptic contacts (Mayhew, 1978;

Verwer and DeGroot, 1982; DeGroot and Bierman, 1983; see chapter 4) , as 

mathematical methods develop such problems will undoubtedly be overcome 

by the generation of realistic geometrical models (Cruz-Orive, 1983) . 

Furthermore, the filling of axonal fields by the iontophoretic injection
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et al, 1983d), and with the limited trans-synaptic transport of HRP it 

may be possible to faintly label identifiable post-synaptic targets.

What then is the size-distribution of synaptic grids along the axonal 

processes? Is it uniform and hence uniform for a given cell type or 

does the distribution depend on the 'nature' and 'siting' of the post- 

synaptic target or targets. Only by a combination of such techniques 

will the answers to these questions be known.

Indeed, one can imagine that this analytical approach will be further 

facilitated and generalised through the development of cell specific 

markers, which selectively mark given regions of cells, or specific cell 

types. As such techniques develop, and the anatomy of local circuits 

underlying particular functional properties is unveiled, it should become 

possible to selectively delete or lesion parts of cells or given neuronal 

classes - e.g. cortical bipolar cells containing VIP (Connor and Peters, 

1984), or layer V pyramids in area 17 projecting solely to the more 

superficial cortical laminae (Martin and Whitteridge, 1984). Albeit 

presently unrealistic, if key neurons or neuronal elements from within a 

visual circuit are removed by highly restricted'micro-lesions'then their 

behavioural identity and importance can be tested by the resultant 

response properties and anatomical adaptation of the remaining members of 

the network. The deletion of specific neurons opens up the possibility 

to remove totally, or temporarily inactivate ('intrinsic visual 

deprivation') important neuronal classes at given periods during the 

development of the visual system and to correlate the resultant modification 

of the functional anatomy with alterations in the visually guided behaviour 

of the animal.
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5.5 Conclusion

The quantitative definition of the functional anatomy of the

developing or mature visual system will greatly enhance future understanding 

of the behavioural, functional, and anatomical correlates of visual and 

sensory deprivation, and such descriptions will provide new insights 

into the structural and functional 'plasticity' of the mammalian nervous 

system.
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6.1 INTRODUCTION

Amino acids are present in the mammalian central nervous system (CNS) 

in moderate to high concentrations and apart from their participation in 

metabolic processes^ they are considered to function as chemical 

transmitters in many neural networks (Snyder et al, 1973; Curtis and 

Johnston, 1974, Iversen et al, 1975; Davidson, 1976;Emson and Lindvall, 

1979; Baughman and Gilbert, 1981). On the bases of electrophysiological 

and pharmacological evidence amino acids can be classified into two 

broad classes of putative neurotransmitters: exictatory (glutamate,

asparate, cysteate ---  ) and inhibitory ( y-aminobutyric acid or GABA,

glycine, taurine, 8-alanine ...). Indeed, GABA is now considered to ^

be a major inhibitory neurotransmitter in the mammalian CNS particularly 

in the cerebellum, where a wealth of literature supports the 

identification of GABA as the neurotransmitter used by many inhibitory 

cerebellar neurons (see Eccles et al, 1967; reviews of Wu et al,

1982; Oertel et al, 1982).

GABA-ergic neurons* may be localised and identified by the following 

two methods :-

i) Autoradiographic methods : -GABA is taken up into selective high-

affinity membrane transport systems(Henn and Bamberger, 1971; Martin, 1976) 

This uptake appears to be GABA-specific since none of the normally 

occurring amino acids inhibit it, and it seems to be localised only 

to GABA-ergic structures. The GABA analog, 2-4 diaminobutyric acid 

(DABA), and the GABA agonist muscimol may both be used to 

localise autoradiographically GABA-ergic neurons, since (^H)-DABA will be 

selectively taken up into both GABA-ergic neurons and GABA accumulating

*The term 'GABA-ergic neuron' is used to describe a neuron that contains a high concentration of 

■y-aminobutyric acid (GABA) or its enzyme, glutamic acid decarboxylase (GAD) and most likely uses GABA as 
its neurotransmitter according to present electrophysiological and pharmacological evidence.
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glial, and H)-muscimol will bind to pre- and post-synaptic receptors. 

Interpreting the results of uptake studies is not straightforward and calls 

for caution because it is difficult to prove that a neuron accumulating a 

particular substance actually uses it as a neurotransmitter. Additionally, 

there is a wide variation between brain regions concerning the ratio of the 

rate of high-affinity uptake of exogenously applied (^H) GABA (or ^H-DABA), 

compared with either GAD activity or endogenous GABA levels (Levi et al, 1974) . 

Nevertheless, numerous studies have adopted these approaches to demonstrate 

GABA-ergic structures (Sterling and Davis, 1980; Yazulla, 1981; Wolff and

Chronwall, 1982; Freed et al, 1983; Somogyi et al, 1983a, b; Hamos et al, 
1983).

Î5gj»^°°yt°chemical methods: Antiserum can be used to differentially

localise separate classes of neurons by identifying and labelling cell- 

specific chemical markers such as neurotransmitters, enzymes, peptides, 

amino acids, or receptor ligands. The precision of immunocytochemical 

methods to locate individual cell-specific markers out of the complex 

spectrum of substances in or on a nerve cell, make them a 

more versatile,and potentially a more powerful technique 

than the autoradiographic methods (Fonnum and Storm-Mathisen, 1978) .

The production of specific antisera directed against the biosynthetic 

enzyme for GABA (Dia.6.1) glutamic acid decarboxylase (GAD: Wu et al,

1973): Wu,(1976); Oertel et al, 1980,1981) or the GABA metabolising 

enzyme (Dia.6.1) GABA-transaminase (GABA-T: Wu, 1976) has made it

possible to localise immunocytochemically GAD or GABA-T containing somata 

and nerve terminals in both the light-and electron-microscopes. However,

although antisera directed against GABA-T have yielded useful information 

(Barber and Saito, 1976: Chan-Palay et al, 1979b; Wu et al, 1981) antisera
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Outline of the Metabolism and Pharmacology of GABA (Diagrams 5.1 and 6.2)

The enzyme L-glutaraate decarboxylase (EC 4.1.1.15, GAD) catalyses the 
single step alpha decarboxylation of L-glutamate to GABA. This is by 
far the dominating route and the rate limiting step in the synthesis 
of GABA. However, GABA can be formed, albeit in small quantities, 
from Putrescine (Seiler Al-Therib, 1974) and ornithine (Shank and 
Campbell, 1983). The release of GABA from the pre-synaptic terminal 
into the synaptic cleft is Ca^ ̂  dependent and may be regulated or 
modulated by pre-synaptic receptors for either GABA^ and possibly for 
GABAg or by other neurotransmitters/modulators (Descarmenion et al,
1983; Turner and Whittle, 1983) . The reversible binding of GABA with 
the ^st-synaptic receptor produces an increase in the Cl ion 
permeability of the post-synaptic membrane. This causes a net influx 
of Cl” ions into the cell, so that the membrane potential increases 
(hyperpolarises) and becomes clamped at a value approaching the Cl 
equilibrium potential. The increased cation permeability produced by 
an excitatory transmitter acting on the cell would cause a reduced 
depolarisation and therefore excitation may be inhibited. This 
effect depends on the strength and spatiotemporal pattern of the 
inhibitory and excitatory inputs. The removal of GABA from the 
synaptic cleft and its subsequent inactivation is considered to occur 
by a 'membrane transport-inactivation system' (Henn and Hamberger,
1971 ; Martin, 1976). The presynaptic neuron and the perisynaptic 
elements (mainly astroglia) take up the extracellular GABA at sodium 
dependent high affinity transport sites.^ Once inside the cells 
GABA is converted to succinic semialdehyde (SSA) by the enzyme 
GABA-transaminase (EC 1.2.1.19, GABA-T), reportedly localised on 
the inner membrane of mitochondria. SSA is then oxidised rapidly 
to succinic acid by succinic semialdehyde-NAD -oxido-reductase 
(EC 1.2.1.16 SSD). Although of minor importance SSA may be reduced 
to the putative neurophysiologically active compound 4-hydroxybutrate 
(Snead, 1978; Benavides et al, 1982). The mechanisms that dictate 
whether SSA is oxidised or reduced are not understood.

Glutamate, GABA, GAD, GABA-T and SSA are all intimately related 
and constitute the so called 'GABA-Shunt' which allows approximately 10% 
of the oxidative metabolism in the brain to bypass the a-keto 
glutarate dehydrogenase step of the tricarboxylic acid cycle (TCA).
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against GAD give a better and more precise localisation of GABA-ergic 

neurons (Roberts and Kuriyama, 1958; Fonnum and Storm-Mathisen, 1978).

This latter approach is based on the assumption that, since there 

is a high correlation between GAD and GABA activity, specific sera directed 

against the endogenous marker enzyme GAD will identify and locate the 

synthetic capacity for GABA within GABA-ergic neurons. Indeed, using 

GAD antisera, suspected GABA-ergic neurons have been localised 

immunocytochemically in the retina (Vaughn, et al 1981; Famligletti and 

Vaughn, 1981) , cerebellum (McLaughlin, et al 1974; Saito, et al 1974; 

Oertel, et al 1981, 1982), spinal cord (McLaughlin, et al 1975), olfactory 

bulb (Ribak, 1976), lateral thalamus (Ohara, et al 1983) , cerebral cortex 

(Somogyi, et al 1983c; Ribak, 1978; Freund, et al 1983b), nucleus 

reticularis thalami (Houser, et al 1980), corpus striatum (Ribak, et al 

1980), and substantia nigra (Ribak, et al 1976, 1980). In many of these 

regions GABA is considered to be the neurotransmitter used by several 

classes of inhibitory neurons that participate most commonly in local 

neuronal circuits having short confined axonal arbors (Golgi type II) or are 

sometimes (albeit infrequently) cells with axons that project outside the 

immediate environment of the neuronal circuit (Golgi type I).

Up to now the biosynthetic enzyme GAD was considered the best 

available marker for GABA-ergic neurons. Recently however,several successful 

attempts have been made to raise antibodies directed against GABA itself

(Storm-Mathisen, et al, 1983; Seguela et al, 1984; Hodgson et al, 1985).

The immunocytochemical demonstration of GABA in neurons already shown to be 

GAD-immunopositive now provides unequivocal immunocytochemical evidence 

that such neurons are GABA-ergic and almost certainly use GABA as their 

inhibitory neurotransmitter (Ottersen and Storm Mathisen, 1984a,b; Somogyi, 
et al 1985a,b).



Taking advantage of the works of Hodgson et al (1985) and of 

Somogyi et al (1985a,b), the present investigation uses their anti-GABA 

serum to demonstrate, in both- the light- and electron-microscopes, the 

GABA-immunoreactivity of neurons in the cerebellum of the rat.
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6.2 e x p e r i m e n t a l ; PROCEDURES’

6.2.1 Materials...

Thirty-five male and female rats (250-300 gm^ from an interbred-colony 

(Semmelweiss Medical School) were used in the present study. (No animals
were pretreated with colchicine).

Normal goat serum (NGS) was obtained from Ria (UK) Ltd., goat anti

rabbit whole serum (GAR) from Miles-Yeda Ltd., peroxidase anti-peroxidase, 

type IV (PAP) from Bioproducts; and 3.3' - diaminobenzidine 

tetrahydrochloride, Grade II (DAB) from Sigma Chemicals. Fixatives,

resins, and normal electron-microscopical reagents were pure, and of high 
quality.

6.2.2 Preparation and Characterisation of antisera.

The preparation, immunological and cytological specificity, of the 

anti GABA serum (Code No. 7) have been described in detail elsewhere 

by Hodgson et al (1985) and Somogyi et al (1985a,b).

6.2.3 Methods

i) Conventional Electron Microscopy.

Material from the cerebellar vermis of rats was fixed and prepared 

for conventional electron microscopy as described in Appendix 2.
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ii) Golgi-impregnation of cerebellar cortex.

Vibratome sections of the cerebellar vermis (80-120pm thick) that 

had not been 'freeze-thawed' (see below) nor were destined for 

immunocytochemistry, were Golgi-impregnated using the •Single

section impregnation'procedure described in Appendix 1. Selected 

sections were'gold-toned' according to Somogyi et al (1979).

iii) GABA-Immunocytochemistry of the cerebellar cortex.

Two procedures are used for the immunocytochemical localisation of 

GABA - the 'pre-embedding' and the 'post-embedding' techniques 

(Pool et al, 1983; Priestley and Cuello, 1983). Essentially these 

techniques refer to the stage during the immunocytochemical procedure 

when the tissue is exposed to the specific antiserum - either before 

the tissue is embedded in resin (pre-), or after resin embedding 

(post-). The procedures described here are elaborations of 

methodological outlines kindly provided by Dr. P.Somogyi and Dr. Z. 

Kisvarday (personal communications, 1983). The procedural steps 

are shown schematically in diagram 6.3.

IMMUNOCYTOCHEMICAL PROCEDURES

Pre-Embedding Procedure Post-Embedding Procedure

Tissue Fixation Tissue Fixation
60-120pm Vibratome Sections 

Immunocytochemistry 
Dehydration 

Resin Embedding
Semi- & Ultra-thin sectioning '  ̂ Immunocytochemistryt

Dehydration 
Resin Embedding 

Semi- & Ultra-thin sectioning

LM & EM Investigation LM & EM Investigation

Diagram 6.3: The different stages involved in the pre- and post-embedding 
immunocytochemical procedures. Adapted from Priestley and Cuello (1983),
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* Pre-embedding^ immiinocytoch,emistry>.

Animals were perfused throu^i tiie ascending- aorta; under ether: 

anethesia.. The blood was rapidly removed from the vasculature with 5Omis 

of cold, saturated (95% C02/5%. 0^) Ca^^ free lyrode's buffer (pH 7,J0) ,which 

was followed immediately by a mixture of cold aldehyde fixatives. Perfusion 

was carried out under gravity at room tenterature. Fixative solutions 

contained the following ratio of paraformaldehyde (P) and glutaraldehyde 

(G): i) 0.5% P with 0.2% G, ii) 1% P with 0.1% G, iii) 2% P with 0.1% G,

iv) 2.5% P with 0,1% G, v) 3% P with 0.1% G, vi) 4% P alone. All 

fixatives were made immediately prior to perfusion in O.OlM sodium phosphate 

buffer (pH 7.2 - 7.4) containing 0.002% CaCl^. Approximately 250mls of 

fixative were delivered to each animal.

Immediately following perfusion the brains were carefully removed 

from the cranium and immersed in ice-cold 'glutaraldehyde-free' fixative 

for 2-3 h . Blocks of material from the cerebellar vermis and other

brain regions were then disected out and placed for 2 h in a 

medium containing 7% sucrose in O.lM sodium phosphate buffer. To enhance 

the penetration of the immunoreagents the material was then treated in one 

of three ways:

a. Tissue blocks were placed in ascending concentrations of sucrose 

(disolved in distilled HgO) and finally stored overnight in 30% 

sucrose. Next day, the material was frozen 'en bloc' in liquid 

nitrogen and then allowed to thaw at room temperature. The tissue 

was frozen in this manner two or three times. 60-80jj.m thick

parasagittal and coronal sections of the vermis were cut on a 

Vibratome (Oxford), and collected in O.OIM phosphate buffered saline 

(PBS) then transferred to fresh cold O.OlM PBS and immediately 

processed through the ensuing procedural steps.
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b. Tissue blocks were kept in fresh washing medium overnight and next 

day 60-80pm vibratome sections were collected in O.lM sodium 

phosphate buffer and then transferred through increasing concentrations 

of sucrose and left for up to 2 h in a 30% solution. Sections 

were frozen in liquid nitrogen and thawed at room temperature and 

washed finally in O.OlM PBS. 

c. The tissue blocks were placed in an ascending gradient of sucrose

concentrations and left overnight in 30% sucrose. The following day 

the blocks were placed on dry ice and frozen. Sections 20fim thick 

were then cut using a Mcllwain cryostat, mounted onto gelatin coated 

slides, and air-dried for 10 min . Slides were kept for between 

l-2h in a damp environment before being processed further.

Slides and tissue sections from these procedures were processed 

subsequently according to the unlabelled antibody enzyme method of 

Sternberger (1979) as illustrated in diagram 6.4 below.

Diagram 6.4

Tissue

1 Normal goat serum
block nonspeciMc IgG

2 G ABA antibody (rabbit)

3 Goat antirabbit IgG

4.. ..................Peroxidase-antiperoxidase complex

____________ 33’ - Diaminobenzidine

visualisation reaction ►

Brown Reaction End-Product
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Procedural modifications may be outlined as follows and between each 

s t ^  the. tissue sections were thoroughly rinsed in cold O.OlK PBS*. At 

all stages materiai was. gently agitated and periodically examined to ensure 
that it was free-floating but bathed in fluid.

1) Immersion in a solution of NGS diluted 1:5 with O.OlM PBS (pH 7.2)

for 30 min at 4 C (to reduce non-specific JigG staining) .

2) E3g)osure to the GABA antiserum diluted (1:500, 1:1000, 1:1500, or

1:2000) with O.OlM PBS (pH 7.2) containing 1% NGS with 0.1% of an

antibacterial agent sodium azide (NaNg) . Incubation fbr 24-36 h at 4°C

3) 1:40 dilution of GAR serum dissolved in O.OlM PBS (pH 7.2) for about 
4 h at 4°C.

4) immersion in a O.OlM PBS (pH 7.2) solution at 4°C containing PAP at 
a final dilution of 1:100.

5) Brief rinse in 0.05M Tris-buffered HCl (pH 7.5), immediately followed 

by a pre-incubation in the dark for 10 min in 0.05M Tris-buffered 

HCl with 0.05% DAB, (pH 7.3 - 7.5) at room temperature.

The immunological complex was visualised by incubating the sections

and slides in 0.05M Tris-buffered HCl, 0.05% DAB with 0.01% HgOg at pH 7.5

for upto 6 min (usually between 3-4 min ■ at room temperature) . The

reaction mixture was prepared immediately prior to use, and the reaction

terminated by rinsing the tissue material in repeated changes of 0.05M

Tris-buffered HCl (pH 7.5) followed by a 15 min wash in O.lM sodium 
phosphate buffer.

Bar light-microscopical (LM) examination alone, vibratome sections were 

dehydrated in alcohol, taken through xylene, and then mounted on glass slides 

in DePeX. Prior to alcohol dehydration and DePeX embedding,cryostat sections 

were either stained with 0.1% toluidene blue (in dist. H^O) or were left 

unstained for LM examination. For both LM and EM investigations, vibratome
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sections were stabilised in 0.5% OsO^ for 30-60 min (this enhances and- 

blackens the immunoreactive elements relative to the light brown 

unspecific background stain). Sections were then dehydrated in ascending 

grades of alcohol, (with staining in saturated uranyl acetate at the 70% alcohol 

stage). After propylene oxide treatment, sections were flat embedded 

in DURCUPAN, and cured for 2 days at 56°C.

following light microscopical examination certain sections were 

re-embedded for electron microscopy and silver/grey ultra-thin sections 

cut from selected immunoreactive regions. Ultra-thin sections were 

collected on formvar coated slot grids and were examined.with or without 

lead citrate staining in a Jeol lOOB electron microscope.

'Post-embedding' immunocytochemistry

Material used in the post—embedding procedure was derived from 

tissue fixed and processed conventionally for electron microscopy.

Sections with a thickness of 0,5 - l.Ojim were cut in the parasagittal 

plane of the cerebellar vermis, dried onto chrome-gelatin coated slides 

and stored at 56 C overnight. (The subsequent procedure was carried out 

at room temperature) . Resin was etched from the sections by exposure to 

saturated sodium ethanolate for between 5-40 min - depending on section 

thickness and resin composition. The slides were then washed in absolute 

alcohol for 2 x 10 min and in distilled H^O for 2 min. Osmium complexes 

within the tissue were oxidised by a freshly made aqueous solution 

containing 1% sodium periodate. Following several rinses in distilled H2O , 

slides were placed in 0.01 PBS (pH 7.2) for 10 min and again rinsed briefly with 

distilled H^O for 10 min ,. before being exposed to a O.OlM PBS solution 

(pH 4.0) for 10 min (this step was included to reionise protein and other
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membrane moitiés). Slides were then rinsed in distilled H^O and washed 

for 10 min in O.OlM PBS (pH 7.2).

The remaining procedural steps follow the unlabelled antibody enzyme 

method (dia.6.2) and may be described briefly (between each step slides 

were washed for 10 min in O.OlM PBS (pH 7.2)) .

i) NGS 1:5 in O.OlM PBS (pH 7.2) for 20 min.

ii) Specific GABA antiserum (1:1000 or 1:1500) with 1% NGS made up in 

O.OlM PBS (pH 7.2) for 1.5 - 2 h.

iii) 1% NGS in O.OlM PBS (pH 7.2) for 10 min.

iv) GAR diluted 1:40 with O.OlM PBS (pH 7.2) for 1 h.

V )  1% NGS in O.OlM PBS (pH 7.2) for 10 min-

vi) PAP diluted 1:100 with O.OlM PBS (pH 7.2) for 1 h.

After step(vi) slides were washed thoroughly in O.OlM PBS (pH 7.2) and 

then placed in 0.05M Tris-buffered HCl (pH 7.5) for 10 min- A 5 min 

pre-incubation (in the dark) with 0.05% DAB + 0.05M Tris buffered HCl, 

preceded the visualisation reaction for the enzyme complex.

Slides were then reacted for peroxidase activity by immersing them in a

of 0.05% DAB, 0.05m  Tris buffered HCl, with 0.01% HgO^ for between 

3-5 min . The reaction was stopped by frequent rinses in 0.05M Tris

(pH 7.2) for 3 x 5  min.

The reaction end-product was intensified by a 2-3min exposure to a 0.1% OsO^ 

solution in O.OlM PBS (pH 7.2). The sections were then washed frequently in 

distilled H2O/ dehydrated in alcohols, xilol, and mounted finally in DePeX on 

glass slides. Immunore activity was investigated in the light microscope.
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6.3 RESULTS AND OBSERVATIONS

6.3.1 Methodological and technical considerations.

In both the pre- and post-embedding techniques, dilutions of the 

primary antiserum between 1:500 and 1:2000 resulted in the immunolabelling 

of profiles throughout the cerebellar cortex and underlying white matter 

(fig. 24,a,b). The intensity and quality of staining in the pre-embedding 

technique depended on the composition of the fixative. Immunoreactivity 

of the tissue section was found to decrease at the expense of ultrastructural 

preservation when the glutaraldehyde content of the fixative increased 

relative to the formaldehyde content - as in fixatives (i) and (ii). The 

optimal fixative composition was that deemed to give the best compromise 

between immunoreactivity and ultrastructural preservations. Poor structural 

integrity was observed with formaldehyde alone (fixative vi), however, with 

a slight glutaraldehyde content (0.1%; fixatives ii-v) the ultrastructural 

preservation improved without any detectable loss of immunoreactivity. 

Therefore, examples presented here of the LM and EM immunocytochemical 

localisation of GABA in the cerebellar cortex are derived from material 

preserved with fixatives iii, iv and v.

Freeze-thawing the tissue slices results in the disruption of both 

membran^ and structural integrity which affords greater penetration of 

immunoreagents into the section. A zone of immunoreactivity, 

approximately 15—25p.m deep (depending on the number of successive freeze— 

thawings) penetrates into the e:q>osed faces of the tissue slice. The 

extent of this zone was sufficient to demonstrate immunoreactive cell 

bodies, dendrites, and 'axon-like' profiles in all layers of the cerebellum. 

However, ultrathin sections cut close to ejqposed surfaces show strong
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immunostaining but poor structural preservation. Sections taken more 

internally show better preservation of ultrastructure yet weaker 

immunostaining. Therefore, a compromise had to be reached between the 

ultrastructural preservation and the penetration of immunoreagents.

Method specificity: The specificity of 'true-positive' reactions

was ascertained by the following sequence of controls (see Pool et al, 

1983) -

i) Slices were immunoreacted with or without the GABA-antiserum 

and under a test series of immunoreagent conditions - Specific 

reaction product was present only for material incubated with the

GABA antiserum. The optimal conditions of the other immunoreagents 

were assessed in order to provide a high contrast of specific 

immunostaining.

ii) Anti-BSA serum replaced the primary GABA antiserum to determine 

whether the unconjugated carrier protein would cause a'false- 

positive ' reaction - No specific reaction product was seen.

iii) (Unfortunately, during the period of the experiments no pre-immune 

serum was available. But by replacing the specific serum with 

pre-immune serum it would be possible to test whether contaminating 

antibodies were present in the GABA antiserum) .

iv) Some sections were incubated with NGS (1:1000) instead of the GABA 

antiserum - there was no specific immunoreactivity, only endogenous 

peroxidase activity in glial cells, neurons, macrophages, and blood 

cells.

v) No specific reaction end product was seen in sections incubated 

normally except that HgOg had been left out of the visualisation 

reaction in order to check for DAB tissue staining.
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Terminology-. Positive iiumunocytochemical labelling is considered to be 

caused by "GABA-likeimmunoreactivity". Appropriate alternative expressions are 

used to refer to positive immunolabelling. The distinction between 

positively and negatively immunolabelled profiles was not affected by the 

DAB or osmium treatments which can cause a differential colouration of 

structures near to the surface of the section. However, this effect 

divides the negatively immunolabelled structures into profiles that have

been 'stained' or 'unstained' by these non-specific reactions. To avoid 
confusion, all structures that remain specifically unlabelled after the

immunoreaction are termed consistently 'immunonegative'.

6.3.2 Golgi-impregnation

All the major cell types found in the cerebellumCDiagram 6.5), were 

represented in material Golgi-impregnated using the 'single-section'procedure 

(Gabbott and Somogyi, 1985) (see figures 22, 23).

The somata of Purkinje cells are disposed in a single stratum in the 

deepest part of the molecular layer. Purkinje somata are large and ovoid 

in shape (c 20-30p.m in mean diameter), and from their apical poles arise . 

one, sometimes two, thick dendritic trunks (figs. 22b; 105) which give 

rise to highly branched dendritic arbozs (fig. 105). These dendritic trees 

are flattened in the transverse plane of the folium to give a narrow 

dendritic sheet (fig. 23c) , whilst in the sagittal plane the arbor is of an 

intricate 'fan-shape' (fig. 105). The primary dendrite and its first and 

second order branches are aspinous, but subsequent branches are covered by 

short, thick, dendritic stubs (fig. 105b) or slender spines (fig. 22b).

From the base of the soma emerges a descending axon, which can be 

followed for 20-30 ^m before it becomes myelinated (fig. 105) . The axon 

continues through the white matter and eventually divides up into a nest
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Diag 6.5

PURKINJE CELL 

GOLGI CELL

GRANULE CELL AND 
PARALLEL FIBER 
STELLATE CELL 
BASKET CELL 

CLIMBING FIBER 

MOSSY FIBER

Diagram 6.5 — interconnections of neurons in the cerebellar cortex.
Connections follow an elaborate but stereotyped and well defined pattern. 
Each Purkinje cell (PC) is associated with a single climbing fibre (CF) 
which forms many synaptic contacts with it. The clinbing fibre also 
branches to the basket cells (Ba) and Golgi cells (G) forming axosomatic 
contacts. Afferent mossy fibres form rosettes which make synaptic 
contacts with the terminal 'claws' of granule cell (gr) dendrites in a 
structure called the cerebellar glomerulus. The axons of the granule 
cells ascend to the molecular layer where they bifurcate to form parallel 
fibres (pf). A parallel fibre comes into contact withneny Purkinje cells and 
usually forms a few synapses with each cell. Stellate cells (st) connect 
the parallel fibres with the dendrites of the Purkinje cells. Basket 
cell axon collaterals envelope the soma and axon initial segment of 
numerous Purkinje cells. Most Golgi-cell dendrites form junctions with 
the parallel fibres. Golgi-cells axons terminate around the periphery 
of synaptic glomeruli. Cells are identified in the key at the lower left; 
arrows indicate the direction of nerve conduction.
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of terminals contacting the somata and dendrites of cells in the intra- 

cerebellar nuclei. The recurrent collateral branches of the Purkinje axon 

contact the somata of Golgi and Basket cells as well as other Purkinje 

cells, and also enter and ramify in the supra- and infra- ganglionic plexi.

Granule cells are small spherical cells (6-9)Jm in diameter) located 

in the granular layer (figs. 22a; 23b; 114a, b). From apical and basal 

poles of the cell arise a few unbranched dendrites which extend radially 

for abouti0-30^m before breaking up into 'claw-like' terminal expansions 

( 9 »  ̂̂ ) which are known to embrace the synaptic rosettes of mossy 

fibre afferents. A small-diameter axon emerges from along a dendrite 

114b) and ascends into the molecular layer where it bifurcates at 

a T-junction. The branches diverge from each other parallel to the long 

axis of the cerebellar folium. Together with the axons of other granule 

cells they form the system of parallel fibres that traverse the molecular 

layer and engage with the somata and dendritic arbors of cells in the 

molecular layer (figs. 22, b,d; 23,a,b). Near the point of bifurcation 

the parallel fibres are smooth, but throughout much of their course they 

develop intermittant fusiform dilations (fig. 22a).

Ihe large Golgi neurons are found in the deep and superficial parts 

of the granular layer. A series of large dendrites radiate from every 

aspect of the cell, but many eventually curve to enter the molecular layer 

where they arborise. The axon of the Golgi cell arises from the basal 

pole of the soma or from the base of one of its dendrites and immediately 

breaks up into a profuse axonal spray that permeates the granule cell layer. 

The Golgi axon collaterals interdigitate between the dendritic 'fingers' 

of granule cells which clasp mossy fibre rosettes. The main synaptic input to

the Golgi neuron (diagrams.5) is from the parallel fibres of the molecular 

layer which synapse with its sparsely spinous dendrites (fig. 22a).
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Stellate neurons are scattered throughout the upper part of the 

molecular layer. The axons and dendrites of stellate cells are disposed 

sagittally (fig. 23d). The radiate dendrites bear spines and along a main 

dendritic trunk there emerges a profuse and extensive beaded axonal arbor 

which ramifies horizontally. Bundles of parallel fibres course through the 

transversely disposed dendritic tree where they establish numerous synaptic 
contacts (Diagram 6.5).

Basket cells lie in the lower third of the molecular layer. Their 

radiate spiny dendritic trees descend over the neighbouring Purkinje cells 

situated in the depths of the molecular layer (fig. 22c)and their dendritic 

arbors are confined to thin sheets of transversely disposed tissue that 

are invaded by synapsihg parallel fibres. Basket cell axons course 

transversely in the deepest part of the molecular layer (fig. 23a), whilst - 

descending collateral branches, encircle the cell somata of about ten 

Purkinje cells where they interweave with collaterals from other basket 

cells, forming pericellular fibre networks. These networks also envelop 

the axon initial segment of the Purkinje cell in the periaxonal 'pinceau' 

(fig.23b). Ascending axon collaterals entwine the smooth portion of

the Purkinje cell dendritic trunks. The ease with which the basket cell 

axon becomes impregnated is due to its unmyelinated character.

6.3.3 Conventional electron microscopy (figs. 27, 28).

Electron micrographs are of sections taken from the granule cell layer 

and are presented to illustrate the correlation between conventionally 

prepared material, and material prepared immunocytochemically using the 

anti-GABA serum.
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6.3.4 GABA Immunocytochemistry.

i) LM observations

Positive cell bodies, dendrites and 'axon-like' terminals were

present in the granule, and Purkinje cell layers and in the molecular 
layer. The white matter contained immunolabelled fibres.

Granular layer. (figs. 24b; 25a,c,d; 26a,b,c,d,e) : Golgi cells in both 

the superficial and deep aspects of the granule cell layer are

immunolabelled. Their radiating dendrites and axons are also
)

immunopositive. The immunostained perikaryon of Golgi cells are sometimes 

ruffled producing 'hillock-like' protrusions (fig. 26, b,e). Throughout 

the granular layer punctate immunostained profiles can be seen congregating 

together in 'whorl-like' assemblies around very weakly stained cytoplasm. 

Such assemblies are often seen in groups of between five to eight, although 

smaller groupings exist. These immunostained profiles represent the Golgi 

cell axon collaterals lying at the periphery of cerebellar synaptic 

glomeruli. Small immunopositive punctate profiles were often associated 

with the surface membrane of Golgi cell bodies.

Lugaro cells were rarely seen, but when encountered (usually 

immediately below the Purkinje cell layer or in the superficial parts of 

the granular layer), their elliptical cell bodies and dendrites were 

immunopositive.

The somata of granule cells were always immunonegative. In pre

embedded material the distinct outlines of their nuclei are discerned 

readily (fig. 26,a, d, e,f) .
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Purkinje cell layer. (Figures ^ b ;  25a,b,c ,d; 26a,f). Purkinje cell 

bodies and their initial dendritic trunks were notably immunonegative.

With an antiserum dilution of 1:1000 Purkinje somata and dendrites were 

invariably immunonegative using the post-embedding technique, however, with 

an antiserum dilution of 1:500, but using the pre-embedding technique,

Purkinje cell bodies and dendrites showed a very mild immunostaining (see 

Discussion). When this material was subsequently sectioned for EM, the 

ultrastructural preservation was exceptionally poor.

Interweaving the unstained Purkinje somata are the strongly 

immunopositive axons of basket cells that encircle the Purkinje somata 

pericellular baskets. These baskets consist of numerous dark punctate 

profiles and become extended around the lower pole of the cell to form 

the 'periaxonal pinceau', which envelops the initial portion of the 

immunonegative Purkinje cell axon (fig. 26f).

Molecular layer. (figs. 24a, b; 25a, b, c; 26b, c). The stellate and 

basket cell somata as well as the initial parts of their dendrites are 

immunopositive. Also immunolabelled are the dendrites of Golgi cells 

which ascend into the molecular layer. Many punctate immunostained 

profiles are seen in the molecular layer and may possibly be derived from 

the axonal plexi of stellate, basket,or Purkinje cells. Labelled 

'bouton-like' profiles appear in close contact with the immunonegative 

Purkinje cell dendrites and the stained dendrites and somata of both 

stellate and basket cells. Additionally, fine ascending 'axon-like' 

immunolabelled profiles were seen rising vertically through the molecular 

layer.

White Matter. (figs. 25c,d). Long,thin uninterrupted immunopositive 

fibres were found coursing through the white matter.
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Intracerefaellar nuclei. In pre- and post-embedded sections that included 

the deep cerebellar nuclei (dentate, fastigial, and interpositus) 

immunostained fibres (fig. 25f) and dark punctate profiles situated 

around immunonegative cells (fig. 25e) were frequently encountered. Less 

common, but in the same sections, were small neuronal profiles that were 

stained very weakly. Whether the staining of this small-size cell 

population is artefactual or not, is unknown. The deep cerebellar nuclei 

were not investigated in the electron microscope.

Neuroglia were immunonegative in LM preparations. This was assessed 

by cutting semithin sections (0.5-1 |im thick) from the immunoreactive zones of 

the sections and staining them with toluidene blue to identify glia on the 

basis of their nuclear staining characteristics (Ling et al, 1973).

Cryostat sections: The pattern of immunostaining in cryostat sections was

in all respects the same as the staining patterns seen in the pre- and 

post-embedded material. However, at an antiserum titre of 1:500, weak to 

medium immunolabelling could be found in the dendrites and somata of 

Purkinje cells (fig. 25h,j). This was an occasional effect limited to 

material with sub-optimal fixation.

ii) EM observations.

LM results were confirmed and extended by the electron-microscopical 

investigation of immunostained profiles in pre-embedded material.

In the electron microscope the cell bodies, dendrites and initial 

axon segments of Golgi neurons were invariably immunopositive (fig. 34).

The staining in these cells was particularly heavy when sections were cut 

near to the edge of tissue slices. Small immunolabelled profiles, 

probably Purkinje axon collaterals, were seen to establish axosomatic 

contacts with the somata of Golgi neurons.
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Granule cell bodies were always immunonegative (figs. 29a, 46).

Their'finger-like' dendritic protrusions that surround the mossy fibre 

expansions were also immunonegative, as indeed were the central mossy 

fibre rosettes (fig. 29a,b). Interdigitating between the immunonegative 

dendrites and situated at the periphery of the otherwise immunonegative 

synaptic glomerulus were heavily labelled profiles containing pleomorphic 

vesicles. These stained profiles correspond to the axon collaterals of 

Golgi cells and were seen to contact the immunonegative dendritic 

digits of granule cells (compare fig. 29a,b with figs. 25a, d; 26b for 

LM-EM correlation of synaptic glomeruli). In the superficial region of 

the granule cell layer, labelled dendritic profiles ran horizontally 

beneath Purkinje somata and were identified as the dendrities of 

Lugaro cells - unfortunately the parent somata of such dendrites could 

not be recovered for EM examination. Climbing fibres passing through 

the granular layer were immunonegative (fig. 34).

Purkinje cell somata and dendrites were invariably immunonegative 

(figs. 30; 31) with high antiserum dilutions (1:1500 - 1:2000). However, 

during preliminary experiments aimed at establishing the technical 

protocol, low dilutions 1 :500-l :1000 of the antiserum produced a very faint 

immunostaining in the Purkinje soma and dendrites. The quality of 

fixation and ultrastructural preservation of this material was poor.

The unmyelinated collateral axons of basket cells that meander 

throughout the Purkinje cell layer were immunolabelled positively. 

Similarly, axosomatic boutons containing pleomorphic discoidalvesicles, 

and belonging to the pericellular basket, were also immunopositive 

(fig. 30). The intricate 'fret-like' periaxonal arbor seen in LM (figs. 

25a, b; 26a,f) sometimes appeared in the electron microscope to contain 

both positively and negatively immunostained basket axon collaterals.



252'
Nevertheless, some of these unmyelinated axons could be seen to contact 

the immunonegative descending initial axon segment of the Purkinje cell 

(figs. 31, 32). The labelled boutons contacting Golgi somata and granule 

cell dendrites were considered to be recurrent collaterals of immuno

positive Purkinje axons.

Parallel fibres coursing in the molecular layer were all 

immunonegative (fig. 35) and as they encounter the dendritic trees of 

basket, Purkinje, and Golgi cells, they diverge to circumvent them or they 

give rise to immunonegative varicosities containing mitochondria and round 

vesicles. These boutons established asymmetric contacts with the immuno

negative spines or dendritic shafts of Purkinje cells (fig. 35.).

The cell bodies, sparsely spinous dendrites, and axons of the two 

interneuronal classes found in the molecular layer — stellate and basket 

cells - were strongly immunolabelled (figs. 33a,bj 35b). The immunostaining 

of stellate somata was much more variable than the immunolabelling of 

basket cell bodies. Nevertheless, both cells' somata were contacted by 

the immunonegative boutons of parallel and climbing fibres, but in addition 

basket somata received symmetrical contacts from immunolabelled boutons. 

These contacts were possibly derived from stellate or other basket cells.

In the electron microscope, neuroglia and their processes were immuno
negative throughout all layers of the cerebellar cortex.

Deposition of immunoprecipitate (figs. 29-35). In immunolabelled 

neural structures, the precipitate produced by the visualisation reaction 

of the PAP enzyme complex was heavily deposited around outer mitochondrial 

membranes, free ribosome aggregates, and microtubules. In immunolabelled 

somata, additional immunodeposits coated nucleoli, dispersed chromatin.
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and the internal nuclear membrane, in perikarya, Golgi apparati, and rough 

endoplasmic reticulum were also covered with imraunodeposit.

All immunostained boutons contained pleomorphic synaptic vesicles - 

boutons with round vesicles were immunolabelled infreauently. Mitochondria and 

vesicles in immunopositive pre-synaptic terminals were encased by a 

covering of immunoprecipitate, which was absent from their lumina. 

Interestingly, in sections from the internal boundaries of the immuno

reactive zone, immunopositive boutons could be found neighbouring immuno

negative boutons, although pleomorphic vesicles were clearly present in 

both boutonal-types.

Morphological character of GABA-immunopositive and GABA-immunonegative 

boutons (Figs. 29-35): Despite the obvious difficulties of identifying 

different types of synaptic junctions in material prepared for immuno

cytochemistry, synaptic junctions were separable into two broad categories 

on the basis of their immunoreactivity, shape of synaptic vesicles and 

the symmetry of the synaptic para-membraneous densities. Immunopositive 

boutons derived from Golgi, stellate, basket, or Purkinje cells contained 

a variety of vesicle shapes ranging from mainly spherical for basket cell 

boutons to small spherical, and polymorphic shapes in the recurrent axon 

collaterals of Purkinje cells. The synaptic junctions formed by these 

boutons varied between distinctly symmetrical to slightly asymmetrical.

The immunonegative pre-synaptic boutons of climbing and parallel fibres, 

and mossy fibre afferents formed distinct asymmetrical junctions which 

contained predominaifcly spherical synaptic vesicles.
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6.4 DISCUSSION

This work is the first report of the detailed use of an antiserum 

against GABA in the cerebellar cortex of the rat at both the light-and 

electron microscope levels. The data, which are summarised in table 6.1, 

demonstrate the immunocytochemical localisation of GABA-containing elements 

in the cerebellar cortex of the rat. GABA-like immunoreactivity has been 

demonstrated in the somata and processes of Golgi, basket, stellate, and 

Lugaro cells, as well as the dendrites and axon terminals and collateral 

branches of Purkinje cells. These GABA immunostained elements have been 

demonstrated previously by electrophysiological and cytological technqiues 

to be inhibitory (Ecoles, Ito, and Szentagothai 1967; Palay and Chan-Palay, 

1974; Wu et al, 1982; Oertel et al, 1982). Granule cells, parallel fibres, 

climbing and mossy fibres, and neuroglia were all immunonegative.

TABLE 6.1: Summary of the relative intensity of GABA-like immunoreactivity 
in 80-IOOmjti vibratome sections of the rat cerebellar vermis. The intensity 
gradient ranges from always GABA-immunonegative (-3) to always strongly 
GABA-immunopositive (+3). Not applicable (A). See text for further 
explanations.

CELL TYPE Soma Dendrites Axon & collaterals

Purkinje —— — 4- 4"

Golgi + + + + + + 4-4-4-

Stellate + 4 - 4— F 4-4-4-

Basket + +  + +  4- +  +  +

Granule ——— — — — — ——

Lugaro +  +  + 4- (+ ? )

Cerebellar
Nuclei (— H) -- --

Mossy & 
Climbing 
Fibres

A A

Neuroglia
PROCESSES

A
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During the developmental stages of the GABA immunocytochemical protocol 

it was not uncommon to find neuroglia (particularly astrocytes) stained 

after excessive DAB and osmium treatments. This effect was associated with 

a heavy non-specific background staining and increases with high antisera 

concentrations (1:500) as well as being prevalent in badly fixed material 

(Oertel et al, 1980b). However, once the routine methodology was 

established such artifactual staining of glia was invariably absent.

A class of large-sized neuron in the deep cerebellar nuclei was 

immunonegative and in pre-embedded light microscope preparations a class 

of smaller,hut faintly immunostained cells could be discerned. This GABA- 

ergic cell population may be responsible for the maintenance of GABA levels 

in the intra-cerebellar nuclei after ablation of the cerebellar cortex 

(Fonnum, et al, 1970; Fonnum and Walberg, 1973).

Although the results presented have correlated highly with the GAD- 

immunocytochemical studies of McLaughlin et al (1974, 1975), Ribak et al, 

(1978b), Chan-Palay et al (1979), Mugnaini and Oertel (1981), and Oertel 

et al (1981), an unexpected finding in the present study was the variable 

immunoreactivity of the somata and dendrites of Purkinje cells. The somata 

of Purkinje cells were invariably immunonegative with anti-serum dilutions 

of 1:1000-1:2000 and mildly immunopositive at dilutions of 1:500.

GAD-immunoreactivity of Purkinje somata has been reported after the 

administration of colchicine (Ribak et al, 1978b). Colchicine retards and 

blocks axoplasmic transport thereby causing a build-up within the cell body 

of the specific antigen/s under investigation (Dahlstrom, 1968). Using 

their own GAD-antiserum Oertel et al (1981) labelled Purkinje somata and 

dendrites almost consistently, even without the administration of colchicine. 

However, closer examination of the work published by Oertel et al reveals more 

than just a few totally unstained Purkinje somata (see figs. 3 and 6 in
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Oertel et al, 1981; figs. 1, 4 and 10 in Oertel et al, 1982) whose 

apparent imraunonegativity cannot be explained by artifactual methodology. 

Indeed the d i c h o t o n y  of GABA immunoreactivity between interneuronal and 

Purkinje somata is further highlighted by the unreliable labelling of 

Purkinje cells using (^H)-gaba (Hokfelt and Ljungdahl 1970; Sotelo et al, 

1972) ,or (^H),-muscimol (Sotelo et al, 1972) . Even other immunocytochemical 

studies aimed at localising the degradative GABA enzyme (GABA-T) did not 

reliably label all Purkinje somata (Barber and Saito, 1976). This patchy 

staining of Purkinje cells has led to the notion of the intimate functional 

co-existence of GAD and motilin in the same Purkinje cell and its processes 

(Chan-Palay et al, 1981; Chan-Palay, 1982).

Nevertheless, the invariable GABA-immunonegativity of Purkinje cells 

seen in this study, cannot be explained by the co-existence of 

neuroactive substances, nor indeed by faulty methodology (e.g. penetration 

of immunoreagents) since negative Purkinje perikarya appear in regions 

where other neural elements are heavily immunostained, e.g.the pericellular 

basket and 'pinceau' (figs. 25a, 25a,f).

Glutamate (the pre-cursor of GABA) and GAD are produced in cell 

perikarya and transported to axon terminals where GABA is synthesised 

(Diagrams 6.1 & 6.2) . Since the sites of Purkinje output are widespread and 

sometimes distant from the parental soma (compared with the relatively 

limited axonal arbors of basket, Golgi and stellate intemeurons) it is not 

surprising that GABA has been immunocytochemically localised solely in 

axon terminals where GABA synthesis can be presumed to be high. This 

correlates with the apparent immunonegativity of regions in the periaxonal 

'pinceau' which are not associated with axo-axonic contacts (figs. 31, 32). 

Moreover, in regions of synaptic contact with the immunonegative Purkinje
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cell axons - the presynaptic terminals of the'pinceau' were immunolabelled 

heavrly (figs. 31, 32), as indeed was the pericellular basket (fig. 30).

This probably indicates that the local synthesis and concentration of GABA 

in these regions is particularly high. The rate of axoplasmic flow may be 

relatively fast so that the limitdd local synthesis of GABA in the Purkinje 

perikaryon and the initial portions of its axons are below the sensitivity 

of immunocytochemical demonstratability for the GABA antiserum used by the 

present study. Contradictory to this explanation is the preliminary report 

by Storm-Mathisen et al (1983) and Ottersen and Storm-Mathisen (1984a) in 

whrch they state that the GABA antiserum they have produced recently was 

localised immunocytochemically in the "terminals and perikarya of Golgi, 

basket, stellate, and Purkinje cells, but not granular cells". They also 

report that GABA-immunoreactivity was located within vesicles, a finding 

contrary to the present report where it was observed that the lumen of 

vesicles were devoid of immunoprecipitate (figs.30,32). Importantly, Storm- 

Mathisen et al (1983) used a fixative with 4-5% glutaraldehyde compared with 

the 0.1% glutaraldehyde and 2-3% paraformaldehyde used by this study and"? 

sue effects could have been produced by the quality of fixation/- which may 

have allowed the diffusion or translocation of GABA before its final -fixed' 

ultrastructural position. Indeed many factors during fixation can have 

profound and related effects on membrane preservation and tissue antigenicity- 

such that the 'in vitro' localisation of GABA maybe a poor reflection of 

Its 'in vivo' location. The immunocytochemical location of antigens at the 

ultrastructural level needs cautious interpretation (Wood et al, 1976).

Nevertheless, it is interesting to note that using the same GABA 

antiserum (GABA Code 7) Somogyi et al, (1985a) report that mild GABA-immuno

reactivity was invariably present without the use of colchicine in the 

somata of Purkinje somata in the cat cerebellar cortex although the intensity 

of the immunolabelling was reduced in comparison to the 'inhibitory'
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interneurons. These differences are difficult to explain convincingly,

but may be related to fixation and localisation effects, as well as to the

whole functional state of the Purkinje cells and even to the possible

developmental or maturational sequences of the neurotransmitters (or

neuroactive substances) present within the Purkinje cells of the rat 
cerebellum.

The intensity of immunolabelling is almost impossible to quantify 

accurately, but is probably related proportionally to the GABA content of 

the immunostained neural element. Nevertheless, the relative intensity of 

immunostaining is different between the various classes of GABA-ergic 

neurons which may represent a true discrepancy of GABA content, indicating 

differences between 'inhibitory' interneurons and Purkinje cells or may be

related to a differential fixation-effect on the various cell types, as 

well as the electrophysiological functioning and metabolic state of the 

nerve cells at the time of fixation (Gainer and Barker, 1974;.Ottersen- 

and Storm-Mathisen, 1984a).

In addition to the GABA-ergic nature of stellate cells, they are also 

considered as possessing and possibly using the putative inhibitory 

neurotransmitter taurine (McBride and Frederickson, 1980; Chan-Palay et al, 

1982) . The qualitative impression of a weaker GABA immunolabelling of 

stellate compared with basket cell somata may be explained by a co-existence 

of these 'neurotransmitters' in the somata of stellate cells.

Since pre-synaptic dendritic arbors are not found in electron- 

microscopical preparations of the cerebellum &alay & Chan-Palay,1974), the 

prescence. of GABA-like immunoreactivity in the dendrites of stellate, 

basket, and Golgi cells seems unclear. Possible explanations include the 

specificity of the antisera under aldehyde fixed conditions, the uptake of
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GABA from the external environment, or the 'in-vivo' non-selective synthesis 

of GABA in dendrites and somata. Of these, the latter seems the most 

plausible for two possible reasons. Firstly, at the beginning of cellular 

fixation, the discrete compartmentalisation of glutamate and GAD might be 

broken down together with axoplasmic transport, causing a rapid synthesis 

of perikaryal GABA. During the subsequent fixation (particularly if 

sub-optimal) GABA may then be translocated into dendritic stems. Secondly 

the rate of axoplasmic transport in interneurons may be low, so that 

glutamate and GAD are subjected to a non-selective and non-directional 

somatic export into dendrites where GABA is then synthesised.

The Golgi preparations and conventional ̂ EM^icrographs help to 

correlate the GABA-like immunoreactivity with the light- and electron- 

microscopic features of the cerebellar cortex. Examples of this are the 

perisomatic and periaxonal collaterals of basket cell axons. For instance, 

the Golgi impregnated basket and 'pinceau' (figure 23b) correlates 

strikingly with the same elements as they appear in material immunostained 

for GABA (figure 26a, f). Indeed, the EM micrographs (figures 27, 28) of 

the interdigitating barrier of Golgi axons and granule cell dendrites 

around the mossy fibre rosette relate well with the appearance of the 

glomerular structure in GABA-immunostained material (figures 29a,b; and 

25a,b).

The immunocytochemical methodology,used in the present investigation 

enables GABAergic structures - both somatic and axonal, to be immuno

cytochemically identified without the use of colchicine. The pre-embedding 

GABA immunocytochemical procedure is compatible with Golgi-impregnation 

(see Appendix 2) so that the unequivocal identification of the morphology 

of GABA-immunoreactive neurons can be determined by the Golgi-impregnation
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of GABA-immunoreative neurons. Furthermore, the post-embedding GABA- 

immunocytochemical method allows the opportunity for the quantitative 

analysis of GABA-ergic neurons in semithin sections using the stereological 

techniques described in Chapter 2. A combination of these two techniques 

may be readily applied to the rat cerebellum in the future.

6.4 CONCLUSIONS

Finally, the anti-GABA serum used in this study enabled the 

specific immunocytochemical localisation of GABA-like immunoreactivity 

in those cerebellar elements that were assumed previously to contain, 

and use GABA as an inhibitory neurotransmitter. Therefore, this anti- 

GABA serum is a potent immunocytochemical marker for identifying GABA- 

ergic neurons in other regions of the nervous system.
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INTRODUCTION

The mammalian dorsal lateral geniculate nucleus (dLGN) receives a 

vlsuotoplcally organised projection from the retina and projects to the 

visual cortex via the axons of-Its thalamocortical relay (ICR) cells. As with 

many other principle thalamic 'relay' nuclei, there are cogent reasons for 

believing that In addition to ICR cells, a discrete population of Inhibitory 

Golgl type II 'Interneurons' Is present which mediates the transmission of 

visual Information through the thalamus. Evidence for this comes from 

electrophysiological (Burke and Sefton,1966a,b;Slnger and Creuzfeldt, 1970;

Dubln and Cleland, 1977) and morphological studies (Brauer et al, 1974, 

Szentagothai, 1973, Jones, 1981, Gulllery, 1966, Grossman et al, 1973, Rafols

and Valverde, 1972, Salnl and Garey, 1981, deCourten and Garey, 1982,
Webster and Rowe, 1984).

The focal point of thalamic transmission Is known to occur within the 

well-defined complex synaptic arrangements called 'glomeruli' which are 

Isolated from the external neuropil by encapsulating sheets of neuroglia 

(Pamlghettl and Peters, 1972, Gulllery and Coldnnler, 1970, Lleberman and 

Webster, 1974a) . Afferent optic fibres to the dLGN Innervate these 

specialised regions, wherein they establish Gray type I, asymmetrical

C Z  e t ^ i ® "197^ aendrltlc appendages of ICR neurons (class 
A_oell^. Additionally within glomeruli, optic terminals monosynaptlcally 

contact the complex dendritic excrescences of 'lnterneurons'^Tc°lssTb felt', 7 ' ^  

which characterlstlcallycontaln pleomorphic synaptic vesicles and are 

themselves pre-synaptic to ICR dendritic appendages. It Is this pattern of 

triadic connectivity within synaptic glomeruli that allows the possibility 

of direct 'feed-forward' inhibition onto TOR cells and Indicates the 

internunclal role of class B neurons as a potential 'gating' mechanism 

towards thalamic transmission (Hale and Sefton, 1977, Singer, 1979).
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In the rat dLGN,. neurons from classes A. and. B can be distinguished by 

virtue of their Golgi-impregnated architecture and characteristic ultra- 

structural organisation (Grossman et al,. 1973; Lieberman and Webster, 1972, 

1974a,b,cr- Kriebel, 1975? Webster and Rowe, 1984) .. Although both classes 

of neurons have received extensive study, there are many undefined features 

of these cells, types, that require further light (LM) -  and electron. (EM) - 

microscopical investigation in order to achieve a finer and more subtle 

understanding of the overall function of the rat dLGN.

With regard to the function of class B neurons, much evidence has 

accumulated suggesting that inhibitory 'Interneurons' synthesise and use 

the neurotransmitter V-aminobutyric acid (GABA). Indeed, firm experimental 

evidence, derived from many sources (Sterling and Davies, 1980; Orgen et al, 

1982; Kayama, et al, 1981; O'Hara et al, 1983; Hendrickson et al,1983; 

Fitzpatrick, 1984) indicates that GABA is the transmitter used by inter- 
neurons of the mammalian dLGN.

Glutamic acid decarboxyglase (GAD) is the biosynthetic enzyme of GABA 

and is now an accepted endogenous marker for GABA-containing neurons.

Antibodies against GAD have been successfully employed to localise immuno

cytochemically GABA-ergic neurons in many brain regions (see Chapter 6), 

and neurons defined electrophysiologioally as 'inhibitory', are considered 
to be GABA-ergic (Ecoles et al, 1967).

Recenti^Ohara et al (1983) Fitzpatrick et al (1984) and Hendrickson 

et al (1984) have identified immunocytochemically the inhibitory neurons in 

the dLGN of the rat, cat,and monkey (respectively) using an anti-GAD serum, 

and although these authors present substantial evidence for the GABA-ergic ' 

nature of class B neurons, their results are drawn from uncorrelated experimental 

material - that is, they examined material by either light- or electron-
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microscopy alone, and not by a correlated : examination of the same 

neural element in both microscopes►,

asing an antiserum directed against GABA (Hodgson et al, 1985) 

the m a m  objective of this study was to present correlated Golgi/EM;, 

and LM^^M immunocytochemical evidence illustrating: the unequivocal 

demonstration; of 'GABA-like' immunoreactivity within class B intemeurons 

of the rat dLGN. Furthermore, the structural and functional implications 

of the results derived by this study are briefly considered within the 

frameworlc of the contributory factors affecting information transmission 

through the dLGN of the rat thalamus. An additional aim was to firmly 

establish the categorisation of neurons in the rat dLGN and to investigate 

the peculiar axonal character of presumed 'intrinsic' class B cells in 
Golgi-impregnated material.
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7. 2 EXPERIMEOTAL PROCEDURES

7.2.1 conventional EM and GOlgi-EM^

Adult male Wistar- rats (strain CFHB), reared for 52 days post natum in

a normal animal house environment, were anaesthetised by an intraperitoneal

injection of sodium pentobarbitone and then perfused either via a cannula

securely tied into the ascending aorta or a hypodermic needle in the left

cardiac ventricle. About 50ml of cold (4°C) physiological saline

(0.9% NaCl) was passed through the vasculature with the aid of a

peristaltic punp (Watson-Marlow) and subsequently 150-200ml of cold (4°c)

aldehyde fixative was then delivered to each animal, initially at a

fast flow rate but this was later reduced - the whole perfusion lasted

20-30 min . The fixative contained 1-2% paraformaldehyde and 1%

glutaraldehyde in O.lM sodium phosphate buffer with 0.03% CaCl at pH 7.2-

7.4. Following perfusion the heads were removed and left for 1-2 h in

fresh fixative at 4°C. The brains were then carefully dissected out of the 
cranium.

After tissue for use in other investigations had been removed, (e.g. 

Visual cortex, cerebellum) the overlaying cortex and the hippocampus were 

reflected to reveal the caudal diencephalon. Blocks of fixed material from 

both hemispheres O f  the brain (approximately 2mm x 2omn) that included the

vLGN, and rostral portions of the medial geniculate nucleus were then 

cut in the frontal plane, removed and immersed in cold O.lM sodium phosphate 

buffer (pH 7.2-7.4) normally containing 7% sucrose.

Tissue was then either prepared for 'conventional' electron microscopy 
or 'Golgi'impregnation '.
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Conventional E M ; A razor.blade was used to hand cut thdLn frontaL slices 

(about 0^55mm thick) from, the block under a stereo disecting^oicroscope. 

Slices that contained the characteristic outünes; of the dLGN, vLGK, and . 

intergeniculate leaflet were processed further. No additional attempts were 

made to isolate the dLGN. Following two hours post-fixation in_ 1.5% OsO^ 

in sodium phosphate buffer (pH 7.2-7.4) tissue was then washed in: buffer and 

dehydrated in an ascending ethanol series. Block staining was carried out in 

1% uranyl acetate for 1-1.5h (in the dark) at the 70% ethanol stage.

After dehydration tissue was passed through propylene oxide and embedded in 

TAAB resin. Material prepared in this way was then sectioned preferentially 

in the frontal or parasagital planes; ultrathin sections were lead stained 

before EM examination, and semi-thin sections processed for GABA 

immunocytochemistry using the post-embedding technique.

Camera lucida drawings of immunopostive and immunonegative cells found 

in 1pm GABA immunoreacted post-embedded sections (from both the frontal and 

parasagital planes) were analysed morpheme trie ally using a Reichert Videoplan 

(Chapter 2.2,4 iii). The length of the major (a) and minor (b). ellipsoid axes were 

measured for samples of both cell profiles and the shape eccentricity factor 

(SEP = y^) calculated for each profile ŷ  = 1 - (b/a)^ . The SEF gives 

a measure of the degree of a cell's ellipsoidal nature (Weibel, 1979b).

Golgi Inpregnation: The rapid Golgi procedure (Fairen et al 1977) was employed 

and is as follows: After a thorough post-fixation wash, blocks of the

caudal diencephalon were suspended for 2—3 days (at room temperature) in a 

solution containing 0,5-1% OsO^, and 3.5% KgCrgO^ in dist. HgO. Alternatively, 

blocks were first osmicated for 5 h in a 1% OsO^ solution made up in O.lM 

sodium phosphate buffer (pH 7.2-7.4) and then chromated in a 3.5% KgCrgO^
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(in dist*. solution for 2 days at room temperature. After a brief

rinse in 0,5% AgNO^ the blocks were placed in a large volume of 0.5-0,.8% 

AgNO (in dis t.: H O )  and left overnight in the dark,. The exact 

concentrations of K^Cr^O^ and AgNO^ were determined in pilot experiments ►

After incubation the blocks were removed from the AgNO^ and surrounded 

by a 7% agar gel. Once the agar gel was sufficiently solid frontal sections 

SO-lOOfim thick were cut from the block using a Mcllwain tissue chopper. 

Sections were transferred immediately to a glass slide and covered with 

absolute glycerol (saturated with AgNO^). A coverslip'was then placed over 

the slide and the quality of the GoIgi-impregnation evaluated in the light 

microscope.

Sections were stored for up to 3 weeks at 4°c, during which time 

interesting structures particularly those with fine "axon-like' arbors, 

were either drawn via a camera lucida or photographed, lest the silver 

deposits in their fine processess dissolved and disappeared or that during 

the 'gold-toning' procedure neuronal elements were dissolved away by the 

thiosulphate treatment.

Gold-Toning: GoId-toning was carried out according to Fairen et al,

(1977). Selected sections were illuminated on a microscope stage for 

aboutl5-20 min per side. Excessive heating was avoided by the use of

a heat filter. Illumination is considered necessary to ensure that fine 

'axon-like' or dendritic processess in the centre of the section are 

adequately’ ' gold-toned'. The sections were then transferred from the 

glycerol into an ice-cold 0.05% gold solution for between 15-20 min 

which was followed by three rinses,each of ice-cold distilled water. 

Following this wash, sections were placed in 0.2% cold oxalic acid for 

2 min and washed again with cold distilled water. Finally, the sections



were bathed, in a 1-1.5% sodium thiosulphate solution for three periods of

15 min. each -  all at room temperature.. Sections were washed

thoroughly with water and dehydrated in an ascending seriee of alcohols

commencing with 50% ethanol. 1% uranyl acetate was included in the 70%

stage which lasted for 0.5-1.0 h in the dark. After dehydration the

tissue was passed through propylene oxide treatment and flat-embedded in 
TAAB resin.

Important structures were drawn with the aid of a camera lucida or 

photographed in a series of focal planes. Dendrites and 'axon-like' 

processes that leave the section, or suddenly become devoid of inpregnum 

(because of mechanical damage during processing), have been indicated in 

camera lucida drawings by short black lines (see j ^ u r e s 36 and 37). The ventral 

(V), dorsal (D), medial (M), and lateral (L), polarity of these structures 

within the dLGN were noted, and in most cases included on their micrographs 

or drawings in order to serve as orientation guides. Unless stated all the

material presented, in this chapter has been both Golgi-impregnated and

then 'gold-toned'.

Dendritic orientation of Golql-Impregnated class B dLGN neurons.

Most fibre tracts course through the dLQJ along dorsoventral or ventrodorsal 

directions which are disposed approximately parallel to the optic tract 

(figures 66} 69; 70 and 71). However, unlike the optic tract, such fibre 

paths are not always visible In Golgl-lmpregnatlons. Therefore, to 

determine If the dendritic orientation of class B cells was Influenced by 

these fibre bundles, the angle of their dendritic orientation was measured 

with respect to the tangent to the Immediately outlying optic tract. For 

instance. If a cell had dendrites that were parallel with the optic tract 

an angle of O was recorded. However, If dendrites were perpendicular to
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the tangent of the optic fibre course (either directed towards or away 

from it) an. angle of 90 was noted». When dendrites curved abruptly to 

their former course two dendritic orientations were noted. By plotting a 

spectrum of possible dendritic orientations- between 0° and 90° and by 

calculating the probability of a dendrite lying in each 5° segment it is 

possible to determine, whether class B cell dendrites are distributed 

randomly or have a preferred orientation in the frontal plane.

Computer-assisted neuronal reconstruction; The three-dimensional 

co-ordinates of dendritic and axonal arbors from selected neurons were 

digitised using a group of computer programmes called 'Neurons'. These 

programmes were developed originally by nr.J.Capowski (University of North 

Carolina) , and operate a Quantimet measuring device (Cambridge Instruments 

Ltd.) interfaced to a Digital PDP-11 cooputer. They allow the reconstruction of

the digitised neurons and their subsequent three-dimensional manipulation 
and rotation.

7.2.2 GABA Immunocytochemistry

GABA antiserum; The production, and the immunological and chemical 

specificity of the GABA antiserum used in this investigation have been 

reported previously (Hodgson et al, 1985) . Additionally, the cytochemical 

specificity of the antiserum at various dilutions, and the sensitivity of 

the methodological procedures were assessed in experiments using the rat 

cerebellum as test-material (Chapter 6 ). From these studies the optimal 

conditions for GABA—immunoreactivity were determined.

Immunological reagents: The specifications and quality of immunological

reagents are given in Chapter 6.2.1.
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1. Pre- and post-embedding t

The perfusion and fixation protocol, as well as the fixative composition 

and immunocytochemical procedures for the pre— and post—embedding techniques 

have been described extensively in Chapter 6 and only the briefest outline 

need be given here. For both procedures, GABA antisera titres of 1:1000 

and 1:1500 were used.

i) Pye-embeddinq procedure for correlated LM-EM

Male and female adult rats (250-300gms) were perfused with aldehyde 

fixatives and a vibra tome was used to cut sections (60-100|im thick) in 

the frontal plane throughout the rostro-caudal extent of the dLGN. These 

were then 'freeze-thawed' and incubated for GABA-like immunoreactivity. 

Selected GABA-immunopositive profiles were photographed in a light 

microscope and then sectioned for electron microscopy. Ultra-thin 

sections were examined with or without lead staining in a Jeol lOOB 

electron microscope.

ii) Post-embedding procedure for semi-thin sections:

The post-embedding procedure was used on sections (0.5-4)im thick) of

that had been prepared either for conventional electron—microscopy 

alone, or on semi-thin sections of material that contained profiles of 

neurons that had been Golgi-impregnated and ' gold-toned'. The method by 

which 'gold-filled' neuronal profiles in semi-thin 'GABA-immunoreacted' 

sections can be correlated in the light— and electron—microscopes is shown 

schematically in diagram 7 .1.

During all post-embedding reactions, Ijam thick resin sections of 

conventionally prepared rat cerebellum vermis were included as 'quality 

controls', since the GABA immunoreactive nature of the cerebellum had been 

well established previously (Chapter 6 ).



Diagram 7.1 Golgi/electron microscopy combined with post-embedding 
GABA immunocytochemistry.

1. Two Golgi-impregnated and gold-toned neurons illustrated here 
without dendrites or axons (N^ and Ng), together with an unimpregnated 
neuron (N2) lie in a thick resin embedded slice. From light 
microscopic investigations the neurons can be divided into two 
categories, since and Ng appear to belong to separate neuronal 
classes. A semi-thin section (perpendicular to the plane of the 
diagram and outlined in green) with a thickness of 0,5-4jj.m is cut 
through the cell bodies and nuclei (n) of the two identified cells
(N^ and N3) and also unknowingly through the cell body and nucleus 
of N2 . As proximally as possible after taking a semi-thin section, an 
ultra-thin section is cut and stained for electron-microscopic 
examination (EM).

2. The semi-thin section is viewed in à light-microscope LM 
unstained. The gold-filled outlines of cells and Ng are visible 
against a clear background - the presence of cell N2, other cells 
and neuropil cannot be detected. However, the outlines of 
capillaries and impregnated dendrites can be seen. This section is 
photographed prior to the immunocytochemical procedures to serve as 
an immunostained control.

3. When the section has been reacted immunocytochemically for 
GABA using the post-embedding technique (see text) the immuno- 
positive elements appear dark-brown against an otherwise clear or 
lightly stained background (caused by non-specific reaction). Both 
Golgi-impregnated (Cell Nĵ ) and unimpregnated (Cell N 2) profiles 
may now be defined by positive immunostaining (indicated by blue 
hatching). Even immunonegative profiles will be defined by the 
disposition of immunopositive elements around them (small arrow).
The absence of immunoreactivity in the Gold-filled outline of N 3 
indicates the immunonegativity of this cell and possibly of cells 
with similar dendritic or axonal characteristics as seen in Golgi- 
impregnations.

4. The ultrastruetural features of the two Golgi-impregnated 
neurons can be investigated in the EM.

5. By correlating the relative positiors of cell bodies and 
capillaries in the GABA immunoreacted section with the image seen 
in the electron microscope, not only can the ultrastructure of 
Golgi-inç>regnated and gold-toned neurons (Nĵ  and N 3) be defined, 
but also other neuronal elements that have been positively (Ng). 
or negatively immunostained. Comparing and contrasting the 
characteristic features of cells and N 2 will help in the further 
definition of a possible GABA-ergic neuronal class, originally 
defined in the GoIgi preparations.
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Diagram 7.1
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7.3 RESULTS

7.3.1 Golgi-impregnation of the dLGN

Neurons of the rat dLGN can be divided into two distinct classes (A and 

B) based on the characteristics of their Golgi-impregnated structures, class 

A neurons typically have round somata with dendrites that are either 

multipolar (figure 36^ cells A, B, F and G; figures 38, 39, 54, 55, 56) or 

multitufted (figures 36, cells C, D and E; figure 49). The primary 

dendrites of class A cells are large and invariably smooth (figure 36, cell 

Bb"; figures 54a, by 47a.b). Secondary dendrites are of approximately the 

same diameter although generally thinner than their parent stems. Both 

secondary and higher order branches bear a variety of dendritic protruberances 

(figure 36, cell Bb *) ranging from simple knobs or spines to complex 'grape

like' assemblies. These excrescences are also found at dendritic branch 

points (figures 57,a,b). Higher order dendrites often follow wavy courses 

and show only simple 'spine-like' protrusions (figures 56b; 55) . When 

present the impregnated initial axon segment extends without branching 

for 10-20pm, before it becomes myelinated. (figure 36, cells B and C). A 

minor subcategory of class A cells, are sufficently distinct to warrant 

separate consideration and have been designated as class A^ neurons. These 

cells are fusiform in shape and are located more medially and found commonly 

towards the anterior pole of the nucleus. The dendritic arbors of class A^ 

neurons are normally bitufted with many dendrites originating from opposite 

poles of the soma (figure 36, cells H, K, M and N; figures 50. 51). Their 

dendrites branch sparsely and extend for long distances, often in a direction 

dictated by the pole of origin (figure 36, cells H, K and N, figure 41).

Only rarely do the dendritic arbors from the opposite poles overlap, however, 

cell is located towards the boundaries of the dLGN the dendrites will
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curve inwards away from the boundary (figures 40,49 and 51).and dendrites 

derived from opposite somatic poles may even intermingle slightly.

Although class A^ neurons are characteristically bitufted, tritufted 

cells are also found (figure 41) . Class A cells bear few complex appendages 

along their dendrites or at dendritic branch points, but occasional 

'stump-like' spines are seen. The axons of these cells originate from the 

soma and remain unbranched before myélinisation begins (figure 36, 'a' for 

cells J, N ) . Frequently, encountered are 'axon-like' processes that 

emerge from cell somata as rather thick processes that taper gradually 

(figure 36, 'a' for cells K, L ). It should be mentioned that many 

intermediate forms exist between class A and class A^ neurons (figure 36, 

cells C, D of K, H ) but location, soma shape, and the nature of the dendritic 

arbor provide the essential distinguishing features.

Class B neurons are most frequently bipolar with dendrites originating 

from contrary poles of a fusiform soma (figure 37 , cells P, Q, R, T, U, W 

and X; figures 43a, 46). Nevertheless tri- and quadrupolar cells (figure 

3 7, cells V and S) are also found - especially in the anterior and posterior 

poles of the nucleus. The dendrites branch rarely and run straight courses 

for long distances maintaining a uniform diameter before suddenly tapering 

into fine, wispy processes. When dendritic branches do occur, the daughter 

dendrites are often disposed at approximately right angles to each other 

(figure 37, cells T, U, V, W and X) . Dendrites sometimes curve perpendicular 

to their former course without a dendritic bifurcation (figure 21, cells R,

S, V and W ). Dendrites of class B neurons bear 'bead-like' clusters or 

appendages (figure 91b) evenly spaced along dendritic trunks. This 

apparently uniform spacing varies for the different dendritic orders (figure 

99 ) and ranges from a solitary pedicle to a heterogeneous structure of
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intricately woven and interconnected varicose beads. Although this 

gradation in complexity appears as a continuous spectrum, the progression 

may be divided conveniently into various generalised stages (see figures 

91d; 102c). Simple pedicles may even emerge from the perikaryon of class 

B neurons (figure 99 ).

At dendritic branch points or at the 'genu' of curving dendrites, the

origin of a fine 'axon-like' spray can be seen to emerge from a short

dendritic elevation (figure37 arrowhead in cell P and v\ cells R, S, U, W

and X; also figures 89; 90b, d; 95a; 96c;107f). Such 'axonal' sprays contain

many dilations which may represent 'en passant' or terminal varicosities

and the overall architecture of each spray can be highly intricate with a

preferred direction of expansion occupying a 'column-shaped' volume (see

below), but less commonly (albeit rather more frequently encountered at

dendritic branch points as opposed to dendritic curves) the spray would
1ramify spherically (figure 37, cell V ).

Axonal types ; Many fine axon and 'axon-like' processes were impregnated, 

in the dLGN. Essentially axons could be separated into four distinct types.

Type a. Retinogeniculate axons (RGa): These axons beconfô impregnated in

the optic tract where they sometimes divide into a thick parent axon which 

continues its course in the optic tract whilst the daughter branch turns to 

enter the dLGN and bifurcates soon after entering the nucleus (figure 47, 

axon 1; 48). Relative to the diameter of other axons in the dLGN the RGa

is amongst the largest. After giving rise to proximal branches they seldom 

bifurcate and do not ramify extensively. Instead they course in a straight 

line, often oblique to the outlying optic tract. However, when axon 

collaterals are present, they taper smoothly and are occasionally beaded.
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Very rarely can such branches be seen to end in a complex spray of 

terminal dilutions which are presumably amidst the unimpregnated 

components of the dLGN synaptic glomeruli.

'̂’yP^ ^ * Corticogeniculate axons (CGa) : The axons of corticogeniculate

cells tend to course through the dLGN in a similar oblique manner to RGa.

In the majority of instances the angle of CGa fibre paths was 

sufficently large to give the impression that they 'cut* across the thick 

fibre streams seen either in Vibratome slices (e.g. figures 58, 66) or under 

phase—contrast' LM of Golgi-impregnated sections. CGas sprout thin stalks 

(l-3pm long) which bear globular terminal expansions. These 'stalk-like' 

structures give the CGa their characteristic pedunculated appearance (figure 

55, 89, 97d and 101 overlav).

c : The profuse 'axon-like' spray that emerges from the dendritic

curves of interneurons make up this type of axon despite the fact that their 

axonal character cannot be defined with certainty.

Type d : TCRa: This axonal type represents the initial unbranching

segments of axons that emerge from class A and A^ neurons which are known 

to be thalamo-cortical relay cells.

Type e : The afferentation to the dLGN from other brain nuclei (see

Chapter 4 ) are placed into this unclassified category since the characteristics 

of their axonal arbors and their mode of termination within the dLGN are 

relatively unknown. However, the axon labelled 2 in figures 47 and 53 may 

represent a CGa, since it is pedunculated, but more probably it is an axon 

from the thalamic reticular nucleus (TRNa) because it apparently gives rise 

to 'claw-like' assemblies around unimpregnated structures. Conceiveably 

these may represent the known 'peri-cellular' baskets of afferent TRNa.
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Dendritic orientation of class B neurons in frontal sections.

Diagram 7.2a shows a composite drawing illustrating the position and 

dendritic orientation of many of the class B neurons encountered in this 

study. The angle (between 0° and 90°) that each dendrite makes with the 

tangent to the course of the immediately outlying optic tract was plotted 

as an angular spectrum (Diagram 7 .2b) . Immediately apparent is the sparsity 

of dendritic orientations with angles between 20° to 65°. The impression 

was quantified objectively by calculating the probability that a given 

dendrite would occur within successive 5° angular segments (Diagram 7.2c) ,

If dendrites were oriented evenly around the cell soma, i.e. without a 

preferred orientation, then an equal proability would occur for each angular 

segment. Should this be expected, then theorectically, the probabilities 

would be the same across the 0°to 90° angular spectrum (figure 37c) .The observed 

probability distribution is however highly biased according to a Chi-square 

statistical test (X̂  = 29.81; df: 60; p >0.99),indicating that extraneous 

factors are influencing the orientation of class B cell dendrites. The bias 

is more pronounced as dendrites become either oriented perpendicularly

towards or away from (90°C) the optic tract, or disposed parallel 

to it (0°). (No differences were seen between brain hemispheres).

By superimposing the overlay tracing of corticogeniculate afferents (diagram 

7.2d; overlay) over a diagram illustrating the orientation of class B neuronal 

dendrites in the frontal plane (diagram 7.2a), it is readily apparent that 

class B dendrites are oriented:either parallel tô  orrperpendicularly across 

the fibres that run dorsoventrally through the. dLGN in the frontal plane.

The general pattern of fibres coursing through the rat dLGN can be seen

in Figures 58, 66, 6 8 , 70, and 71.

cell form and computer-assisted three dimensional reconstruction. 

Dendrites of class A neurons ramify in a volume of dLGN neuropil that is 

spherical or slightly elliptical in shape (diagram 7.3a). class neurons, 

on the other hand, have dendritic tufts that originate from opposite poles of 

tile soma and contained in two hemispheric volumes that rarely overlap (Dia.7 J b) .
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Diagram7.2 Dendritic orientation of class B cells.

a) Composite diagram illustrating the position and dendritic 
orientation of class B cells as seen in frontal sections cut throughout 
the dLGN of both brain hemispheres. The length of the lines portraying 
dendrites do not indicate their length, only their orientation. Ventral 
lateral geniculate nucleus (vLGN), posterior lateral thalamic nucleus 
(LTP), and optic tract (OT). Orientation of the diagram is given by the 
markers D (dorsal), V (ventral), L (lateral), and M (medial). Scale 
bar: 250pm.

Shown within the dLGN is an example of how the dendritic orientation is 
calculated. The encircled cell has one dendrite parallel to the 
outlying OT (0°), another perpendicular to it (90 ), and a third at an 
oblique angle (40 ) to the optic fibre tract.

b) Distribution of dendritic orientations ranging from 0° (parallel 
to OT) to 90° (perpendicular to OT).

c) Probability distribution calculated from the observed dendritic 
angles for a class B cell to have a dendrite disposed within successive 5° 
segments from 0 to 90 . Also shown is the probability for a 
theoretically even distribution of cell dendrites. By relating the 
observed to the expected distributions, any preferred dendritic 
orientation will be detected.

d) Overlay. Tracing with a generalised pattern showing the paths of 
fibres as they course through the dLGN. The basis of such a diagram 
can be seen in figures 58, 6 6 , 69, 70 and 71.
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Diagram 7.2
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a) Class A neurons have an essentially global territory,

" ï-s s ïs ” - -
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Extreme forms of class A neuronal dendritic polarisation are conical 

elongations arising from contrary somatic poles (diagram 7.2c). Computer 

reconstruction and rotation of well-impregnated class B neurons (e.g. 

figure 99) showed them to have a long columnar extension aligned along the 

major dendritic axes (figure 103). The fine 'axon-like' strands that 

emerge from dendritic curves or branch points, or from long tapering 

dendrites occupy the greater proportion of the column volume, and their 

spatial distribution gives the column an elliptical 'cross-section'.

Diagram 7.3 

Class A
multipolar cells

Class Ai
bi-tufted cells

Class B
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7.3.2 GABA Immunocytochemistry (pre- and post-embedded)

i) Light Microscope observations

Iri the dL@f and other associated thalamic nuclei there was a high 

consistency in the pattern of GABA immunostaining either with the pre— or 

post-embedding procedures using antisera dilutions of 1:1000 and 1:1500. 

Unavoidable inconsistencies in the intensity and quality of immunostaining 

could be attributed to minor procedural modifications.

GABA immunostaining was present over the whole territory of the caudal 

diencephalon sectioned in the frontal plane (figure 58). Immunoreactivity,
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however, was most dense in the dorsal and ventral portions of the lateral 

geniculate nucleus (LŒ) where immunopositive cell bodies, dendrites, 

processes and punctate profiles could be discerned readily (figures 59, 60, 

67, 68, 72, 75, 78, 79). The lateral geniculate nucleus is boardered 

medially by immunonegative fibres of the external medullary lamina, whereas 

laterally it is covered by the optic tract which contained a few immuno

positive fibres in an otherwise immunonegative stream. The lateral posterior 

nucleus, which is located dorsomedially to the dLGN, contains a few immuno- 

reactive cell bodies and has neuropil with comparatively sparse immuno

staining. Little or no immunolabelling was present in the ventral thalamic 

nuclei (figure 58). Positive immunostaining was additionally found in the 

somata, dendrites, and 'axon-like* processes of neurons in the thalamic 

reticular nucleus, where a few immunolabelled processes (presumably axons) 

could be seen running within immunonegative fibre bundles.

The ventral and dorsal divisions of the LGN are separated by a thin, 

gently constricted belt called the intergeniculate leaflet"or'lamina'

(Hickey and Spear, 19 76) which is stubbed with small, closely neighbouring 

immunolabelled cell bodies (figures 66, 69 and especially 70) as well as 

faintly immunostained punctate profiles.

According to the distribution of immunostaining in pre-embedded material 

the VLGN could be partitioned into medial and lateral regions (e.g. figure 

58, 70). In both divisions, neuronal somata and dendrites, and processes 

were immunolabelled (figure 68). Indeed, wispy initial axon segments 

positively immunolabelled could be seen to emerge from the somata of several 

labelled vLQSI neurons (figure 67) . However, a comparison of the density of 

immunolabelled perikarya in both divisions tended to indicate that GABA- 

ergic cells were more prevalent in the medial than the lateral extent of 

the vLGN (figure 70). This finding has not yet been quantified.
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In the dLGN, the somata of immunopostive cells varied from circular 

to highly fusiform in shape (figures 59, 63, 64), but oval somata were by 

far the most frequently encountered labelled profiles, Imraunostained 

cells were often bipolar with dendrites that emerged smoothly from the 

opposite poles of elongated perikarya (figures 61, 64, 65). Occasionally 

unipolar (figure 60, 62\ tripolar (figure Bla)^and quadrupolar cells were 

found immunostained positively. A morphometric analysis of immunolabelled 

cells showed them to be a population of small-sized neurons (compared) 

with immunonegative dLGN neurons) possessing a distinct bias towards a 

markedly ellipsoidal shaped perikaryon (Table 7.1 ).

TABLE 7.1:Somata sizes of dLGN cells in l)im GABA immunoreacted sections.

Cell Immunoreactivity

Immunonegative 

n° = 79

Immunopositive 

n° = 145

mean s.d. min. max. mean s.d. min. max.

a* 15.12 2.14 11.83 21.89 a* 17.02 3.09 11.77 26.87

b*
2*

9.82 2.01 7.69 12.18 b*
2*

13.15 1.99 9.21 20.89

y 0.57 0.13 0.91 0.32 y 9.43 0.09 0.51 0.14

N.B.

° n = total number of randomly measured somatic profiles from an unknown 
number of animals

a = major and b = minor ellipsoid axes.
2Asterisk — For a sphere y = 0 ,  and for a line segment (i.e. an infinietely 

thin prolate spheroid) y = 1.
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The primary dendrites of immunolabelled cells were of uniform 

diameter and orientated in straight courses, although contrary to each 

other,and after several tens of microns they would begin to taper gradually 

These dendrites coursed for considerable distances parallel to either

bundles (figures 71,79), or other immunolabelled processes (figures 

62, 64, 72). In pre- and post-embedded material long dendrites and 

processes can be transected completely if they leave and then re-enter the 

immunoreacted zone of the section (figures 60, 64, 79)y they may also be 

interrupted by wandering capillaries (figure 61).

The dendritic branch points of immunolabelled cells were often near 

to the parent cell body (figure 62) and gave rise to various branching 

patterns - with variations in the angle of bifurcation and the diameter 

size of daughter branches. The bifurcation angles ranged from slim wedges, 

to relatively well separated branches (figure 62) that may even end up 

as being totally recurrent (figure 64). Whilst this latter arrangement 

is of a questionable nature, it is important to note that daughter branches 

were never committed to the course of their parent stems. No trichotomous 

branching patterns were seen in pre- or post-embedded material.

The small immunopositive profiles (between l-3|im in diameter) seen in 

pre-embedded material were even more highlighted in post-embedded material. 

These dark punctate dots appeared to be distributed mainly between the 

dorsoventrally transversing fibre tracts (figures 71, 83, 7 4, 7 7 , 80) 

where they were sometimes disposed in 'ring-like' assemblies around the 

perikarya of immunonegative cells (figures 75-78, 80) - with near certainty 

engaging in axo-somatic boutons. Other punctate profiles were distributed 

apparently at random throughout the neuropil especially in the immediate
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vicinity of immunolabelled dendrites, and groups of these profiles 

could be seen to be connected by fine filamentous immunolabelled strands. 

Unfortunately, in many cases it was impossible even at high magnification 

(oil-immersion x 100) , to trace these 'beaded strings'back to their origins. 

Despite this, such assemblies are evocative of the dendritic appendages 

seen on class B cells in Golgi preparations.

A large proportion of imraunostained cells could be seen to issue

delicate immunopositive beaded threads (figures 61, 62, 72), sometimes

extending over considerable distances (figure 64) and examples of fine

pedicles bearing dark rounded profiles (figures 65, 72 cell B, 80) were 
also common.

Immunopositive, thin 'axon-like' processes of uncertain origin were 

prevalent in the regions of neuropil between fibre bundles. Their 

immunoreactivity frequently commenced soon after they left the fibre 

tracts and they would then course almost perpendicular to the bundle 

from which they had emerged and invade the neighbouring neuropil where 

they would weave amongst immunonegative cells and end in conspicuous 

'nest-like' arrangements possibly clasping the perikaryon of 

immunonegative neurons (figure 73, 80). Many fibre bundles in the dLGN 

were composed of a minority of immunolabelled processes and discrete 

dark globular dots (figures 74, 77, 80).

It is important to note that whilst many of the immunopositive 

punctate profiles seen around dendrites may be components of putative 

dendritic appendages; many of them could equally be disadvantageously 

sectioned dendrites, 'axon-like' processes, true axons, or boutons



285
from other GABA containing intrinsic or extrinsic neurons. Hence, it is 

likely that the presence of dendritic appendages is more modest than is 

portrayed or suggested by the illustrating figures (e.g. figures 75, 78) .

The orientation of immunolabelled dendrites and processes is 

noteworthy since it is clearly apparent that they are disposed either 

along the axes of fibre paths (figures 61, 65, 71, 79, 80) or at varying 

angles to them (figures 59, 62, 72, 73).

A class of neuron commonly possessing a relatively large circular 

somata (Table 7.1 was found to be consistently immunonegative (figures 

72, 75-78, 80) and in no preparations, were neuroglia stained by 

specific immunolabelling (figures 76, 83d,d; 95b). The immunoprecipitate 

in positively stained somatic profiles was located both in the perikaryon 

and nucleus, but was absent from within the nucleolus (figure 76).

From these LM results it is apparent that the size, shape, and 

dendritic characteristics of the cells demonstrated to be GABA 

immunopositive show striking similarities with class B Golgi-impregnated 

neurons.

/

ii) Electron microscope observations

The thin zones of immunoreactivity near to the surface of Vibratome 

sections GABA-immunoreacted were sectioned for EM. Within these zones, 

the preservation of the ultrastructural components and the maintenance 

®f their normal intercellular relationships was satisfactory and

acceptable for identification purposes. In many instances a correlated 

LM-EM investigation was used to study immunopositive neurons first identified 

in the light microscope^ with their profiles being subsequently sectioned for 

EM examination (e.g. figure 81a,b) . A description of the fine structural
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localisation of the immuno-reaction product has been given in chapter 6 , 

and in all respects similar patterns of immunodeposit were found within 

the dLGN structures’ that were immunopositive.

Immunolabelled perikarya: Positively labelled perikarya were small and

ranged from roughly circular to fusiform in outline (depending on the 

plane of the section)^ and possessed between one and four dendrites 

Nuclei were often highly indented (sometimes even bisected), by finger

like nuclear invaginations. These infoldings were frequently opposite the 

base of large dendrites and commonly the nucleus was eccentrically placed 

leaving large zones of cytoplasm around the origin of these dendrites 

(figures 81a; 93b,C/d; 94a; 98f). The nuclei were relatively large 

compared with respect to the soma, allowing little room for the cytoplasm 

that was otherwise rich in organelles. Characteristically the cytoplasm 

contained ■ small, well cristated mitochondria lying concentrically 

around the nucleus, unattached polyribosome clusters (which were 

particularly concentrated within nuclear infoldings), lysosome bodies, 

and sheets or cisterna of granular endoplasmic reticulum-many in

continuity with the nuclear envelope. These features could only be
!

discerned in cells lightly immunolabelled following a very mild immuno- - 

reaction. Both the mitochondria and ribosome aggregates were covered 

heavily by immunoprecipitate. Surprisingly, little positive 

immunoreactivity was seen within the cytoplasm of nuclear infoldings 

(figures 81b, and especially 93b) . At high magnification the luraina of 

many cytoplasmic organelles were devoid of reaction product (figure 81b), 

but in accordance with LM observations the nuclei of immunolabelled cells 

(except their nucleoli and condensed chromatin clumps) were heavily 

stained (figures 76 cf 81b).
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Labelled perikarya could not be found to receive .or donate any type

of synaptic contact (cf Lieberman, 1973), although pre-synaptic regions were

found at the bases of dendrites. However, a few labelled boutons containing

flattened vesicles (F-type) and small immunonegative boutons with round 

vesicles (RS-type) were found contacting the proximal segments of 

immunolabelled dendrites (figure 81b).

Immunopositive dendrites varied in both size and orientation, and 

many dendritic profiles usually contained small clusters of non-spherical 

vesicles, situated towards one side of the dendrite (figure 82). The 

shape of these vesicles was often difficult to assess, especially after 

heavy immunoreactions and even more so in poorly fixed material. By 

careful observation, the distinction between pleomorphic and flattened 

vesicles could just barely be discerned, but not without effort. The 

stems of labelled dendrites regardless of diameter, were seen to be both 

pre- and post-synaptic in nature (figure 82). The synaptic contacts 

that these dendrites received were either immunonegative or immunopositive. 

Immunonegative presynaptic boutons were small and contained round or 

ellipsoidal vesicles (figure 82) - their membrane specialisations were 

of the asymmetric or Gray type 1 category. Pre-synaptic immunopositive 

boutons could be divided into two types depending on the shape of their 

vesicles, as either pleomorphic (P-type), or flattened (F-type).

Although the latter were by far the more numerous, both types established

symmetrical synaptic contacts (Gray type II) . Immunopositive dendritic profiles 

were pre-synaptic to other labelled dendrites as well as immunonegative 

profiles (figures 82, 84). In the regions of synaptic contact there 

was invariably a sequestration of vesicles (normally non-spherical and 

most often pleomorphic) that were heavily covered by immunodeposit.
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wasHowever, in nearly every case the lumen of these synaptic vesicles 

devoid of immunoprecipitate and thus electron lucent (figure 82).

Extraglomerular neuropU :  In neuropil outside dLGN synaptic

glomeruli the most commonly encountered immunolabelled profiles were 

small axon terminals (F-type) containing flattened vesicles that 

established synaptic contacts with the immunonegative dendrites and 

somata (figures 84, 85) of presumptive thalamocortical relay (TCR) cells 

( H ^ .  compare figures 75, 77 with 84,RS) . No TCR axons were located 

although they undoubtedly exist. Therefore the question of labelled 

or immunonegative axons contacting TCR axon initial segments could not 

be resolved. Immunolabelled dendrites with long extended mitochondria 

and containing pleomorphic vesicles were found to establish symmetrical 

contacts with immunonegative perikarya (figure 84). The somata of non

neuronal cells including astroglia were immunonegative.

Glomerular neuropil: The synaptic organisation of the dLGN glomerular

neuropil has been extensively characterised in the electron microscope 

(Lieberman and Webster, 1974a,-1974b; 19740; I974d; Rafols and Valverde, 

1973). Essentially, glomeruli are composed of three neural elements - 

large optic axon terminals (RL,, the dendrites and dendritic appendages 

O f  projection cells ,T), as well as the intricate dendritic appendages

of class B .interneurons'. The theme of the synaptic
interconnections of these elements follows two principle paths RL->T^ 
and RL-P^Tj (see figures 13-20). However wide variations exilt 
in glomerular organisation and these have been well documented previously 
(Lieberman anti Webster, 1974a) .
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In immunoreacted material large immunonegative optic axon terminals, 

containing irregularly cristated mitochondria and cluttered with round 

immunonegative vesicles (Lieberman and Webster, 1974c) were seen to make 

asymmetrical synapses with both the immunonegative dendritic profiles of 

TCR cells and also with immunolabelled 'vesicle-containing' profiles 

(figure 83). The latter are presumably constituent members of the dendritic 

appendages that are derived from either one or several class B neurons 

(Lieberman and Webster, 1974). Furthermore, immunopositive 'glomerular' 

profiles ($») were pre-synaptic to either immunonegative (T) TCR cell dendrites 

(P — > T) or to other labelled profiles (P^— P^) or to both (P^ P T )  . 

Additionally such immunolabelled profiles received Gray type I input from 

optic axons (RL—> P^). An invariable characteristic of the labelled 

glomerular boutons, seen especially well after light immunostaining were 

large clusters of pleomorphic vesicles near the pre-synaptic 

membrane. This enabled the unquestionable identification of immunolabelled 

boutons as the dendritic appendages belonging to intrinsic neurons 

(Lieberman 1973; Liberman and Webster,, 1974a).

The glomeruli of the dLGN are isolated from extraglomerular neuropil 

by encapsulating sheets of astrocytic processes. In immunoreacted material 

these glial pallisades were immunonegative (figure 83).

P- and F- type boutons within and outside glomeruli were occasionally 

found immunonegative in sections cut from the internal boundaries of the 

immunoreacted zone of the tissue section.

7.3.3 Golgi/EM combined with post-embedded GABA immunocytochemistry.

Golgi-impregnated and 'gold-toned' neurons from the dLGN were sectioned
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for LM and EM examination. In order to establish their GABA-ergic nature, 

1pm thick sections through the. identified neuronal somata were incubated 

for GABA-like immunoreactivity using the post-embedding technique. Nine 

class B neurons, three class A cells, and two class A^ neurons were 

investigated in this manner. However, due to the nature of the technique

( diagram 7.1) . • some cells were not recovered successfully for EM

examination.

i) Class A and A^ neurons.

_Figures 86a, 87 (cell P) , 88a show class A neurons displaying radiate 

spiny dendrites typical of presumptive TCR cells. These and other TCR cells 

were GABA immunonegative (figures 86c, d; 88d, e) . In the electron- 

microscope Class A and A^ neurons bore the characteristic hallmarks of 

thalamocortical projection cells. Their nuclei were roughly spherical in 

appearance housing large prominent nucleoli, nucleolar associated chromatin, 

and much dispersed chromatin which gives their nuclei a speckled pattern 

(Jigure 96e). In peripheral zones of the nucleoplasm, small clumps of 

condensed chromatin were studded randomly around the inside of the inner 

nuclear membrane. Extensive infoldings of the nuclear membranes were 

uncommon. The cytoplasm of these TCR cells was rather scant but contained 

extensive Golgi apparati and parallel lamellae of rough endoplasmic 

reticulum encircling the nucleus. In addition to their normal perinuclear 

placements, large mitochondria (approx. 0.31pm mean diameter) together with 

clusters of free ribosoraal aggregates, and bundles of long'stringy' 

microtubules were present at entrances to dendrites. The perikarya of 

these cells receive Gray type I and type II axosoraatic contacts from 

boutons containing round and flattened vesicles respectively. In addition 

P-type contacts could be seen to be made by presumptive intrinsic neuronal 

dendrites onto 'gold-labelled' TCR somata.
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ii) Class B neurons

Class B neurons investigated in this part of the study were selected 

on the quality of their impregnated dendrites, dendritic appendages and 

extensive ramifications of fine 'axon-like' processes^ and since many novel 

and unique features were revealed a thorough description of their LM and 

EM architecture is considered necessary.

Figures 87, 89 and 95 show neurons that probably typify the 

architecture of class B neurons. The fortunate impregnation of two class 

B and a class A cell lying close to each other within the same section 

(_fi2uxe— illustrates well the differences between neuronal classes.

Class A cells are large and highly radiate whilst class B cells are 

commonly small ovoid bipolar cells with a preferred orientation of their 

dendrites and processes (class I^). Cell (figure 87) displays dendritic 

appendages of varying complexity, as do the class B cells in figures 89 and 

95. But in this respect, cell (figure 87) stands alone, since rarely 

along its dendrite, either before or after the curve could arrangements 

classically' described as appendages be found. Immediately distal to the 

almost perpendicular curve in the dendrite, several 'flame-shaped axonal' 

sprays radiate out into the neuropil (figure 88aa). The dendrite tapers 

distally from the bifurcation into a funnelled bouquet of thin processes 

elongated along the dendritic axis and bearing many interconnected varicose 

buds. In LM, several strands were clearly seen to drape over the somata of 

^2 presumptive axo-somatic or dendro-somatic boutons established

"en passant' synaptic contacts. Of extreme interests is the nature of the long 

coursing process which arises a short way beyond the dendritic curve and is 

almost parallel to the former dendrites (figures 87 and 88a).

Unlike any of the dendritic or 'axonal'
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processes previously described this unusual process is moderately thick 

(3-4pm diameter) throughout its length and despite being initially 

entwined by thin 'axon-like' threads it is almost without appendages.

Single spines and one or two spinous clusters do however emerge at 

relatively constant distances. Both the perikarya of cells and were
J

GABA immunopositive and in EM displayed characteristic class B ultrastructure 

(figure 88).

The class B neurons in figures 89, 96b (97d), and 99 illustrate clearly 

the essential differences in the axon-like nature and dendritic characters 

of class B cells. For convenience these differences may be summarised 

below :-

a) Dendritic character: One set of dendrites (DSI) are characterised by 

many dendritic appendages with varying complexities (figure 91d) and with 

an apparently regular spacing. These dendrites may arise from both poles of 

the soma with one of them normally curving, and remarkably, they are 

either parallel or angled towards the optic tract (figures 99 cf 102). 

Gbincidentally the parallel radiations of corticogeniculate afferents (CGa) 

course nearly perpendicular to the dendritic arm/s which are angled 

towards the optic tract (figures 89, 97d; and compare dendrite 

Y in figure 99a with figure 101 acetate overlay). The nature of the 

bther dendritic set (DSII) should be cautiously regarded due to its 

'axon-like' nature. DSII arise from somatic poles or as dendritic 

bifurcations.where they divide and taper into fine sprays similar in 

appearance to true axons.

b) Character of 'axon-like' processes. Class B cells possess two 

varieties of 'axonal' arbors which may be present in the same cell 

(figure 95). The first type arises from hillocks or outpushings at the



293

curves of first order dendrites or branches of DSI dendrites. They are 

classified here, and appropriately called 'dendritic axons' (DAX) since 

they emerge distinctly from well identified dendrites (figures 96C; 97f; 

98a,b,c; 99; 102a). It appears that DAXs emitted at dendritic curves 

are axially elongated into diffuse widely spaced, beaded strings (e.g. 

figures 98a,99a,102a,95,96c). However,if they arise from dendritic branches 

they ramify spherically within the confines of the dendritic fork (figures 

87, cell I^; 95) . Ihe second axonal type arise from tapering DSII bifurcations.

These dendrites develops into the delicate, but complex 'axon-like' sprays 

(described above) and are referred to as 'axonal-dendrites' (AXD), because 

no perceptible change can be discerned as true dendrites gradually taper 

into 'axon-like* processes (figures 99; 102b,d,e). Normally the compact 

varicose AXD strings, are elongated along the axis of their parent 

dendrite (figure 99).

It should be mentioned that the unequivocal ultrastruetural criteria 

for distinguishing between the axon of AXDs and DAXs has regretably not 

been established by this study. Nevertheless, both types of putative 

axonal 'webs' can be seen to ramify near and spread over the somata of 

TCR cell bodies proven to be GABA-immunonegative (figures 89, 95).

The three bipolar cells A, B and C in figure 90b were impregnated close 

together with their processes interweaved. A highly distinctive 'grape-like' 

bunch of appendages is born by a dendrite of cell A (figures 90c, 91b).

When this appendage and a portion of its parent dendrite were sectioned in 

the electron microscope, long processes could be seen arising from an 

outpushing of the dendrite (figure 92b). Numerous connecting identified 

profiles containing pleomorphic vesicles were evident in serial sections. 

These P—type boutôns were seen to partly encircle optic fibre expansions and 

also to contact TCR cell dendrites. Unimpregnated axonal profiles, small to
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moderate in size, containing round vesicl® (RS-type) established Gray 

type I contacts with the identified dendrite in the region of its dendritic 

appendage (figure 92b). Elsewhere along a more distal region of the same 

dendrite, P-type contacts and an F-type contact were identified (figures 

92c^d^). The three cells were proven'cABA-ergic' by immunocytochemistry 

(figures 93a-d) and adjacent to cell A was an unimpregnated GABA-ergic 

neuronal somata - undoubtedly a class B neuron, from the ultrastructural 

characteristics of its soma (figure 94a), and by the presence of a small 

vesicle pool trapped towards the periphery of a dendrite (figure 94c).

Two further class B neurons (figures 96, cells A. C l , identified as 

containing GABA-like immunoreactivity (figures 97a-c, e-g) displayed atypical 

arbors, with simple 'axonal' processes coursing close to dendrites or 

dendritic arms, which were unusually divided into third and fourth order 

branches and splayed-out abandonly in all directions (figures 96 cell c ).
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7.4 DISCUSSION

The results presented in this study allow the identification of two 

distinct classes of neurons in the rat dLGN which can be separated by 

virtue of their Golgi-impregnated structure, ultrastructure, and by their 

GABA-ergic nature.

7.4.1 Golgi studies

The Golgi-impregnation studies of this chapter have identified two 

morphologically distinct categories of neurons in the rat dLGN - Class A 

and Class B neurons. Although Class A cells can be subdivided into a 

minor subgroup of neurons (defined here as class A^) the characteristics 

of both the major neuronal categories, have been well described by 

previous Golgi investigations (Grossman et al, 1973; Kriebel, 1975; 

Parnavelas et al, 197'/h,b;Webster and Rowe, 1984) and by electron 

microscopical studies (Lieberman and Webster, 1972, 1974; Lieberman,

1973; Rafols and Valverde, 1973; Kriebel, 1975).

Classes A and A^ neurons: The morphological similarity of class A

neurons of the rat dLGN with the cells described as thalamo-cortical 

relay (TCR) or projection cells in other mammalian species (Frielander 

et al, 1981; Norden and Kass 1978; Guillery,1956;Rafols and Valverde, 1973) 

suggests that in all probability class A and also class A^ neurons are 

TCR cells. It is evident from Nissl-stained material and in certain 

Golgi preparations that class A and A^ cells are not evenly dispersed 

throughout the dLGN, but are clustered between the fibre paths that 

dorsoventrally traverse the dLGN. Furthermore, there is electrophysiological 

evidence to support the existence of neuronal clusters in the dLGN, and also 

that such cell clusters have similar receptive fields (Montero et al.
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%see their Figure 5).

1968^. As to whether class A or A^ cells have axon collaterals remains

undetermined since no branches nor fine processes could be seen to emerge

from the Golgi-impregnated and unmyelinated initial axon segments. It is

unfortunate that the Golgi methods do not impregnate myelinated profiles - a

severe limitation to tracing axonal fields. This drawback does not beleague

HRP—filling techniques (Somogyi et al, 1983d).. However,afew early reports

derived from Golgi preparations indicate branching or collateralisation of

TCR cell axons (Scheibel and Scheibel, 1965; Tombol, 1966; Parnavelas

et al, 1977). Furthermore, the invasion of dLGN neuropil by TCR axon

branches has been implicated in the electrophysiological functioning of the •

dLGN (Burke and Sefton, 1966; Anderson et al 1977).

The characteristically radiate dendrites of class A cells and the 

tufted appearance of class A^ neurons show no preferred orientation towards 

either optic or corticogeniculate afferents. Despite this it would appear 

that optic afferents (RL type boutons) are targeted preferentially at the 

proximal dendrites and dendritic appendages that enter synaptic glomeruli 

whilst afferent CGas (RS type boutons) are directed towards the distal 

dendritic portions of TCR cells that mainly lie in extraglomerular neuropil 

(Lieberman in Grossman et al, 1973; Brauer et al 1974; Luth et al, 1980).

Although class Aj neurons represent a subdivision of the Class A or TCR 

cells with a somewhat nebulous overlap of their structural features, there is 

much evidence to support this apparent morphological distinct sub-population 

(Grossman et al, 1973; Winklemann et al, 1979; Kriebel, 1975).

Winkelmann et al, (1979) in a limited morphometric analysis of the rat 

dLGN, identify and present strong evidence of both 'radiate' and 'tufted'

TCR cells. Indeed, whereas Parnavelas et al (1977&) do not identify a 
subdivision of class A neurons in Golgi preparations of rat dLGN at
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■^iffsrent postnatal ages, the material they present clearly suggests that 

neurons with either 'tufted' or 'radiate' dendritic arbors may be present 

as early as postnatal day 6 (compare cells 'a' and 'c' in their figure 5), 

Such a division may still be present at postnatal day 15 (contrast cells 

'a' and 'b' in their figure 9), and since this is only three days before 

class A neurons reach their mature appearance, it is probable that this 

division persists into adulthood.

Leuba and Garey (1984) have recently described the orientation of 

TCR cell dendrites in the monkey dLGN as being oriented preferentially 

^long the axes of the fibre paths (afferent optic axons and cortico— 

9Gnûculate afferents) that course through the dLGN. However, no such 

hi2end was observed for the orientation of class A dendritic arbors. The 

dendritic orientation of class A^ neurons bore no significant relation

ship to the dorso-ventrally traversing fibre pathways in the rat dLGN.

Many studies have suggested that differences exist between medial 

and posterolateral portions of the^dLGN (Lund and Cunningham, 1972; 

Cunningham and Lund, 1971; Hayhow et al 1962), but no distinct divisions 

or hidden lamination could be demonstrated here, except that class A^ 

neurons were more commonly encountered within the anteromedial pole of 

the nucleus. Class A^ cells may. therefore be responsible for the 

aberrant receptive fields found in this part of the dLGN by Montero et al 

(1968). Furthermore,it would appear that the dLGN is selectively innervated 

by the retûna, since Brauer et al (1979) have demonstrated that the retino- 

geniculate afferentation to the rostral two thirds of the dLGN is made 

up of two axonal types - i) a relatively thick but sparsely varicose 

arbor, and ii) a profuse and dense arbor made up of thin axons. In the 

caudal third of the nucleus these authors report that only the latter type



is pres.nr. Whether both of these are considered as axons from the 'three 

group', classification of rat retinal ganglion cells proposed by Pukuda 

(1977) is uncertain. What is known, is that the rat dLGN as a whole

displays two populations of electrophysiologically defined cells -

fast-conducting and slow-conducting cells (Pukuda et al, 1973.

Pukuda, 1973; Cf Sherman et al, 1975). It is unclear which category

Class A and A^ neurons belong to. However the morphological observation

of Brauer et al (1979) that large diameter axons (presumptive fast conducting

axons) terminate principally in the raostral two thirds of the rat dLGN,

whilst small diameter axons (presumptive slow conducting axons) terminate

throughout the the dLGN may correlate with the finding in the present study

that calss Aj cells were more common in the anterior pole of the nucleus.

It is therefore tempting to speculate that class A^ cells receive

predominantly input from fast conducting axons, whereas class A cells

(found throughout the anterior posterior extent of the dLGN) receive input .

from slow conducting axons. However no such structural-functional correlate

has been established, furthermore it is also unclear whether the rat dLGN

contains a similar physiological segregation of its cell types into the

X- Y-type cells found in the cat dLGN (see reviews by Lennie, 1980; and

Orban, 1984) . The Y-type cells reèi?^|; füe.eonducting retinogeniculate 
a ferents and the X-type cells receive slow-conducting input. In addition |

to the speed of conduction of the afferents contacting each cell type there :
are other physiological and morphological characteristics which define these |

cell types (eg soma size (Y>:X) , receptive field size, velocity sensitivity, |

linearity of response with respect to centre/surround antagonism, axonal ' !

velocity of their output, see Orban, 1984 page 70). Although class A^ and

class A cells do not differ markedly in their soma sizes, it remains^for

electrophysiological experiments to determine whether the.rat dLGN

possesses similar functionally distinct cells as in the cat dLGN, and

whether these cells are direclty correlated with the apparent two types

of morphologically distinct class A cells projecting to the cortex.
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Class B cells: Class B dendrites are oriented preferentially along

two principle axes' in the frontal plane - i) parallel to both the outlying 

optic tract and the fibres that course in a dorsoventral fashion through 

. the dLGN, and ii) disposed nearly perpendicular to both the aforementioned 

fibre tracts. Rafols and Valverde (1973), and Grossman et al, (1973) 

acknowledge not only these preferred dendritic alignments in the frontal 

plane, but also describe class B cells as being elongated along the .

anteromedial and posterolateral axes of the rat dLGN. These authors do not, 

however refer to any defined orientations of the curved dendritic processes 

or branches in their parasagittal and coronal sections. Nevertheless, by 

amassing the observations from these sources,one can define geometrically

that there exists a continuous system of anterior to posterior 
frontal planes, with each plane having class B dendrites disposed

mutually perpendicular along dorsoventral and mediolateral axes (diagram 37

a) . Since it has been shown here that class B neurons occupy an elongated

dorsoventral columnar shape with its major cross sectional axis in the

mediolateral direction (figure 103), and that the somata of class B cells

can be found in very close proximity to each other (figure 90b; and

especially figure 93b') , the amount of overlap between the volume frames

of class B neurons is likely to be very high, particularly across the 
frontal plane.
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The observation of the present study indicating that there arc 

possibly two types of dendrites or dendritic sets (DSI and DSII) 

oriented in opposite directions to each other, and that each set 

possesses characteristic appendages, is highly intriguing both from a 

^^^P^ological, and a functional viewpoint. DSI regularly sprout 

appendages typically associated with synaptic glomeruli, and the 

dendritic portions distal to the curve in DSI were frequently disposed 

more or less perpendicular to the optic tract, interestingly they 

acted like 'dendritic antennae' being angled across the path of 

^o^ticofugal afferents (CGas) and it would seem more likely that the 

orientation of these dendritic segments bears a functional correlation 

with descending corticofugal input to the rat dLGN. Especially so, 

since on several occasions the RS—type boutons associated with CGas 

(this study and, Liebermann and Webster,1974a) could be seen to establish 

Gray type I contacts with the DSI of class B neurons. Despite this, an 

interesting relationship might exist between the 'curved'and uncurved* 

portions of DSI. Consider the neuron of figure 99, (which is typical of 

many cells encountered during this study) if parallel lines are projected 

nearly perpendicular from the uncurved dendritic segment (Y ) onto the 

curved segment (X) , the spacing of the dendritic appendages on both DSI 

'arms' would be related trigonometrically (see diagram 7.4). They would 

also be functionally related, since RS-type boutons are not found within 

synaptic glomeruli but in EM have been seen located on the shafts of 

dendrites near to dendritic appendages (figure 92b). Since the dendritic 

appendages are most commonly associated with optic terminals inside 

synaptic glomeruli, then strong suspicions emerge of a functional 

integration of the retinal input onto TCR cell dendrites, corticogeniculate 

feedback and a modulatory role of class B cells. As stated, only a small 

sample of cells has been studied, therefore this functionally geometric 

relationship must remain tentative.



300

Diagram 7.4. Trigonometrical relationship between corticogeniculate 
afferents and the distance that separates appendages on dendrites Y and 
X. (It is assumed that angles A and B, and distance d are known).

yCGa ?D

B >90 
A $90

D =

B<90 ( 
A<90 f^

[Cos(B-90)]xd
Cos[(A+90)-B]

[Cos (90“B)]xd 
Cos [A+B]

Diag 7.4

One contentious issue is the 'axonal' nature of 'presumptive' 

interneurons. In the rat, class B dLGN neurons were once thought to be 

comparable with the anaxonal (without axon) cells of the olfactory bulb 

(Price and Powell, 1970a,b) and the amacrine cells of the retina (Dowling 

1970), but they are now considered to possess short Golgi type II 

'axon-like' processes (Grossman et al 1973; Parnavelas et al 1977a). other 

authors have presented photographs or camera lucida drawings of axons 

arising from thalamic Golgi type II neurons in Golgi preparations (Tombol 

1969? Hamori et al 1978? Ralston 1971? Famiglietti and Peters 1972).
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However, although typical initial axon segments were seen emerging from 

TCR cell bodies or proximal dendrites, no such characteristic elements 

were seen arising from class B neurons in the material prepared for this 

study - with perhaps one exception that will be considered presently.

Golgi type II interneurons are considered as possessing unmyelinated 

locally ramifying axons and due to the heterogeneity of 'axon-like* 

processes seen in Golgi preparations, presumptive interneurons in the 

mammalian thalamus have been separated previously into many different 

classes (Tombol, 1969? Wong-Riley 1972? Ralston 1971). However, in this 

study, no clear sub-divisions of Class B neurons in the rat dLGN could be 

found on morphological grounds - this observation is in accord with 

previous investigations (Grossman et al, 1973; Kriebel, 1975; Ohara et al 

1983; Rowe and Webster, 1984).

The class B neurons examined here displayed complex dendritic appendages, 

to a lesser extent somatal appendages, and 'axon-like' processes that 

confusion with true axons became a distinct possibility. Therefore, 

several generalised categories were constructed for the investigation of 

class B processes (see Results 7.3)

The dendritic arbors or dendrite sets (DSI and DSII) emerged from 

the soma and gave rise to the 'axon-like' structures DAX and AXD 

respectively. The dendritic axons (DAX) which emerged from the curves of 

DSI dendrites represented the most probable axonal candidate (Dr.K.Brauer 

personal communication) - their initial segments ̂ vere similar to those of 

TCR cells. Usually class B cells would have only one first order dendritic 

curve (cf branch point-figure 36) often close to their nee 11 body from which DAXs 

could be traced for long distances and were branched into well-spaced.
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but highly varicose strings (figures 87, 98a). DflX's emitted at branch 

points rarely extended beyond the confines of the outlying daughter 

branches and they are not thought the most likely axonal candidate.

The -axonal-déndrites' (AXD) of DSII taperad almost imperceptibly from 

well-defined dendrites. Because,of this smooth gradation, AXD's could 

be considered as profuse and lengthy dendritic appendages. AXDs can 

frequently be seen 'draped' or 'spread-over' TCR cell somata (figure 89) .

Both AXDS and DAXS are thought to be the 'non-glomerular' elements 
emitted by class B neurons.

Finally because class B cells are notoriously difficult to 

impregnate using the Golgi techniques, observations derived from Golgi 

preparations may have been based on the incomplete structural impregnation _  

of these typically elongated bipolar neurons. Because^^o studies have yet 4 

attempted the intracellular injection of HRP into the rat dLGN to identify '--

oonpletely the architecture of its constituent neurons (as in the cat,Mason etal,

1984), the 'intemeuronal' character of class B cells must remain strictly 

presumptive. Moreover, conclusive anatomical evidence that class B 

neurons give rise to conventional axons and are not pseudo-amacrine cells 

(.Rafols and Valverde, 1973) must come from further electron-microscopical studies

7.4.2 Electron microscopy of Golgi-preparations

In the electron microscope the somatic and dendritic profiles of TCR 

and class B neurons bore the ultrastructural hallmarks of their cell 

classes, as defined previously by Lieberman (1973, Lieberman and Webster,

(1974a,b,c,d),Rafols and Valverde (1973) and Kriebel (1975).
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The present study paid particular regard to the synaptology of 

identified class B neurons, and several interesting findings clearly 

emerged, in particular that the trunks of DSI were contacted by RS-type 

boutons and F-type boutons, more frequently than Lieberman (1973) reports. 

Since these afferents are derived from the visual cortex (Luth et al 1980; 

Lieberman and Webster, 1974b; Robson, 1983) and the thalamic reticular 

nucleus (TRN) - Ohara et al 1980; Montero and Scott, 1981; Hale et al,

1982) , respectively, these observations may indicate that not only are 

TCR cells influenced by corticofugal 'excitatory' afferents and 

'inhibitory' TRN input (Houser et al, 1980), but that class B neurons 

are also influenced by these inputs. Additionally, 'gold-filled' profiles 

from identified class B neurons were seen in Gray type II contacts with 

the somata of TCR cells. These synapses could well have arisen from the 

DSII of class B neurons.

Unfortunately, no 'true axons' were found originating from somata of 

identified class B cells. Indeed, it was especially disappointing that 

the opportunity did not arise to investigate the ultrastructural 

characteristics of processes arising from DSI "curves". Moreso, because 

the true axonal nature of class B neurons, as defined by electron 

microscopy, still remains to be ellucidated.
r -

7.4.3 'GABA-like' Immunoreactivity

Cells displaying GABA-like immunoreactivity possess light-microscopical 

features similar to Golgi-impregnated Class B neurons. Conclusive 

evidence for this comes from identified Golgi-impregnated and 'gold-toned' 

class B neurons whose somata and dendrites can be seen to be G ABA - immun o - 

positive in post-embedded material. Immunopositive cells in pre-embedded 

material also display these morphological characteristics, but the staining 

in distal dendrites and dendritic appendages is less intense than in the cell
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body or more proximal dendrites. In post-embedded material a uniform 

reactivity of all immunopositive profiles was noted and this 

discrepancy may be accounted for by the fixation and processing 

methods employed in both immunocytochemical techniques.

In both types of preparations class A and A^ neurons were immuno- 

negative, indicating that TCR cells produce and use a neurotransmitter 

other than GABA.

In a recent immunocytochemical study, Ottersen and Storm-Mathisen 

(1984b) used their own antiserum against GABA (Storm-Mathisen et al, 1983) 

to identify the GABA-immunopositive neurons in the thalamus of the mouse. 

GABA-immunopositive neurons in the dLGN displayed fusiform somata similar 

to the perikarya of class B dLGN neurons seen in Golgi-impregnation 

studies of the rodent dLGN (Grossman et al, 1973; Rafols and Valverde, 

1973).

Extra-glomerular neuropil: Immunopositive boutons and dendrites present

in the non-glomerular neuropil could be separated on the basis of their 

ultrastructure.

By far the most common were boutons containing flattened synaptic

vesicles establishing Gray type II contacts. Most of these boutons could

be found in contact with the immunonegative dendrites and somata of TCR

class A (A.) cells, but an exceptionally sparse input could also be seen 
1

contacting the dendrites of identified class B cells. Since a population 

of axon terminals with flattened vesicles, corresponding in all respects 

to the identified immunopositive boutons, have been shown to originate
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from GAD containing neurons in the thalamic reticular nucleus ..(TRN)

(Ohara et al, 1980; Montero and Scott, 1981; Houser et al, 1980), it is 

likely that F-type boutons seen in the extraglomerular neuropil are the 

terminals of the ipsilateral TRN input to the dLGN.

Additionally, a great number of immunopositive P-type (pleomorphic 

vesicle containing) boutons and dendrites were seen in the neuropil, and it 

is suspected that these belong to the non-glomerular parts (AXD, DAX) of 

class B neuronal DSI and DSII. Lieberman and Webster (1974) describe 

class B neurons as giving rise to F-type boutons in extraglomerular 

neuropil. Therfore, a sub-population of F-type boutons may be derived 

not only from the thalamic reticular nucleus (TRN), but also from class B 

interneurons'. It is probable that the immunopositive profiles, seen around 

immunonegative TCR cells were derived from both TRN, and local class B 

afferents. The distribution of these boutons may be responsible for the 

dark immunoreactive profiles seen in 0 .5-lpm thick post-embedded material.

The immunonegative profiles present in the extraglomerular matrix 

(apart from the presumptive dendrites of TCR cells) were axonal in character 

and occasionally displayed spherical vesicles. These boutons were small in 

size and established Gray type I contact with thin immunonegative dendrites 

(t>robably the distal dendrites of TCR class A cells) . No definite contacts could 

be found onto immunolabelled profiles. Unidentified immunonegative profiles 

were possibly derived from other brain nuclei (Luth et al, 1980; Kromer 

and Moore, 1980) and no regularity could be found in their location nor 

•uniformity of ultrastructure.
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Glomerular Neuropil: The ultrastructural characteristics and the synaptic 

relationships of the immunopositive profiles seen in synaptic glomeruli 

correspond in every manner to the complex dendritic appendages of class 

B neurons known to be major components of dLGN glomeruli (Lieberman and 

Webster, 1974a;Famiglietti and Peters, 1972; Kriebel, 1975 ; Ohara et al, 

1983; Fitzpatrick et al, 1984). In optimally prepared material these 

immunolabelled boutons could be verifed as P-type boutons - corresponding 

to the P-profiles of Lieberman and Webster,(l974a) and to the F^ profiles 

of Guillery (1969). Since the dendritic appendages of class B neurons 

contain GABA-like immunoreactivity, it is almost beyond doubt that they 

are involved in an inhibitory 'feed-forward* internuncial role between 

the optic fibre afferents and TCR dendrites. These observations correlate 

directly with the GAD-immunocytochemical studies of Ohara et al, (1983) 

and Fitzpatrick et al (1984).

7.4.4 Comparison with other GAD- or GABA-immunocytochemical studies.

The class B neurons Golgi-impregnated in this study have many 

similarities in common with cells in the dLGN of the mouse described by 

Rafols and Valverde (1973) as interneurons and it is likely that these 

'interneurons' are GABA-ergic (Ottersen and Storm-Mathisen, 1984).

Neurons in the cat dLGN which accumulate 0 h)-GABA (Sterling and Davis, 

1980) correspond morphologically to the small class 3 neurons of Guillery 

(1966). Indeed, these latter neurons resemble the cells shown to be GAD- 

iramunopositive in the cat dLGN (Fitzpatrick et al, 1984). Furthermore, the 

small paucidendritic neurons with long primary dendrites and 'axon-like' 

processes in the monkey dLGN (Saini and Garey, 1981) may be analogous to 

■the GAD immunopositive neurons demonstrated by Hendrickson et al (1983).
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Therefore, it appears that the neurons demonstrated in the present 

study to be GABA-immunopositive, may represent a class of 'inhibitory 

interneuron' common to the organisation of the mammalian dLGN as well as 

the human lateral geniculate nucleus (Hickey and Guillery, 1981; DeCourten 

and Garey, 1982), and that these neurons are GABA-ergic.

7.4.5 Methodological consideration for demonstrating GABAergic neurons of 

the mammalian dLGN.

The post-embedding GABA immunocytochemical procedure (Somogyi and 

Hodgson, 1985) is a highly appropriate method for demonstrating the GABA 

immunoreactive nature of neuronal somata within the mammalian dLGN. Class 

B neurons are especially difficult to impregnate using the Golgi methods 

(Guillery 1966; Grossman et al, 1973; Hickey and Guillery, 1981; DeCourten 

and Garey, 1982; Rowe and Webster, 1984), which is a limiting factor 

towards adopting a pre-embedding immunocytochemical procedure followed by 

Golgi-impregnation (Freund and Somogyi, 1983). The aim of this latter 

method is to Golgi-impregnate the somata of immunopositive class B neurons 

within the GABA-immunoreactive zones of the tissue section. The 

probability to impregnate dLGN 'interneurons' within a zone of immuno-reactivity 

less than lOhm thick is low. The post-embedding GABA immunocytochemical

procedure allows neurons within the dLGN (in particular class B 'inter

neurons'), Golgi-impregnated and gold-toned several years previously to be 

iramunoreacted using a GABA-antiserum (or with developments in post-embedding 

immunocytochemical techniques for other antisera).

7.4.6 Functional considerations

The findings of the present study in conjunction with other studies 

detailing features of the internal and external organisation of the dLGN 

are shown schematically in diagram 7.5.



DIAGRAM 7.5 .

Inset 7.5b : Schematic illustration of the afferent and efferent
connections of the rat dorsal laterla geniculate nucleus (dLGN).
Retina (Ret) , visual cortex (VC), nucleus coerulus (NC), nucleus 
raphe dorsalis (Nrd), nucleus raphe centralis (Nrc), superior 
colliculus (CS), and thalamic reticular nucleus (TRN).

7.5a Detailed diagram illustrating the synaptic connectivity of the 
visual system in the rat with the dLGN receiving special emphasis.
All the aspects of connectivity represented here are dealt with in 
the text. But note that the afferentation of the brain nuclei, other 
than the TRN, is not known with certainty, also that until the 
prescence axonal nature of class B cells is established these cells 
may well possess 'axons' that traverse the boundary of the dLGN (albeit 
presently rather dubious -??).

Retina: Rod photoreceptors (R), horizontal cells (H), bipolar cells
(B), amacrine cells (A), ganglion cells (G). (Amacrine cells are 
thought to be GABA-ergic).

Visual cortex: Pyramidal cells (P), spinous multipolar (sm),
non-spinous multipolar (nsm), bipolar cells (bp). Laminar borders 
are identified by the roman numerals (I-VI).

Colour coding: Apart from the retina, all excitatory neurons are
shown in red whilst neurons believed to operate via‘GABA-mediated’ 
synaptic transmission are shown in black.
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Corticofugal and TRN afferents are mainly concentrated onto the distal 

and proximal dendritic portions (respectively) of TCR class A (A^) cells 

Additionally, optic afferents and class B neuronal appendages contact the 

proximal dendritic shafts and dendritic clusters of TCR cells. It is 

plausible to assume that the relay cells collect different inputs from the 

various parts of their dendritic arbors (Rail , 1962a, 1962b) and these 

dendritic signals are propagated in a spatiotemporal manner to a 'decision- 

making site' of the neuron, where they are eventually integrated 

geometrically. Relay cells could thus be interpreted as single-output 

units. Class B neurons deny such a simplification, since their input and 

output sites are diverse and spatially distributed.

The DSI dendritic appendages of class B neurons «a^Jact as 'independent 

synaptic units' (Ralston 1971, regardless of the electrotonic activity of 

the main dendritic channel since they are connected to their parent 'cable' 

by fine strands with high electrical resistance and low capacity (Jack,

1977; Koch and Poggio, 1983). Therefore, whilst dendritic appendages may 

mediate monosynaptic feedforward inhibition of geniculocortical transmission, 

their activity (sotetimes of a rather complex integrative functiop due to

their varied synaptic arrangements and geometry and size of the appendages 

could have strong modulatory effects on the propagation of dendritic potentials 

in the parent DSI cable.- since the length and diameter of the appendages and 

the dendritic processes interconnecting them will greatly affect the amplifie-., 

ation of current injected from the dendritic appendage into the parent 

dendritic cable (see pages 201-201b). Thin and long appendages will produce 

high voltage transients (Koch and Poggio, 1983) in the parent DSI. Because 

the majority of the synaptic input from retinal afferents into the dendritic
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appendages of class B neurons (which are encased in synaptic glomeruli) will

cause a monosynaptic inhibitory feedforward onto class A and A^ cell dendrites

the remaining current may be propagated and amplified into the parent denritic

cable via the fine dendritic processes (cf dendritic spine neck) linking the

appendages to the parent cable. Futhermore, since afferent corticofugal/

TRN input, and class B-to-class B are distributed over DSI (commonly in the

vicinity of the bases to dendritic appendages - see Figure 92b ) then the

input from these afferents may be heavily attenuated or modulated by the

voltage changes derived from DSI dendritic appendages, or they may themselves
input from DSI dendritic appendages influence

influence the extent to whichfthe voltage changes within DSI itself.

Additionally, although the less likely

due to diameter restrictions , dendritic potentials may invade

and influence the activity of dendritic appendages. In many instances

DSI and LSxI arise from a common dendrite near to a given somatic pole

figure 99a) and the level of activity within DSI may influence the 

spatiotemporal activity of the electrophysiological input and output 

relations from DSII. The reverse may even occur - that DSII affects the

activity in DSI — but because of biophysical limitations, the electrotonic 

influence, especially within appendages, would be small and of questionable 

significance.

The foregoing is highly speculative and does not take into account the 

strength and siting of other afferents to class B neurons ( eg from the

superior colliculus or locus coerulus).
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The preferred dendritic orientation of class 3 neurons becomes 

functionally significant when the afferent retinotopic map is considered- 

Montero et al (iSoo) and Lund et al (1974) have electroohysiolcaically 

demonstrated that the horizontal visual meridian is visuotopicallv 

mapped onto the dLGN in 'laminar-like' anterio—medial and postero

lateral directions, whilst the vertical meridians are laminated in the 

frontal (dorso-ventral) planes of the nucleus (diagram 7.6 ).

Furthermore, in coronal sections from the anterior-posterior extent of the 

rat dLGN, Montero and Brugge (1969) electrophysiologically mapped the relative 

positions of the vertical and hortizontal visual meridians (Diagram 7.7) - 

the horizontal projection lines are mediolaterally distributed, whilst the 

vertical visual projection lines are distributed in a dorsoventral fashion.

The orthogonal relationship between the vertical and horizontal projections 

when mapped in the rat dLGN correlates very well with the preferred dorsoventral 

and mediolateral dendritic orientation of the GABAergic class B neurons.

Moreover,
Montero and Brugge (1969) report that 82% of direction selective units 
in the rat respond preferentially to vertical movement. The other

units were either silent or responded mildly to movement in the

horizontal plane. • Thus a tenuous structural-functional relationshio is

established between the ventrodorsally elongated class B cells and

airection selectivity. It could be that class B cells are the inhibitory

mediators of this apparent selective motion sensitivity.
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DIAGRAM 7.7 A-F.
A-F. Data taken directly from Montero 

and Brugge (1969). The solid line represents 
corresponding loci within the rat dLGN that 
respond to a flashing stimulus placed at this 
vertical coordinate within the visual world.
The dashed l i n e  c o r re s p o n d s  t o  p la c e s  i n  t h e  dLGN 
t h a t  resp o n d  t o  a s t im u lu s  p la c e d  a t  t h i s  
h o r i z o n t a l  c o o r d in a t e  i n  th e  v i s u a l  f i e l d .
The broad dark stripe connects regions in the 
nucleus with the same loci of receptive fields. 
Stars and triangles point to two other regions 
receiving projection from the periphery of the 
of the visual field through which similar 
projection lines could be drawn.

DIAGRAM 7.7 G.

7.7 G. A r e p r e s e n t a t iv e  d ia g ra m  i l l u s t r a t i n g  
t h e  d o r s o v e n t r a l ly  t r a v e r s in g  f i b r e  p a th s  (F P )  
ru n n in g  th ro u g h  th e  r a t  dLGN, a s  w e l l  as  th e  
p r e f e r r e d  o r i e n t a t i o n  o f  c la s s  B n e u ro n a l d e n d r i t e s  
e i t h e r  p a r a l l e l  o r  p e r p e n d ic u la r  t o  t h e s e  f i b r e  
tracts. N o te  th e  m o ro p h o lo g ic a l  c o r r e l a t e s  o f  th e  
' ' ‘ ■̂‘ t i c a l  p r o j e c t io n  l i n e s  as  see n  i n  d ia g ra m  7 .7 b  
on w h ich  t h i s  d ia g ra m  i s  b a s e d .
Contrast diagram 7.7 A-G with diagram 7.6 a and b.
i g l  -  i n t r a g e n ic u la t e  l e a f l e t .  dLGN -  d o r s a l  l a t e r a l  
g e n ic u la t e  n u c le u s .  OT -  o p t i c  t r a c t .
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The complex dendritic appendages on DSI (as previously mentioned) 

display a uniform dendritic spacing and this distribution may be 

functionally related to both optic and descending cortical afferents 

(diagram7.6a) . A quite reasonable and perhaps locally valid idea is that 

each of these serial clusters (often aligned along a preferred dorsovental 

direction), receive a different but topographically related visual input 

from the retina. This would then mean that class B DSI would receive a

vertical visual segment and therefore possess a limited capacity to

analyse stimulus movement in this direction (Grusser and Grusser, 1973). 

The highly overlapping 'flat' cylindrical spaces of class B dendritic and 

'axon-like' arbors may allow the activity of one class B neuron to be 

related to the activity of other class neurons by B-̂ B neuronal contacts

(see Chapter 4). Moreover, such cylinders across the frontal plane of

the dLGN may detect and register simultaneously active channels, and 

affect TCR cells accordingly, via glomerular (DSI) or extraglomerular 

(DSII) GABA-mediated inhibition.

An estimate of the spatial and numerical relationship between class 

A, Aj and class B neurons is important to appreciate the significance of

these interrelationships and also of the dLGN as a relay system. Many

studies have derived estimates for the ratio of class A to class B neurons 

in the cat (LeVay and Ferster, 1979; Lin et al, 1977; Weber and Kalil,

1983). Although these studies suffer from methodological drawbacks, this 

could be achieved easily by the rigorous stereological analysis of l|im

thick GABA immunoreacted material (see Chapter 2).
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Finally, several anatomical models have been proposed for the 

electrophysiological response properties of cells in the rat dLGN.

(Burke and Sefton, 1966a,b,c; Sefton and Bruce, 1971; Anderson et al,

1977; Sumitomo et al, 1976). These models need substantial revision in 

view of the current morphological knowledge of the architecture of dLGN 

neurons. Nevertheless, it can be concluded that the afferents to the 

dLGN may Influence the 'internuncial' role of class B neurons and thus 

modulate the 'initial-input' of visual information into TCR cells.

Although this input will be further affected within TCR cells, operational 

modifications of class B neurons may be a major underlying factor towards 

the gating' of thalamic transmission during normal and abnormal visual 

development , not only in the rat but in other mammalian species (Singer, 

1977; 1979; Singer et al, 1982).

7.4.7 Concluding remarks

Evidence from this study indicates unequivocably that Class A 

(thalamocortical) neurons are GABA immunonegative and that the presumptive 

inhibitory class B neurons of the rat dLGN are GABA immunopositive and 

thus probably synthétisé and use the inhibitory neurotransmitter GABA.

The Golgi-impregnated structure of class B neurons has been shown to be 

more complex than previously demonstrated and that the spatial architecture 

of these cells is strongly related to the distribution of afferent fibre 
paths to the dLGN.
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APPENDIX 1

The Single—Section' Golgi—impregnation procedure: 

Methodological description

A shortened version of this chapter has been published in the 
Journal of Neuroscience Methods, Volume 11, (1984) pages 221-230

INTRODUCTION 

MATERIALS AND METHODS

1. Osmium Tetroxide Treatment
2. Potassium Dichromate Treatment
3. Assembly of 'section sandwiches'
4. Silver nitrate treatment
5. Monitoring Golgi-impregnation
6 . Section Removal

RESULTS AND DISCUSSION
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318
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INTRODUCTION

The 'Section Golgi-impregnation procedure' (Freund and Somogyi, 1983) 

enables the impregnation of sections of brain tissue, which have been 

incubated for horseradish peroxidase (HRP) activity, or the 

immunocytochemical localisation of cell specific markers (e.g. neuro

transmitters or their marker enzymes), to be recombined into a block and 

processed using the rapid-Golgi method. Therefore, this procedure permits 

the introduction of Golgi-impregnated structures amongst histochemically 

defined neural elements. The importance of the technique is that the 

constituent elements of a neuronal circuit may be identified, and their 

functional architecture and structural connectivity characterised by 

and electron—microscopy.

Unfortunately, two of the steps in the method, the assembly of the 

tissue sections into a block suitable for the Golgi process and their 

subsequent separation, are the most difficult and hazardous parts of the 

'Section Golgi-impregnation procedure' which require much care, patience 

and practice (Freund and Somogyi, 1983).

We describe here a modification of the 'Section Golgi-impregnation 
procedure' (or more appropriately the 'section-block' procedure) which 
overcomes the inherent problems of block assembly and its subsequent 
dismantling by making it possible to use a 'single' tissue section for the 
Golgi-impregnation. Furthermore, the method provides the opportunity to 
control visually the extent of the impregnation, so that when desired areas 
or neuronal structures have become Golgi-impregnated, the procedure may be 
te-minated. Should the first Golgi-impregnation be unsatisfactory then the 
section may be reimpregnated (recycled) easily as in the original procedure.
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MATERIALS AND METHODS.

The salient features of the technique will be described briefly. 

since the method can be inserted without any modification into the 

framework of the combined histochemical procedures given by Freund and 

Somogyi (1983) and Somogyi et al (1983). The procedure has been applied 

to several brain areas of male and female Wistar rats at various 

postnatal ages, in connection with investigations using either the 

Golgi-electron microscope technique alone, or in combination with GABA- 

immunocytochemistry. Additionally, the procedure has been used to Golgi 

impregnate formalin fixed tissue from the human auditory cortex.

Essentially, following aldehyde fixation, either by perfusion or 

immersion, blocks of tissue are dissected"from selected brain regions, 

washed in O.lM Na-phosphate buffer and sections 60-200|im thick cut on an 

Oxford Vibratome or tissue chopper. If necessary, sections are then 

reacted immediately to reveal the activity of transported HRP or 

incubated for immunocytochemistry (as outlined in Chapter 6 , .Part 2), 

with the exception that the structural integrity of membranes is not 

disrupted by 'freeze—thawing* or by detergents.

Once the histochemical procedures are completed 'single* sections 

for Golgi-impregnation should not be stored for extended periods (i.e. 

longer than 2-3 weeks) but processed in the following manner:-

^' Osmication: This is normally carried out before the chromation

process since sections which have been processed for histochemistry will 

usually have been exposed to OsO^. After osmication sections become 

rigid and easier to manipulate. The concentration and duration of the 

OsO^ treatment will depend on the size, thickness and nature of the
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tissue to be impregnated and should be determined beforehand. The OsO 

may be rncluded in the potassium dichromate (K^Cr^O.^) solution if 

desired, but the whole chromation process is longer and the sections 

have a fainter background thus reducing the contrast of histochemical 

starnrng. For good Golgi-impregnation, the relationship between the 

concentration of the K^Cr^O.^ and that of AgNO^ is critical and depends 

on the nature of the investigation. Optimal conditions should be 

assessed in pilot experiments,

2. Chromation: Sections are allowed to float freely in a large volume

of a 2i5% KgCtzO? solution for between 0.5-4 h. However, for thick

sections, or sections with a high myelin content, chromation overnight 

may be necessary. Sections SO-lOO^m thick require about 1.5 h in a 

solution.

of 'Section sandwiches' (Fig. 104a-e) : During the silver-

nrtrate sequence of the Golgi-impregnation, single sections are held
securely sandwiched between two commercially available glass or plastic

coverslips. The size of the coverslips need not be related to the size

of the section since several small sections with the same thickness may

be placed between two large coverslips and ultimately become well 
impregnated.

With a fine artist's brush, a single section is either, i) directly 

removed from the chromating solution and gently pressed flat onto a 

clean coverslip, or li) rinsed for a few seconds in distilled water and 

transferred to a coverslip. Droplets of a rapidly setting cyanoacrylate 

glue are then placed at each corner of the coverslip (fig. lQ4a) .

Sections transferred directly from the chromating solution are surrounded



317

be a few drops of K^Cr^O.^ and sections that have been rinsed briefly 

are encircled by drops of the subsequent AgNO^ solution, taking care 

not to touch the tissue (fig. 104b) . A second coverslip is carefully 

lowered onto the tissue section and gently depressed whilst the glue 

sets. The sandwich should be secure, but with a sufficient gap to 

allow the entry of fresh AgNO^ (fig. 104d). Alternatively, the 

coverslip may be held together by encasing the èdgesoof both cover

slips within a surrounding band of a 5% agar solution. As with the 

section-block impregnation procedure the agar should set as soon as it 

comes out of the pipette and excess agar trimmed within 0 .5-lmm 

from the edges of the coverslips. Ensuring that the areas directly 

above and below the section are free from agar enables the development 

of the impregnation to be viewed directly (fig. I04e).

Silyer Nitrate treatment: The coverslip assembly is immersed in

a large volume of 0.5-2% AgNO^ solution. Normally, after 3.5% K^Cr^O , 

3 6 h in 0.7-1.7% AgNO^ gives well impregnated sections. The 

duration of the AgNO^ treatment can be controlled visually, either by 

immersing the whole assembly in a petri-dish containing AgNO and 

either monitoring the course of the impregnation in a light microscope 

(fig^_1^04e)^, or if necessary by occasionally removing the assembly and 

evaluating the quality of the impregnation (figs. Ill andll2). in 

either case when areas of interest (e.g. regions of immunostaining or 
desired neuronal structures) have become satisfactorily impregnated the 

process may be terminated and the sections 'gold-toned' (Fairen et al, 

1977, 1981). If desired, sections may be returned for a further Golgi- 

impregnation by recommencing with the chromation (step 2).
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Monitoring Golgi-impregnation; Care should be taken when 

following the development of crystal formation visually. A heat 

filter should be used and the sections illuminated only during periods 

of inspection. If sections are over-illuminated the structures 

impregnated early in the process may contain reduced silver which is 

not dissolved during *goId-toning * and may pose problems for electron- 
microscopic examination.

6 . Section Removal; Sections for reimpregnation, 'gold-toning' or 

light microscopic examination alone, are easily retrieved from the 

'sandwich' assembly by clearing the edges of agar and lifting the top 

coverslip off the section, or if glue has been used, by inserting the tip 

from a fine pair of forceps between the coverslips and gently prising them 

apart. Surface crystals are gently brushed away and the section 

removed by sliding it off the coverslip.

The section may be mounted in dry glycerol and viewed, then 
processed for light and electron microscopy (Somogyi et al, 1979).
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RESULTS AND DISCUSSION

The quality of the Golgi impregnation using the 'single' section 

method is equivalent to that obtained by the 'conventional' block and 

the 'section-block' techniques. Neurons in many brain areas became 

well impregnated and most neuronal classes were represented (e.g. figs. 

19^^ 107' 113, 115d). Impregnation seems to occur in patches or 

aggregates throughout the tissue, but single neurons can be found well 

defined and isolated - making ideal candidates for correlated light- 

and electron-microscopic examination (figs. 108 and 109). Material 

derived from the 'single' section Golgi procedure which had been 'gold- 

toned' after a prolonged period mounted in dry glyercol, still contained

dendritic spines (fig., 1,07) and showed good overall preservation and

definition of ultrastructure (fig. 109). Moreover, in material from 

the human auditory cortex that had been fixed and had remained in 

formalin for a considerable time, neuronal somata, dendrities, and axons 

were well impregnated (̂ g .  116a, b) . Even the dendrites could be seen 

to bear pedicular spines (fig. 116c).

Rich axonal arbors are frequently encountered, notably in young 

animals before extensive myélinisation has occurred. These are either 

detached from their parent somata (for example, the axonal plexus of 

the cerebellar basket cell, figs. 106 and 114a) or are part of a well 

impregnated cell (fig. 113). Dendrites are commonly found congregated 

together with or without somata, and in cells with polarised dendritic 

trees, one pole may be totally unimpregnated (figs. 113). using time- 

lapse photography the development of Gogli impregnation was studied in 

sections of rat visual cortex 80^m thick (fig. 111). Following 4 hours 

in 3.5% %2^^2^7' sections were sandwiched between coverslips together 

with drops of K^Cr^O^ or 1.5% AgNO^ (see Materials and Methods).
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For sections surrounded by K^Cr^O^ the advancing front of crystal 

formation could be clearly seen, and as soon as the front reached the 

section, crystal deposition started within tissue structures and Golgi- 

impregnation commenced (fig. Ill, 40-50 min) . Some 2-3 h-after 

immersion of the 'section sandwich' in AgNO^, the front had totally 

enveloped the section perimeter. Once this occurred, a wave of structural 

impregnation, often associated with surface crystals (fig. Ill, 50 min) 

began from the outside of the section and proceeded inwards. Neuronal 

somata, dendrites, axons, glia'and capillaries lying across this front of 

impregnation, offer conduction channels for the expansion of crystal 

growth and were impregnated, apparently at random. The Golgi-process 

continued (figs. Ill, 60-120 min) with whole cells or parts of cells 

becoming fully impregnated and the process ceasing when the KgCrgO^ 

concentration in the middle or interior of the tissue section achieved 

equilibrium with the concentration of the surrounding AgNOj solution.

The sequence of impregnation can be such that the wave of 

impregnation may advance more rapidly than the rate of crystal expansion. 

Thus structural impregnation may be initiated in new regions before crystal 

growth has ended in the previous region - this effect is due to the 

biophysical environment (i.e. size of dendrites, relative density of 
elements, capillaries etc.).

Often, well-impregnated structures become devoured by glia (fig.

_LL2) , although this can be avoided by visually monitoring the 

impregnation process and then removing the 'section-assembly' when 

optimal impregnation has been achieved. However, if glia do eventually 

become impregnated around an otherwise well-defined and isolated neuron, 

the silver chromate deposits in the neuroglia may be dissolved
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DIAGRAM Al - Combined immunocytochemistry and Golgi-impregnation in a 
vibratome section about 80pm thick. The zone of immunoreactivity (shown 
in red) is very shallow (<10nm) at the exposed surfaces of the section. 
Golgi-impregnated neurons are shown with black outlines and nuclei, 
whilst immunostained elements have red dots. Profiles outlined in green 
are unidentified at the LM level. Several combinations of structures 
can be defined;- 1) Immunopositive somata and processes in the 
immunoreacted zone which are not Golgi-impregnated; 2) Golgi-impregnated 
somata and processes which are immunonegative although they are located 
within immunoreacted regions; 3) Somata and processes which are both 
immunopositive and Golgi-impregnated; 4) Somatic profiles which are 
both immunonegative and unimpregnated; 5) Non-impregnated neurons with 
processes that enter the immunoreacted zone, but are nevertheless 
immunonegative; 6) Golgi-impregnated neurons in the centre of the 
section with processes that do not enter the immunoreactive zone;
7) Undefined neural elements in the central region of the section;
8) Non-impregnated neurons in the centre of the section with dendrites 
or axons that enter the immunoreactive zone and are immunopositive;
9) Golgi-impregnated neurons deep in the section with processes that 
invade the immunoreacted regions but are immunonegative; and 10) Impregnated 
neurons lying relatively deep in the section with dendrites or axons that 
course through the immunoreacted region and are immunopositive. The nature 
and ultrastructural characteristics of the parental somata whose processes 
have been immunoreacted (examples - 4, 5 and 8) could only be established
by serial-reconstruction since all other profiles (except neuron 7) can be 
defined in the light-microscope.
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unselectively by the 'gold-toning' process and re-establishes the 

structural definition of the neuron (fig. 115d). Nevertheless, examples 

of well-impregnated and isolated cells were not uncommon.

Impregnation was normally completed after 4-5 h in AgNO^ 

(depending on the surface area of the section) or for section 

sandwiches combined with drops of AgNO^, between 2-4 h . Heavier 

impregnations were produced by increasing the concentration ratio of 

K̂ Cr̂ 0.y to 4-5% and AgNO^ to 1.5-2%.

The Golgi-impregnation of single sections that have been 

immunoreacted previously, allows several combinations of staining 

patterns (diag. Al). In Golgi-impregnated and GABA-immunoreacted 

material from the rat thalamus (figs. 115a-d) many fine 'axonal-like' 

processes could be seen coursing through immunoreacted regions (figs. 

115a-b). The distinct bipolar nature of presumed GABA-ergic class B 

interneurons could be discerned clearly in the dLGN (fig. 115c) - class 

B neurons that were both Golgi-impregnated and immunopositive could not 

be found.(see 7.4.5, page 307).

Unfortunately, the method has certain problems. Occasionally, if 

the section thickness is uneven or the 'section sandwich' badly 

constructed, crystals grow between the coverslip so that the section 

becomes intensely impregnated or totally covered by surface crystals 

rendering it useless. If the section is torn, impregnation around the 

tear may be excessively heavy.
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The method is not entirely without drawbacks. Occasionally, if the 

section thickness is uneven or the 'section sandwich' badly constructed, 

crystals grow between the coverslip so that the section becomes intensely 

impregnated or totally covered by surface crystals rendering it useless.

If the section is torn, impregnation around the tear may be excessively 

heavy. Also, whilst the described method makes Golgi-impregnation easy,there

are certain methodological limitations concerning the quality of 

successive impregnations. For example, dendritic spine density may be 

drastically reduced by recycling (fig.105b), and since only one section 

is being impregnated, axons or dendrites leaving the section will 

probably remain unimpregnated in corresponding sections.

The advantage of this method is that a 'single' tissue section can

become Golgi-impregnated, which by-passes the need to construct a

'sectron-block'. The relative ease and rapidity of this procedure far

outweighs previous attempts aimed at the Golgi-impregnation of siigle

brain slices (Harris et al, 1980; Landas and Phillip, 1982). Additionally

it is possible to use sections with variable size and shape, e.g. brain

slices, or embryonic tissue, and the ease of constructing and

dismantling the 'section-sandwich' assembly provides security for

processing important material. Furthermore, by being able to assess

visually the extent and degree of the Golgi-impregnation, the process

may be terminated when desired - this is important for the unambiguous

correlation of structures in the light- and electron-microscopes (figs.
112a-c).
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Indeed, after the quality of the impregnation has been evaluated 

in sections cut from large tissue blocks that have Golgi-impregnated 

using the more established impregnation procedures (Golgi-Kopsch Golgi- 

Cox, rapid Golgi, etc.) the 'single-section' procedure described here, 

allows such sections to be re-impregnated a second or third time.

Using the 'single-section' impregnation procedure the success rate 

for obtaining impregnated neurons in tissue sections (using optimal 

reagent concentrations - see Materials and Methods) is between 50-70%.

The most important feature of this method is the control it offers 

potentially over the process of Golgi-impregnation. If the exact 

photochemical nature of the impregnation process could be understood, 

then it may become possible to selectively induce crystal formation 

and growth in regions containing HRP filled processes or immunostained 

elements, thereby increasing the probability of identifying successive 
elements of a neuronal network.
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APPENDIX 2 
PROCEDURE FOR CONVENTIONAL ELECTRON-MICROSCOPICAL ANALYSIS 
OF RAT BRAIN TISSUE,

1. Administration of an overdose of anaesthetic (Sodium pentobarbitone - Sagatal:
2.0mls/100 gms.b.wt).

2. Perfusion

i) Blood removed from vasculature by saline flush: 10-20mls of 0.9% NaCl at 
room temperature (r.t).

ii) Aldehyde tissue fixation. 2% Paraformaldehyde (TAAB laboratories), 2%
Clutaraldehyde (TAAB laboratories or EM Scope) in O.lM Sodium cacodylate 
buffer (pH 7.2-7.4) containing 0.03% CaC12: ISOmls at 35°C.

iii) Heads placed in fresh cold fixative and stored for 12 hours or more at 4°C
3. Dissection of brain regions (tissue bloclcs)

4. Tissue wash. O.lM Sodium cacodylate buffer (pH 7.2) containing 7% Sucrose: 2x15 min.r.t.
5. Treatment with osmium tetroxide. 1.5% 0.0^ in O.lM Sodium cacodylate buffer (pH 7.2)

1-2 hours, r.t.

6. Tissue wash. O.lM Sodium cacodylate buffer (pH 7.2): 2x15 mins, r.t.
7. Tissue dehydration, r.t.

i) 30% ethanol : 10 mins.
ii) 50% ethanol: 10 mins.

iii) 70% ethanol: 2x10 mins. or iiia) 70% ethanol: 10 mins.

iiib) Saturated alcoholic uranyl acetate: 1.5hours in the dar)c.
Iv) 90% ethanol: 10 mins.
v) 100% ethanol: 2x10 mins.

V i )  (100% ethanol/TAAB Resin) 50:50 12+ hours.
8. TAAB Resin (alone): 4+ hours, r.t.

9. Tissue blocks or slabs are placed in rubber moulds and orientated according to desired
sectioning plane and then covered with fresh TAAB resin.

10. Resin polymerisation: 24 hours at 60°C.

" ' or „ltr.-,50-.00», thlo ..ctioo.
U. „orio„. ,0.5-,oo rh.ou vrrh .. rol.io... bW./0.5. Bor., rowtio. Bor

LIGHT MICROSCOPICAL EXAMINATION.

U. BUr.thln ..orion. ,70-90™ tBloM ooU.ot.0 o. o..h ,rlO. ,or kr...r oo.t.0 ,r«.,
Grid S t a in in g .14

i) Uranyl acetate (if not stained 'en bloc'): 10 mins.
ii) Wash in double distilled H^O
iii) Lead citrate (Reynolds, 1963): 2-5 mins
iv Wash in double distilled H^O
V) Grids dried with filter paper

15. ELECTRON MICROSCOPICAL EXAMINATION of ultrathin sections.
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APPENDIX 3

Abbreviations

ANOVA Analysis of Variance
BSA Bovine serum albumen
CNS Central nervous system
DAB 3.3' diamino benzidene tetrahydrochloride
DABA Di-amino butyric acid
DPN Days post natum
EM Electron microscopy
GABA Gamma amino butyric acid
GABA-T _ Gamma amino butric acid transaminase
GAD Glutamic acid decarboxylase
GAR Goat anti rabbit serum
G/N Glia to neuron ratio (total glial N to neuronal N )
HRP Horseradish peroxidase ^
IgG Immunoglobulin
LM Light microscopy
MANOVA Multi-analysis of variance
NAD+ Nicotine adenine dinucleotide
NGS Normal goat serum
PAP Peroxidase anti-peroxidase
PHA-L Phaseolus vulgaris-leucoagglutinin
PB Phosphate buffer
PBS Phosphate buffered saline
PSD Post-synaptic density
SD Standard deviation of the mean
SEM Standard error of the mean
S/N Synapse to neuron ratio (total synaptic bouton N
SSA Succinic semi-aldehyde
SSD Succinic semi-aldehyde-NAD+-oxidoreductase
TEM Transmission electron microscope

to neuronal N )
V  V

Histological Abbreviations

BCI
BCS
Cl
ci
CS
FX
GM
HM
igl
dLGN
vLGN
LHAm
LM
LTP
ML

Brachium colliculus inferior 
Brachium colliculus superior 
Colliculus inferior 
Capsula interna 
Colliculus superior 
Fornix
Medial geniculate nucleus 
Nucleus habernularis medialis 
Inter geniculate leaflet 
Dorsal lateral geniculate nuclues 
Ventral lateral geniculate nucleus 
Area lateralis hypothalami 
Lemniscus medialis
Nucleus lateralis thalami, pars posterior 
Nucleus marailliaris lateralis
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MT Mamalliothalamic tract
OT Tractus opticus
PC Pedunculus cereleri
PH Nucleus posterior hypothalami
PMD Nucleus praemamilliaris ventralis
PRT Area pretectalis
PV Nucleus paraventricularis thalami
RE Nucleus reuniens thalami
RH Nucleus rhomboidus thalami
VD Nucleus ventralis thalami, pars dorsalis
VE Nucleus ventralis thalami
VM Nucleus ventralis thalami, pars mediale
ZI Zona incerta
V Ventricle

Cell Type Notations

I cell Thalamic intrinsic cell (Class B neurons)
TCR cell Thalamocortical relay cell. (Class A neuron)

Stereological Notations (adapted from Weibel, 1979).

FSRS Fixed-orientation random sampling procedure
NORS Non-orientated sampling procedure

Cell Populations Parameter:

^.circle Average area equivalent circle diameter of a profile population
D.circle Average area equivalent sphere diameter of a spheroid population
A Class interval of distribution in real dimensions
i Profile size class
j Sphere size class
s Bivariate size class
k Bivariate shape class
A Sampling area
t Section thickness

Number of 'test' cell profiles occurring per sampling area.
Areal density ; proportion of a given area occupied by cellular 
or non-cellular components.
Number of cells per unit volume
Volume density; proportion of a given volume unit occurpied by
cellular or non-cellular components

v^ Volume of cell soma
v^ Volume of cell nucleus
VR Volume ratio (= v /v )s n
^VS Total somatic volume density of neurons and glia combined
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Dendritic Clustering Parameters:

NdPc
I
CA

NdpcA
NdCa

Number of dendritic profiles occurring per cluster 
Intercluster distance pm
Cluster area - Area occupied by the dendritic profiles of an 
individual cluster
Areal density of dendritic profiles per lOOpip̂  of cluster area 
Number of dendritic clusters occurring per lOOOpm^ unit 
tissue area

Synaptic Types and Parameters:

A
S
U
G
NG

A
n
%
C ratio 

Nb.A
Nb.V
Ab.
B
ves
ves.Ab

J

L

K ratio 

D

Asymmetrical synaptic junctions 
Symmetrical synaptic junctions 
Unclassified membrane specialisation 
dLGN glomerular components 
dLGN non-glomerular component

Sample area
Number of test synaptic membrane specialisations 
Number of test pre-synaptic boutons
Complexity Index - Average number of synaptic membrane 
specialisations per bouton
Number of test presynaptic boutons per unit test area of 
tissue
Number of test presynaptic boutons per unit test are of tissue
Profile area of each test presynaptic bouton
Boundary length of each presynaptic bouton
Number of synaptic vesicles per test presynaptic bouton
Number of synaptic vesicles per unit area of pre-synaptic
bouton
Total length of membrane apposition between pre- and post- 
synaptic elements
Continuous profile length including interruptions of the 
pre-synaptic membrane specialisation
Ratio of L/J expressed as a percentage. Association index 
between pre- and post-synaptic elements
Average diameter of the synaptic membrane specialisation 
assuming it to be a disc.
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" ' I f  there exists any surface o r separation at the nexus between neurone 
and neurone, much o f  what is characteristic o f  the conduction exhibited  
by the refJex-arc m ight be more easily expla inab le . . .  I t  seems therefore 
like ly  that the nexus between neurone and neurone in the reflex-arc, at 
least in the spinal arc o f  the vertebrate, involves a surface o f  separation  
between neurone and neurone; and this as a transverse membrane across 
the conductor must be an im portant element in  in terce llu la r conduction. 
The characters distinguishing reflex-arc conduction fro m  nerve-trunk 
conduction may therefore be largely due to in te rce llu la r barriers, delicate 
transverse membranes, in the fo rm e r.

In  view, therefore, o f  the probable importance physio logica lly o f  this 
mode o f  nexus between neurone and neurone, it is convenient to have a 
term fo r  it. The term  introduced has been synapse.”

— Charles S. Sherrington, 
The Integrative Action  o f  
the Nervous System, 1906.
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FIGURE 1

a) Nissl stained cryostat section (20)im thick) cut perpendicular to the 
pial surface of the rat visual cortex, b) 1pm thick resin section stained 
with toluidene blue and nearly perpendicular to the pial surface of area 
17. c) Cytoarchitectonie layering of the rat visual cortex based on 
neuronal morphology and cell density (wm = white matter). d) Composite 
camera lucida drawing illustrating the size, type and distribution of 
Golgi-impregnated cells in the various cytological layers of the rat 
visual cortex, e) Cortical sampling regime used in the present study.
The cortex was divided into tangential sampling strata SOprn apart parallel 
to the pia. At each stratum 1pm thick sections were collected for the 
analysis of the neuronal and glial cell populations. Additionally, non
serial ultrathin sections were collected from the vicinity of the 500pm 
sampling stratum (arrowed) for the quantitative analysis of synaptic 
morphology. This region is in the middle of the main thalamorecipient 
territory of the rat visual cortex.

(The scaled division shown in 'e ' serves as a scale bar for the other 
illustrations).
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FIGURES 2 and 3. 1pm thick sections stained with toluidene blue and cut
parallel to the pial surface of the rat visual cortex illustrating the 
staining characteristics of neuron and glia.

FIGURE 2a. Three neuronal profiles (N^_3) . The nuclear profiles are 
elliptical with small infoldings and without a distinct rim of hetero
chromatin around the inside of the nuclear membrane (a characteristic 
feature of neuroglia). Prominent nucleoli are located centrally. In Ng I; 
heterochromatin clumping is seen nestling near an infolding of the 
nuclear membrane (filled arrow). A dendrite containing weakly stained 
cytoplasm emerges from N2 (filled arrow). Scale bar: 4pm. 2b) An 
astrocyte (A) with its round nucleus and a rim of finely condensed and 
evenly deposited heterochromatin. Nucleoplasm and cytoplasm are both 
stained palely. Uncharacteristically there is a large amount of cytoplasm. 
In contrast, the oligodendendrocyte (o) has a.small nucleus outlined by a 
thick rim of darkly stained heterochromatin. Beads of condensed hetero
chromatin are dispersed throughout the nucleus. The cytoplasm is grainy 
and darker than the nucleoplasm. Scale bar : 10pm. 2c) Neuron (N). The
neuron is compressed giving both the perikaryon and nucleus elliptical 
shapes. The very lightly stained nucleoplasm contains three 'nucleolar- 
like' clumps (n), in addition to small less defined heterochromatin beads 
(arrows), some associated with the nuclear membrane. The cytoplasm 
appears granular and is lighter than the surrounding neuropil. Scale bar: 
5pm. 2d) Two neurons (N) and an oligodendrocyte (O). Neuronal nuclei 
are almost circular in profile, faintly stained, and indented. The 
oligodendrocyte has a thick, .dark stained nuclear envelope with many 
chromatin clumps deposited in the nucleoplasm. Scale bar: 5pm.

FIGURE 3a. Three neurons in layer VI: Nuclei are large and central,
possessing deep infoldings (arrowed) - N 2 is bisected. Nucleoli are 
absent from N̂  ̂and N2 / but two are present in N 3 . Small darkly stained 
clumps are present around nuclear invaginations. Myelinated fibres (My)
- clear axoplasm is surrounded by heavily stained myelin. Scale bar: 5pm. 
3b) Four oligodendroglia (o) and an astrocyte (A). The astrocyte is 
typically circular with a fine continuous.envelope of condensed chromatin 
and many small aggregates randomly dispersed throughout the nucleoplasm. 
The oligodendroglia (Oĵ ) have well , defined nuclear membranes with clumps 
of attached heterochromatin. The darkly stained oligodendroglia (O2) 
represents the smallest of the oligodendroglia sub-types (see text) and 
has large coarse chromatin clumps deposited around the irregularly shaped 
nucleus. The nuceloplasm and cytoplasm are both stained intensely. 
Capillary (c). Scale bar: 5pm. 3c) Note the circular profile of the 
neuronal nucleus (N^) and the slight eccentric position of the single 
nucleolus. An astrocyte (A) is squashed between two neurons (N). The 
cytoplasm membrane is closely apposed to the avoid nucleus. Scale bar: 
10pm. 3d) Two neurons (N) showing extreme nuclear profile characteristics
- large, eccentrically placed nucleoli are associated with highly indented 
nuclear membranes. Scale bar : 10pm.
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FIGURES 4 and 5. Light- and electron micrographs of sections sampled; 
from all layers of the rat visual cortex, demonstrating the structural 
differences between neurons and glia.

FIGURES 4a) EM Photograph of a neuron and an oligodendrocyte in layer IV 
of the rat visual cortex. Neuron N: Nuclear chromatin is thickly and 
a) EM Photograph ôf a neuron and an oligodendrocyte in layer IV of 
the rat visual cortex. Neuron N: Nuclear chromatin is thickly and 
uniformly distributed throughout the nucleus, except for a few places 
where slight clumping occurs, particularly at the nuclear boundary 
(filled arrows). Nucleolus (n) associated chromatin is present (open 
arrow). The oligodendroglia profile (o) is shown enlarged in (b).
Scale bar: 2pm. 4b) The nuclear profile of the oligodendrocyte (o) 
has heavy deposits of chromatin studded inside its perimeter and 
smaller clumps are deposited throughout the nucleoplasm. The 
cytoplasm contains large aggregates of granular endoplasmic reticulum 
(er), numerous free polyribosomes sheltered near the nucleus (curved 
open arrow), large peripherally dispersed mitochondria (mi) and open 
saccules (s), and a large lysosome (L). Synaptic contacts are 
present in the neuropil (open arrows). Scale bar: 1pm. Figures 4c to 5f 
1pm thick sections parallel to pia of the visual cortex and stained 
with toluidene blue. 4c) Large profiles of three neurons (N) with 
lightly stained nuclei and indented nuclear membrane. One 
oligodendrocyte is associated with a myelinated axon (a), and the 
other (0^) abutts onto a neuronal soma. Their nuclear staining 
characteristics are distinct - thick rims of condensed chromatin and 
a flocculated staining of the nucleoplasm. Scale bar: 10pm. 4d) Two 
neuronal profiles: N^ displays a dendritic process (arrow) and a 
lobulated nucleus with two nucleoli. Ng possesses a single nucleolus.
Scale bar: 10pm. 4e) Astrocyte A, note the thin uniform internal
covering of the nuclear membrane with chromatin and also two clumps 
of condensed chromatin (small arrows). 4e) The weakly stained
cytoplasm is continuous with the nuclear membrane (filled arrows) but 
wide processes emerge and invest the surrounding neuropil (open arrow).
Scale bar: 5pm. 4f) Microglial cell. The irregularly shaped nucleus 
shows dark masses of chromatin against a very weakly stained 
nucleoplasm. (c.f. Darkly stained oligodendrocyte figure 5a). The 
staining of the cytoplasm is highly variable and may show intensely 
stained lipofuscin bodies. Scale bar : 1pm.

FIGURE 5a) The dark oligodendroglia (DO) and microglia (M) may be distinguished 
by their nuclear staining characteristics. Both cells normally have large 
chromatin clumps associated with their nuclear membranes. Since the 
uncondensed free chromatin content of 'dark oligodendroglia' is much 
higher than microglia their nuclei stain more intensely. Unlike 
oligodendrocytes the cytoplasm of microglia contain very dark bodies 
(arrowed). The pale outlines of an astrocyte (A) can be seen nearby.
Scale bar: 10pm. 5b) Two neurons and a darkly stained oligodendrocyte
(DO) associated with a capillary (C). Note the heavy stained DO 
nucleoplasm., Scale bar : 10pm. 5c) Neuronal nucleus displaying three 
nucleolar, profiles (arrowed). Scale bar: 5pm. 5d) A lightly stained 
circular oligodendroglial profile with a well-defined nucleus. The 
size of the cell type is usually larger and its features more distinct 
than the small, darker staining, oligodendroglia. Scale bar: 5pm.
5e) Elongated microglial cell (M) with large blocks of peripheral 
nuclear chromatin and a lightly stained nucleoplasm - hallmarks of this 
cell type. Little or no cytoplasm is present (arrow). Scale bar: 5pm.
5f) Neurons (N) compressed by the fibres of the white matter (WM) into 
highly ellipsoidal profiles. The border between layer VI WM is 
indicated by the dotted line. Scale bar : 5pm.
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FIGURES 6 and 7. Light (6b-h, 7b) and electron (6a, 7a) micrographs of 
sections cut tangentially to the pial surface of the rat visual cortex. 
Light micrograph (d) of a toluidene blue stained semithin section from 
the rat dLGN.

FIGURE 6a) The outline of a perivascular astrocyte (A) is shown with an 
elongated nucleus enclosed by very pale cytoplasm (curved open 
arrow). The nuclear membrane is lined internally with chromatin, 
which is also finely dispersed throughout the nucleus. Part of a 
perivasculocyte is seen abutting the endothelial wall of the capillary 
(filled arrow). This profile contains dense bodies ( B) and 
lipofuscin granules (If). A neuronal profile (N) with lightly 
stained nucleus, and a cytoplasm rich in organelles is also 
present. Scale bar : 5pm. 6 b) Neuronal profile (N) lying deep in 
the white matter seen with a distinct nucleolus and the stub of an 
emerging dendrite. Scale bar; 5pm. 6c) Two small oligodendroglia
and a neuronal profile. Scale bar: 10pm. 6d) Rat dLGN (frontal
section. The lightly stained nucleoplasm and defined outline of
the astrocyte (A) contrast with the two oligodendroglia (O);
Binucleated neuron (N) . Scale bar: 10pm. 6e.) Darkly stained
oligodendrocyte (DO). Note the association of the cytoplasm with 
myelinated profiles. Scale bar: 5pm. 6f) . Dark oligodendrocyte 
(DO) with heavily stained nucleoplasm and cytoplasmic processes 
contacting myelinated axons (open arrows). Scale bar: 2.5pm. g) 
Oligodendroglia may be divided into two subtypes - dark (DO) or 
light (LO) by the staining characteristics of their nucleoplasm 
and nuclear membrane. Scale bar : 5pm. 6h) Large oligodendroglia 
(0) immersed in the white matter .(WM) . Their cytoplasm is 
particularly abundant.. Scale bar : 10pm.

FIGURE 7a) Electron micrograph of an oligodendrocyte (0). A thin rim 
of cytoplasm (containing mitochondria (M), rough endoplasmic reticulum 
(arrowed) and many free ribosomes) encircles a nucleus with much 
condensed chromatin around the nuclear membrane and a nucleolus (n). 
Scale bar: 2pm. 7b) Large neuronal profiles without nucleoli, but 
with highly infolded nuclear membranes (N). The astrocyte (A) 
contains an unusually large nucleolus. Scale bar: 10pm.
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FIGURES 8,9,10 and 11. Light (8b,10,11a) and electron (8a,8b,9a,9b,
11b) micrographs of sections sampled from the various cytological 
laminae of the rat visual cortex illustrating the characteristic 
features of neurons and neuroglia.

FIGURE 8a. Perineuronal microglia (M) in layer V. The nucleoplasm 
is lightly stained and possesses a nuclear membrane laden with 
deposits of heterochromatin. The cytoplasm contains elongated 
mitochondria and numerous dense bodies surrounding spherical electron 
lucent lipofusin inclusions (arrows). The nucleus of the neuron (N) 
contains much dispersed chromatin. Scale bar : 2pm. 8b) The 
microglial cell (MG) has a dark nucleus with large clumps of 
heterochromatin and a rich cytoplasm with Golgi elements (G), 
mitochondria (M), and dense bodies (dB). In contrast to dark 
oligodendroglia, the nucleoplasm is stained lightly. Filaments 
(f) can be seen.in a neighbouring cell. Scale bar: 2pm

FIGURE 9a. Nucleus and cytoplasm of a-dark oligodendroglial cell (DO). 
Mitochondria, (M), endoplasmic reticulum, (er), and small saccules 
(s) are contained in the cytoplasm, which heavily engages with 
myelinated profiles (my). A segment of an astrocyte nucleus (A) 
with a thin rim of scant cytoplasm can be seen at the top right 
hand corner. Scale bar: 2pm. 9b) The soma and cytoplasmic process 
(filled curved arrow) of a dark oligodendrocyte (DO) are seen in 
close association with, or extending towards myelinated axons (my)
(of. figures 9a, 11b). Scale bar: 1pm.

FIGURE 10. Neuronal profiles (N) presenting varied perikaryal and 
nuclear shapes but without nucleoli. An oligodendrocyte (o) is 
wedged between two neurons. Scale bar : 10pm.

FIGURE 11a. A neuron (N), astrocyte (A) and two darkly stained 
oligodendroglia (O) which can be recognised by their nuclear 
staining characteristics as seen in this 1pm thick toluidene 
blue stained section. Scale bar: 5pm. 11b) Electron micrograph 
of the same section as seen in lie, notice the correlation of cell 
positions. The ultrastructural characteristics of the somata
indicate their cell type. Note the association of the oligodendrocyte
cell bodies and somatic processes with surrounding myelinated axons 
(open arrows). The neuron (N) has an indented nucleus (filled
arrow). Scale bar: 8pm.
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FIGURE 12

a) 1pm thick section parallel to the pial surface of the rat visual 
cortex (group 21/31) cut through layer IV, and stained with toluidene 
blue. Scale bar : 50pm. b) Camera lucida drawing of the same section 
as in 'a' with the exclusion principle of Gundersen (1977) applied to 
its perimeters (see text). Note the clustering (c; as outlined in red) 
of the layer V pyramidal cell apical dendrite profiles as they rise 
through layer IV. From such a drawing the number of profiles 
constituting a cluster, and the area enclosed within a cluster, as well 
as the centre-to-centre intercluster distances (1  ̂ - I7) were measured 
morphoraetrically. The cluster outlined in blue and indicated by a 
filled arrow has been included for analysis because part of its 
boundary impinges over the right-hand inclusion perimeter of the test 
quadrat. Scale same as for 'a'.
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FIGURE 13. Synaptic Glomerulus. dLGN Group 21/31

A myelinated (large arrowheads) retinal afferent (Ra) to the dLGN 
gives rise to a large presynaptic bouton (OpT^) possessing round 
vesicles (circled) . OpT^ establishes synaptic contacts (arrows), 
with three vesicle-containing profiles. These and other vesicle- 
containing profiles (asterisks) are known to be derived from the 
dendritic appendages of class B interneurons (see Lieberman and 
Webster, 1974a), and establishes frequent synaptic contacts with 
neighbouring vesicle-filled profiles (small arrowheads). OpT2 
is probably derived from Ra and makes a synaptic contact (arrow) 
with a Class A (projection; neuronal dendrite (PD), OpTg also 
contacts (curved filled arrows) the dendritic appendages of class 
B neurons. PD also receives synaptic contacts (open triangles) 
from interneuronal dendritic profiles (double asterisks).
Along the right hand margin of the electron-micrograph is the 
profile of an oligodendrocyte (O).

The synaptic relationships of OpT2 and the surrounding profiles 
constitute the 'synaptic triad' of the dLGN glomerulus.

Scale bar: 0.5|im
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FIGURES 14 and 15. Multiple synaptic contacts from the dLGN and 
visual cortex. The synaptic membrane specialisations (arrowed) 
could be parts of the same 'complex' or 'perforated' synaptic 
contact or may represent separate synapses from the same pre-synaptic 
bouton (see text Chapter 4). Notice the absence of synaptic vesicles 
from regions between membrane specialisations of each synaptic contact 
14a and 14b.

FIGURE 14a. dLGN. Group 21/31: An interneuronal (Class B cell)
dendrite (IND^) receives a symmetrical contact (S Gray type II) from 
a bouton (F) containing predominately flattened synaptic vesicles 
(circle). The synaptic junction is clearly symmetrical (S-type).
IND^ establishes synaptic contacts with other profiles (arrowheads), 
including a 'vescile-containing' profile of another interneuronal 
dendrite (IND^). The symmetry of the paramembraneous, membrane. 
Specialisations are uncertain therefore these junctions would be 
categorised as 'U' type contacts. Scale bar: O.Spm. 14b) dLGN 
Group 52dD. An interneuronal pre-synaptic dendrite (IND^) makes 
several U-type contacts with an interneuronal dendritic appendage 
(IND2 - arrowheads). A boutonal profile (F) containing flattened 
vesicles (circledj^), and a coated vesicle (circled2) establishes 
symmetrical contacts (U-type-arrowheads) with IND^. Scale bar:
0.5|im. 14c-e) Visual cortex Group 21/31. 14c) Axon (Ax) with
predominately round vesicles makes several U-type synaptic contacts 
(arrows) with a dendrite (dn). Scale bar: 0.5pm. 14d) The axon
(Ax) establishes well-defined symmetrical synapses contacts (arrows) 
with a dendrite (dn). The polymorphic shapes of the synaptic 
vesicles (circle) provide additional criteria to classify this 
bouton as 'S-type'. Scale bar: 0.5pm. 14e) An S-type bouton
(Ax) with highly flattened synaptic vesicles (partial circle) makes 
several symmetric contacts (arrows) with a dendrite (dn). Scale 
bar: 0.5pm.

FIGURE 15a. Symmetric (S-type II contact). The pre-synaptic 
bouton (pre) contains polymorphic synaptic vesicles, and the pre- 
and post-synaptic densities are of equal thickness. , 15b)
Asymmetrical (A-Gray type I contact). Round synaptic vesicles 
are present in the pre-synaptic bouton (pre) and the thickness 
of the pre- and post-synaptic densities are distinctly asymmetrical 
with the post-synaptic side being much thicker than the presynaptic 
membrane.
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FIGURE 16. Synaptic glomerulus of the dLGN Group 21/31

A large optic fibre varicosity (OpT), containing many spherical 
synaptic vesicles (R-bouton) , a coated vesicle (encircled) , cind 
a group of mitochondria (m) , synapses with intemeuronal dendrites 
(INd) aoid geniculocortical projection cell dendrites (Pd) . INd 
dendrites contain a heterogeneous group of small vesicles, well 
fenestrated mitochondria, and make synaptic contacts around Pd 
dendrites. One of the glial elements (G) outlying the 'glomerulus' 
appears in a 'zonula adherens* with the OpT (open curved arrow). 
Scale bar: 0.5pm.



f'

. i  % .  V-:.. 1 6  .

I N W

■ |
i^-^vO

•0i

> I’

. “V  , P d ^
OpT M A  y

ob V

W ;

c '/m -l'’̂ '. /% f' '' ' ./ é\j y
■ '14 jf# 1 V% % %

4 V

^ G  ’/'. ' k ; 'R -C Y; _

»
^"%(s ;

%  T
; i # . / -1 

i

m



FIGURES 17 and 18. Conventional electron-micrographs from the 
dorsal lateral geniculate nucleus of the rat thalamus.

FIGURE 17. Group 21/31. An optic tract fibre (OpT) synapses 
(filled arrows, 1 and 2) two interneuronal dendrites (IND, and 
IND2) and in consecutive serial sections OpT was seen to synapse 
with INDg (filled arrows 3). From these serial sections it 
could be established that all the interneuronal dendrites formed 
a string of serial synapses (open arrows) , IND ^ IND -> IND . 
Scale bar: 0.25pm.

FIGURE 18. Group 52dD. An optic tract varicosity (OpT) synapses 
(filled arrows, 1 and 2) with two interneuronal dendrites (IND) 
forming serial synaptic contacts with each other (open arrows) . 
Scale bar: 0.5pm.
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FIGURE 19 dLGN Group 21/31
FIGURE 19a) The vesicle containing profile of a pre-synaptic 
dendritic shaft (IND) from an interneuron establishes a non- 
glomerular synaptic contact (curved filled arrow) with a small 
profile (asterisk) which also.contains synaptic vesicles (circle). 
Although the membrane symmetry of this synaptic junction is badly 
defined, the presence of pleomorphic vesicles (arrowheads) 
classify this as a NGP-type synaptic contact. Two non-glomerular 
F-type boutons (F) with flattened vesicles (circle), make 
symmetrical synaptic contacts (arrows) onto the dendritic shaft 
of INF-these latter two boutons would be classified as NGF-type 
contacts. Note the numerous clusters of ribosomal aggregates 
(asterisks) in IND. Scale bar; 0.35pm.

FIGURE 19b) An optic axon terminal (OpT) containing round 
vesicles makes three synaptic contacts (small arrowheads, 1-3) 
with a dendritic appendage (arrow) emerging from the dendritic 
shaft of the class B neuronal dendrite (IND). OpT also establishes 
a synaptic contact (arrow) with an unidentified profile. IND 
contacts (large arrowhead) a dendrite (P) from a class A 
(projection) neuron. Note OpT2 also synapses with IND^ and may 
be derived from OpT. Clusters of ribosomal aggregates in IND 
are indicated by an asterisk. Scale bar: 0.5(Jm.
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FIGURE 20. Synaptic contacts in the dLGN and of groups 21/31 and 52dD

FIGURE 20a. The cell body (INcb) and initial primary dendrite (INd) 
of a dLGN class B interneuron (Group 21/31). In the cytoplasm 
surrounding the nucleus (nuc) and also in the dendrite are many 
free ribosomal aggregates (arrowheads). The dendrite contains a 
cluster of vesicles (asterisk) and is presynaptic (large arrow) 
to a dendritic spine (sp). Synaptic contacts can also be seen in
the neuropil (small arrows) two of which are asymmetrical (A).
Scale bar: 1pm. 20b) Visual cortex, Group 52dD.
A neuronal-profile . (N) in layer IV. The inner nuclear membrane 
has many condensed clumps of heterochromatin (arrows) and the
cytoplasm contains numerous mitochondria (m) and ranks of rough
endoplasmic reticulum (rer). The soma receives an asymmetrical 
(A) axo-somatic contact (arrowhead) from a bouton (Ax) containing 
round vesicles. Scale bar: 1pm. 20c) Visual cortex. Group 21/31. 
An axonal bouton (Ax) with round vesicles (circle) establishes a 
distinctive A-type (asymmetrical) synaptic contact (arrow) with a 
dendritic shaft. Scale bar: 0.75pm. 20d) dLGN Group 52dD. The
somata of a class A neuron (projection) neuron (PN) receives a 
symmetrical (S-type) non-glomerular contact (curved filled arrow) 
from a bouton (asterisk) containing pleomorphic vesicles. This 
junction would be classified as NGP-type. Scale bar: 0.5pm.
20e) A small boutonal profile with round synaptic vesicles in 
non-glomerular neuropil makes a classical asymmetric (A-type) 
contact (arrow) with a dendritic profile (dn). This bouton 
resembles a corticogeniculate non-glomerular afferent (cga) and 
would be classified as NGRS-type. Scale bar: 0.5pm.
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FIGURE 21. a) l)j.m thick GABA immun ore acted section perpendicular 
to the pial surface and throughout whole depth of the rat visual 
cortex (area 17) demonstrating many immunostained profiles (arrowed). 
Capillary (C) . Scale bar: lOOjLim. b) Area outlined in 'a' at a 
higher magnification. GABA immunos tained cell bodies (S) seen in 
layer III whilst small unstained cells (US) are 
encountered in layer IV. Notice the coursing stained fibres 
(asterisks). One layer IV cell is surrounded by a ring of labelled 
boutons (open arrows). Scale bar: 50)j.m. c) A large pyramidal 
shaped cell (P) in layer III shows a ring of stained boutons 
(arrowheads) around its perikaryon and also entwining around the 
initial portion of its axon. (a). Scale bar: 10)im.
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FIGURE 22. Verrais of adult rat cerebellum Golgi-impregnated by the
'single-section procedure'.

a) 'Golgi-imprégnated' gold-toned section. A Golgi cell (G) displays 
spiny dendrites (arrowheads), one dendrite ascends to the molecular 
layer (m) avoiding a Purkinje cell body around which can be seen, the 
grasping rudiments of the periaxonal basket (open arrows). Granule 
cells (gr) dendrites end in claws which bend around the unimpregnated 
synaptic glomeruli found in the granule cell layer (g). The granule 
cell axons issue from a dendrite (curved arrow) and rise via a 
tortuous course to the molecular layer (m) where they bifurcate to 
produce transversely disposed parallel fibres (pf) which have regular 
axonal swellings (filled arrow) forming 'en passant' synapses. Scale 
bar: 20^m. b) Transverse section showing a Purkinje cell (PC) end 
numerous parallel fibres (open arrows, pf) in the molecular layer 
entering its dendritic tree. Proximal dendrites bear "stub-like' 
protrusions (double-open arrow). Ascending elements of Bergmann glia 
are also seen (filled arrows). Scale bare: 20pm. c) Basket cell 
(Ba) viewed longitudinally with dendrites that radiate over the 
upper surface of the Purkinje cell layer (P) before ascending into 
the molecular layer (m). The axon is unimpregnated. White matter 
(wm). Scale bar : 50pm. d) Basket cell (Ba) with a transversely 
confined dendritic tree that invades the molecular layer (m) in 
which can be seen numerous parallel fibres (pf) and remnants of 
Bergmann glia (filled arrows). White matter (wm). Scale bar: 50pm.
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FIGURE 23. Vermis of adult rat cerebellum Golgi-impregnated by the
•single-section procedure'

a) Basket cell (Ba) displaying both its dendritic (dB) and axonal 
(filled arrow) arbors. The axonal field extends over about 150pm 
and weaves through the territory of Purkinje cell bodies (open 
arrows). Along the course of the axon, collaterals may reach down 
to form a pericellular basket (doube-open arrow) around a Purkinje 
cell body (here unimpregnated) and enter into the periaxonal pinceau' 
enseathing the initial axon segment of the Purkinje cell. The axon 
may also send fine ascending collaterals into the molecular layer 
(double-filled arrow). Scale bar: 20pm. b) Golgi-impregnated 
gold-toned elements from the molecular (M), Purkinje (P) and granule 
cell (G) layers. A collateral branch of a basket cell axon (double 
arrowhead) encircles (arrowheads) the soma of a Purkinje cell (PC) 
and combines with other collaterals to form the periaxonal 'pinceau' 
(large arrowheads). The granule cell layer contains an impregnated 
granule cell (gr) displaying a fine ascending axon (double-open 
arrow) and numerous parallel fibres (pf) can be seen coursing 
through the molecular layer. Scale bar: 20pm. c) Gold-toned 
Purkinje cell (PC) and its fan shaped dendritic field (curved arrow) 
viewed 'side-on' in the transverse plane Parallel fibres' (pf).
Scale bar; 50pm. d)Stellate cell (arrowhead) with contorted and 
spiny dendrites radiating outwards in the molecular layer. Spiny 
dendrites of a partly impregnated Purkinje cell dendritic tree (open 
arrow). Scale bar: 50pm.
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FIGURE 24. Immunohistochemical localisation of GABA in Ipm thick
resin sections of rat cerebellum (post-embedding technique).
Inset a) All layers of the cerebellum including the white matter 
(wm) contain heavily labelled immunoreactive profiles which appear 
darkly stained against a lighter background. The contrast between 
stained and unstained profiles is affected by the histochemical 
procedures (see text). Scale bar: 100pm. Antiserum litre 1:1500.
b) The molecular layer (M) contains numerous scattered immunopositive 
'bouton-like’ profiles. The somata and dendrites (filled arrows) 
of stellate cells in the superficial (St.) and deep (St.) outlined 
area present in the molecular layer are immunolabelled. Fine 
labelled processes are also present (paired arrowheads). The Purkinje 
cell layer (large P) contains immunonegative Purkinje cell somata (P). 
Encircling the somata and initial axon segments of Purkinje cells, 
are the immunopositive basket cell axon collaterals (double-open 
arrows). A basket cell body (B) is shown immunolabelled. In the 
granular layer (G) granule cell bodies (g) are negative and form 
distinct aggregates (small arrowheads) around the so-called 'synaptic 
islands' (SI). These islands contain densely labelled punctate 
P^ofilss which form rings around the periphery of several immuno- 
negative protoplasmic centres. Golgi cells in the superficial (Go ) 
and deep (Go^) parts of the granular layer are heavily stained. ^
G02 is located in the inset (filled arrow). Capillary (cap).
Scale bar : lOO^m. Antiserum titre 1:1500.
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FIGURE 25 (a-f ) . Immunohistochemical localisation of GABA in l|im
thick resin sections of rat cerebellum (post-embedding technique).

a) The immunopositive basket cell (B) sits above a negatively stained 
Purkinje soma (P); axon initial segment of cell P is surrounded by a 
heavily stained pinceau (white arrow). A Golgi cell (G) is labelled.
The outlined area demonstrates immunonegative protoplasm surrounded by 
immunopositive rings. Scale bar: 20|Jm. b) Dendrites (arrowheads) 
and somata (P) of Purkinje cells are clearly immunonegative. The 
axosomatic boutons, and 'pinceau' (open arrow) formed by the basket 
cell axon, as well as basket cell somata (filled arrows) are 
positively labelled. Stellate cells are also immunopositive (double 
open arrows). (The speckled appearance of the tissue is caused by 
prolonged exposure to sodium ethanolate). Scale bar: 20|im. c)
GABA immunoreactivity deep in a cerebellar sulcus where the granular 
layer is only several cells thick. The dendrites (arrowheads) and 
somata (open arrows) of stellate cell (St) are shown to be 
immunopositive. Also in the molecular layer are numerous scattered 
punctate profiles (probably stellate cell axons). The negatively 
labelled soma of a Purkinje cell (P) is indicated and clearly shows 
its nucleus (N). An immunopositive basket axon (Ba) with a daughter 
collateral (filled arow) that wraps itself around the Purkinje soma.
The granular layer shows a large positively stained Golgi cell (Go) 
and a few immunonegative granule cells (gr). . Immunostained fibres 
(paired arrows) can be seen in the white matter (WM). Scale bar; 20pm. 
d) Purkinje cells (P) are immunonegative, but the 'pinceau' and 
perisomatic basket (double-filled arrow) are heavily immuno stained.
The faint outline of immunonegative Purkinje cell dendrites can be 
seen (filled arrow). Whilst the granule cells (g) remain unlabelled, 
rings of densely labelled punctate profiles (open arrow in outlined area) 
encircle the negatively stained protoplasmic islands. Immunopositive 
fibres run through the white matter (WM). Scale bar: 20pm. e) Deep 
cerebellar nuclei. Large unstained nuclei (N) are surrounded by many 
dark punctate profiles (filled arrow) which are also scattered throughout 
the neuropil (outlined circle). Scale bar: 20|im. f) Deep cerebellar 
nuclei: Note labelled fibres coursing in bundles. Scale bar: 50|im. 
Antiserum titre: a, d, f. 1:1000; b, c, e. 1:1500.

FIGURE 25g, h, j. 20pm Cryostat sections incubated for GABA 
imraunohistochemistry and stained with toluidene blue. a) Incubation 
with GABA antiserum. The granule cells (gr) are heavily stained by the 
toluidene blue, but note the absence of stain in Purkinje somata (P) 
and of other elements in the molecular layer (M). Scale bar: 20pm. 
h) Incubation with GABA antiserum. (dilution 1:500). The soma of a 
Golgi neuron (Go), Purkinje cell bodies (P) and dendrites (curved 
filled arrow), and elements (double arrow head) in the molecular 
layer (m) are immune. Additionally, granule cells (gr) are heavily 
stained by toluidene blue. Scale bar: 20pm. j) Purkinje soma 
(filled arrow) and nucleus (N) are immunostained by the GABA antiserum 
(titre 1:500). Iramunostaining around the basal pole of the cell 
(curved filled arrow) may represent the 'pinceau'. Granule cells (gr) . 
Granule - Molecular layer direction (G-M). Scale bar: 10pm.
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FIGURE 26. Immunohistochemical localisation of GABA in 80-100pm
thick vibratome sections of rat cerebellum (pre-embedding technique).
a) An immunopositive basket cell axon collateral (arrow) encircles 
(triangular arrowheads) a negative Purkinje cell body (Pur) and ,also 
engages in the periaxonal 'pinceau'. Granule cells (Gran) are 
immunonegative and a stained Golgi cell (G) sprouts an ascending 
dendrite (den). ' Scale bar: 10pm. b) Positively stained Golgi
cell (G) with small radiating dendrites. A large dendritic trunk 
ascends to the molecular layer avoiding immunonegative Purkinje 
cells (PC). An immunostained axon appears to leave the basal pole 
of the cell (filled arrow). The ruffled outline of the Golgi cell 
body (double-filled arrow) might represent the hillock of the 
postsynaptic cytoplasm engaging in the synapse 'en marron'. Scale 
bar: 25pm. c) Immunopositive staining is present throughout the 
cerebellar cortex. Most clearly defined by positive immunolabelling ' 
are - i) Molecular layer (M): Stellate cells and their dendrites 
(white arrow), small punctate profiles. Cell bodies of basket cells, 
together with their dendrites, ii) Purkinje cell layer (P): The
axonal structures of basket cells, iii) Granular layer (G):
Numerous 'bouton - like’ assemblies (open arrow), as well as both deep and 
superficial Golgi cells (G). iv) White matter (WM): Stained fibres. 
Scale bar: 50pm. d) Enlargement of the outlined area in figure 
26c, showing the immunostained Golgi cell which gives rise to 
dendrites and possibly to its axon )filled arrow). Many 
immunonegative granule cells (g) are seen. Some display clearly 
the outline of their nucleoli and nuclei (eg. g'). Immunopositive 
profiles are seen in the vicinity of the cell (open arrows). Scale 
bar: 10pm. e) Heavily immunostained Golgi cell with a dendrite 
that meanders along its initial ascending course. The clear outline 
of immunonegative granule cells are present (open arrow). The 
ruffled mound of cytoplasm protruding from the Golgi soma (double 
filled arrow) probably engages in a synapse 'en marron' with an 
afferent climbing fibre. Scale bar: 10pm. f) An axon emerges 
(double filled arrow) from a positively stained basket cell (B) and 
rapidly branches to form collaterals which ramify (filled arrows) 
in the vicinity of unlabelled Purkinje cells (PC) . One cell (PC) 
shows a strongly labelled pericellular basket and pinceau (open 
arrows) through the middle of which descends the immunonegative 
initial axon segment (white arrows). Granule cells (g) are 
unlabelled. Capillary (c). Scale bar: 5pm. Antiserum titre: 
a, c, d, f 1:1000. b, e 1:1500.
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FIGURE 27. 'Conventional' electron-micrograph of rat cerebellum 
showing numerous granule cells (g) with their characteristic, round, 
heterochromatic nuclei and meagre cytoplasm. Cells are packed 
closely together in cell clusters with their somatic surfaces in 
juxtaposition. Between the cell clusters are found synaptic 
islands (SI, asterisk) which contain the terminal or 'en passant' 
rosettes of the afferent mossy fibres (M). These mossy fibre 
enlargements are surrounded by the clawed dendrites of granule 
cells and by the axons of Golgi cells. Dark oligodendroglia (OD) 
are also present. Capillary (C). Scale bar: 10pm.
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FIGURE 28. A conventional electron-micrograph of rat cerebellum 
showing a mossy fibre rosette (MF) situated close to a granule 
cell (g). The rosette synapses (arrows) with the 'claw-like' 
dendrites of granule cells that surround it. Around the periphery 
of each rosette lie many axons of Golgi cells (G) which synapse 
upon the granule cell dendrites. The rosette forms the central 
component of the cerebellar synaptic glomerulus. Scale bar: 2pm.
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FIGURE 29. Immunohistochemical localisation of GABA in 80-1OOpm
vibratome sections, embedded in resin and cut for electron
microscopy (pre-embedding technique).

a) Synaptic Glomerulus. Labelled profiles of Golgi cell axons 
(G) are situated around an immunonegative mossy fibre (MF) which 
makes synaptic contacts (contrasted arrow) with negatively stained 
granule cell dendrites. A granule cell (g) shows no immunoreactivity 
(double-filled arrow). Scale bar: Imn. b) Unlabelled mossy fibre 
rosette (MF) containing many round vesicles makes asymmetric 
synaptic contacts (arrows) with unstained granule cell dendrites 
(dgr). Congregating around the edge of the glomerulus are 
dendrites of immunonegative granule cells and the immunopositive 
Golgi cell axons. Scale bar: lym. Antiserum titre a, b; 1:1500.
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FIGURES 30 and 31. Iiranunohistochemical localisation of GABA in
80-100pm thick resin embedded sections cut for electron-microscopy
(pre-embedding technique).

FIGURE 30. An immunopositive basket cell axon is seen making Gray 
type II axosomatic contacts (arrows) with an immunonegative Purkinje 
cell body (PC). The immunoprecipitate appears closely bound to 
synaptic vesicles and around the outer membrane of mitochondria.
The lumina of these organelles are without immunodeposit. Scale 
bar: 1pm. Antiserum titre. 1:2000.

FIGURE 31. Surrounding the initial axon segment (IAS) of an 
unstained Purkinje cell body (PC) are numerous immunopositive 
profiles (contrasted arrows)these by virtue of their light, cytoplasm, 
pleomorphic synaptic vesicles, many neurofilaments and parallel 
arranged mitochondria, may be identified as the unnyelinated axon 
collaterals of basket cells. These stained profiles constitute 
only part of the periaxonal plexus or 'pinceau', since many other 
immunonegative basket axon collaterals can be found in the vicinity
of the IAS (curved open arrows). Scale bar: 1pm. Anteriserihm titre. 
1:1500.
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FIGURE 32. Enlargement of figure 31 showing a GABA immunopositive 
basket cell axon collateral making an axo-axonic symmetric contact 
(contrasted arrow) with the initial axon segments (IAS) of an 
immunonegative Purkinje cell (PC). Note the immunonegative basket 
axon collateral (curved open arrow). Notice also the absence of 
immunolabelling within the lumina of mitochondria and synaptic 
vesicles in stained profiles. Scale bar; lum. Antiserum titre. 
1:2000.
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FIGURES 33a and 33b. Immunohistochemical localisation of GABA in
80-1OOpm thick resin embedded sections cut for electron-microscopy
(pre-embedding technique).

FIGURE 33a. The immunopostive profile of a stellate cell (St.).
The nucleus is slightly lobulated and both the Golgi apparatus and 
lysosomes are well developed and numerous. Parallel fibres can be 
seen to make axosomatic contacts. Parts of the stellate cell axon 
can be seen to make synaptic contacts with what is presumably the 
immunonegative dendrite of either a Purkinje basket or another 
stellate cell. The contrasted arrows indicate axosomatic contacts 
of immunonegative-parallel fibres. Scale bar: 1pm. .Antiserum 
titre. 1:1500.

FIGURE 33b. The section passes through a basket cell (BAS.C) with 
a large oval, lobulated nucleus (filled arrows), a mass of nuclear- 
associated chromatin. An ascending dendrite (den), passes into the 
molecular layer. Both soma and dendrite are heavily immunostained, 
and can be seen to receive synaptic contacts from immunonegative 
parallel fibres (double-filled arrows). Scale bar: 1pm. Antiserum 
titre. 1:1200.
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FIGURE 34. Immunohistochemical localisation of GABA in 80-100jjm 
thick resin embedded sections cut for electron-microscopy (pre
embedding technique).

An immunopositive Golgi cell body (Go) is surrounded by three 
unlabelled granule cells (gr). This Golgi cell has a characteristically 
lobulated nucleus, well developed Golgi-apparati and large Nissl 
bodies. The immunoprecipitate is more distinct near the cell 
periphery (arrows 1 and 2). Scale bar: 2pm. Antiserum titre. 1:1500.
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FIGURE 35. Immunohistochemical localisation of GABA in 80-1OOpm
thick resin embedded sections eut for electron-microscopy (pre-
embedding technique).

A stained Golgi cell dendrite (GOL.D) can be seen rising through 
the molecular layer. Numerous immunonegative parallel fibres 
(double-filled arrow) have been cut in this parasagittal section, 
some of them give rise to axonal varicosities which make 'en passant' 
synapses onto the Golgi dendritic trunk (contrasted arrows). These 
synaptic boutons contain round vesicles and engage in Gray type I 
contacts. Note the immunonegative profile of a climbing fibre (CF) 
containing round vesicles. Notice also the synaptic contact between 
immunonegative parallel fibres and the immunonegative spines of 
Purxinje cell dendrites l(open curved arrows). Arrow labelled (1) 
indicates an immunolabelled branch from the Golgi dendrite.
Scale bar: 2pm. Antiserum titre. 1:1500.
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FIGURE 36. Camera lucida drawings of cell Golgi impregnated Class 
A and Class Aj neurons (A-N) from the dLGN illustrating the commonly 
encountered dendritic patterns, types of dendritic appendages, and 
axon-like processes. Scale bar 'a': 50pm.

Direction Markers: M, Medial; L, Lateral; D, Dorsal; V, Ventral.
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FIGURE 36 (continued).

Cells H-N: Class A^ neurons. Scale bar 'b': 50pm.
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FIGURE 37. Camera lucida drawings of cell Golgi impregnated Class B 
neurons (P-X) from the dLGN illustrating the commonly encountered 
dendritic patterns, types of dendritic appendages, and 'axon-like' 
processes. Scale bar 'c': 70nm and scale bar 'd ' for the enlargement 

15pm.

Direction Markers: M. Medial; L, Lateral; D, Dorsal; V, Ventral.
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EXPLANATION OF FIGURES

FIGURE 38. Class A neuron. The radiating dendritic arborisation is 
typical of most Class A cells. Dendrites are smooth proximally but 
become studded with spines, and small knob—like excrescences more 
distally (filled arrows). Entwined around dendrites are impregnated 
astrocytic processes (a). Scale bar: 50pm.

FIGURE 39. Class A neuron. Located near to the extreme medial border 
of the nucleus showing a highly radiate dendritic field with many
smooth dendrites. Scale bar: 50pm.

FIGURE 40. Class A^ neuron. Lying close to the intergeniculate leaflet
(igl) with dendrites that curve (arrowheads) to enter its parent nucleus,
or that Stray towards the igl. The dendritic field of this neuronal 
subclass is essentially bitufted with sparse dendritic appendages, 
spines, and poorly branching dendrites. Scale bar: 50pm.

FIGURE 41. Class A^ neuron. Sparsely spinous dendrites radiate from
the cell body in three tufts and arborise with preferred orientations. 
Scale bar: 75pm.

FIGURE 42. Class B neuron. A characteristic bipolar cell possessing 
two main dendrites that originate at opposite ends of the soma. The 
laterally directed dendrite bears many complex 'bead-like' appendages 
(arrow heads) whilst the other dendrite curves heavily to adopt a 
dorsal and partly lateral course. At the genu of this dendrite there 
emerges a long process which gives rise to many fine 'axon-like' 
sprays (double arrowhead). Part of this process is enveloped by
impregnated glia (g). This cell is more fully described and
illustrated in figures 99, 100, 101. Scale bar: 50pm.

FIGURE 43. a) Class B neuron. Although not bipolar this cell gives 
rise to three dendrites which branch near the soma. All dendrites 
are aspinous and bear 'grape-like' dendritic appendages. Fine 'axon
like' processes, often intricately woven, emerged from dendritic 
branch points. Scale bar: 20pm. b) Area outlined in 'a'; 'Grape
like' appendages (arrowhead) originating from a dendrite. Scale bar- 
5pm.

FIGURE 44. Class A^'neuron. Round cell body with dendrites radiating 
from two opposite poles. The dendrites quickly taper to become thin 
and wispy, occasionally bearing spines. Scale bar: 50pm.

FIGURE 45. Class B neuron. A tripolar cell with a highly fusiform 
soma. Two dendrites emerge from opposite poles and course in contrary 
difections. At right angles to this plane, a third dendrite protrudes 
upwards. Noteworthy are the dendritic appendages which are placed 
near, and even encircle the soma (filled arrows). Scale bar: 50pm.

FIGURE 46. A bipolar cell of class B. Scale bar: 50pm.
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EXPLANATION OF FIGURES
FIGURE 47. Two impregnated axons entering the dLGN from the optic 
tract (OT). Axon 1 (possibly RGa) seldom branches (arrowheads) and 
does not elaborate into arrangements representing axon terminals.
Once past the impregnated neuroglia (double-filled arrows) the axon 
branches to give a fine collateral which shows several varicose 
beads. In contrast, axon2 (possibly CGa or TRNa) branches on entering 
the nucleus displaying a fine and intricate axonal spray with many 
varicosities and axonal peduncles (open arrows). Axon 2 is shown at 
a higher magnification in figure 53. Scale bar: 200pm.

FIGURE 48. A thick unbeaded axon (arrowheads) emerges from the op-hi
tract (OT) and courses into the nucleus before bifurcating. Scale 
bar: 100pm.

FIGURE 49. Class A neuron. The radiating dendritic-tree of this 
neuron has been polarised into a hemisphere away from the outlying 
optic tract (OT). Scale bar: 100pm.

FIGURE 50. Class A neuron located close to the optic-tract (OT) with 
three dendritic trunks arising from the soma and staying inside the 
dLGN. One large dendrite divides into very thin spiny branches 
(double-filled arrow). Arising from the soma is the initial axon 
segment which curves inwards before becoming myelinated (filled 
arrow). Scale bar: 50pm.

FIGURE 51. A section from the extreme ventro-posterior pole of the 
dLGN. A bitufted cell with smooth dendrites weaving between the 
dLGN and the lateral posterior nucleus (LTP). Scale bar: 20pm.
b) The highly branching dendritic tree 'X' elaborates in the LTP 
whilst the other less profuse dendritic arbor is mainly confined 
to the dLGN. Scale bar: 50pm.

FIGURE 52. a) Amidst two groups of impregnated neuroglia are two 
astrocytes (arrowed). Scale bar: 60pm. b) The lower astrocyte in 
'a* (double arrowhead) shows clearly its velate and rib-like nature. 
Scale bar: 20pm.

FIGURE 53. Soon after leaving the optic tract (OT) axon 2 (possibly 
CGa or TRNa) becomes highly varicose with many collaterals (open arrow) 
Along the axon are pedicular terminal boutons (filled curved arrow). 
Frequently encountered are claw-snaped or 'nest-like' formations 
(double-filled arrows) that are reminiscent of cerebellar granule 
cell dendrites and may represent pericellular baskets engaging in 
axo-somatic contacts, which are known to exist in the dLGN. Notice 
the size of these grasping axonal 'claws' compared with the size of 
the somata of unimpregnated cells (open curved arrow)., Scale bar:
5pm.
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EXPLANATION OF FIGURES

FIGURE 54. a) Class A neuron with radiating dendrites. Scale
bar: 50|tn. b) Enlargement of framed area in 'a'. Characteristically
primary dendrites are smooth whilst secondary and tertiary 
dendrites have occasional dendritic swellings (double arrowhead) 
and small spine-like protrusions (large arrow head). Scale bar.
20|im.

FIGURE 55. Many fine pedunculated axons (filled arrows) can be
seen running through the dendrites of a class A neuron. These
axons have pedicles spaced at about 10|Jm intervals. The pedicles 
are thin and terminate in a spherical expansion approximately 
l-2|im in diameter (open arrow) - it is likely that these are 
cortico-geniculate axons (CGa). A single unbeaded axon (double 
arrowheads) runs parallel to the course of the CG axon stream.
The dendrites of the class A neuron show 'stub-like protrusions 
(open arrowhead) which represent the most elaborate dendritic 
excrescences to be found on the distal dendrites of this 
neuronal class. Scale bar: 30|im.

FIGURE 56. A sparsely branching and thin dendritic arbor of a
class Aĵ  neuron located near the medial border of the dLGN. The 
dendrites are aspinous and do not bear appendages. Scale bar: 50pm.

FIGURE 57. a) A medium-sized class A neuron with radially
spreading dendrites bearing irregular dendritic excrescences 
(arrows). Scale bar: 20pm. b) Enlargement of the framed area 
in 'a'. Proximal dendritic excrescences of a class A neuron 
(double filled arrow). The dendritic branches bear "stub-like 
(arrow head) and'grape-like (double arrow head) appendages.
Scale bar: 10pm.
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Immunohistocheraically localised elements containing GABA in the dorsal
l^^Gral geniculate nucleus of the rat (pre-embedding technique).

FIGURE 58. GABA immunoreacted frontal section of the caudal 
diencephalon at the level of the lateral posterior thaleunic nucleus 
(LPT), medial lemniscus (LM), zona incerta (ZI), cerebral peduncles 
(PC), ventral nucleus of the thalamus (VE) and its dorsal part (VD) , 
as well as the dorsal lateral geniculate nucleus (dLGN), and both tlie 
medial (m) and lateral (1) parts of the ventral lateral geniculate 
nucleus (vLGN). The intergeniculate leaflet lies between the two 
large arrowheads. Optic tract (OT) . The outlined area is shown 
enlarged in figure 59. Even at this level of magnification the dLGN 
and VLGN can be seen to contain discrete,dar)cly stained immunopositive 
somata. Scale bar: 500pm.

FIGURE 59. The dorso-caudal portion of the dLGN shown here corresponds 
to that outlined in figure 58. The capillary (c) and the optic tract 
(OT) act as reference mar)cers. Dar)c immunostained cell bodies (filled 
arrows) can be seen against a much lighter and immunonegative bac)cground 
and many small punctate profiles (open curved arrows) are in the 
surrounding neuropil. Also immunopositive is a small ovoid, cell body and 
part c£ an œerging process (open arrow). Little or no immunostaining is 
seen in the optic tract (OT) itself and the dark staining on the outside 
is probably due to non-specific tissue reaction. Scale bar: 50pm.

FIGURE 60. Two immmunopositive cell bodies are seen, one with a long 
labelled dendri tea which curves close to its parent soma but is 
interrupted along its course. Many small particles can be seen in the 
neuropil (large filled arrow). A group of immunopositive punctate

are joined by a thin,wispy, laibelled process (small filled
arrow). This grouping (outlined circle) may represent part of a
dendritic appendage originating from the labelled dendrite (d),which could
itself correspond to the 'bead-li)ce* dendritic excrescences found onso-called 'inhibitory interneurons'. Scale bar: 40pm.

FIGURE 61. An immunopositive bipolar cell. The staining of one of the 
dendrites has been interrupted by a passing capillary (c) and numerous 
labelled particles (small arrows) possibly representing 'en passant' or 
terminal boutons lie in the neuropil and may even be associated with 
dendritic appendages arising from the stained cell. Immunopositive 
processes arising from the dendrite (double-filled arrow) radiate 
downwards into the section out of the focal plane. Scale bar: 20pm.

FIGURE 62. An immunostained soma, issues a thick dendritic trunk along 
whose length lies a mound (curved filled arrow) out of which possibly 
issues a spray of immunopositive boutons (single arrowhead) and also a 
small, more discrete dendritic appendage (filled arrow). The dendrite 
IS seen to bifurcate and one branch (asterisk) is parallel to other 
immunostained processes (open arrows). Around the labelled soma are 
present many faintly immuno 1 abe 11 ed varicosities - these may be derived 
from the same cell or other neighbouring cells (double arrowheads).
Scale bar: 20pm.

FIGURE 63. An immunopositive cell with bipolar dendrites. Scale bar- 15pm.

FIGURE 64. A bipolar cell and possibly the circular polar cap 
through another cell (double-filled arrow) are heavily immunolabelled.
The circular immunopositive profile may be part of the cell that 
gives rise to the immunopositive dendrites (single arrowheads); 
less likely is that dendrite 2 may be a highly recurrent dendritic 
branch from the parent dendrite 1. Nevertheless, an 'axon-like* 
process emerges from a dendrite (open arrow) and appears to connect 
many stained varicosités (double arrowheads) . Dark punctate 
profiles appear around an interruption in the stained dendrite 2 
(open-curved arrows). Scale bar: 15pm. '

FIGURE 65. An immunostained bipolar cell. The ventrally 
orientated dendrite emits stained varicosities at the end of thin 
pedicular stalks (arrowheads) . Both dendrites appear to be 
oriented in a ventro-dorsal direction with other stained elements 
(double-filled arrows). Scale bar: 20pm.
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Iinmunohistochemical localisation of GABA-containing elements in
the dLGN and vLGN (Pre-embedding technique).

FIGURE 66. Many immunopostive punctate profiles are distributed 
throughout the dLGN (open arrows). In the vLGN staining 
appears heavier in the medial (med) than the lateral (lat) portion 
of the vLGN. The intergeniculate leaflet (igl) lies between the 
filled arrows. Optic tract (OT). Note the fibres streaming 
through the two nuclei in a dorso-ventral direction. Scale bar: 
250pm.

FIGURE 67. Enlargement of the outlined area (indicated by the 
curved filled arrow) at the top of the dLGN in figure 66. A 
labelled ovoid bipolar cell with an immunostained process emerging 
from its soma (filled arrow). Scale bar: 20pm.

FIGURE 68. An enlarged portion of the medial vLGN. An 
immunolabelled perikaryon with radiating dendrites (filled arrow). 
Small immunolabelled bipolar cells (open arrow) and labelled 
processes (filled arrowheads) are commonly encountered. The 
neuropil contains small dark profiles (outlined area). Scale bar: 
20pm.

FIGURE 69. Staining (open arrows) appears throughout the dLGN, 
in the igl (between filled arrows) and in the medial (Med) and 
lateral (Lat) vLGN. Scale bar: 250pm.

FIGURE 70. Heavily stained immunopositive profiles are seen in 
both dLGN and vLGN, but note the far heavier staining in the 
medial (Med) portion (open arrow) of the vLGN compared to the 
lateral (Lat) part. Also, small immunostained cells can be seen 
traversing the igl (between filled arrows). Scale, bar: 250pm.
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Iinmunohistochemical localisation of GABA-containing elements in
the dLGN (Pre-embedding technique).

FIGURE 71. Many immunopositive perikarya are evident, some with 
the initial parts of dendrites (in outlined area). Axon-like 
processes and numerous punctate profiles (presumably boutons) are 
immunopositive. Note the direction of the stained dendrites and 
processes in relation to the fibres running through the nucleus 
(open arrows) in a dorso-ventral fashion (orientation marker).
Scale bar: lOOpm.

FIGURE 72. An enlargement of the area rectangled in figure 71.
Unstained perikarya (asterisks) lie amidst coursing fibres (open
arrow, here immunonegative). The immunopositive cell B, the majority cf vshose
soma is possibly outside the immunoreacted zone of the tissue
section, issues a dendrite which sprouts a thin pedicle with a
globular head (double-filled arrow). Numerous labelled
particles are in the immediate vicinity (small arrow) and may
represent the stained varicosities of a complex dendritic
appendage. From the dorso-ventrally orientated stained dendrite
of cell A, a positively stained 'axon-like' process (open-curved
arrow) appears to emerge. All the labelled dendritic processes,
one with a knoll (filled arrows) lie parallel to each other and
to the fibre stream (open arrow). Scale bar: 20pm.

FIGURE 73. Immunolabelled profiles are scattered through the 
neuropil like 'poppy-seeds' (large arrowhead). Parallel fibres 
(open arrow) running with the dorso-ventral orientation seen in 
the other figures, contain lightly stained fibres (long filled 
arrow). Between two such fibre streams emerges a stained 'axon
like' process (curved-filled arrow) that sends off appare.ntly 
a few stained boutons between two immunonegative cells (asterisks).
Further along, its medially directed course it gives rise to a 
'claw' or 'nest-like' expansion (filled arrow) with round 
stained profiles, one of which can be seen contacting the 
immunonegative polar cap of a neuron, where it probably makes an 
axo-somatic contact (double-filled arrow). Scale bar: 20jim.
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Iinmunohistochemical localisation of GABA-containing elements in
the dLGN (Post-embedding technique).

FIGURE 74. Using the post-embedding technique many immunopostive 
fibres can be seen running inside dorso-ventrally orientated 
fibre tracts. Scale bar: 20|im.

FIGURE 75. Clearly immunonegative perikarya and nuclei (open 
arrows) are surrounded by a multitude of immunopositive particles. 
A stained bipolar cell emits a somatic process (arrow head).
Scale bar: 50|im.

FIGURE 76. A cell cluster is seen near to two capillaries (c).
An astrocyte, identified by its large nucleus and closely apposed 
cell membrane (double arrowheads), is immunonegative as is a 
neighbouring neuron (open arrow). Around the soma of neuron (N) 
lies an incomplete immunopostive ring (small filled arrows). 
Abutting both the immunonegative astrocyte and neuron is a
heavily immunolabelled profile whose nucleolus is clearly visible 
(white arrow). Scale bar: lOpm.

FIGURE 77. Many of the immunonegative cells (N) are surrounded 
by heavily labelled 'bouton-like' profiles possibly leading to 
axosomatic contacts. Staining is also present in the fibre tract. 
Scale bar: 50|im.

FIGURE 78. The perikaryon of an immunopositive cell (filled 
arrow) leans on an immunonegative neuronal soma (N). Many other 
neuronal somata are surrounded by labelled discrete profiles 
(small arrows). Scale bar: 20nm.

FIGURE 79. An immunolabelled dendrite (filled arrow) probably 
arising from the labelled soma extends for about ISOpm along a 
course also favoured by a neighbouring fibre path (open arrows). 
Part of the dendrite appears surrounded by many immunopositive 
puntate profiles (double-filled arrows) and may /be immunostained 
Uxon-like* boutons or dendritic appendages. Scale bar: lO^m.
FIGURE 80. A labelled profile (filled arrows) follows a course 
parallel with two other fibre paths (F) and meanders between two 
unlabelled neuronal perikarya (N) before it possibly gives rise 
to a fine 'axon-like' process (double filled arrow) . Section 4jim 
thick. Scale bar. 20)jm.
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FIGURE 81. Iinmunohistochemical localisation of a GABA-containing 
profile in the light- and electron-microscopes (pre-embedding 
technique). a) A light-micrograph of a darkly immunostained 
tripolar cell body with stained dendritic protrusions (filled 
arrows). Immediately surrounding the nuclear membrane is a region 
in the cytoplasm where the staining is less intense - this allows 
the faint outline of the nucleus to be seen, together with a deep 
nuclear infolding (open white triangle) and a lightly stained 
region in the nucleus (white arrow). Scale bar: 5|im. b) The 
same labelled profile seen in 'a' sectioned for electron microscopic 
investigation. Both the nucleus and perikaryon are immunostained. 
The nucleus is infolded (filled arrow) and slightly eccentric, 
so producing a thin rim of cytoplasm. Immunodeposit is heavily 
associated with the outer mitochondrial membranes 
and the abundant free ribosomes which litter the initial parts of 
dendritic trunks. The 'halo' of faint staining around the 
nucleus seen in figure 81a appears to be correlated with the lack 
of mitochondria and complex ribosomal particles. The light 
centrally placed portion of the nucleus seen in LM, corresponds 
to the pars granulosa of the nucleolus, adjacent to which lies a 
clump of associated chromatin. The immunoreactive patch 
(contrasted arrow; open-curved arrow in 'a') appears under the 
electron microscope as a discrete immunopositive element that 
because of the 'freeze-thawing' has become detached from the 
dendrite. This may have been either a dendritic protrusion or more 
conceivably a stained axo-dendritic contact. Three immunonegative 
boutons synapse with the labelled initial segment of the dendrite 
(contrasted arrowheads). The size, shape, nuclear and cytoplasmic 
characteristics of this cell correspond to the presumptive intrinsic 
class B neurons that have been described previously in the dLGN 
(see text) . Scale bar: Ijim.
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FIGURE 82. An immunolabelled pre-synaptic dendrite (PSD) profile 
containing pleomorphic vesicles (P-bouton) is seen to make a 
symmetrical synaptic contact (Gray type II) with an immunonegative 
dendrite (arrowheads). Additionally the immunopositive dendrite 
receives an asymmetric contact from an immunonegative axonal 
process (contrasted arrows). Scale bar: O.Spm.

FIGURE 83. A retinal axon (OpT) containing round vesicles (R-bouton) 
synapses with a heavily immunolabelled profile (Psd) which contains 
pleomorphic vesicles (P-bouton) and in turn synapses onto an 
immunonegative profile. Scale bar: 0.5|im.

The characteristics of these synaptic arrangements have been well 
described by previous studies (see text) which identify the 
immunolabelled profile as the presynaptic dendrite of an interneuron.
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FIGURE 84. Electron micrograph showing an immunolabelled 'axon-like' 
profile (a) containing flattened vesicles and a stained dendrite (d) 
with pleomorphic vesicles (contrasted-arrowheads) establishing 
symmetrical synaptic contacts (filled arrows) with the perikaryon 
of an immunonegative cell (S).

FIGURE 85. Electron micrograph showing an immunolabelled axonal 
profile (a) making a symmetrical synaptic contact (Gray type II) 
with the somata (S) of an immunonegative cell (filled arrow).
Scale bar: l|im.
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Golgi/Electron-microscopy combined with post-embedding GABA 
immunocy tochemistry,

FIGURES 86a and b. The camera lucida drawing (a) of a Golgi-
impregnated and gold-toned Class A neuron, b) with characteristically
radiating dendrites and dendritic protrusions, lying close to the 
optic tract (OT in a). Scale bars for 'a' and *b ' : 20pm. c) A ljim
thick unstained section through the soma of the cell seen in 'a' and
'b'. Note the presence of gold deposit in the cell body (large 
arrowhead) and in the dendrites (Den; small arrowheads). The 
outline of two capillaries (C^ and C2 ) can be seen faintly. Scale 

(same as 'd') 50pm, d) Same section as in 'c' (note position 
of capillaries C^ and C 2 ) but immunoreacted for GABA by the post
embedding technique. Compared to the immunopositive (S) and immuno
negative (US) perikarya, the soma of the Class A neuron (large 
arrowhead) is immunonegative. The neuropil contains many immunolabelled 
'bouton-like' profiles, some.with perisomatic positions. The optic 
tract (OT) contains immunopositive fibres (double arrowheads).
Scale bar: 50pm. e) The soma of the Class A neuron in the 
electron-microscope. Gold particles are invested throughout the 
abundant and rich cytoplasm. The nucleus is typically ovoid 
without indentations and houses a large prominent nucleolus. A 
branching dendrite (filled arrow) is the same as that in 'a'
(small arrow). The ultrastruetural characteristics confirm the 
impression gained from the light microscope that this cell closely 
resembles the thalamo-cortical projection (TCP) cell characterised 
in previous studies. Scale bar: 5pm.
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FIGURE 87. A camera lucida drawing of three neighbouring cells.
Two cells ( I a n d  I2 ) have characteristic features of putative 
intemeurons - essentially bipolar cells with complex dendritic 
appendages and fine varicose processes. Cell P is a class A neuron. 
Cell I A distinct process (a), 2-3jm in diameter, emerges amidst a • 
spray of fine beaded processes and extends for about 200pm on a 
long straight unbranched ventrodorsal course through the dLGN.
Along its length are a few simple, discrete appendages (filled 
arrows). The parent dendrite continues parallel to the outlying 
process (a) before bifurcating and tapering into a linear - 
network of delicately beaded threads (open curved arrow). One 
string of beads (open curved arrow) bifurcates over the soma of cell 
I2 (establishing I ~^I, axosomatic contacts?) The dendrite of cell 
I 2 has complex appendages and radiating varicose processes around 
the dendritic branch point. Scale bar: 100pm. (Single-section Golgi 
impregnation procedure).
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FIGURE 88. a) Photographie montage of the Golgi-impregnated and 
gold—toned cells I I 2 and P shown in Figure 87. Note the process 
(large filled arrowhead) originating from the curved dendrite 1^ 
and its long unbranched course (paired arrowheads). Scale bar: 50pm. 
aa:. Enlargement of the region around the soma of cell l^. A cortico- 
geniculate axon (double-filled arrow) enters the mass of closely knit 
beaded processes which emerges from the dendritic bend (large arrow
head) . Further along the same dendrite a 'flame-shaped' process 
can be seen (curved filled arrow). The long process (double-filled 
arrows) seen in 'a' (double-filled arrows) sinks steeply from the 
dendritic curve to run a deep-lying course in the section. Scale bar: 
20pm. b) EM section through the soma of I^ showing an dented 
nucleus with a closely fitting and meagre cytoplasm. 10pm. Inset:
1pm section demonstrating GABA immunoreactivity within the nucleus 
and perikaryon of cell Iĵ . Note corresponding position of the 
capillary (C) . Scale bar: 50pm. c) EM montage of cell 1 2 soma 
cut tangentially. The closely-apposed folds in the section may be 
used to determine section thickness (filled arrows) by the thin-fold 
technique (see Part A). Scale: 5pm. Inset: 0.6pm section through 
the cytoplasm of cell I2 demonstrating positive GABA immunoreactivity. 
Note corresponding position of the capillary (c) . Scale bar: 5pm. 
d) 1pm unstained section through the class A neuron (P) showing the 
cell membrane outlined by gold-deposit. Scale bar: 20pm. e) GABA 
immunoreacted section seen in 'd'. Many immunostained profiles are 
present, however, the profile of the class A neuron (P) is immuno
negative as are other neuronal perikarya (N). Unfortunately, this 
cell was not recovered in the electron firixcroscope, but the perikaryon 
has a large volume of cytoplasm with a small round nucleus and 
prominent nucleolus. Note the position of the corresponding gold- 
filled dendrites (open arrows) and the relative position of the three 
capillaries (C) as seen in 'd'. Scale bar: 20pm.
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FIGURE 89. Camera lucida drawing of a bipolar cell (B) displaying 
different dendritic characteristics. Dendrite A and its daughter 
branches give rise to 'bead-like' dendritic appendages (filled 
arrows); dendrite C branches frequently and each branch gradually 
tapers into fine processes linking many small varicosities. The 
most extensively ramifying process is located at a dendritic . ’
branch point (long-tailed arrow). One putative-axonal spray (double
filled arrow) appears to ramify in the vicinity of a class A neuron 
(red) and sweeps over the neuronal soma, possibly establishing 
'axo-somatic' contacts. The dendrites indicated (open curved arrow) 
extend deep into the section. Cortico-geniculate axons (CGa) are 
coloured blue. Scale bar: 20pm.
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FIGURE 90. a) Three Class B bipolar neurons (A, B and C) situated 
in the same section. Scale bar: SOjim. b) Camera lucida drawings. 
All cells display characteristic class B features. The processes of 
cells A and C are arranged in parallel and orientated approximately 
30 to the dorso-ventrally disposed axis of cell B. Scale bar: 20)un. 
c) A proximal dendritic appendage on cell A with a ’bead-like' 
string of spherical varicosities interthreaded by a fine process 
(open curved arrow). Scale bar: lOjim.





FIGURE 91. a) Three Golgi-impregnated gold toned class B neurons and 
their dendritic fields. The outlined areas indicate features of 
particular interest. Scale bar: 20|Jin. b) The dendrite (d) of 
cell A gives rise to a bunch of closely associated spherical beads 
(open arrow), some of which are undoubtedly touching (P P contacts?) 
while others are spaced by fine thread-like processes. An unimpregnated 
TCR cell dendrite or optic axon varicosity may fill the space (2-3|im 
in diameter) shown by the curved-filled arrow. Scale bar: 5pm. 
c) Enlarged portion labelled C in 'b'. A single pedicular varicosity 
(contrasted white arrow) emerging from a thin second order dendrite 
of cell B. The dendritic junction is unusual since a dendritic stub 
emerges before a bifurcation and courses in a contrary direction.
Scale bar: 5jim. • d) Outlined area d in 'b* shown in greater detail to 
illustrate the most commonly encountered types of dendritic appendages. 
(Note orientation marker X ').

1) Single outgrowth of a large spherical knob borne by a thin 
unbranched pedicle 2-4pm in length.
2) Several varicose beads strung tightly together or lossely 
spaced each connected by a thin, continuous, 'axon-like' thread.
3) A mass of beads splaying out from a small area of dendritic 
surface. The beads often appear to be interconnected by 
branching processes and may well separated or tightly packed.
4) A moderately thick stalk emerges (normally at right angles 
to the parent dendrite) and issues a radiating mass of ovoid 
or spherical varicosities connected by thin, branching threads, 
which do not venture outside the territory occupied by the 
varicosités.
5) A dendritic appendage composed of a heterogeneous mass of 
interconnected appendages, ranging from simple 'stub-like' 
surface protrusions to large irregular varicosities (small 
arrows).

Additionally, 'axon-like' sprays are emitted at the curve of 
dendrites (filled curved arrow), dendritic branch points, or they 
emerge directly from distally tapering dendrites. Such sprays show 
local variations in the density, and distribution of varicosities.
Scale bar: 4|im.
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FIGURE 92. a) Complex dendritic appendage of cell A. Scale bar: 
5}im. b) Inset: The same dendritic appendage seen in 'a' rotated 
by 60°. EM section through the appendage showing a putative optic 
terminal (OpT) in contact with the 'gold-filled' polar cap of an 
appendage; other labelled varicosities are present (open arrows); 
Note the'vesicle-filled' profiles making Type I contacts onto the 
class B cell dendrite (curved-filled arrows) . Scale bar: 2]im. c) 
Part of the same 'gold-filled' dendrite. Two synaptic junctions 
are seen contacting the dendrite at a more distal location. Scale 
bar: 2fim. d) Synaptic contact X is a symmetric (Type II) contact. 
The pre-synaptic bouton contains mainly discoid-like flattened 
vesicles (F-type). Scale bar: 0.5)im. e) The presynaptic bouton 
of contact Y is infested with pleomorphic vesicles (P-type) and 
makes two synapses, possibly derived from a perforated junction, 
which contact the identified class B cell dendrite. Scale bar: 
0.5)j.ra.
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FIGURE 93. a) An opportune lp.m thick non-immunoreacted section 
through the perikarya of âll three class B cells shown in figures 
90 and 91. The 'gold-filled' outlines of the somata A, B and C are 
well defined (note soma positions). A portion of a cell A dendrite 
is seen to curve around a capillary (C), and the small fold in the 
section is indicated by an asterisk. Scale bar: 50|im. (b') A Ijim 
thick section showing GABA immunoreactivity. The perikarypn of cell 
A, especially the nucleus, shows positive immunolabelling.
Addition^ly, an unimpregnated somatic profile devoid of gold deposit, 
is also immunolabelled (large arrowhead) and numerous other 
immunopositive elements can be seen (small arrows). Capillary (C) 
b) EM photograph: A thin rim of gold particles is seen around the* 
perikaryon of cell A. The soma of the unimpregnated cell shown to 
be immunopositive in b ', is clearly visible (large arrowhead). The 
three nuclear infoldings of this cell (small arrowhead) are correlated 
with the nuclear invaginations seen in the LM section (b'). The 
immunolabelled profiles in b ' can be traced to the EM level in b 
(filled arrows). Note the parallel arrangements of the major ellipsoid 
axes of the two somata.Capillary (C) as in b'. Scale bar: 5^m. c')
GABA positive immunolabelled profile of the soma and dendrite of cell
C. c) EM photograph: The perikaryon is almost completely occupied
by a highly infolded nucleus (open arrow). Under close inspection
neither the cell body nor proximal dendrite receive or make synaptic 
contacts. The small myelinated profile (filled arrow) corresponds to 
the immunolabelled outlying profile indicated in c' (filled arrows). 
Scale bar: 5p.m. d') 1pm thick GABA-immunolabelled section. Abutting

e positively labelled cell B is a completely immunonegative 
astrocyte (Ast.) d) EM Photograph : The thin rim of cytoplasm
(containing many free ribosomes and extensive Golgi apparatus) 
envelopes the avoid nucleus of cell A. The astrocyte (AST) is in 
close proximity. Note corresponding positions of the capillaries 
(C) in d and d'. Scale bar : 5pm.
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^ 9 4  . a) EM phtograph. The unlnpregnated but GflBA-positive profile
of the cell shown in figure 93b. Note the finely dispersed nuclear 
Chromatin, small nucleolus and the three nuclear infoldings 
(filled arrows). The cytoplasm tightly surrounds the nucleus and 
IS rich in free ribosomes, especially in the 'finger-like' 
invaginations of the nucleus. Scale bar: 2pm. b) GABA- 
i^i^olabelled profile of the cell seen in 'a'. Notice the lightly 
stained portion of the dendrite (double-filled arrow) that 
corresponds to the identified region in 'a' (double-filled arrow). 
r  . photograph: Enlargement of the outlined area in 'a'. The 
initial segments of the immunolabelled dendrite squeezes between 
^ o  myelinated axonal processes. Disposed laterally within the

polyribosome aggregates (PRA) and a cluster of vesicles 
( illed-curved arrow) which have a similar morphology to the
vesicles present in the indicated bouton (double-filled arrow)
Scale bar: 1pm.
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FIGURE 95. Camera lucida drawing of a Golgi-impregnated and 
gold-toned bipolar class B neuron. The 'axon-like' field of 
interconnectdd varicosities (a) emerges from a hillock at a 
dendritic curve, whilst the 'axonal' spray (b) originates along 
a dendrite (small arrow) but spreads radially between the two 
daughter dendrites, and appeared to ramify over an unimpregnated 
cell body (open arrow). Scale bar: 20pm (also for a and b) . a)
1pm thick unstained section through the cell body showing the 
^ i n  deposition of gold particles around one somatic pole (arrowed) 
b) 1pm thick GABA immunoreacted section through the cell body and 
dendrites of the cell shown in the camera lucida drawing (N.B. This 
section is a few serial sections away from the one shown in 'a'), 
■^e soma ^ d  various portions of the transected dendrites are 
immunopositive (arrowheads). An immunonegative cell (N) , nestles 
in the cleft of the branching dendrites (see drawing).An 
immunonegative astrocyte (A) lies next to the capillary (C) .

Unfortunately the cell was not recovered for electron microscopical 
investigation.
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FIGURE 96. Camera lucida drawings of three Golgi-impregnated gold- 
toned class B neurons (A, B and C). Scale bar: 20|im.

Cell A: In addition to sinple dendritic appendages (filled arrow) a 
fine unbranching thread interlinks small varicosities and appears to 
ranify inconjunction with dendrites. Cell B: The extensive 
branching of this cell’s dendrites make it unusual. Complex dendritic 
appendages are illustrated (filled-curved arrows) and a very slender 
continuous fibre (filled arrow) emerges from near an appendage.
CellC: An example of a rare classB dendritic arbor. The 'H' or 'Y ' 
shaped tree displays many intricate dendritic appendages particularly 
at branch points and an 'axon-like* spray emerges from the curve of 
a dendrite (curved filled arrow).
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FIGURE 97. a) Bipolar cell A illustrated in figure 96. Scale bar; 
50/im. b) l|im thick unstained section through the cell body of A. 
Scale bar: 20jim. c) Same GABA immunostained section showing the 
GABA labelled somatic profile of cell A. Notice the unimpregnated 
but stained profiles (s) which are spherical and apparently connected. 
In 'b' and 'c' capillaries are marked by the letters 'cp'. Scale bar: 
20^m. d) The dendrites of this class B cell display several 
complex appendages (da). One appendage.(asterisk) emitted near the 
cell body (B) is invaded by a fine beaded axonal process (open curved 
arrow). A cortico-geniculate afferent (CGa) with pedicular outgrowths 
(arrowheads) and a beaded optic tract fibre (OpT) run courses parallel 
to each other. Attention is drawn to the fine 'axonal process (a) 
Scale bar: 20^m. e) Cell C. Scale bar: 20jim. f) Enlargement: 
of the outlined area in 'e' and figure 95. The conplex and beaded 
process (da) entwines the dendritic branch. Although not clearly 
illustrated here, the axonal process 'a' emerges from the dendritic 
curve at a different focal level. Scale bar: lOjim. g) Ijam 
unstained section through the soma of cell C. Scale bar: 20pm. h)
GABA immunostained section. Compared with the positively labelled 
cell (s) and immunonegative cells (US) the cell body of C is 
immunopositive. Note corresponding positions of the capillaries (cp) 
in 'g' and 'h'. Scale bar: 20pm.
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FIGURE 98. a) Camera l.lucida drawing of a Golgi-impregnated and 
gold-toned bipolar class B cell with sparsely appendaged dendrites 
and a long columnar spray conprising many fine, beaded processes, 
elongated along the major axis of the cell. The spray emerges from 
a single process which originates out of a stunp at the curve of a 
dendrite (filled arrow). Scale bar: 20pm. b) Same cell as 'a'.
Note relative position of capillary (C) in this and other sections.
Scale bar: 20pm. c) Initial segments of the spray (arrowed) and
its origin as it emerges from the dendritic curve. Scale bar: 5pm. 
d) 1pm thick unstained section through the soma of the cell 
illustrated in ’a' and 'b'. A deposits of gold particles lies
around one pole of the cellular profile (curved filled arrow). The
outline of the capillary (C) can be discerned. Scale bar: 10pm. e)
Same section as in 'd' reacted immunocytochemically for GABA. The 
soma of the cell is heavily labelled (notice strange non-immunolabelled 
portion of nucleus). Additional unimpregnated profiles are 
immunopositive (arrowheads). Scale bar: 10pm. f) EM photograph 
rotated approximately 40° clockwise compared to 'd* and 'e*. The 
'gold-labelled' perikaryon displays all the ultrastructural 
characteristics of a cell, previously described as an dLGN inter
neuron - having nuclear infoldings (open arrows) and a thin rim of 
surrounding cytoplasm full of gold particles (filled arrow).
Capillary (C). Scale bar: 10pm.
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FIGURE 99. Camera lucida drawing of a bipolar class B neuron.
Inset 100: The dendrites of the cell have been divided into four
colour-coded categories, dendrite W is blue; X is turquoise ;Y is black; 
and Z is red. As can be seen in figure 99, dendrite Y shows many 
dendritic appendages evenly spaced along its length whilst the 
appendages of dendrite X are spaced at wider intervals. In contrast, 
to both dendrites, the whole character of the structure W is very 
different. W arises from a dendritic branch point and courses in a 
dorsoventral direction contrary to X. For a greater part of its 
length W is typically a dendrite and many of the dendritic processes 
composing W, taper gradually and end in slender beaded strands.
Several beads are disposed in linear strings along a dorsoventral 
axis (filled arrows). The axonal nature of these varicose processes 
(curved open arrows) is striking. At the dendritic curve in A emerges 
a fine process (small arrow) which itself ends as a preferentially 
orientated string of beads (Z). Also, arising from the perikaryon is 
a long thin curved pedicle which bear a varicose gemmule (double 
arrowhead). The outlined areas are shown in greater detail in figure 
102. Crosses indicate corresponding superposition of CGa tracing. 
Scale bar: 20pm.

FIGURE 101 i CGa tracing. Corticogeniculate axons invading the 
territory of the class B cell. They are disposed throughout the 
section and course parallel to each other in an oblique direction 
(indicated by filled arrow) away from the optic tract. (The crosses 
should be aligned with those in figure 99a for correct.superposition).
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FIGURE 10 2. The bipolar cell illustrated in figure 99 is shown in 
relation to the optic tract (OT). An astrocyte (A) envelopes a 
small portion of the ventral dendrites. Scale bar: SOjim.

Figures a-e refer to the corresponding outlined areas in figure 99.

a) The fine process Z is emitted (arrowhead) from the curve of 
dendrite X. The dendrite W courses out of the focal plane. Cell 
body (cb) . Scale bar: lOjim. b) A daughter branch of W divides 
again (curved-filled arrow). One branch shows two pedicular 'stalk
like ' processes (contrasted arrows), the other cluster of 'bead-like' 
varicosities. Scale bar: Sjim. c) A heterogenic group of 
dendritic appendages - a 'grape-shaped' cluster of tightly grouped 
beads (open arrow), a difuse spray of many well-spaced varicosities 
and a long process (double open arrows) bearing single pedicles 
(double filled arrow). Scale bar: 5)im. d) A diffuse 'axonal' 
spray (a) with fine 'thread —like' processes linking the varicosities. 
Pedicles bearing one or two, less commonly three, spherical heads 
(open arrows) are frequently encountered. Also seen, are circular 
arrangements possibly wrapping the soma of cells and establishing 
'axo-somatic contacts (filled arrows) . Scale bar: 5|Lim. e) The 
'axon-like' process (a) bifurcates, one branch (K) develops an 
ornate 'nest-like' structure, the other branch (j) develops'a few 
small, pronounced 'bouton' shaped varicosities (filled arrow) before 
continuing. Scale bar: 10|im.
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FIGURE 103. Computer-assisted reconstruction and rotation of the 
class B neuron in figure 99. The cell is a typical class B neuron 
and is highly elongated in the dorso ventral (D-V) direction. After 
rotation around the x (D-V) axis, the cell shows little preferential 
medio-lateral spread. • When rotated by 90° around the medio-lateral 
(M-L) Y axis (keeping the X axis at 90°), the cell displayed an 
®H^psoid—shaped domain of its processes, with the -major axis lying 
in the dorso-ventral plane. (Cell reconstructed with 1732 points).

From these rotations it may be concluded that this class B cell has 
processes that invade a column of dorso-ventral territory 500)j.m 
long, that is elliptically shaped in cross-section - being 150pm in 
the major (I4-L) axis and 75pm wide in the minor (A-P) axis. Scale 
bar: 100pm.
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FIGURE 104. a-c) . A single tissue section is surrounded by K2Cr20*7 
or A^O^y then trapped between two closely fitting coverslips. The 
assembly is held together by either a few drops of a rapidly 
setting glue or a band of agar (not illustrated). d) Sufficient 
space is allowed for the entry of AgNOg. e) The 'section 
sandwich ' may be immersed in AgNOg cind the extent of the Golgi- 
impregnation viewed under a light microscope.

FIGURE 105. a) Golgi-impregnation of a Purkinje cell (PC) from 
the vermis of the rat cerebellum obtained after the third recycling 
of the section. The axon (arrowed) is clearly seen arising from the 
cell body. Note the absence of dendritic spines or knobs. b) Part 
of the dendritic tree of another Purkinje cell in the same section 
which still shows spinous protrusions after the third impregnation. 
Scale bar: a, 20jim, b, as for a.

FIGURE 106. Golgi-impregnated gold-toned elements from the molecular
(m), Purkinje (P), and granule cell (g) layers of the rat cerebellar 
cortex. Numerous parallel fibres (asterisk) can be seen coursing 
through the molecular layer, and collateral branches (open arrows) 
of basket cell axons encircle (small arrows) a Purkinje cell body 
(PC) and enter into the 'basket-like' periaxonal plexus or 'pinceau' 
(large arrow). The granule cell layer (g) contains an impregnated 
granule cell (gr) displaying a fine ascending axon (double arrowhead). 
Scale bar: iOpm.
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FIGURE 107. a) Golgi impregnated rat visual cortex from pia to 
white matter (wm) . This section was 'gold-toned' after 2 weeks in 
dry glycerol at 4°C. Pyramidal and non-pyramidal cells alike are 
impregnated. Scale bar in 'a': 100pm. b) Apical dendrite of a 
layer V pyramidal cell showing numerous 'gold-toned' spines.

FIGURE 108. Enlargement of the framed area in figure 107a 
demonstrating three non-pyramidal cells from layer IV and many fine 
axonal processes (small arrows). Scale bar: 50pm.

FIGURE 109. Electron micrograph of a section through the cell body 
indicated by the large arrow in figure 108. Scale bar: 2pm.

FIGURE 110. Golgi impregnated section of the rat dorsal lateral 
geniculate nucleus. Light micrograph of a 'relay' or projection 
cell (P) with radiating spiny dendrites and a possible 'interneuronal' 
bipolar cell whose soma is deep in the section but gives rise to 
dendrites bearing several 'grape-like' appendages. Scale bar: 50pm.
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FIGURE 111. The development of Golgi-impregnation in a single 
section of rat visual cortex (vibratome, 100pm thick) was monitored 
using the method illustrated in figure 104e. a) During the course 
of the impregnation a discrete central portion of the cortex (lower 
layer IV/upper layer V) was constantly illuminated to determine the 
effect of visible radiation on Golgi-impregnation. Heat filters 
ensured that no excessive heating of the section occurred. Only at 
the time intervals indicated was the whole section illuminated to 
allow visual inspection and photomicrography. The 'section sandwich' 
was constructed with AgNOg (see Materials and Methods) and immersed 
in a large volume of AgNO^ at time 0 '. (wm = white matter.. Scale 
bar: 300pm) 50') Surface crystals are forming (small arrow) and
impregnation can be seen around the end of a capillary (c). 70')
Crystal formation continues at the section surface. Apical dendrites 
of cells are becoming impregnated (arrowheads) and are associated 
with the surface crystal deposits (asterisk).
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FIGURE 111 (continued). 90') The cell body of a small pyramidal 
cell and the basal dendirtes are now impregnated. 100') Branches 
of adjacent apical dendrites start to elaborate as they become more 
fully impregnated (arrow). 120'-180'). The impregnation of this 
cell cluster does not continue, but more lateral structures start 
to become inpregnated and reach their most defined profiles at 180'. 
The subsequent growth of glial impregnation around the two cells M 
and p is shown in figure 112. Since no Golgi-impregnated structures 
are present in the illuminated area (outlined circle) at 180', nor 
in layers V and VI, it is possible that a wave of impregnation only 
occurred from the pia downwards - the white matter acting as a 
barrier. (Scale bar: Omins : 300pm,.^applicable to 20-120 mins and 
180 mins: Scale bars : 140 mins : 250pm, applicable to 150-170 and
180 mins).
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'F*IGURE 112. The development of impregnation in rat visual cortex, 
a) 180 minutes after immersion in AgNO3 : A multipolar cell (m) and 
pyramidal cell (P) straggling the layer I/II border have become well 
impregnated (see figure 111). The surface crystal (C) lies at the 
pia. Scale bar: 100pm (applicable to b and c). Mottled appearance 
of the light micrographs is caused by the poor optical conditions 
(see figure lQ4e). b) 200 minutes after immersion in AgNO^: 
Dendrites of both cells and the pyramidal cell body have become 
enmeshed by impregnated glia. c) 220 minutes after immersion in 
AgNO^: Both somata (M) and (P) are now shrouded in glia (small - 
arrows) whilst another cell (open arrow) is relatively well isolated 
and defined. The impregnation should have been stopped after 180 
minutes since the subsequent impregnation of glia has confused the 
structure of the two neurons.

FIGURE 113. Rat hippocampus. a) Apical and basal dendrites of
dentate granule cells are well impregnated with spines and knobs. 
Cell bodies may be lacking (double arrowhead) or somata that have 
clear axon initial segments fail to have impregnated basal dendrites 
(open arrowhead). Occasionally cells display well defined axonal 
territories (small arrows). Scale bar: 100pm. b) Granule cells 
emitting distinct axons but with unimpregnated basal dendrites.
Scale bar: 50pm.

FIGURE 114. Golgi-impregnated gold-toned cerebellar vermis of rat. 
a) Golgi cell (G) displaying spiny dendrites (small arrows), one 
dendrite ascends to the molecular layer avoiding a Purkinje cell 
body (PC) around which can be seen the grasping rudiments of the 
periaxonal basket (large arrow). Granule cell (gr) . Scale bar:
20pm. b) Two granule cells with dendrites which sprout ascending 
axons (asterisks) and the interdigitating dendrites known to 
encircle mossy fibre afferents (arrows). Scale bar: 10pm.
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FIGURE 115. a) Caudal diencephalon immunocytochemically reacted 
for the presence of GABA and then subsequently Golgi-impregnated by 
the single section method. Impregnation has occurred in patches 
within the dorsal lateral (dLGN) and ventral lateral (vLQJ) 
geniculate nuclei, in the ventral thalamic nuclei (VD and VE), and 
in the laterla leminiscus (LM) . (OT, Optic tract; PC, Pedunculus 
cerebri; igl, inter geniculate leaflet; LT, Lateral posterior 
thalamic nucleus). Scale bar: 300pm. b) Enlargement of framed 
area in 'a'. Note many fine axons (arrowheads) emerging from the 
Golgi-impregnated mass. Also present are, immunolabelled perikarya 
(filled arrows) and punctate profiles in the neuropil (open arrows). 
OT = optic tract. Scale bar: 100pm. c) Outlined area in 'b' is 
shown here. Immunolabelled long dendrite and parent soma (open 
arrow) with numerous 'bouton-like profiles' (filled arrows). 
Capillary (Cj. Scale bar: 20pm. d) After gold—toning, the mass 
of impregnated structures in 'b' (curved filled arrow) was dissolved 
and a class A radiate dLGN neuron unveiled. Scale bar: 20pm.
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FIGURE 116. a) Golgi-impregnation of Human auditory cortex. 
Despite being stored in 4% formalin for 2 months the section has 
become well impregnated. Scale bar: 100pm. b) The large 
Pyramidal cell (P, outlined in 'a') shows spiny dendrites and even 
a descending axon (contrasted arrow). Fine axons are also seen 
present (double arrow head). Scale bar: 25pm. c) Apical 
dendrite bristling with numerous spines (arrowheads). Scale bar: 
20pm.
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