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A bstr a c t
In this study the presence and possible synthesis of the neurosteroids pregnenolonesulphate (PREG-S), pregnenolone (PREG), dehydroepiandosterone-sulphate (DHEA-S) and
dehydroepiandosterone (DHEA) in the day-old chick brain and their possible role in memory
formation have been investigated.
Radioimmunoassay analyses indicated that PREG-S, PREG, DHEA-S and DHEA are
present in the chick brain at higher concentrations than in the plasma. Immunocytochemical
studies also showed that the enzyme that catalyses the synthesis of PREG, cytochrome
P450scc, is present in the chick brain and is located in neurons but not in astrocytes.
Training on the strong version of the passive avoidance task (100% methylanthranilate;
MeA) increased the concentration of PREG-S in the LPO but not in the IMHV, in females
only. The concentrations of PREG, DHEA-S or DHEA in both the IMHV and LPO remained
unchanged in both sexes. Basal levels of PREG and DHEA in the IMHV were much higher
than in the LPO and the whole forebrain. However, there was a difference in the basal
concentration of PREG-S in the IMHV between the sexes; females had higher concentrations
of PREG-S than males.
When injected bilaterally into the brain PREG-S (0.004-400 ng) and PREG (0.003-300
ng) enhanced memory retention for the weak version of the passive avoidance task (10% MeA)
but the range of effective doses and the time windows for their memory enhancing effect were
different for females and males. DHEA-S (0.004-400 ng) and DHEA (0.003-300 ng) also
enhanced memory retention but, unlike PREG-S and PREG, their effects were similar for both
sexes.

13

AIMS OF STUDY
The study reported here addresses the following questions:
.

Are the neurosteroids PREG-S, PREG, DHEA-S and DHEA present in the chick brain and
at levels that suggest endogenous production in the brain?

•

If PREG-S, PREG, DHEA-S and DHEA are present in the chick brain can exposure to a
‘learning’ experience modulate their levels?

•

Can memory retention be enhanced by the administration of exogenous PREG-S, PREG,
DHEA-S or DHEA?

Additionally, I explored whether there were any differences between the sexes for each of
these three questions.
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1 Introduction

It is generally recognised that there is a close inter-relationship between the endocrine,
nervous and immune systems. The integration of these three systems is mediated by groups of
hormones, neurotransmitters and growth factors, which bind to specific receptors in the brain,
glands and immune cells. Steroid hormones play an important role in integrating physiological,
emotional and cognitive activities (Schulkin, 1999). In particular, cognitive activities such as
memory and perception are intimately linked to emotions. In fact, emotion can affect the
likelihood of a particular perceptual experience being stored as a memory. Thus, hormones
have emerged as perhaps a crucial factor in determining whether or not a particular experience
is retained by the organism (McGaugh, 1989).
Recent research has shown that the brain not only has receptors for the steroid
hormones (McEwen et al., 1982) but it is also able to synthesise some of them by itself. These
hormones that are synthesised de novo in the brain were denominated neurosteroids (Baulieu,
1997). This important finding implies that steroid hormones are not just external regulators of
the nervous system but an integral part of it.
This thesis deals with the action of some neurosteroids on memory formation using a
passive avoidance learning task in chicks. The first section of this chapter focuses on
neurosteroids (including their definition, biosynthesis and biological actions); the second
reviews the evidence for the role of neurosteroids in memory formation in various memory
paradigms and, finally, the third section concentrates on the biochemical events underlying
memory formation in chicks.
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1.1

1.1.1

NEUROSTEROmS

Definition and characterisation of neurosteroids
Neurosteroids as noted earlier, are those steroid hormones which are synthesised de

novo in the brain and whose accumulation in the brain is independent from steroidogenic
glands (Baulieu,

1997). They include: pregnenolone (3p-hydroxy-pregna-5-en-20-one;

PREG); dehydroepiandosterone (3p-hydroxy-androst-5-en-17-one; DHEA); their sulphate (-S)
and fatty acid esters; progesterone (4-pregnene-3,20-dione; PROG) and its 5a-reduced
metabolites

allopregnanolone

(3a-hydroxy-5a-pregnan-20-one;

3a,5a-THP)

and

5a-

dihydroprogesterone (5a-pregnane-3,20-dione; 5a-DHPROG) (Baulieu, 1997; Robel and
Baulieu, 1995; Schumacher and Baulieu, 1995; Warner and Gustafsson, 1995; Young et al.,
1996; see Figure 1.1)
Neurosteroids have been well characterised in the nervous system of rats. In adult rats
concentrations of PREG, PREG-S, DHEA and DHEA-S have been measured by
radioimmunoassay and by gas chromatography-mass spectrometry (GC-MS) and shown to be
higher in the brain than in plasma (Young et al., 1994; see Table 1.1). The levels o f PREG,
DHEA and their sulphated esters in the brain remain stable after the removal of steroidogenic
glands indicating that their accumulation in the brain is independent of these glands (Robel
and Baulieu, 1995). Neurosteroid levels in rats have also been studied at different
developmental stages; PREG and PREG-S are high in the brain and plasma at birth but both
decrease during the first day of life and then remain stable (Robel et al., 1986). DHEA and
DHEA-S concentrations are stable between birth and at least 22 day postpartum and are not
different to adult levels (Baulieu et al., 1987).
Neurosteroids have also been described and characterised in other mammalian species
(monkeys and humans) and in birds (Japanese quails). In monkeys PREG and PREG-S
concentrations are higher in the brain than in the plasma but DHEA and DHEA-S are lower in
16
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the brain than in the plasma (Robel et al., 1987). In adult humans PREG, DHEA and their
sulphate esters are found in the same concentration range as in rats and are more abundant in
the brain than in the plasma. Also, the concentrations of the free steroids are higher than those
of their sulphate esters (Lanthier and Patwardhan, 1986). In the Japanese quail the
concentration of PREG (60.7 ng/g) in the brain is higher than that of PREG-S, DHEA and
DHEA-S (which are all found at concentrations of less than 2 ng/g). PREG concentration is
higher in the brain than in the plasma, but PREG-S, DHEA and DHEA-S concentrations in the
brain are similar to concentrations in the plasma (Tsutsui and Yamazaki, 1995).

Concentration (ng/g or ng/ml)
PREG

PREG-S

DHEA

DHEA-S

9.5 ±2.7
0.9 ±0.5

15.1 ± 1.8
2.5 ±0.7

0.24 ± 0.33
0.06 ± 0.06

1.70 ±0.32
0.20 ± 0.08

Brain

33.72

5.6

18.45

10.12

Plasma

1.32 nmol/1

Rats
Brain
Plasma
Humans
1.83 nmol/1

Quail
Brain

60.7

<2

Plasma

2.71

<2

<2

<2

<2

<2

'

'

Table 1.1 Concentration of neurosteroids in different species.
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Figure 1.1 Neurosteroid biosynthesis and metabolism. From Schumacher et ah, 2000.
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1.1.2

Neurosteroid biosynthesis
The biosynthetic pathways of neurosteroids in the brain are similar to those in the

adrenal glands (Mellon and Compagnons, 1999). There are, however, different transcription
factors involved in the regulation of the synthesis of the enzymes for each tissue (Mellon and
Compagnons, 1999).

1.1.2.1

Pregnenolone biosynthesis
The first step in steroid synthesis is the cleavage of the cholesterol side chain by the

enzyme cytochrome P450 side chain cleavage (P450scc), converting cholesterol to PREG (see
Figure

1.1). The conversion of cholesterol to PREG is the rate limiting step in

neurosteroidogenesis (Culty et al., 1999; Jefcoate et al., 1992; Mellon and Deschepper,
1993). This reaction involves three distinct steps: 20a-hydroxylation, 22-hydroxylation, and
cleavage of the bond between carbon atoms 20 and 22 on the cholesterol side-chain yielding
PREG and isocaproaldehyde. P450scc reduces oxygen with electrons that it receives from
nicotinamide-adenine-nucleotide (NADPH) through the electron transfer proteins ferredoxin
and ferredoxin reductase. This enzymatic reaction is extremely slow, requiring Is for a
molecule of P450scc to convert a single molecule of cholesterol (Miller, 1995).
In rats, P450scc is located in the inner part of the mitochondrial membrane; the
conversion of cholesterol to PREG, therefore, requires the transport of cholesterol from
intracellular stores to the mitochondria and its translocation from the outer to the inner
mitochondrial membrane. Although the enzymatic reaction is very slow, the delivery of
cholesterol to the inner mitochondria is ultimately the rate-limiting step of the conversion of
cholesterol to PREG (Guameri et al., 2000; Miller, 1995; Stocco, 2000).
The transport of cholesterol is regulated by trophic hormones in steroidogenic glands
and is also mediated by cyclic adenosine monophosphate (cAMP) (Kim et al., 1997; Miller,
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1995; Stocco and Clark, 1997). It has been suggested that the peripheral benzodiazepine
receptor (PBR) participates in this transport (Culty et al., 1999; Papadoulos et al., 1997;
Papadoulos et al., 1992). PBRs are located in the outer mitochondrial membrane where,
molecular modelling suggests, they might function as a channel for cholesterol (Bemassau et
al., 1993). Evidence from rats shows that the binding of the endogenous ligand for PBR,
termed diazepam-binding inhibitor or endozepine, facilitates cholesterol transport and PREG
biosynthesis in glial cells (Papadoulos et al., 1992).
The final rate at which cholesterol is converted to pregnenolone is thus regulated by
three factors: the delivery of cholesterol from intracellular stores to the inner mitochondrial
membrane, the level of expression of P450scc and the abundance and diffusability of
ferrodoxin within the mitochondria. It appears that only the last is involved in stimulated
(acute) production (Kim et al., 1997; Miller, 1995; Stocco and Clark, 1997; Sugawara et al.,
1997).
As noted, P450scc is transcriptionally regulated in the brain by cAMP, but the factors
that induce cAMP to increase are not yet known. Also, the factors that induce P450scc
transcription in the brain are different to those in the adrenal glands (Zhang et al., 1995). In
the adrenals and the gonads the expression of P450scc is transcriptionally regulated by trophic
hormones: adrenocorticotrophins (ACTH) and gonadotrophins. Both types of hormones induce
cAMP accumulation which leads to P450scc gene expression (Ahlgran et al., 1990; Moore et
al., 1990; Oonk et al., 1989; Rice et al., 1990).
The presence of P450scc protein and mRNA and/or its biochemical activity has been
reported in the brain of rats (Kohchi et al., 1998; Le Goascone et al., 1987, Mellon and
Deschepper, 1993; Stromstedt and Waterman, 1995; Zwain and Yen, 1999b), Japanese
quail (Tsutsui and Yamazaki, 1995; Usui et al., 1995), chicken (Nomura et al., 1998),
human (Watzka et al., 1999) and frogs (Takase et al., 1999). In rats, P450scc has been
localised in oligodendrocytic, astrocytic and neuronal cultures from the cerebral cortex and the
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retina (Guameri et al., 1994; Mellon and Deschepper, 1993; Zwain and Yen, 1999b). The
biochemical activity of P450scc has been demonstrated by measuring the production of PREG
from cholesterol in cultures of oligodendrocytes (Hu et al., 1987; Zwain and Yen, 1999b),
astrocytes (Zwain and Yen, 1999b) mixed glial cell (Jung-Testas and Hu, 1989), C62B
glioma cells (Papadoulos et al., 1992), and neurons (Zwain and Yen, 1999b). Zwain and Yen
(1999b) showed that oligodendrocytes produce PREG at much higher levels than astrocytes
and neurons, and Le Goascone et al. (1987) found that P450scc is localised in the white matter
throughout the brain. Thus (in rats) oligodendrocytes are considered to play a major role in the
synthesis of PREG. Reflecting PREG concentration, P450scc mRNA is relatively constant
after birth but the levels tend to be lower by 61 days of age (Kohchi et al., 1998).
In chicken, the presence of P450scc mRNA has been shown in 60-day-old animals
(Nomura et al., 1998) but there is no information about its distribution or the cell type where it
is located. Immunohistochemical studies in adult quails show that the enzyme is present
mainly in the cerebellar cortex and in lower concentrations in telencephalon areas
(hyperstriatum accessorium and ventral portions of the archistriatum) and diencephalic areas
(dorsolateral thalamus, preoptic area and anterior hypothalamus). In quail cerebellar cortex,
P450scc is located in neurons (Purkinje cells) but not in glial cells (GFAP positive cells),
however in the other brain areas it is located in both cell types (Usui et al., 1995). In humans,
the presence of P450scc mRNA has also been demonstrated in the frontal and temporal lobes
and the hippocampus (Watzka et al., 1999). The expression of P450scc mRNA in the frontal
and temporal lobes is higher in women than in men (Watzka et al., 1999).

1.1.2.2

DHEA biosynthesis
Pregnenolone can be converted to DHEA by the enzyme cytochrome P450cl7 (see

Figure 1.1). This reaction involves 17a hydroxylation and cleavage of the bond between
carbon atoms 17 and 20 (Mellon and Compagnone, 1999). The enzyme is bound to the
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smooth endoplasmic reticulum and receives electrons from NADPH, which are transported by
P450 reductase. P450cl7 is also responsible for the conversion o f progesterone to
androstenodione (Mellon and Compagnone, 1999).
Although initial studies with adult rats could not detect P450cl7 in the brain (Akwa et
al., 1991; Mellon and Deschepper, 1993), there are now a range o f studies using reverse
transcriptase-polymerase chain reaction (RT-PCR) analysis and immunocytochemistry,
showing the presence of P450cl7 protein or mRNA in embryonic (Compagnone et al., 1995)
and adult rat brain (Compagnone et al., 2000; Kohchi et al., 1998; Stromstedt and
Waterman, 1995; Zwain and Yen, 1999a; Zwain and Yen, 1999b) and in adult chicken
brains (Nomura et al., 1998). Zwain and Yen (1999b), showed that astrocytes and neurons
(but not oligodendrocytes) in the cerebral cortex of adult rats express P450cl7 mRNA, and
produce DHEA from PREG. Astrocytes were more active than the neurons in the production
of DHEA. Kohchi et al. (1998) demonstrated that the expression o f P450cl7 is higher in the
mesencephalon than in other brain regions in neonatal and adult rats but that the rate of
expression is constant during neonatal development and adulthood. The transcription of
P450cl7 in the brain, adrenals glands and gonads is also regulated by cAMP, however, the
transcription factors involved are different in the brain from those in adrenal glands and gonads
(Compagnone et al., 2000). DHEA can be further metabolised to androstenodione by the
enzyme 3 B-hydroxysteroid dehydrogenase (3BHSD), and androstenodione can be converted by
hydroxysteroid reductase type 1(1713 HSD-1) to testosterone (see Figure 1.1).
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1.1.2.3

Conversion o f PREG and DHEA to their sulphate esters
Both PREG and DHEA can be converted to their respective sulphate esters,

concentrations of which (in rats) are generally higher than those of the corresponding free
steroids (see Figure 1.1). The conversion of PREG and DHEA to their sulphate esters is
catalysed by the enzyme hydroxysteroid sulphotransferase (HST) which transfers the
sulphonate radical (SO3) from 3’-phosphoadenosine-5’-phosphosulphate to the 3-hydroxyl
acceptor site of steroid substrate (Luu-The et al., 1996). The presence of HST protein has only
been detected in frog brain (Beaujean et al., 1999). HST activity has been detected in the rat
brain, however, attempts to localise the HST protein or mRNA in the rat and human brain have
been unsuccessful (Corpechot et al., 1983; Raijkowski et al., 1997). Various observations,
however, suggest that the conversion of PREG and DHEA to their sulphate esters does occur
in the brain. For instance, even though the blood-brain barrier is highly impermeable to steroid
sulphates (Bauer and Bauer, 1989), the concentrations of PREG-S and DHEA-S are higher in
the brain than in the plasma and levels remain stable for several weeks after adrenalectomy and
castration (Robel and Baulieu, 1995).
The conversion of PREG-S and DHEA-S back to PREG and DHEA is mediated by
steroid sulphatase (STS). Expression of STS has been reported in the mouse brain during
embryogenesis (Compagnone et al., 1997).

1.1.2.4

--

Other metabolites derivedfrom PREG
Pregnenolone can also be converted to progesterone (PROG) by the enzyme 313-

hydroxy steroid dehydrogenase (313-HSD). The presence of 313-HSD protein and mRNA, and its
activity has been reported in the brain of rats (Chan et al., 2000; Guennoun et al., 1995;
Guennoun et al., 1997; Kohchi et al., 1998; Sanne and Krueger, 1995; Ukena et al., 1999;
Zwain and Yen, 1999b), quails (Ukena et al., 1998), chickens (Nomura et al., 1998), zebra
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—
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finch (Cam and Schlinger, 1998), frogs (Feuilloley et al., 1995; Mensah-Nyagan et al.,
1994) and monkeys (Martel et al., 1994).
Progesterone can be reduced by the enzyme 5a-reductase to 5a-DH PROG which can
be converted to allopregnanolone by the enzyme 3a-hydroxysteroid oxido reductase (3aHOR)
(Bixo et ah, 1997; Corpechot et ah, 1993; Mellon and Compagnone, 1999; see Figure 1.1). The
presence of 5a-reductase and 3aHOR, protein, mRNA and activity have been detected in rat
brain (Celloti et ah, 1992; Hanukoglu et ah, 1977; Khanna et ah, 1995a; Khanna et ah,
1995b; Melcangi et ah, 1993; Melcangi et ah, 1994; Melcangi et ah, 1996; Pelletier et ah,
1994),
Pregnenolone, DHEA and PROG give rise to many other metabolites (Akwa et ah,
1992; Warner et ah, 1989) but only those which are directly relevant to this study are
mentioned here.

1.1.3

Action of neurosteroids in the central nervous system

1.1.3.1 Effects on intracellular steroid hormone receptors
Steroid hormones are classically thought to bind to specific intracellular receptors.
These receptors then dissociate from the attached heat shock proteins and translocate to the
nucleus where they bind to specific DNA sequences and regulate gene expression (Baulieu,
1987). Such receptors have been shown for estradiol, progesterone, testosterone and
corticosterone whose expression has been demonstrated in the mammalian and avian central
nervous system (CNS) (Genazzani et ah, 2000; Guerra-Araiza et ah, 2001; McEwen et ah,
1997; Reul and de Kloet, 1985; Sterling et ah, 1987). However, no specific intracellular
receptors have been described so far for PREG or DHEA and to the best of my knowledge
there have been no reports describing a direct interaction of PREG and DHEA with the above
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mentioned steroid receptors. On the other hand PREG and DHEA are the precursors of several
sex steroids including estradiol, testosterone and progesterone. Therefore, some effects of these
neurosteroids may be attributed to the conversion of PREG or DHEA into classical sex
steroids.

1.13.2

-

* - -

-

~

Effect o f neurosteroids on neurotransmitter receptors
In contrast to the classic genomic action of steroid hormones (see section 1.1.3.1),

steroids can also exert rapid effects on neural activity, thought to be mediated by an interaction
with receptors at the membrane level (Joels, 1997; McEwen, 1991). In particular, PREG-S
and DHEA-S appear to act primarily through interactions with neurotransmitter receptors on
the cell surface (Baulieu, 1997). Considerable evidence exists to indicate an interaction of
different neurosteroids with neurotransmitter receptors such as: y-aminobutyric acid (GABA)
receptor (Banerjee et al., 1998; Belelli et al., 1996; ElEtr et al., 1998; LeFoll et al., 1997;
Liu et al., 1999; Maitra and Reynolds, 1998; Maitra and Reynolds, 1999), NMDA (Fahey
et al., 1995; Leskiewicz et al., 1998; Park-Chung et al., 1997; Wu and Chen, 1997; Wu et
al., 1998), AMPA, kainate (Budziszewska et al., 1998; Leskiewicz et al., 1998; Wu and
Chen, 1997) and sigma receptors (Maurice et al., 1996; Reddy and Kulkami, 1996).

1.1.33

Neurosteroids and GABA receptors
The amino acid GABA is the main inhibitory neurotransmitter in the CNS. The three

subtypes of GABA receptor (GABAa, GABA b and GAB Ac) can be distinguished by their
pharmacological properties and the physiological consequences of their activation (Barnard et
al., 1987; Olsen and Tobin, 1990; Sivilloti and Nistri, 1991). Neurosteroids have been
shown to modulate GABA a receptor function, PREG-S has been shown to act either as an
antagonist or agonist at GABA a receptors depending upon its concentration.
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At micromolar concentrations, PREG-S non-competitively inhibits GABA a receptormediated C f uptake into synaptoneurosomes as well as inhibiting chloride conductance in
cultured rat cortical neurons and cultured chick spinal cord neurons, reducing channel opening
frequency (Majewska et al., 1988; Majewska and Schwartz, 1987; Mienville and Vicim,
1989; Shen et al., 1999). PREG-S also reverses muscimol (GABA a agonist, ligand for the
GABA site)-induced long-term depression (Akhondzadeh and Stone, 1998) and enhances
GABAA receptor desensitization (Shen et al., 2000). Additionally, PREG-S, at micromolar
concentrations, decreases the binding of muscimol and flunitrazepan (GABA a agonist, ligand
for the benzodiazepine site), competitively inhibits the binding of the antagonist f-butylbyclophosphorothionate (TBPS, ligand for the picrotoxin site), and antagonizes pentobarbitalstimulated flunitrazepam binding in synaptosomes from rat brain (Majewska et al., 1985,
Majewska and Schwartz, 1987). At nanomolar concentrations, however, PREG-S enhances
the binding of muscimol and slightly enhances the binding of flunitrazepam (Majewska et al.,
1985; Majewska and Schwartz, 1987). The site through which PREG-S modulates GABA a
receptors has not yet been identified. Binding and electrophysiological studies suggest that at
micromolar concentrations PREG-S may act at the TBPS/picrotoxin site (Majewska et al.,
1988; Majewska and Schwartz, 1987; Mienville and Vicini, 1989). However, Shen et al.
(1999) showed that PREG-S inhibits GABA-gated chloride currents in Xenopus oocytes which
express a picrotoxin-insensitive GABAa receptor. This indicates that a functional picrotoxin
site is not necessary for PREG-S interaction with GABAa receptors.
DHEA-S behaves as an allosteric antagonist of the GABA a receptor. Like PREG-S, it
inhibits GABA-induced currents at the neurons and reduces the potency of pentobarbital to
increase flunitrazepam binding in rat brain synaptosomes (Majewska et al., 1990).
Additionally, DHEA-S binding in rat brain synaptosomes is reduced by two barbiturates,
pentobarbital and phénobarbital, but not by muscimol, biccuculine, benzodiazepines or
picrotoxin. It has, therefore, been suggested that DHEA-S interacts with barbiturate sites
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(Majewska et al., 1990). Conversely, the neurosteroids allopregnanolone and the peripherally
produced steroids pregnanolone and allotetrahydrodeoxycorticosterone act as GABA agonists
(Concas et al., 1996; Hauser et al., 1996; Lambert et al., 1995; Majewska et al., 1986; Xu
et al., 1997).
Several studies suggest that the modulation o f GABA a receptors by neurosteroids
and neuroactive steroids is influenced by the receptor subunit composition (Puia et al.,
1993; Puia et al., 1990; Shingai et al., 1991; Zaman et al., 1992). For example, PREG-S at
nanomolar concentrations failed to affect the GABA receptors in neurons isolated from the
cerebral cortex o f neonatal rats, but it was effective on recombinant receptors containing
combinations o f a-2 and a-3 subunits (Zaman et al., 1992).

1.1.3.4 Neurosteroids and glutamate receptors
Glutamate is the major mediator of excitatory synaptic transmission, including fast
excitatory transmission and long-term potentiation (Lodge and Schoepp, 1993; Nichols,
1994). By binding to specific receptors, glutamate is involved in cognitive, motor and sensory
functions (Barnes and Henley, 1992). There are two distinct types of glutamate receptors:
ionotropic (directly coupled to ion channels); and metabotropic (coupled to second
messengers) (Nakanishi, 1992; Schoepp et al., 1990). Ionotropic glutamate receptors are
divided into three major subtypes: NMDA receptors (selectively activated by the glutamate
analogue, N-methyl-D-aspartate), AMPA (activated by a-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid) and kainate receptors (activated by kainic acid) (Nakanishi, 1992;
Schoepp et al., 1990). PREG-S has been shown to interact with all three types of ionotropic
receptors. PREG-S acts as a positive allosteric modulator of the NMDA receptor. It potentiates
NMDA-induced currents in primary cultures of spinal cord neurons from 7-day-old chick
embryos (Park-Chung et al., 1997) and hippocampal neurons from 18-day-old rat embryos
(Bowlby, 1993; Park-Chung et al., 1997; Wu et al., 1991). Single-channel studies report that
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PREG-S increases opening frequency, and the mean time the channel is open, with no effect on
single channel conductance (Bowlby, 1993). PREG-S also enhances NMDA receptormediated increase in intracellular calcium in cultured chick cortical neurons (Fahey et al.,
1995) and cultured rat hippocampal neurons (Irwin et al., 1994; Irwin et al., 1992).
The site of action of PREG-S at the NMDA receptor has not yet been identified, but
there is evidence to indicate that it is associated with the extracellular surface of the membrane
(Park-Chung et al., 1997), and is distinct from the polyamine, redox, glycine. Mg ,
dizolcipine and arachidonic acid modulatory sites (Fahey et al., 1995; Park-Chung et al.,
1997).
PREG-S is a negative modulator of kainate and AMPA receptors. It non-competitively
inhibits the kainate-induced currents in cultured spinal cord neurons from 7-day-old chick
embryos (Wu and Chen, 1997). This effect is non-voltage dependent and is unlikely to be
mediated

by

an

interaction

of

PREG-S

with

the

l-(4-aminphenyl)-4-methyl-7,8-

methylenedioxy-5H-2,3-benzodiazepine (GYKI 52466, a potent non-competitive kainate
antagonist) binding site (Wu and Chen, 1997).

1.1.3.4.1 Neurosteroids and sigma receptors
Sigma (a) receptors, act as neuromodulators in the CNS by interacting with cholinergic
and NMDA-mediated glutamatergic transmission (Monnet et al., 1992; W alker et al., 1990).
The g receptors were initially though to be a subtype of opioid receptors and then as NMDAassociated phencyclidine sites (Martin et al., 1976). However, their unique ligand specificity
indicates that they belong to a distinct receptor family (Maurice et al., 1999).
The two subtypes of

g

receptor

(G ,

and

g 2)

can be distinguished by their

pharmacological properties (Qurion et al., 1992). The endogenous ligands for

g,

and the

cellular mechanism mediating its effects have not yet been identified. Neurosteroids have been
reported to interact with G, receptors. In vitro binding studies show that PREG-S, DHEA-S and
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PROG inhibit the binding of [3H] N-alylnormetazocine (SKF 10,047, a a, selective agonist) in
both guinea pig brain homogenates (Su et al., 1988) and rat brain membrane preparations
(Maurice et al., 1996). They also inhibit the binding of [3H](+)3-(3-hydroxyphenyl)-7V-(1propyl)piperidine (-3-PPP, a, non-selective agonist), [3H]dextromethorphan (c, selective
agonist) or [3H]haloperidol (a, antagonist) in the rat brain (Ross, 1991). In all the above
studies PROG was the most potent inhibitor, PREG-S was less efficient and DHEA-S was a
very weak inhibitor of the binding of a, ligands. (Maurice et al., 1996; Ross, 1991; Su et al.,
1988). PREG-S, DHEA-S and PROG have also been shown to inhibit the in vivo binding of
[3H](+)-SKF 10,047 in the mouse forebrain. Here, PROG is again the most potent inhibitor of
the binding of <7 , ligands but PREG-S and DHEA are much more potent than in the in vitro
studies (Maurice et al., 1996). Additionally, DHEA-S potentiates and PREG-S inhibits
NMDA-induced norepinephrine release and this effect was blocked by sigma receptor
antagonists (Monnet et al., 1995). Conversely, PROG blocks the effects of the sigma non
steroidal agonists on NMDA-evoked norepinephrine release. It has therefore been suggested
that DHEA-S may act as a sigma agonist, PREG-S as a sigma inverse agonist, and
progesterone as a sigma antagonist (Monnet et al., 1995).

1.1.3.5

Neurosteroids and voltage sensitive calcium channels
Calcium influx through voltage-sensitive calcium channels (VSCC), plays a critical

role in neurotransmitter release and membrane excitability in the CNS. Electrophysiological
studies divide VSCC into high voltage activated (HVA) channels and low voltage activate
(LVA) channels (Dolphin, 1995). LVA channels are activated by small depolarisations and
show rapid voltage-dependent inactivation whereas HVA channels are activated by large
depolarisations. HVA channels, on the basis of their pharmacological and electrophysiological
properties, are classified into: E-type (sensitive to the dihydropyridines); N-type (sensitive to
co-conotoxin-GVIA); P-type (sensitive to co-agatoxin-IVA); and R-type (insensitive to all of
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these antagonists) (Dolphin, 1995). L-type and N-type calcium channels have been shown to
be modulated by neurosteroids (Costa et al., 1995; fïrench-Mullen et al., 1994; ffrenchMullen and Spence, 1991).
It has been demonstrated using the whole cell patch clamp recording technique that
PREG-S, PREG and DHEA-S at nanomolar concentrations inhibit VSCCs in neurons from the
CA1 region of the hippocampus of adult guinea pig (ffrench-Mullen et al., 1994; ffrenchMullen and Spence, 1991). In the hypothalamic ventromedial nucleus (VMN) of rats,
however, PREG-S had only a slightly inhibitory effect (Costa et al., 1995). PROG had no
effect on VSCCs in either the guinea pig hippocampus or the VMN of rats (Costa et al., 1995;
ffrench-Mullen et al., 1994). In the above studies neurosteroids did not alter the voltage
dependence of the activation of the channel, but they slowed its rate of activation and
deactivation (ffrench-Mullen et al., 1994; ffrench-Mullen and Spence, 1991).
The action of PREG, PREG-S and DHEA-S on calcium currents is likely to be
mediated by a pertussin toxin-sensitive G-protein because their inhibitory effects are reduced
by intracellular dialysis of guanosine 5’-0-(2)-thiodiphosphate (GDP-P-S) and by treatment
with pertussis toxin (ffrench-Mullen et al., 1994). Additionally, a protein kinase C seems to
be involved in the action of neurosteroids on calcium currents because the inhibitory effect of
neurosteroids was reduced by staurosporine (protein kinase C inhibitor) (ffrench-Mullen et al.,
1994).

1.1.4

Neurosteroids and neural plasticity
There is some evidence to indicate that neurosteroids can stimulate the growth of

neural cell processes possibly assisting the formation of appropriate connections by neural
cells. Experiments with cultures of neocortical neurons from rat embryos showed that DHEA
(10"9 M) selectively increases the length of the dendrites and that DHEA-S (10 9 M) causes
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specific growth and collateral formations on axons in a dose-dependent manner (Compagnone
and Mellon, 1998). In cultures prepared from brain cells of 14-day-old mouse embryos,
DHEA (ICrMO-8 M) and DHEA-S (10"5-10"8 M) increased the number of neurons, the number
of connections and cell differentiation and also enhanced the expression of glial fibrillary
acidic protein (GFAP) by astrocytes and decreased astrocyte proliferation rates (Bologa et al.,
1987; Roberts et al., 1987). In hippocampal cultures from adult rats, DHEA did not affect the
extension of astrocytic processes (GFAP immunoreactive) but induced the formation of
hypertrophied astrocytes (Delcerro et al., 1995).
Pregnenolone has also been shown to stimulate neurite growth. It binds with high
affinity (30-50 nM) to the microtubule-associated protein, MAP-2, and causes an increase in
tubulin polymerisation, necessary for microtubule assembly (Murakami et al., 2000). PREG-S
and PROG also bind to MAP-2 but they have no effect on microtubule assembly and thus
counteract the effect of PREG (Murakami et al., 2000). It has also been shown that PREG and
PREG-S induce the growth of astrocyte processes in hippocampal cultures (Delcerro et al.,
1995).

1.2 E v id e n c e

for

the

a c t io n

of

n e u r o s t e r o id s

on

m em ory

FORMATION

NMDA, AMPA, GABA and sigma receptors have all been implicated in the
mechanisms underlying some forms of learning and memory (Izquierdo and Medina, 1997,
Maurice, 1998). Since neurosteroids interact with these receptors, then a modulatory action of
neurosteroids on memory is possible. Indeed, a number of studies have investigated the
memory-enhancing and antiamnesic properties of PREG-S, PREG, DHEA-S and DHEA in
rodents. Various types of learning paradigms have been used in these experiments. These
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include passive and active avoidance, spatial, visual discrimination, and reinforcement learning
paradigms.

1.2.1

Effects of

neurosteroid administration on the performance of rodents in

different memory tasks
Two active avoidance paradigms in which animals learn to avoid a footshock have
been used to test the effect of neurosteroids on memory retention. In one of these tasks (Flood
et al., 1992; Flood et al., 1995; Flood and Roberts, 1988; Flood et al., 1988; Roberts et al.,
1987), a mouse was placed individually in a T-maze with an electrifiable floor and was
allowed to explore it (trial one) (the mouse was not permitted to explore the maze before
training). The T-maze consisted of a plastic alley with a start box at one end and two goal
boxes at the other. The mouse was placed at the start box and allowed to explore the maze.
Five seconds later it received a warning buzzer and a foot-shock (0.30 mA). The goal box into
which it first entered was designated as the ‘incorrect goal box’ and the footshock was
continued until the mouse entered the other goal box which was designated ‘correct’ goal box
for subsequent trials. Thereafter (trials 2-4) the mouse received a warning buzzer and a footshock (0.30 mA) if it entered the ‘incorrect’ goal box. The inter-trial interval was 30 s. During
the test (one week later) mice were again placed in the T-maze and the total number of trials
required to make five avoidance responses (avoiding the ‘incorrect’ arm) in six consecutive
trials was noted and used as an index of memory. The fewer trials required the greater the
retention. The intensity of both the foot-shock and the sound during training were low (weak
training) and saline-injected mice had poor retention (approximately 9 trials to criterion). This
protocol allows for the detection of possible memory enhancing effects.
The other footshock avoidance task used (Mathis et al., 1996) was similar to the above
task, except that a Y-maze was used and no warning buzzer was given with the footshock.
Also, during the training, the mouse was given one trial every minute until it reached the
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criterion of seven correct out of eight consecutive trials. The test for retention was performed
48 hours post-training.
In the first task mice injected with PREG-S (0.1-1 ng) diluted in saline, 2 min after
training, either into the hippocampus (lO ’-lO^ng), amygdala (10 n - 10"6 ng), mammilaty
bodies or septum (10"7- O.lng in each) required fewer trials to meet the criterion (this was
interpreted as a memory enhancing effect; Flood et al., 1995).
memory

retention

when

injected

either

intracerebroventricularly (i.c.v.) (108-271

into

the

DHEA-S also enhanced

hippocampus

(0.1-1

ng),

ng) or subcutaneously (s.c.) (525-700 pg)

immediately, 30 or 60 min, but not 90 or 180 min, after training and when given in the
drinking water (0.05-0.1 mg/ml) for 2 weeks (Flood et al., 1995; Flood et al., 1988). All the
administration routes lead to an inverted U-shaped dose-response curve, that is, with
progressive increases in dose, the memory enhancing effect increases from the control level to
a maximum, and with further increases in dose the effect decreases to control levels. In aged
mice (18 months-old), the s.c. injection of DHEA-S (20 mg/kg) also enhances memory
retention (Flood and Roberts, 1988). In contrast with the above results Mathis et al. (1996)
did not find memory enhancing effects of PREG-S (4-40 ng) in the active avoidance task in the
Y-maze (described above). However, the doses used by Mathis et al. (1996) in this study were
much higher than those used by Flood et al.(1995). Also the test for both studies were
performed at different times post-training. However, Mathis et al. (1996) showed positive antiamnestic effects of PREG-S and DHEA using the same task. PREG-S (4-40 ng) injected i.c.v.
blocked the amnesia induced by the D-AP5 (a competitive NMDA receptor antagonist, 0.02
nmol). In agreement with this, Flood et al. (1995) demonstrated that the i.c.v. injection 2 min
after training of either PREG (0.01-136 ng) or DHEA (1-100 ng) dissolved in 2 pi of dimethylsulphoxide (DMSO), blocked the amnestic effect induced by DMSO alone (Flood et al.,
1995). Also, the i.c.v injection of DHEA-S (162 ng) blocked the amnestic effects of both
anisomycin (20 mg/kg, inhibitor of protein synthesis) injected s.c. 15 min before training and
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scopolamine (1 mg/kg, muscarinic cholinergic receptor antagonist) injected s.c. immediately
after training. In the last two experiments DHEA-S was given immediately or 45 min after
training, respectively.
Two studies have employed a passive avoidance learning task to test the memory
enhancing and/or anti-amnestic effects of PREG-S and DHEA-S. The task used by Reddy and
Kulkami (1998) consisted of two training and one testing sessions. In the first training session
each mouse was placed in a box containing a wooden platform (shock-free zone) in the centre
of an electrifiable grid floor and allowed to explore for 1 min. When the mouse stepped off the
platform, a footshock (20 V) was given and the latency to reach the platform was measured.
The second training session was conducted 60 min after the first. Each mouse was placed on
the electric floor and latency to reach the platform and the number of descents to the floor
(‘mistakes’) made in 10 min were counted. Retention was tested 24 hr later by placing the mice
on the grid floor and again measuring the latency and the number of mistakes made in 10 min.
A decrease in the latency and in the number of mistakes was interpreted as an increase in
memory retention. Maurice et al. (1998, 1997b) used basically the same task except that the
shocks were not applied in the testing session and the duration of this was only 5 min. Both
PREG-S and DHEA-S (0.125, 0.5, 1, 5, 10 mg/kg each) decreased the number of mistakes
when injected either 60 min before or immediately after training in young adults mice, or 45
min before training in aged mice (16 months-old) but they did not have an effect on the latency
to reach the platform.
The memory-enhancing effect of PREG-S and DHEA-S on step-down avoidance was
blocked by the simultaneous intraperitoneal injection of haloperidol (0.25 mg/kg) suggesting
that the effect of PREG-S and DHEA-S could be mediated by an interaction with sigma
receptors. On the other hand, PREG-S and DHEA-S (1-20 mg/kg) injected 45 min before
training attenuated the amnesia induced in adult male mice by the injection (30 min prior
training) of dizolcipine (NMDA receptor antagonist, 0.1 mg/kg, i.p.; Reddy and Kulkami,
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1998). Both the memory enhancing and antiamnesic effects of PREG-S and DHEA-S were
inhibited by pre-administration of A^-nitro-L-arginine methyl ester (L-NAME, nitric oxide
synthase inhibitor; Reddy and Kulkami, 1998). Therefore it has been suggested that a nitric
oxide-dependent mechanism may be involved in the antiamnesic effects of PREG-S and
DHEA-S (Reddy and Kulkami, 1998). Maurice et al. (1997) confirmed that DHEA-S (10
mg/kg s.c.) attenuated dizolocipine (0.15 mg/kg, i.p)-induced impairment and that this effect
was antagonised

by the

sigma receptor antagonist a-(4-fluorophenyl)-4-(5-fluoro-2-

pyrimidinyl)-! piperazinebutanol (BMY-14802, 5 mg/kg i.p) and suppressed by subchronic
treatment with haloperidol (Maurice et al., 1997a). Moreover, they showed that DHEA-S,
PREG-S and PREG attenuate the memory impairment induced by AP 25 -35 , (a peptide fragment
of the p-amyloid protein; 3nmol) in the step-down passive avoidance task. The effect of the
neurosteroids was antagonised by PROG (20 mg/kg s.c.) and haloperidol (0.1 mg/kg i.p)
(Maurice et al., 1998). The latter suggests that an interaction between o l receptors and
neurosteroids is involved in the antiamnesic properties of neurosteroids. The antagonising
effects of PROG also supports the above hypothesis because PROG appears to be a strong
antagonist of sigma receptors.

-

- ; --

-

-

"

Cheney et al. (1995) have also tested the effect of PREG-S on the memory impairment
for a passive avoidance task induced by dizolcipine in adrenalectomized and castrated adult
male rats. The task consisted of one training session where the rat was placed in a chamber
with two compartments, one illuminated and one dark. When the rat entered into the dark
compartment (rats naturally prefer dark places) the door was closed for 5 s and the rat received
an electric shock. Retention was tested 24 hrs later under the same conditions and latency to
enter to the dark chamber was measured as an index of retention. PREG-S (5-20 mg/kg)
injected into the tail vein (i.v.) 25 min before the acquisition trial prevented the amnestic effect
of dizolcipine (0.15 mg/kg, injected simultaneously with PREG-S). The effect of PREG-S was
reversed by ((17 p)17[[bis(l-methyl)amino]-carbonyl]androstane-3,5-diene-3-carboxylic acid
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(SKF 105111,5 mg/kg) which is a 5a-reductase inhibitor that blocks the conversion of PROG
to allopregnanolone. It suggest a possible role of allopregnanolone in the antagonism of
PREG-S on dizolcipine-induced amnesia (Cheney et al., 1995).
The ability of PREG-S, PREG, DHEA-S and DHEA to enhance spatial memory has
also been studied using several tasks. These tasks included a Y-maze (Maurice et al., 1998;
Mayo et al., 1993), and a T-maze (Melchior and Ritzmann, 1996). The spatial recognition
task in the Y-maze is based on the preferential spontaneous exploratory behaviour of rats in a
novel environment compared to a familiar environment (Mayo et al., 1993). In the training
session one arm of the maze was closed and rats (adult male) were allowed to visit the other
two arms for 10 min. During the test (4 hrs after training), rats had free access to all three arms
and were again allowed to explore the maze for 10 min. An index of recognition was
calculated as the ratio of exploration of the novel arm to that of the novel and familiar arms
combined. When PREG-S (5 ng in 0.5pl of saline) was injected into the nucleus basalis
magnocellularis immediately after but not 15 min before training it enhanced the number of
visits to the novel arm. Conversely, allopregnanolone (2 ng in 0.5pl of saline) decreased
exploration in the novel arm when it was injected 15 min before training. Ladurelle et al.
(2000) also showed that prolonged i.c.v. infusion of PREG-S (10, 50 and 100 ng/h/mouse)
enhances memory retention in the Y-maze spatial task in adult male mice when tested 6 hr
after training. However, prolonged allopregnanolone infusion (1 ng/h/mouse) decreases
memory retention when tested 2 hr after training.
Maurice et al. (1997b) investigated the antiamnestic effect of PREG-S, PREG, DHEAS and DHEA for short-term spatial memory. They also used a Y-maze but the task was
different. Here, each mouse was placed at the end of one arm and the series of arm entries was
registered. Learning was measured by calculating the percentage of alternation (entries into all
three arms on consecutive occasions) during an 8 min session. The drugs were injected 30 min
before the session. The authors found that PREG-S and DHEA-S (5-20 mg/kg, s.c.) prevented
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(dose-dependently) scopolamine (2 mg/kg, s.c.)-induced amnesia for the arm alternation. Both
PROG (2-20 mg/kg, s.c.) and the selective sigma receptor antagonist MN-dipropyl-2-(4methoxy-3-(2-2-pyrimidinyl)-l-piperazinebutanol (NE-100,

1 mg/kg,

i.p.) blocked the

antiamnestic effects of PREG-S and DHEA-S at test (Urani et al., 1998). As in the step-down
passive avoidance task mentioned above in this section PREG-S, DHEA and DHEA-S (20
mg/kg s.c., each) attenuated (dose dependently) the amnesia induced by AP 25-35 (a peptide
fragment of the p-amyloid protein) The effect of the neurosteroids was again antagonised by
PROG (20 mg/kg s.c.) and haloperidol (0.1 mg/kg i.p) (Maurice et al., 1998). DHEA-S (10
mg/kg s.c.) attenuated dizolocipine (0.15 mg/kg, i.p)-induced impairment. Again, this effect
was antagonised by the sigma receptor antagonist BMY-14802 (5 mg/kg i.p) and suppressed
by subchronic treatment with haloperidol (Maurice et al., 1997a).
A win-shift foraging paradigm in a T-maze has also been employed to investigate the
effect of PREG-S, PREG, DHEA-S and DHEA on short-term spatial memory (Melchior and
Ritzmann, 1996). The task consisted of 11 trials each separated by a 180s interval. In the first
trial, milk (the reward) was presented in both goal boxes of the maze and the animals (adult
male mice) were allowed to drink it. Thereafter, the milk was present in the goal box opposite
to the one entered in the previous trial. The percentage of correct entries (selection o f the arm
of the maze containing milk) out of 10 trials was used as an index of spatial working memory.
PREG, PREG-S, DHEA and DHEA-S (0.05 mg/kg each) enhanced memory and blocked the
amnestic effect induced by ethanol (0.5 g/kg). In this study, all the neurosteroids were injected
in saline intraperitoneally (0.1 ml/10 g of body weight) 30 min before testing, and ethanol was
injected (i.p.)10 min before testing. This study, therefore, showed that PREG-S, PREG,
DHEA-S and DHEA not only enhance long-term memory consolidation as it has been
suggested in the other spatial learning tasks but they can also affect short-term spatial memory.
Markowski et al. (2001) demonstrated that oral administration of DHEA-S (1.2
mg/mouse/day) during the 5 days prior to testing enhances memory retention in aged (18-20
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months old) mice of both sexes for a win-shift water escape test in a Y-maze. The task
consisted of 12 daily sessions of acquisition with 10 trials per session. The maze was filled
with water and submerged platforms were placed at the end of the arms. In the first two runs of
each trial, one of the arms was closed and mice were allowed a maximum of 40 s to find the
platform. In the third run both arms were open and the platform was located in the arm which
was not open during the first two trials. The retention test, performed 10 days after the last
acquisition session, consisted of three sessions with 18 trials each. Retention was measured by
counting the number of errors (choice the incorrect arm). Although mice of both sexes were
used in this study, the sex was not taken into account in the analysis of the results.
Frye and Sturgis (1995) investigated the effect of DHEA-S and allopregnanolone in
ovariectomized female rats using a reference/spatial memory task (Morris water maze) and a
long-term memory task (Y-maze). The same rats were tested in both tasks. In the Morris maze
task the animals were trained by placing them individually in a swimming pool where they had
to locate a hidden submerged platform. The training consisted of 2 daily sessions with six trials
in each. The injection of the neurosteroids was performed 30 min before the first trial, and
spatial memory was evaluated by comparing the distance travelled and the time taken to reach
the platform between trials 1-3 and 4-6.

The Y-maze task consisted of two habituation

sessions and one test session. In the first (day 1) both arms were open and contained a cup with
sugar water. The rats (deprived of water for 72 hrs) were allowed to explore the arms and drink
the water. The second session consisted of three trials, where only one arm was open and
baited with sugar water. In each trial a different arm was open. The test was performed 24 hrs
(day 3) and 72 hrs (day 5) after the end of habituation. The test consisted of 10 trials where
both arms were open but only one contained sugar water. Latency and the percentage of
entries into the correct arm were considered a measure of memory. The effect of DHEA-S and
allopregnanolone on memory retention depended upon the type of memory assessed, the route
of administration and the dosage. DHEA-S and allopregnanolone (3. 2 and 6.4 mg/kg each)
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injected subcutaneously enhanced spatial memory in the Moms task, but when injected i.c.v
only DHEA-S enhanced memory performance. In the Y-maze task s.c. injection of DHEA-S
disrupted memory performance at the dose of 3.2 mg/kg on day 3, but enhanced memory on
day 5 at the dose of 6.4 mg/kg. However, when DHEA-S (1-2 pg) was injected i.c.v it
enhanced memory retention on day 3 but had no effect on day 5.
Reddy and Kulkami

(1999) have investigated the effect of DHEA-S and

allopregnanolone on memory using male and female rats. To my knowledge this is the only
study to compare the effects of neurosteroids on memory between the sexes. In this study,
memory was evaluated using the elevated plus-maze. The maze comprised two open arms and
two enclosed arms. During the training session rats were placed individually into the open arm
and the transfer latency (the time taken to move to the enclosed arm) was recorded. During the
test, 24 hrs later, transfer latency was again recorded. A decrease in the latency was interpreted
as an increase in memory. DHEA-S (5 mg/kg) injected s.c. 30 min before training increased
memory performance in males but not in females at various stages of oestrous cycle.
Allopregnanolone (0.25 mg/kg) impaired memory in males and proestrous, dioestrous but not
metaestrous females.
The effect of PREG-S on spatial memory has also been studied (Meziane et al., 1996)
on short-term and long-term memory in 10-12 week old male mice using a Go-No-Go visual
discrimination task with food reinforcement. In this task mice were placed individually in two
side-by-side plexiglass runways that differed only in colour. Each runway had a start box and a
goal box at the other end and mice were provided with food in the goal box of one of the
runways (reinforcement). In each session there were 6 reinforced trials and 6 non-reinforced
trials randomly distributed. Mice had three learning sessions and retention was tested in a
fourth session 3 weeks after the end of the learning trial. The ratio of time that mice spent in
the reinforced runway to the time spent in the reinforced and non-reinforced runways
combined was calculated for each session. Learning deficit was assessed as a decrease in this
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ratio. PREG-S (80 ng, but not 40 or 400 ng) injected 3 min after the first session enhanced
learning. Additionally, PREG-S, (40, 80, 400 ng, i.c.v.) blocked the learning deficit induced by
scopolamine (3mg/kg s.c.) during the 3 learning sessions and also during retrieval. Doses of
0.4 and 4000 ng of PREG-S were without effect.
In addition to the avoidance and spatial tasks mentioned above, the effect on
neurosteroids has been assessed using an appetitively motivated lever-press learning task
(Mathis et al., 1996). Here, mice were placed individually in a Skinner chamber with one
transparent wall fitted with a metal lever and a food cup, which were separated by a small
transparent partition. When the mice pressed the lever, the partition moved and they could eat
the food. The task consisted of a training session with 15 reinforced responses and a test
session 24 hr later. Memory retention was assessed by comparing the number o f reinforced
responses in the last 5 min of the training to the 5 first minutes of the test. PREG-S and D-2amonio-5-phosphonovalerate (D-AP5) were injected immediately after training. PREG-S (4-40
ng) blocks the amnesia induced by D-AP5 (0.02 nmol) but fails to enhance memory when
injected alone into adult male mice.
Taken together, these studies have thus demonstrated the memory enhancing properties
of PREG, PREG-S and DHEA and DHEA-S in adult and aged male mice and rats in several
learning tasks, and with different routes of administration. The role of these neurosteroids in
females, however, remains unclear. While one study showed a memory enhancing effect of
neurosteroids in females rats (Frye and Sturgis, 1995), another study showed that DHEA-S
does not affect memory in female rats (Reddy and Kulkami, 1999). The mechanism of action
is not yet known and interactions with different neurotransmitter systems such as NMDA,
sigma receptors and nitric oxide (NO) systems have been suggested according to the results
obtained. However there is no general agreement on the mechanism proposed for the
modulatory action of neurosteroids on memory.
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All the previous tasks have strengths and weaknesses. One of the main weaknesses of
some of them is that animals are tested for retention in situations that are known to increase
anxiety in rodents (especially the elevated plus maze). This makes it difficult to determine
whether the behaviour observed during the retention test reflects memory retention or the
emotional state of the animal (e.g. degree of anxiety). Indeed, several studies (see below) have
shown that neurosteroids can modulate emotional states such as anxiety and behaviour patterns
related to stress.

1.2.1.1

Effects o f neurosteroids on anxiety

Several behavioural tasks that have been shown to be sensitive to anxiolytic drugs have
been used to evaluate the effects of neurosteroids on anxiety in rodents. These include the
mirrored chamber, elevated plus maze, the burying test and the lick suppression task. In the
mirrored chamber task animals are placed individually into a square box which contains a
mirrored chamber open on one side. They are allowed to explore the box for a certain period of
time and the latency to enter, the number of entries and the time spent in the chamber are
recorded. A decrease in latency and an increase in the number of entries or the time spent in
the chamber is interpreted as a reduction in anxiety (Reddy and Kulkami, 1997). In this task,
PREG-S injected intraperitoneally 30 min prior the task (0.5 and 2 mg/kg) produced anxiolytic
effects in male mice while DHEA-S (1 and 2 mg/kg, injected i.p 30 min before testing)
increased anxiety and also blocked the anxiolytic effect of dizolcipine (0.5 mg/kg, injected i.p.)
(Reddy and Kulkami, 1997).
The elevated plus-maze consists of two open arms and two enclosed arms elevated
about 40 cm above the floor. The animals are placed individually into the open arm and the
transfer latency (time to move to the enclosed arm) and the number of entries into the enclosed
arms is recorded. A decrease in the latency and an increase in the number of re-entries to the
open arms is interpreted as a reduction in anxiety (Melchior a n d Ritzmann, 1994). Here,
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PREG (10 ng/kg, i.p.) increased anxiety whereas DHEA and DHEA-S (0.005-1.0 mg/kg) had
anxiolytic effects. PREG-S had a biphasic effect, 1 and 10 pg (injected i.p) caused an
anxiogenic response, whereas 100 ng/kg produced an anxiolytic response, in adult male mice
(Melchior and Ritzman, 1994). In addition to this, PREG-S at the dose of 1 pg/kg blocked the
anxiolytic action of ethanol (1.5 g/kg) (Melchior and Ritzman, 1994).
In the burying behaviour test animals are placed in a chamber that contains a rod
emerging above the bedding material, which delivers an electric shock of 0.3 mA.

The

animals receive the electric shock when they try to bury the rod. An increase in the burying
behaviour latency and a decrease in the duration of the burying behaviour is interpreted as a
reduction in anxiety (Femandez-Guasti and Picazo, 1995). In this task, however, PREG-S (14 mg/rat, injected s.c. 4 hr prior to testing) had no effect on anxiety in adult female rats (Picazo
and Femandez-Guasti, 1995).
One further study (Noda et al., 2000) has examined the effect of neurosteroids in a
stressful situation. Here, adult male mice were tested for conditioned fear stress responses.
This involves placing mice individually into an environment where they had previously
received an electric shock. In this environment mice exhibit a marked suppression of mobility.
Subcutaneous injection of DHEA-S (25 and 50 mg/kg) and PREG-S (10-50 mg/kg) attenuated
the fear response while PROG (10-50 mg/kg) and allopregnanolone (5 and 20 mg/kg) had no
effect. The attenuating effects of PREG-S and DHEA-S were blocked by N E-100, a sigmar
receptor antagonist. Also, DHEA-S had an additive effect when co-administered with the
sigma, receptor agonist (+)-SKF-10,047 (3 mg/kg) at doses that do not affect the fear response
by themselves. It has, therefore, been suggested that the attenuating effects of DHEA-S and
PREG-S on the conditioned fear response are mediated by their interaction with sigma
receptors (Noda et al., 2000).
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1.2.1.2 Effect o f stress on neurosteroid concentrations
Neurosteroids appear to play a role in acute stress responses. Several acute stress
paradigms have been used with rodents to investigate effects on levels of specific neurosteroids
in the brain and plasma.
The levels of neurosteroids in the brain and plasma have been measured immediately
after killing handling-habituated rats (rats that have been habituated to the handling
manoeuvres that precede killing, twice a day for four consecutive days) and naïve rats (rats that
were handled for the first time in the moments that precede killing) (Barbaccia et al., 1997). It
is known that handling just before killing (consisting of picking up a rat from its home cage
and placing their head under the guillotine) represents a very stressful event for the naïve rat
(Barbaccia et al., 1997; Concas et al., 1988). Rats that were not habituated to handling had
higher concentrations of PREG, PROG and allopregnanolone in the brain but not in the plasm a...
when compared to handling-habituate rats (Barbaccia et al., 1997). The authors suggest that
the stress response that naïve rats show before killing causes an increase in these neurosteroids.
However, it is also possible that handling the rats for four days decreased the basal levels of
the neurosteroids, and so the differences in the neurosteroid concentrations between the groups
is not specifically related to stress. Also, in this study, levels of corticosterone in plasma, which
are indicative of the level of stress, remained unchanged.
Acute stress has been induced in young adults and aged male rats by giving footshocks (0.2 mA) every 500 ms for 5 min, or by exposure rats to a mixture of 65% 0 2 and 35%
C 0 2 for 1 min. These treatments result in an increase in brain and plasma levels of PREG,
PROG, allopregnanolone, corticosterone and deoxycorticosterone but not DHEA (Barbaccia et
al., 1996a; Barbaccia et al., 1998; Barbaccia et al., 1994; Barbaccia et al., 1997). The
increase in steroid concentration was much greater in aged rats than in adult rats (Barbaccia et
al., 1998). High steroid levels were detectable immediately after the stress session and
persisted for 60 min before returning to control values. The kinetics of allopregnanolone
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increase differed from those of the other steroids measured. While PREG, PROG and
corticosterone showed a maximum increase immediately after the foot-shock session,
allopreganolone reached its maximum after 30 min (Barbaccia et al., 1996a; Barbaccia et al.,
1994; Barbaccia et al., 1997). Allopregnanolone and PROG concentrations in the brain and
plasma have also been shown to increase in rats subjected to acute stress by being forced to
swim for 10 min in ambient temperature water. The kinetics of the increase were similar to
those observed in the foot-shock task (above) (Purdy et al., 1991).
Along with increasing steroid concentrations all the stress paradigms used in the above
studies also induce a decrease in GABAergic neurotransmission. This was shown by increases
in 35S-TBPS

binding

and

decreases of muscimol-stimulated

Cl

uptake

in

brain

synaptoneurosomes (Biggio et al., 1990; Concas et al., 1988; Drugan et al., 1989).
Additionally, the anxiolytic abecamil (0.3 mg/kg) (which acts as a positive allosteric
modulator at GABA a receptors) given 30 min before killing, blocks the neurosteroid increase
induced by footshock treatment (Barbaccia et al., 1996a). A correlation between the
concentration of neurosteroids and GABAa receptor function in. the stress response has
therefore been suggested (Barbaccia et al., 1998; Purdy et al., 1991). The time course of the
increase of PREG, PROG and corticosterone correlates with the decrease in GABAergic
function, whereas allopregnanolone increase shows a correlation with the recovery of the
GABA receptor function rather than with its initial decrease (Barbaccia et al., 1998). This
observation suggests that the increase of endogenous allopregnanolone may represent a
homeostatic mechanism in the context of adaptation to stress, by limiting the extent and the
duration of the reduction of GABAergic transmission elicited by acute stress (Barbaccia et al.,
1998; Purdy et al., 1991). With regard to the increase in PREG concentration in the brain and
plasma, these studies do not provide evidence to determine whether PREG plays in itself a role
in the acute stress response, or whether its elevation is just an intermediate step in the
production of allopregnanolone or corticosterone.
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In conclusion, these studies indicate that the effect of neurosteroids on anxiety is very
variable; the same neurosteroids can either attenuate or not affect anxiety in each different task.
Perhaps their effect depends upon the degree of anxiety generated in the different tasks, which
in turn can change the endogenous concentration of neurosteroids. These results seem not to
have been taken into account in some of the studies that have investigated the effect of
neurosteroids on memory. For instance in the dark-chamber task (Cheney et al., 1995) rats
may stay longer in the illuminated chamber because their anxiety has been reduced as a
consequence of the neurosteroid treatment and not because they associate the electroshock with
the dark chamber.
The possible interference of anxiety in the pattern of behaviour in a particular memory
is a relevant factor to consider when choosing a memory task. It seems, therefore, from
previous observations that the most appropriate task to measure the effect of neurosteroids
should be one in which animals are not exposed to a high level of anxiety in the testing session.
The weak passive avoidance learning task in chicks (see section 1.3) appears to be a good
model for testing the possible memory enhancing effects of neurosteroids because the test
apparently is a non-stressful situation therefore their performance in the test is unlikely to be
influenced by substances that affect anxiety (Johnston and Rose, 1998; Sandi and Rose,
1994b).

1.2.2

Effects of neurosteroids on memory in humans
Apart from rodents humans are the only species where the action of neurosteroids has

been investigated. In humans the effect of DHEA and DHEA-S on memory has been studied
but no memory facilitation has been detected (W olf et al., 1997a; W olf et al., 1998a; W olf et
al., 1998b; W olf et al., 1997b). In one study young men were tested on two consecutive days
and received a single dose of DHEA (300 mg in 5 ml of ethanol mixed with 100 ml juice) 1 hr
before the memory testing. The subjects were tested for auditory verbal memory, visual
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recognition memory and spatial memory. None of these tests indicated a possible memory
enhancing effect ofthe steroid (W o lfe ta l., 1997a). In another study elderly women and men
received a two-week DHEA replacement (one 50 mg capsule per day) and were tested for
visual short- and long-term memory and auditory verbal memory before and after the
treatment. Again, DHEA did not improve memory for any of the tasks (W olf et al., 1998b;
W olf et al., 1997b). It would be interesting, therefore, to test the effect of neurosteroids on
memory in another species to determine whether the effect of neurosteroids is restricted to
rodents.
1.2.3

The role of endogenous neurosteroids on memory
Although the pharmacological effects of neurosteroids have been explored and they

suggest that neurosteroids can modulate memory, these studies do not provide evidence for the
physiological role of endogenous neurosteroids on memory formation. There is only one study
where the role of endogenous PREG-S on memory has been explored (Vallee et al., 1997). In
this study the physiological relationship between endogenous levels of PREG-S and cognitive
performance has been examined (Vallee et al., 1997). A decrease in hippocampal PREG-S
concentration in aged (24-month-old) rats compared to young adults (3-months-old) has been
described. The memory performance of aged rats was evaluated using a Morris water maze
and a Y-maze. In the Morris maze task the training was repeated for 13 days with four trials
per day. Memory performance was measured by the distance travelled to reach the hidden
platform during the last four trials. The memory performance of the same aged rats was also
assessed by testing their performance in the Y-maze recognition task (as described above in
this section). Negative correlations were found between the levels of PREG-S in the aged rat
hippocampus and both the distance travelled to reach the platform in the Morris water maze
and the number of visits to the novel arm during testing (6 hr after training) in the Y-maze.
There was no relationship between memory performance and PREG-S content in the
amygdala, prefrontal cortex, parietal cortex or striatum. Additionally, the memory deficit of
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aged rats in the Y-maze was corrected either by i.p. injection (47.5 mg/kg, in saline) or
intrahippocampal injection (5 ng per rat) of PREG-S 1 hour before training. Here, the aged rats
were trained and tested again 1 week after the first experiment. This study, however, does not
provide direct evidence to indicate that PREG-S is specifically involved in memory. Low
levels of PREG-S could also be related to other aspects of the ageing process.
Another approach to studying the physiological role of endogenous neurosteroids in the
cascade underlying memory formation is to determine levels of neurosteroids after a learning
experience. This has yet to be explored. The strong passive avoidance task in chicks (see
section 1.3) is a good model to study this, because the memory cascade can be triggered after a
one-trial event, which can be precisely observed and timed. This allows a precise timing of a
particular biochemical event. On the other hand, large number of chicks can be tested within
the same period of time, which reduces any possible variability of the neurosteroid
concentrations due to circadian variation.

1.3

P a s s iv e a v o id a n c e l e a r n in g t a s k in c h ic k s

The passive avoidance learning task in the one-day-old chick, first introduced by
Gherkin (1969), has been extensively used to study memory formation (Andrew, 1991;
Johnston et al., 1999; Mileusnic et al., 2000; Ng et al., 1992; Rose, 1991; Rose, 2000). This
task most commonly consists of one pre-training session, one very short training session and
(if required) one testing session which can be performed at different times after training.
In the pre-training session, day-old chicks are presented with a small bead three times
at least 5 min apart in order to check if their pecking behaviour is normal (young chicks
usually spontaneously peck at small objects). The chicks that peck on at least two out of three
occasions during pre-training are then presented with another bead usually differing in size
and/or colour to that used in pre-training and coated with the bitter-tasting substance
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methylanthranilate (MeA); this is called the training session. When chicks peck at the coated
bead, they show a disgust response by wiping their beak on the floor and shaking their head.
In the testing session, chicks are presented with a bead similar to that used in training
but without a MeA coating, and then they are presented with the same bead used in the pre
training (discrimination trial). Chicks that remember the training session are expected to
discriminate between these beads (not pecking at the previously aversive bead but continuing
to peck to the non-aversive one), whereas chicks that do not remember are expected to peck at
both beads.
The percentage of chicks that avoid only the aversive bead during the test is interpreted
as an index of memory. The chicks that do not peck at the non-aversive bead during the test
(i.e. do not discriminate) are excluded from the analysis. Although it is possible that chicks that
avoid both beads during the test remember the task, the criteria for recall most commonly used
is that the chicks show a specific memory for the aversive properties of the ‘aversive’ bead,
rather than generalising to any bead. Thus, they are not included in the analysis. By contrast
chicks that still peck at the previously non-aversive bead during the discrimination trial
demonstrate that their general pecking behaviour is relatively uninhibited by training and no
significant motor or visual impairment has resulted from the treatment applied.
The training conditions can be varied (by using different dilutions of MeA) in order to
minimise or maximise the learning. When trained with a 100% solution of methylanthranilate
(MeA, strong training) chicks generally avoid the bead for at least 24 hours. When a more
dilute solution of MeA is used (‘weak’ training), the duration of recall is also reduced (Bume
and Rose, 1997 ; Crowe and Hamalainen, 2001; Crowe et al., 1989; Sandi and Rose,
1994b).
The time course of memory duration for the weak passive avoidance task can also vary
depending on the training procedure (Bume and Rose, 1997; Crowe and Hamalainen, 2001).
For instance, using 10% MeA (in ethanol) during the training, chicks avoid the aversive bead
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for 2 hours when similar beads are used in pre-training and training but around 6 hours when
different beads (different color or size) are used in the pre-training and training (Bume and
Rose, 1997; Sandi and Rose, 1994b).
The use of a weak training protocol allows more scope for testing the effect of memory
enhancing substances (Crowe et al., 1989; Sandi and Rose, 1994b) whereas the strong
training enables testing of the effects of putative amnestic agents (Freeman et al., 1995;
Gibbs and Ng, 1984; Johnston and Rose, 2001; Mileusnic et al., 1996).

Training chicks

with 100% MeA has resulted in the identification of some of the biochemical events in the
brain that are related to learning and memory.

1.3.1

Regions in the chick brain involved in learning and memory for the passive
avoidance task
Localisation of the brain regions involved in passive avoidance learning has been

accomplished using autoradiography with l4C-2-deoxyglucose (Kossut and Rose, 1984; Rose
and Csillag, 1985) and lesion studies (Davies et al., 1988; Gilbert et al., 1991; Patterson et
al., 1990).
l4C-2-deoxyglucose is a metabolic marker, it is taken into metabolically active cells but
is not fully metabolised by glycolysis and so accumulates within the cell. Injection of 14C-2deoxyglucose before training results in an increased incorporation (measured 30 min after
training) in three forebrain regions: the intermediate medial hyperstriatum ventrale (IMHV),
the paleostriatum augmentatum (PA) and the lobus parol factor ius (LPO) (Kossut and Rose,
1984). The above study suggest that the IMHV, PA and LPO are all involved in the learning
of the passive avoidance task and lesion studies have been conducted in order to confirm this.
Bilateral radiofrequency lesions in the IMHV given fifteen to twenty hours before
training produce amnesia for the task when the chicks were tested 3 hours after training
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(Davies et al., 1988) but there was no effect when the lesions were given 1 or 6 hours after the
task (Patterson et al., 1990). Thus, it would appear that the IMHV participates in acquisition
learning rather than in retention of memory.
Bilateral lesions in the LPO before training did not affect recall, however lesioning the
LPO 1 hour after training resulted in amnesia (chicks tested 24 hours after training) (Gilbert et
al., 1991). Unilateral lesions in the IMHV and the LPO have also been performed (Gilbert et
al., 1991) and they suggest that memory formation for the passive avoidance learning may be
lateral!sed (different stages involving different hemispheres). However, the pattern of this
latéralisation remains unclear.
Electrophysiological studies also confirm the involvement of the IMHV and LPO in
memory formation for the passive avoidance learning. An increase in spontaneous neuronal
bursting activity has been observed in the IMHV between 1-7 hours post-testing (Mason and
Rose, 1987) and in the LPO between 4 and 7 hours post-testing (Gigg et al., 1994) from
chicks that display recall when tested 30 min after training.

The bursting seems to be

specifically related to memory formation because electro-shock-induced amnesia prevents the
enhanced bursting activity.
The effect of making lesions in the hippocampus on memory retention for the passive
avoidance task has also been investigated. Bilateral pre-training lesions decrease retention
when chicks are tested 3 hours after training, but bilateral post-training lesions have no effect
on memory retention (Sandi et al., 1992).

1.3.2

1.3.2.1

Biochemical events underlying memory formation for the passive avoidance task

Protein synthesis
Long-term memory formation is considered to depend upon protein synthesis. In

chicks, the protein synthesis inhibitor anisomycin produces amnesia for the passive avoidance
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task when injected into the IMHV during two different periods of time: 30 min before to 60
min after training; and between 4 and 6.5 hours post-training. However, if the injections are
made between 2 and 3 hours after training no amnestic effect is observed (Freeman et al.,
1995).
Two waves of glycoprotein synthesis have also been found following training. When
radio-labelled fucose, a precursor of glycoprotein synthesis, was injected into the chick brain
an increased incorporation was found up to 30 min, 3 and 24 hours after training. Injection of
2-deoxygalactose (2-Dgal), an inhibitor of fucosylation, into the IMHV either just prior to one
hour after training or 5.5 to 8 hours after training produced amnesia in chicks tested 24 hours
post-training.
The initial wave of glycoprotein synthesis does not coincide with the first wave of
protein synthesis since the sensitive period to 2-Dgal effects precedes that for anisomycin
(Freeman et al., 1995). This suggest that the first wave of glycoprotein synthesis does not
need de novo protein synthesis, and therefore involves the post-translational modification of
already existing proteins (Rose, 1995). The second wave of glycoprotein synthesis follows the
anisomycin-sensitive period, and therefore it is thought that it requires newly synthesised
proteins (Freeman et al., 1995). Some of the glycoproteins that are increased in the second
wave have been identified and include the cell adhesion molecules NCAM and LI (Mileusnic
et al., 1999; Mileusnic et al., 1998; Mileusnic and Rose, 1996; Scholey et al., 1993).
Other structural proteins, as well as cell adhesion molecules, are known to be necessary
for memory formation to occur. In chicks, an increase in tubulin levels has been detected in a
post-mitochondrial fraction of the IMHV 30 min and 24 hours after passive avoidance training,
which then declined to control levels by 48 hours (Mileusnic et al., 1980). a-tubulin
immunoreactivity elevation was found in the left IMHV and left LPO 1 hour following
training, and in the left IMHV and the right LPO 6 hours and 24 hours after training (Scholey
et al., 1992).
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1.3.2.2

The role o f glutamatergic neurotransmission
The presence of NMDA, AMPA and kainate receptors has been demonstrated in the

brains of day old-chicks (Henley and Barnard, 1990; Henley et al., 1989). Evidence indicates
that glutamate and its receptors participate in memory formation for the passive avoidance
task.
Daisley et al. (1998) showed by an in-vivo microdialysis technique that both the basal
and potassium-stimulated (50 mM) glutamate release (during the training session and 2 hours
after the test, respectively) is higher in the left IMHV of chicks that have been trained with
MeA than in chicks trained with water (in this study testing was carried out 1 hour after
training).
Changes in NMDA binding activity have been observed in the early phases o f memory
formation. The binding of [3H]L-glutamate increases 30 min after training in the IMHV and in
the LPO. An increase of [3H]MK-801 is also observed 30 min after training in the IMHV and
in the LPO. In the lateral neostriatum the binding of both ligands decreases (Stewart et al.,
1992). In addition, 30 min after training, an increase in NMDA-stimulated calcium flux in
synaptoneurosomes isolated from the IMHV has been observed (Salinska et al., 1999),
During training and in the first hours that follow, memory formation for the task is
sensitive to injection of NMDA receptor antagonists. MK-801 causes amnesia 3 or 24 hours
after training when injected intraperitoneally (0.1 mg/kg) between 1 hour before to 6 hours
after training or when injected into the IMHV (1.5 nM) 5 min after training (Burchuladze and
Rose, 1992). Injection of the NMDA receptor antagonists 7-chlorokynurenate (binds at the
glycine site) into the IMHV 30 min before or M2 -amino-5-phosphopentano 30 min before or
immediately after training results in amnesia for the task at 3 or 24 hours or 80-90 min post
training, respectively (Rickard et al., 1994; Steele and Stewart, 1993). Taken together, these
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studies indicate that the NMDA receptor plays a crucial role during the first hours after
training.
AMPA receptors have also been shown to participate in memory formation, but in
contrast to NMDA receptors they seem to be involved in the late rather than in the early stages
of memory formation. An increase in the binding of [3 H]AMPA occurs in the IMHV and PA
6

hours after training. There are, however, no changes in [3 H]AMPA binding 30 min (Stewart

et al., 1992) or 3 hours (Steele et al., 1993) after training. The AMPA receptor antagonist
cianonitroquinoxaline (CNQX, 2.5 pmol) injected bilaterally into the IMHV, 4.5 and 5.5 hours
after training produced amnesia for the task in chicks tested 6.5 hour after training (Steele and
Stewart, 1995). Lower concentrations (0.66 pmol) of CNQX injected 5 min after training do
not affect retention (Burchuladze and Rose, 1992). In accordance with these studies, an
increase in AMPA-stimulated calcium flux in synaptoneurosomes from the IMHV occurs 5.5
hours post-training (Salinska et al., 1998).
Metabotropic glutamate receptors also seem to be involved in memory for the passive
avoidance task. An antagonist of these receptors, (RS)-a-methyl-4-carboxyphenylglicine
(MCPG), blocks retention when injected 1 hour after training. Prior this time MCPG has no
effect (Holscher, 1994). Also, the calcium flux stimulated by the metabotropic glutamate
receptor agonist trans-ACDP is enhanced in synaptoneurosomes prepared from the IMHV of
chicks trained on the passive avoidance task (Salinska et al., 2000). The increase in calcium
flux was observed 10 and 30 min but not 3 hours after training.

1.3.2.3

. .

The role o f GABAergic neurotransmission
GABA receptors are present in high density in chick brains (Gravielle et al., 1998;

Gravielle and Fiszer de Plazas, 1995; Stewart et al., 1988). An increase in GABAa receptor
activity measured by [3 H] muscimol binding has been detected 24 hours after training but not
at earlier times (Bourne and Stewart, 1985).

Injection of the GABAa agonist muscimol
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(0.1 mM) into the IMHV 30 min before training produces amnesia in chicks tested 10 min, 30
min or 24 hours post-training (Clements and Bourne, 1996; Gao et al., 2000). The agonist
for the benzodiazepine site, diazepam, administered immediately after training also causes
amnesia in chicks tested 30 min after training (Farkas and Crowe, 2000). The effect of
diazepam was blocked by pre-treatment with the antagonists for the benzodiazepine site
bicuculine and flumanezil (Farkas and Crowe, 2000). Biccuculine when injected alone into
the IMHV 30 min prior to a weak training enhances retention when tested 24 hours post
training (Clements and Bourne, 1996). Conversely, bicuculine injected in the LPO at 5 hours
post-training causes amnesia (Freeman and Young, 2000c). It appears, thus, that in the early
stages of memory formation there is a decrease of GABAergic transmission but during later
stages (after 5 hours post-training) there is an increase in GABAergic transmission.
Together with the central GABAa benzodiazepine

receptors, the

peripheral

benzodiazepine receptors (PBR), which in rodents have been implicated in neurosteroid
synthesis (see section

1 . 1 .2 . 1 ),

appear to have a role in memory formation (Freeman and

Young, 2000c). The specific PBR agonist 4-chlorodiazepam was found to be amnestic when
injected into the LPO at 5 hours post-training (Freeman and Young, 2000c). Earlier times
were not tested in this study, therefore it is not possible to determine whether the involvement
of PBR is restricted to the late phases of consolidation or if it is also involved in the early
stages. Since the activation of PBR results in an enhanced synthesis of PREG in mammals,
those results indirectly suggest a possible involvement of neurosteroids in the passive
avoidance learning.

1.3.2.4

Other neurotransmitter systems involved in passive avoidance learning
In addition to amino acid receptors, other receptors have been shown to participate in

the memory formation for the passive avoidance task. There is some evidence to indicate that
sigma receptors may be involved in the passive avoidance learning in chicks. Memory
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retention was disrupted by the injection into the LPO of the sigma receptor antagonist (+)-SKF
10047 at 5 hours after training (Freeman and Young, 2001). This effect was reversed by the
sigma receptor antagonist ED 1047 (Freeman and Young, 2001). There is no information,
however, about the role of sigma receptors at earlier times.
The cholinergic system seems to be involved at the early stages of memory formation
since increased binding to muscarinic receptors and decreased binding to nicotinic receptors
has been observed from 30 min to 3 hours after training (Alekside et al., 1981; Mezey et al.,
1999; Rose et al., 1980). Also scopolamine (a muscarinic antagonist) induces a memory
deficit for the passive avoidance task (Gao et al., 2000).
Noradrenaline has also been implicated in the consolidation of memory (Gibbs and
Summers, 2000a; Gibbs and Summers, 2000b; Gibbs and Summers, 2001; Stamatakis et
al., 1998; Stephenson and Andrew, 1981). Elevated noradrenaline levels were detected in the
forebrain 30 min after training (Crowe et al., 1991) and the administration of noradrenaline 20
min after the weak training enhanced retention (Gibbs and Summers, 2000b).
Memory has also shown to be sensitive to serotonin and to ô or p. opioid receptors
(Freeman and Young, 2000a; Freeman and Young, 2000b; Stephenson and Andrew, 1981;
Stephenson and Andrew, 1994).
Retrograde messengers such as NO and arachidonic acid have also been reported to be
involved in the biochemical cascade underlying memory formation for the passive avoidance
task in chicks. Inhibitors of NO synthase were found to inhibit memory shortly after training
(Holscher and Rose, 1992; Holscher and Rose, 1993; Rickard et al., 1999; Rickard et al.,
1998). On the other hand, enhanced arachidonic acid release was detected in the IMHV 30, 60
and 75 min following training (Clements and Rose, 1996) and blocking the release of
arachidonic acid by a phospholipase A2 (PLA2) inhibitor resulted in amnesia for the task from 1
to 24 hours post-training.
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1.3.2.5

The role o f calcium flux via voltage-sensitive calcium channels
In addition to the increased calcium influx through ionotropic glutamate receptors,

there is also an enhanced stimulation of calcium influx through voltage sensitive calcium
channels after passive avoidance training. In membrane preparations from the IMHV or LPO
regions of trained chicks, an increase in KCl-stimulated calcium influx has been detected 30
min after training. This was blocked by the VSCC antagonists co-conotoxin (N type blocker),
nimodipine (L-type blocker) and co-agatoxin IVA (P-type blocker) (Chaudhury et al., 1998).
Pre-training bilateral intracerebral injections of co-conotoxin GVIA (1.25 pmol per hemisphere)
produces amnesia for the passive avoidance task in chicks tested 30 min or 3 hours after
training. Injections of L-type calcium channel antagonists nifedipine, nimodipine or
amlodipine, however, do not cause amnesia (Clements et al., 1995).

1.3.2.6

The role o f early genes
The expression of immediate early genes has been implicated in many memory models

including passive avoidance training in chicks. The early genes encode for nuclear proteins,
which serve as transcription factors activating late gene expression.
In the chick, training on the passive avoidance task has been shown to induce c-fos
expression 30 min later in both the IMHV and LPO (Anokhin et al., 1991). Enhanced
expression of c-fos and c-jun has also been observed in the left IMHV 2 hours after training,
and chicks who recalled the task had higher levels of c-fos and c-jun than those that were
amnesic for the task (Freeman and Rose, 1999). This induction was blocked by MK801,
which suggests that it is the result of NMDA receptor activation. (Freeman and Rose, 1999).
Additionally, suppression of c-fos expression by injection of antisense oligodeoxynucleotides
10-11 hours before training prevented memory retention when chicks were tested 3 to 24 hours
after training. When these injections were made between 3 hours before and 3 hours after
training, memory retention was not affected (Mileusnic et al., 1996).
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The expression of early genes is believed to be induced by several signals including
calcium, cAMP and protein kinase activation (Nestler and Greengard, 1994). Therefore, it has
been hypothesised that the immediate early gene expression that occurs after passive avoidance
learning may be a consequence of the early changes that occur after training.

1.3.3

Structural changes associated with memory formation
Together with biochemical changes (described in previous sections), morphological

changes occur in the brain at the level of the synapses. These changes may form the substrate
for the alteration of neural circuitry, which is believed to be the basis of memory storage.
In the chick, morphological changes have been detected in the IMHV as early as 1 hour
after training. These include an increase in the number of synaptic densities of asymmetric
spine synapses and a decrease in the size of the synapses. This observation suggests that the
formation of new synapses occurs by the splitting pre-existing ones. These changes disappear
by 24 hours after training (Doubell and Stewart, 1993), when there is an increase in the size
of the synaptic active zones of the synapses and a re-arrangement of the synaptic vesicles with
a greater number of vesicles moving nearer to the active zone (Rusakov et al., 1993). These
later changes are thought to alter the functional state of the synapses because it is in the active
zones that the exocytosis of neurotransmitters occurs (Rusakov et al., 1993).
At 24 hours after training there is an increase in the dendritic spine densities on
multipolar projection neurons in both the IMHV and LPO. At the same time, spine stem length
decreases and the spine head diameter increases (Patel et al., 1988; Patel and Stewart, 1988).
An increase in synaptic densities in the LPO occurs at 24 and persists at 48 hours post-training.
No changes in synaptic densities in the LPO are found at earlier times (Hunter and Stewart,
1993). The changes in synaptic densities depend on de novo protein synthesis because they are
reduced following the injection of anisomycin (Sojka et al., 1995).
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1.3.4

1.3.4.1

The role of hormones on retention for the passive avoidance learning task

The role o f sex hormones
The

effects

of

testosterone,

estradiol,

5-alpha-dihydrotestosterone,

5-beta-

dihydrotestosterone (all derived from DHEA, see Figure 1.1) have been evaluated using a
slight variation of the standard procedure for the passive avoidance learning task. Here, chicks
were trained (100% MeA) and tested with a similar bead (same colour and shape) to that
presented during pre-training and the interval between pre-training and training was
(Andrew et al., 1981; Clifton et al., 1986).

2

hours

All the steroids tested except 5-beta-

dihydrotestosterone reduced the avoidance response to the aversive bead during the test (3
hours after training) when injected subcutaneously 30 min before pre-training. Since the effect
of these steroids did not occur when the chicks were not pre-trained, these results have been
interpreted as an enhancement of consolidation of the pre-training experience (Andrew et al.,
1981; Clifton et al., 1986). In this case, the consolidation of the pre-training experience
stimulated by the above steroids interfered with the learning experience during training.
Therefore, the pre-training memory predominates and chicks peck at the bead during the test.
An effect of testosterone on the avoidance response was also observed when pre
training and training were separated by few seconds but not when they were separated by

10-

30 min. Using the shortest pre-training-training interval, testosterone was effective when
injected between 60 and 20 min before training (Clifton, 1991). The effect of testosterone
seems to be mediated by estradiol because it was blocked by the antagonist o f estradiol
receptors MER-25 (Clifton, 1991).
Administration of testosterone also had other behavioural effects on young chicks.
These include facilitation of attack in males (Clifton and Andrew, 1981; Clifton and Andrew,
1983; Clifton et al., 1986), sustained search for food (Andrew and Rogers, 1972) and a
decrease in distractibility (Rogers and Andrew, 1989).
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1.3.4.2

The role o f stress hormones
There is evidence to indicate that stress-related hormones such as corticosterone,

adrenocorticotrophin (ACTH) and vasopressin play an important role in memory formation for
the passive avoidance task (Crowe et al., 1990; Gibbs et al., 1986; Sandi and Rose, 1994b;
Sandi and Rose, 1997b; Sandi et al., 1995). Both hormones injected subcutaneously have
been shown to facilitate long-term memory formation (Crowe et al., 1990; Gibbs et al.,
1986). Passive avoidance training with 100% MeA results in an increase of corticosterone
levels in plasma at 5 min post-training (Sandi and Rose, 1997b).

Also, injections of

corticosterone (1 and 2pg) into the IMHV 15 min before, 30 or 60 min after weak training
enhances memory retention when tested 24 hours later (Sandi and Rose, 1994b). The last
seems to be mediated through glucocorticoid receptors since the enhancing effect of
corticosterone was blocked by the glucocorticoid receptor antagonist RU38486 (3-(3-oxo-7propyl-17-hydroxy-androsta-4-one-17-yl)propionic acid lactone). RU38486 injected 15 min
pre-training also blocked retention in chicks that have been trained with 100% MeA 4 or 24
hours post-training (Sandi and Rose, 1994a).
Further evidence for the role of corticosterone on memory formation comes from the
observation that the elevation of corticosterone induced by isolating chicks for

1

hour

immediately after training enhances memory retention when chicks are tested 24 hour
following training (Johnston and Rose, 1998). It has been suggested that the facilitatory effect
of corticosterone on memory retention could be mediated by an increase in the second wave of
glycoproteins synthesis because an injection of corticosterone resulted in enhanced
glycoprotein synthesis (measured by [3H]fucose incorporation into synaptic membranes) 5-8
hours after weak training (Sandi and Rose, 1997a; Sandi et al., 1995). Also administration of
the N-CAM antibodies 5.5 h after training blocked the facilitatory action of corticosterone on
long-term memory (Sandi et al., 1995)
59

Chapter one: Introduction

For all the reasons mentioned in the previous sections, an investigation of the
endogenous participation of PREG, DHEA and their sulphate esters in the physiological
mechanism underlying memory formation, as well as their pharmacological effects on
retention for the passive avoidance task in day-old chicks will be explored. These studies could
shed more light on the role of neurosteroids on memory formation.
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2.1

Experim ental procedures and prelim inary results

A n im a l s
Fertile eggs from Ross Chunky chickens (Gallus domesticus) were incubated in a

commercial communal brooder maintained on a 8:16 hours light-dark cycle at 37-38 °C. After
17 days of incubation the eggs were transferred to a hatching incubator maintained on a

12:12

hour light-dark cycle at 37-38 °C. After the chicks hatched they were placed in a group cage
maintained on a 12:12 hour light-dark cycle with food and water provided ad libitum. All
animal experimental work was carried out under Home Office License; project licence
N°70/4399 and personal licence N° 70/15251.

2 .2

B e h a v io u r a l t e s t in g

2.2.1. Passive avoidance task
The passive avoidance task was performed as described by Johnston and Rose (1998).
Chicks (24-36 hrs old) were placed in pairs into aluminium pens (20 x 25 x 20 cm) illuminated
by red 25 W light bulbs, and chick crumbs were scattered on the floor. After a one-hour
acclimatization period the chicks were pre-trained by presenting them with a small (2.5 mmdiameter) white bead secured to the end of a stick. The bead was held in front of the chick’s
beak for 10 seconds. This process was repeated 3 times with an interval of at least 5 minutes
between presentations. A chick’s response, peck or not peck, was recorded. Only chicks that
pecked two or more times out of three trials were included in the experiment. After the pre
training, the chicks were trained by a 30 s presentation of a 4 mm bright chrome bead coated
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with either 100% solution of the aversive bitter-tasting substance methylanthranilate (Sigma
Chemical Co., UK; called strong training) or 10% methylanthranilate (called weak training)
(Cherkin, 1969; Sandi and Rose, 1994b). Those that did not peck on training were excluded
from the experiment. Twenty-four hours after training the chicks were tested with a 10 second
presentation of a dry 4 mm chrome bead, identical to that used in training, followed by a 10
second presentation of the white bead, the same as used in pre-training. The testing was
performed blind with respect to treatment.
Chicks that avoided the chrome bead in the test but pecked at the white bead were
regarded as remembering the task and those that pecked both beads were regarded as being
amnestic. Only chicks that pecked at the white bead during the test were included in the final
results. Each chick was trained and tested only once.
Recall was calculated as the percentage of chicks that avoided the chrome bead (called
‘percentage of avoidance’). This was calculated as follows:

Number of chicks that avoid the chrome bead and peck the white bead on test x 100
Number of chicks that peck the white bead on test

The sex of the chicks was determined by examining the gonads after the chicks were killed.

2.2.1

Drug administration
Pregnenolone, PREG-S, DHEA and DHEA-S (Sigma Chemical Co., UK) were

dissolved in dimethylsulphoxide (DMSO, Sigma Chemical Co., UK) to create a stock solution
of 0.1 M, and then diluted with 0.9% sterile NaCl to the appropriate concentration for
injection. The final concentration of DMSO in all solutions was less than 0.001% (Flood et al.,
1992).
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All the drugs were injected intracerebrally with a Hamilton microsyringe fitted with a
plastic sleeve as a stop, which allows an exact injection depth of 4 mm. A plexiglass headholder was used to direct the injections into both the right and left IMHV. The injection needle
was left in place for 5 s.
To determine if the injections were going into the correct regions, methylene blue was
used in some preliminary trials. The brain was dissected and observed to ensure that the correct
area had been stained (see Figure 2.2).

2 .3

B r a in d is s e c t io n
Chicks were killed by decapitation. The skin of the head was cut along the mid-line

dorsally and the top of the skull removed with dissection scissors. Then the brain was scooped
out with a spatula. The forebrain and the mid-hindbrain were separated (see Figure 2.1),
weighed wrapped in silver foil and frozen on dry ice. For dissection of the IMHV and LPO the
brain was placed in a specialised chick brain mould (Figure 2.2). Both regions were then
weighed and frozen on dry ice. The wet weight of each region was approximately 30 mg. The
wet weight of either the forebrain or mid-hindbrain was approximately 500 mg.

Forebrain

Mid-hindbrain

Figure 2.1. Schematic drawing of the brain of one-day old chick viewed from above.
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HA
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Figure 2.2 Schematic drawing of coronal slices of day-old chick brains prepared using a brain mould. The position
and angle of cuts are shown in the sagital scheme. The IMHV was dissected from the slice between points b and c
and the LPO dissected from the slice between points a and b. The dissected areas are represented by shading.
Taken from Rose and Csillag (1985).
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2 .4

C o l l e c t io n o f b l o o d , a n d s e r u m p r e p a r a t io n
Exsanguination was conducted by decapitating the chicks and draining the blood into

collection tubes containing 100 pi of heparin (Sigma Chemical Co., UK; 500 U/ml) to prevent
clotting. The blood was kept in vials on ice before being centrifuged in a Coolspin General
Purpose Refrigerator (MSE Scientific Instruments, UK) at 2270 g for 10 minutes at 4°C. The
supernatant (plasma) was collected and frozen at -40 °C.

2 .5

M e a s u r e m e n t o f n e u r o s t e r o id s
The measurement of neurosteroids was performed according to the method reported by

Young et al. (1994). This method includes the extraction, delipidation, solvolysis and
purification of steroids, followed by radioimmunoassay (Figure 2.3)

I

Brain tissue

Homogenisation

Extraction

Sulphated steroids

Unconjugated steroids

I

l
Solvolysis

Delipidation

Purification on CIS

/

Radioimmunoassay

Figure 2.3 Procedure for the measurement of neurosteroids from the chick brain.
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2.5.1

Solutions of tritiated steroids
[7-3 H(N)]- Pregnenolone (specific activity 22.5 Ci/mmol, NEN Life Science Products

Inc., USA), [l,2,6,7- 3 H(N)]-dehydroepiandosterone (specific activity 60 Ci/mmol, NEN Life
Science Products, Inc., USA) and [l,2,6,7- 3 H(N)]-dehydroepiandosterone-sulphate (specific
activity 60 Ci/mmol, NEN Life Science Products, Inc., USA) were diluted in methanol
(Fischer Chemicals, UK) to create a stock solution of 2.5 pCi/ml. [7-3 H(N)]- Pregnenolone
stock solution was stored at 4°C while the [1,2,6,7-3 H(N)] dehydroepiandosterone and [1,2,6,
7-3 H(N)] dehydroepiandosterone-sulphate

stock solutions were stored at -20°C. All the

procedures involving radioactive material were carried out in a radiation licensed laboratory
according to the Open University safety and radiation regulations.

2.5.2

Extraction procedure

*

Unconjugated steroids and fatty esters were separated from sulphated steroids by a
differential extraction procedure. This separation is based in the differential solubility of
unconjugated steroids and sulphated steroids in a trimethylpentane/ethylacetate mixture.
Each brain sample was placed in a polypropylene Falcon tube and homogenised using
a Polytron homogeinizer (Kinematica GmbH, Switzerland) at 27000 rpm with cold phosphate
buffered saline (PBS) (1:10). Composition of the buffer in mM was: CaCL.2H^G 0.9,
MgC1.6H20 0.5, KC12 2.6, KH2 P 0 4 1.5, NaCl 136.0, Na 2 P 0 4 8.1; pH was 7.4. All the
chemicals were obtained from BDH Laboratory Supplies, UK.
In order to estimate recovery of the steroids and their sulphate esters during the
extraction, 100 pi of both [1,2,6,7-3 H(N)] dehydroepiandosterone and [1,2,6,7-3 H(N)] ..
dehydroepiandosterone-sulphate were added to each tube, both with a radioactivity o f

2000

dpm. Both radiolabelled neurosteroids solutions were prepared by diluting the stock solutions
described in section 2.5.1, in methanol. After this, 10 ml of trimethylpentane/ethylacetate (1/1)
(BDH Laboratory Supplies, UK) was added to each tube.
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This suspension was stirred at 2500 cpm in a multi-tube vortexer (VWR Scientific
Products, USA) for

8

minutes, and centrifuged at 2270 g for 5 minutes at 20°C. The upper

phase, containing the solvents with the free steroids, was collected. Then 10 ml of
trimethylpentane/ethylacetate was added to the lower phase (containing the buffer with the
sulphate steroids). This was again stirred and centrifuged as above. The upper phase was
collected and 10 ml of trimethylpentane/ethylacetate was again added to the lower phase. The
stirring, centrifugation and collection of the upper phase were repeated once more. The three
upper phases were pooled and evaporated to dryness under compressed air using a Mini-Vap
evaporator (Supelco, UK) connected to a N 2 cylinder, (Air Products, UK) at 60°C in a water
bath under compressed air.

2.5.3

Delipidation
In order to remove steroids conjugated to fatty acids, each extract obtained from the

upper phase in the extraction procedure (section 2.5.2) was dissolved in 10 ml of
trimethylpentane. After this, 10 ml of 90% methanol diluted in distilled water was added. The
tubes were stirred at 2500 cpm for

8

minutes in a multi-tube vortexer and centrifuged at 2270 g

for 5 minutes at 20°C. The upper phase containing trimethylpentane with lipidic steroids was
removed and discarded. The lower phase, containing methanol with free steroids, was re
suspended in

10

ml of trimethylpentane and the samples were stirred and centrifuged as before.

The upper phase was discarded. The lower phase was evaporated under compressed air in a
water bath at 60°C and then diluted in 900 pi of methanol. The samples were then placed in a
Decon F5 minor ultrasound bath (BDH Laboratory Supplies, UK) at room temperature for 5
minutes and then re-suspended in

100

pi of distilled water.
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2.5.4

Purification
The free steroids recovered after delipidation were purified by solid-phase sorbent

extraction on AMPREP silica minicolumns C l 8 (500 mg, Amersham International, UK). The
Minicolumns were connected to a syringe using a column adapter (Amersham, UK). The
samples and the solvents were passed through the columns by applying positive pressure with
the syringe. The minicolumns were first rinsed with 5 ml of methanol, followed by 5 ml of
distilled water, and finally 5 ml of methanol 90% diluted in distilled water. The samples were
then passed through the columns. Five ml of methanol was then passed through the columns
and collected with the samples. The methanol was evaporated off under compressed air in a
water bath at 60°C.

2.5.5

Solvolysis
This procedure removes the sulphate group from sulphated steroids making it possible

to measure the concentration of PREG-S or DHEA-S using an anti-PREG or anti-DHEA
antibody respectively.
The aqueous phase containing the sulphate steroids obtained from the extraction
procedure (section 2.5.2) was mixed with Ig of NaCl,

6

drops of sulphuric acid (96%, BDH

Laboratory Supplies, UK), and 10 ml of ethylacetate. The samples were stirred for 5 minutes at
2500 cpm, and centrifuged at 2270 g for 5 minutes at 20 °C. The upper phase was collected in
another tube, and 10 ml of ethylacetate was added to the lower phase. The samples were stirred
and centrifuged as above. The upper phase was collected and the samples were left overnight
in a heater at 37°C.
After this, 5 ml of NaOH IN was added and the samples were centrifuged at 2270 g for
5 minutes at 20°C. The lower phase was discarded. The upper phase was re-suspended in 5 ml
of distilled water, stirred and then centrifuged at 2270 g for 5 minutes at 20°C. The lower
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phase was discarded and the washing step was repeated as above. The upper phase was
evaporated off under compressed air in a water bath at 60° C.

2.5.6

Steroid extraction from the IMHV and LPO
The procedure used was similar to that for the whole forebrain or mid-hind brain

except for the volumes of the buffer and solvents used: homogenisation was in 2.5 ml of PBS;
5 ml of trimethylpentane/ethylacetate was used for the separation of sulphated from free
steroids; delipidation was done with 5 ml trimethylpentane and 5 ml of methanol 90%;
solvolysis was completed with 0.5 g of NaCl, 3 drops of H2 SO4 , 5 ml of ethylacetate, 2.5 ml of
NaOH and 2.5 ml of distilled water.

2.5.7

Steroid extraction from plasma
Seven hundred microlitres of plasma from each chick was placed in a polypropylene

tube and the extraction followed the same procedure as in sections 2.5.2- 2.5.5.

2.5.8

Sample preparation for radioimmunoassay
The evaporated samples were dissolved in methanol and placed for 10 minutes in the

ultrasound bath at room temperature. Phosphate gelatine buffer (PGB) was then added.
Composition of the buffer in mM was: Na^HPC^H^C, NaH^PC^H^C 37, NaCl 154, NaN 3
15, 1% of gelatine; pH was 7.4. The volumes of methanol and PGB used to dissolve the
samples are shown in Table 2.1 :
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Tissue

Steroid form

forebrain (500 mg)

free

400

600

forebrain (500 mg)

sulphate

260

390

mid/hind brain (500 mg)

free

400

600

mid/hind brain (500 mg)

sulphate

260

390

plasma (1ml)

free

400

600'

plasma (1 ml)

sulphate

260

390

IMHV (30 mg)

free

200

300

IMHV (30 mg)

sulphate

120

180

LPO (30 mg)

free

200

300

LPO (30 mg)

sulphate

200

300

Methanol (pi)

PGB (pi)

Table 2.1 Volumes of methanol and PGB used to dissolve the sample extracts.

In order to determine the steroid recovery 100 jj.1 of each sample was placed into a
scintillation counting vial mixed with 5 ml of scintillation liquid (Pico Fluor™ 15, Packard
Bioscience B.V., The Netherlands). The composition of the scintillation liquid was: 1,2,4trmethylbenzene 78-85%, sodium di-ocylsulphosuccinate 8-12%, ethoxylated alkylphenol

6

9%,

of

2,5-Diphenyloxazole

0-1%,

l,4-bis(2-methylstyryl)benzene

0-1%.

A

count

-

disintegration per minute (dpm) was determined using a Beckman LS 1701 liquid scintillation
counter.

2.5.9

Radioimmunoassay
The principle of steroid radioimmunoassay is based on the competitive interaction

between a steroid labelled with a radioisotope (*S) and the respective non-label led steroid (S)
with the specific antibody (Ab), as shown in the following equation (Abraham, 1973)
*S + Ab ^ *SAb
+

S + SAb
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When the radioactive steroid (*S) is incubated with the antibody alone, a certain
amount of the radiolabelled steroid binds to the antibody. Upon addition of an increasing
amount of the non radiolabelled steroid (S) a corresponding decreasing fraction of *S is bound
to the antibody. Then, the amount of radioactivity bound is used to construct a standard curve
against which the unknown samples are measured

2.5.9.1

Standard curve preparation
The standard PREG or DHEA concentrations were prepared by diluting stock

concentrations (10 ng/ml or 7 ng/ml diluted in methanol) to 5000, 3500, 2500, 1750, 1250,
875, 625, 437.5, 315.5, 156.2 pg/ml in methanol. Solvents were evaporated under compressed
air in a water bath at 60° C. They were then dissolved in 400 pi of methanol and placed for 10
minutes in an ultrasound bath at room temperature. Finally 600 pi of PGB was added.

2.5.9.2

Antibodies
The antibodies used for pregnenolone and dehydroepiandosterone radioimmunoassay

were obtained from Biogenesis Ltd., UK. The characteristics of the antibodies are listed in
Table 2.2. The cross-reactivity for each antibody is shown in Table 2.3

Pregnenolone

Dehydroepiandosterone

Type

polyclonal

polyclonal

Immunogen

pregenolone-3-HS-BSA

dehydroepiandosterone-HMS-ovoalbumin
conjugate

Host/source

rabbit

sheep

Table 2.2 Characteristics of the antibodies used in the radioimmunoassay.
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(A)
Steroid

Cross reaction
(%)

pregnenolone

100

5a-pregnan-3a01, 20 one

5.6

5a-pregnan-3,20 dione

4.5

progesterone

3

17-hydroxyprogesterone

1.4

17-hydroxypregnenolone

1

corticosterone

<0.5

11-deoxycorticosterone

<0.5

cortisol

<0.5

11-deoxycortisol

<0.5

5fc-pregnan-3, 20dione

<0.5

5a-pregnan-3a, 20a diol

<0.5

5a-pregnan-3 B, 20a diol

<0.5

(B)
Steroid

Cross reaction(%)

dehydroepiandosterone

100

5a-androstenedione

7.9

5 androstenodione

5.2

androsterone

4.4

4 androstenedione

3.3

testosterone

< 0 .4

androstenediol

< 0.5

Table 2.3 Cross-reaction of various steroids with PREG antibody (A), and DHEA antibody (B)
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2.5.9.3

Incubation
One hundred microlitres of each sample or standard concentration (in triplicate) was

mixed with

100 jal of a solution of [7-3 H(N)]-pregnenolone or [1,2,6,

7-3 H(N)]

dehydroepiandosterone. Both solutions were prepared by diluting the stock solutions,
described in section 2.5.1, in PGB at a concentration of 70 dpm/pl. Then 50 pi of the antibody
anti-PREG (final concentration 1/355), or anti-DHEA (final concentration 1/500) diluted in
PGB was added. The incubation was done in glass test tubes. The tubes were incubated for
approximately 16 hrs (overnight).

2.5.9.4

Separation o f free from antibody-bound steroid
Finally 750 pi of Dextran-coat charcoal buffer was applied to each tube to precipitate

the free steroids (not bound to the antibody) and the tubes were left for 10 minutes at 4°C. The
composition of the Dextran-coat charcoal buffer in mM was: N a z H P O ^ ^ O

61.2,

NaH 2 P 0 4 2 H2 0 38.6, Dextran T70 (Sigma Chemical Co., UK) 0.25%, Charcoal (Sigma
Chemical Co., UK) 2.5%, pH was 7.4. The samples were centrifuged at 2270 g for 15 minutes
at 4°C. The supernatant, which contains the antibody-bound steroids, was decanted into a
counting vial and mixed with 5 ml of scintillation liquid. A dpm count was obtained using a
Beckman LS 1701 liquid scintillation counter.

2.5.10 Calculation of PREG/DHEA concentration
The concentration of the neurosteroid in the samples was determined from a standard
curve, this was established by plotting the natural logarithm (In) of the known standard steroid
quantities (pg) against the radioactivity (dpm) (Abraham, 1973; Figure 2.4). The Ln
transformation gives a rectilinear plot whose equation is:

. ... ,

.

„
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dpm = b- a (LN pg of steroid)

3000 n
2500

2000
o. 1500

1000
500

Ln pg of neurosteroid

Figure 2.4 Example of a standard curve for radioimmunoassay calibration obtained in one of the experiments of
this study

Regression analysis (Statistica v.6 , StatSoft pic.) was used to calculate the slope (a),
intercept (b) and correlation coefficient for the standard curve.
The quantity of neurosteroids in the samples was calculated using the following expression (re
ordering the above equation)
pg of steroid = e(b"dpm/a)

The correlation coefficients for the standard curve were within the range r = 0.90-1.00.
Steroid recovery was calculated as a percentage, i.e.

______ dpm in the samples after extraction
dpm added at the beginning of the extraction.

x jqo

The concentration of steroid in a particular area was then calculated by:
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Concentration (ng/g)= ng of steroid in the RIA tube x volume of the sample
weight of tissue x % recuperation

2 .6

IMMUNOCYTOCHEMISTRY
Chicks were killed by decapitation and the brains were taken out as described in

section 2.3. The brains were frozen in isopentane (pre-cooled on dry ice, BDH Laboratory
Supplies, UK) and stored at -40 °C. The brain was mounted on a cryostat chuck using a Oct
compound (Histological Equipment Ltd., UK) and 15 pm coronal sections were cut using a
Leica CM 1900 cryostat (Leica Instruments GmbH, Germany) at -18°C.
Sections were mounted onto poly-L-lysine subbed coverslips (subbed by immersion in
10% poly-L lysine solution for 10 minutes, then fan drying for 30 min). The sections were
stored at -40 °C until use. The sections were fixed by immersing them for 7 minutes in
paraformaldehyde (4%) in Tris buffer saline (TBS). The composition of TBS was in mM: Tris
50, NaCl 150, pH was 7.5. The slices were washed once with TBS for 5 min, and then the
appropriate antibody (50 pi, diluted in TBS and containing 2% of bovine serum albumine
(Sigma Chemical Co., UK) and 0.1% of NP40 was added to the slides (see Table 2.4). The
slides were left with the antibody overnight at 4 °C. After the incubation, the sections were
washed three times for 5 min in TBS to remove the residual antibody. Afterwards, 50 pi of the
second antibody was applied and the slides were left for 2 hours at 35 °C (see Table 2.4). The
sections were washed 3 times in TBS as above. Then the slides were mounted with Dako
fluorescent mounting medium (Dako Corporation, USA). The immunopositive cells were
localised using a confocal microscope (Leica TCSNT).
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First
antibody

Type

Source

Supplier

Dilution
used

Secondary antibody

Supplier

Dilution
used

P450scc

polyclonal

rabbit

Chemicon

1/500

Cy™3-conjugated goat
anti-rabbit IgG

Jackson
ImmunoResearch
Laboratories

1/500

NeuN

monoclonal

mouse

Chemicon

1/50

FITC conjugated goat
anti-mouse IgG

Sigma Biosciences

1/30

GFAP

monoclonal

mouse

Chemicon

1/100

AMCA anti-mouse IgG

Vector laboratories

1/75

GalC

polyclonal

rabbit

Biogenesis

1/10

AMCA anti-rabbit igG

Vector laboratories

1/75

Table 2.4 Characteristics and dilutions of the antibodies used in the immunocytochemical experiments.

2 .7

S t a t is t ic a l a n a l y s is
Statistical significance was assessed using G-test for goodness of fit (behavioural

results, Sokal and Rohlf, 1995) and ANOVA followed by Tukey’s honestly significant
difference (Tukey’s HSD) test when necessary (biochemical results, Sokal and Rohlf, 1995). A
value of p<0.05 was considered to be significant.

2 .8

P r e l im i n a r y r e s u l t s

These preliminary experiments were carried out to see whether or not the chick brain
contain PREG, DHEA and other metabolically related neurosteroids such as progesterone and
allopregnanolone. This experiment only gives an approximation of the concentration of
neurosteroids in chicks since the sample size was very small and it is no possible to determine
average concentrations. The exact concentrations of these neurosteroids in brain and plasma
will be specifically studied in chapter three.

2 .9

E x p e r im e n t a l p r o c e d u r e s
Brain and plasma samples were collected and stored as described in sections 2.3 & 2.4.

The samples were placed on dry ice and sent to INSERM U488 Le Kremlin-Bicetre Cedex,
France who determined their neurosteroid content.
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In these pilot studies, neurosteroid concentrations were determined using gas
chromatography-mass spectometry (GC-MS), The methodology used in this study was
developed in INSERM U488 Le Kremlin-Bicetre Cedex, France (Liere et al., 2000) and the
experiments were performed by Dr. Yvette Akwa and Dr. Philippe Liere. In summary, the
procedure consists of extraction, fractionation by solid-phase extraction (SPE), purification by
high performance liquid cromatography (HPLC) of unconjugated neurosteroids and solvolysis
of sulphated neurosteroids, derivatisation with heptafluorobutyric acid anhydride (HFBA) and
GC/MS analysis as set out by Liere et al. (2000).

2.9.1

Results and discussion
The results achieve the aim set out above in that they establish that the neurosteroids

PREG, PREG-S, DHEA and PROG are present in the brain of one-day-old chicks. All these
steroids, with the exception of DHEA, were also detected in plasma. DHEA-S was not detected
either in brain or plasma but this was probably due to the very low recovery o f the sulphates.
Allopregnanolone was not detectable in any of these samples. The individual values for each
neurosteroid are shown in Table 2.5.
The aim of these experiments was not to ascertain exact mean levels, thus few samples
were included. However, even in these few samples a high level of variability was observed.
Perhaps the variability is due to a difference in the way the animals were handled before they
were killed. Therefore, in later experiments, special care was taken when handling the animals
in order to minimise variability.
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PREG

PREG-S

DHEA

PROG

3a,5a-THP

Chick 1

0.86

0.78

nd

2.47

nd

Chick 2

0.44

1.21

nd

0.73

nd

Chick 3

0.44

1.61

nd

0.44

nd

Chick 1

9.95

18.72

1.20

2.24

nd

Chick 2

9.03

8.00

0.84

2.07

nd

Chick 3

26.74

1.82

1.82

5.81

nd

Chick 1

29.62

2.66

2.09

6.55

nd

Chick 2

16.10

2.64

4.65

3.59

nd

Chick 3

9.67

3.29

17.09

2.13

nd

Plasma (ng/ml)

Forebrain
(ng/g)

Mid-hindbrain

Table 2.5 Neurosteroids in plasma and brain measured by gas chromatography-mass spectometry.
nd: not detected.
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3

3.1

Presence and synthesis o f neurosteroids in the chick brain

I n tr o d u c tio n
The experiments described in this chapter were undertaken to address the first question

of this thesis: are the neurosteroids PREG, PREG-S, DHEA and DHEA-S present and
synthesised in the chick brain? To do this, the levels of neurosteroids were measured in the
brain and plasma of naïve chicks. As described in chapter one, section 1.1.2.1, the enzyme
P450scc catalyses the synthesis o f PREG from cholesterol and is the rate limiting step in
steroidogenesis. Thus, the presence of P450scc in the chick brain was also investigated to
determine whether PREG could be synthesised de novo in the brain.

3.2

E x p e r im e n t

one:

M easurem ent

of

n e u r o s t e r o id s

in

the

b r a in

and

PLASMA

3.2.1

Experimental design
A total of 51 chicks were used in this experiment from four different batches.

Approximately 12 chicks (24-36 hrs old) from each batch were transferred in pairs from the
group cage to aluminium pens (20 x 25 x 20 cm) illuminated by 25 W red light bulbs with
water and food provided ad libitum. The chicks were left in the pens for between one and two
hours in order to overcome any stress caused by transferring them from the communal cage to
the small pens. Chicks were killed by decapitation and the brain and blood were collected as
described in chapter two, section 2.3 & 2.4, and the sex was determined by examining the
gonads. The forebrain and the mid-hind brain were dissected as described in chapter two,
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section 2.3. When one chick was removed from a pen, its pen-mate was immediately
transferred to another pen containing other chicks to prevent social isolation. It has been shown
that isolation has an important effect on behaviour and increases the levels of corticosterone in
chicks (Johnston and Rose, 1998). Decapitation, collection of brain and blood, and dissection
was done as quickly as possible, taking approximately 5 minutes per chick and one hour for a
batch of chicks. The neurosteroids were extracted and measured by radioimmunoassay as
described in chapter two, section 2.5.

"

- --

-

-

.......

PREG and PREG-S were measured from each forebrain, plasma and mid-hind brain
samples. It was not possible to measure DHEA and DHEA-S from the same samples due to a
delay in obtaining DHEA antibody. When the antibody became available, DHEA and DHEA-S
were measured from other (stored) forebrain, mid-hind brain and plasma samples from chicks
of the same batches used for PREG and PREG-S measurement. Thus each batch contributed
the same number of chicks to each neurosteroid and sex group enabling me averaging o f data
across different batches and thereby accounting for possible inter-batch variation.

3.2.2

Basal levels of PREG-S and PREG in the brain and plasma
The concentrations of PREG and PREG-S of female and male chicks in the forebrain,

mid-hindbrain, and plasma are shown in Figure 3.1.
Two-way ANOVA showed that there are differences in PREG-S concentration
between the measured areas (F2,3o=16.10, pO.OOl), but no differences between the sexes
(Fi,30=0.723 p=0.402) and no interaction of the factors sex and region (F2,3o= 1.403 p=0.261).
Post-hoc analysis by Tukey’s HSD test showed that the concentration of PREG-S in the mid
hindbrain is lower than that in the forebrain (pO.OOl) and plasma (pO.OOl). There were no
significant differences in PREG-S concentration between the forebrain and plasma (p=0.459)
(see Figure 3.1 A)

80

Chapter three: Presence and synthesis of neurosteroids in the chick brain

Two-way ANOVA with region and sex as factors indicates significant differences in
the concentration of PREG between the regions

(F 2i3o= 2 9 . 4 1 6 ,

pO.OOl), but no difference

between the sexes (F, 30 = 1.280, pO.266), and no interaction of sex and region (F2i3o= l.243,
p=0.302). Post-hoc analysis using Tukey’s HSD test showed that the concentration of PREG in
the mid-hindbrain, was higher than that in the forebrain (pO.OOl), and plasma (pO.OOl).
There was no significant difference in PREG concentration between the forebrain and plasma
(p=0.706; see Figure 3.1 B).
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Figure 3.1 PREG-S (A) and PREG (B) concentrations in the plasma, forebrain and mid-hind brain from
female (open bars) and male (solid bars) chicks. The values represent the mean ± SEM. ^Statistically
different to forebrain and plasma, p<0.05 in each case, n values for each group are given in the relevant bar.
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3.2.3

Basal levels of DHEA-S and DHEA in the brain and plasma
The basal concentrations of DHEA-S and DHEA from female and male chick

forebrain, mid-hindbrain and plasma are shown in Figure 3.2. Two-way ANOVA, with sex and
region as factors, indicates that there are differences in the concentration of DHEA-S between
the different regions (F2,29=72.420, pO.OOl) but there are no differences between the sexes
(F; 48=0.160, p=0.691) and no interaction of sex and region (F=0.746, p=0.928). Post-hoc
analyses by Tukey’s HSD test indicate that the concentration of DHEA-S in the forebrain is
higher than that in the mid-hindbrain (pO.OOl), and than in plasma (pO.OOl; see Figure 3.2
A).
Two-way ANOVA of DHEA concentrations, with region and sex as factors, indicates
that there is a main effect of region (F2,29=337.02 pO.OOl), no main effect o f sex (F2i29=3.72,
p=0.063), but there is an interaction between the factors (F2,29=4.28, p=O.O23). Post-hoc
analyses by Tukey’s HSD test indicate that in both females and males DHEA concentration in
the forebrain was higher than that in the mid-hind brain (pO.OOl in both sexes) and than in
plasma (pO.OOl in both sexes; see Figure 3.2 B). Moreover, a higher level of DHEA was
found in the forebrain of female chicks compared to that in male chicks (p=0.016). There was
no significant difference in DHEA concentration between the mid-hindbrain and plasma either
in females (p=0.996) or in males (p=O.99O).
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Figure 3.2 DHEA-S (A) and DHEA (B) concentration in the plasma, forebrain and mid-hind brain from female
(open bars) and male (solid bars) chicks. The values represent the mean ± SEM. (A)*Statistically different to mid
hindbrain and plasma (B) ^Statistically different to mid-hindbrain and plasma of the same sex. ^Statistically
different to the males of the same treatment group, p<0.05 in each case, n values for each group are given in the
relevant bar.
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3 .3

E x p e r i m e n t t w o : D e t e c t io n o f c y t o c h r o m e P 4 5 0 s c c in t h e
c h ic k b r a in

3.3.1

Localisation of P450scc immunoreactivity
Sections (15 gm) of chick forebrain from

6

chicks were incubated with P450scc

antibodies as described in chapter two, section 2.6 These sections showed intense and
widespread immunoreactivity in cell bodies. The distribution of P450scc immunopositive cells
appeared to be homogeneous throughout the forebrain, that is, there were no obvious clusters
of positively stained cells. However, I concentrated on staining in the IMHV region (as shown
in Figure 3.3).

3.3.2

Identification of the type of P450scc immunoreactive cells
In order to identify the type of cell stained with P450scc antibodies, a double labelling

was conducted with either the neuronal nuclear marker NeuN, the astrocytic marker GFAP, or
the ohgodendrocytic marker GalC (see chapter two, section 2.6). The P450scc immunostaining
overlapped with NeuN immunostaining (see Figure 3.4) but did not overlap with GFAP
staining (see Figure 3.5). This suggests that the P450scc immunopositive cell bodies are
neurons and not glial cells. No GalC-immunopositive cells were detected in the chick brain.

Figure 3.3. Coronal section o f day-old chick brain (4.3 mm cordai from rostral poles of the forebrain)
indicating (in square) the regions shown in Figures 3.4 and 3.5. The region shown in Figure 3.5 was close to
the ventricule. The actual widht of the section was 17 mm and the height was 12 mm. The section was
stained with toluidine blue.
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Figure 3.4. Immunoreactivity o f P450scc (A), NeuN (B) and overlap between
P450scc and NeuN (C). Magnification 40x, scale: 1cm = 40.00 pm.
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Figure 3.5. Immunoreactivity o f P450scc (A), GFAP (B) and overlap between
P450scc and GFAP (C). Magnification 40x, scale: 1cm = 40.00 pm.
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3.4 E x p e r i m e n t t h r e e : R e c o v e r y a n d d i s t r i b u t i o n o f DHEA-S i n t o
THE BRAIN WHEN INJECTED INTO THE IMHV

This experiment was carried out to determine whether the neurosteroids injected into
the IMHV diffuse as far as the LPO and also to establish how much of the amount of
neurosteroid injected may be retained in the brain at different times after injection. This
experiment was conducted with DHEA-S and DHEA but not with PREG-S and PREG because
of the unavailability of radiolabelled PREG-S.

3.4.1

Experimental design
Chicks from the same batch were injected with 4 ng of [3H] DHEA-S into the IMHV or

3ng of [3 H] DHEA (112000 dpm). At different times after training (5, 15, 30 or 60 min) they
were killed and the brain was removed. Six chicks were used for each time point for each
neurosteroid. The IMHV and the LPO were dissected from each brain, weighed and frozen on
dry ice as described in chapter two, section 2.3. The rest of the brain including the remaining
forebrain and mid-hindbrain were also weighed and frozen on dry ice. Each sample was placed
in a polypropylene Falcon tube and then homogenised in PBS as described in chapter two,
section 2.5.2. An aliquot (100 pi) from each homogenate was placed in a scintillation vial,
mixed with 5 ml of scintillation liquid and the radioactivity was counted in a liquid scintillation
counter (Beckman LS 1701).

3.4.2 „ Results
The percentage of radioactivity retained in the whole brain is shown in Table 3.1.
Approximately 20% of the radioactivity from either DHEA-S or DHEA was retained in the
brain 5 min after injection and it had almost disappeared after one hour. Although the
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radioactivity decreased with the time, the distribution within the IMHV and LPO is relatively
constant. Approximately half of the amount total radioactivity retained within the brain is
localised in the IMHV, whereas approximately 10% remains in the LPO (See Table 3.1).

(A)
Time after
injection (min)

% of
recovery in brain

% of radiactivity in
IMHV

% of radiactivity in
LPO

5
15
30
60

18.5 ±0 .5
11 ± 2.4
4.6 ± 1.3
2.5 ±0 .6

50
39
39
35

9±2
7± 1
8±4
12 ± 7

Time after
injection (min)

% of
recovery in brain

% of radiactivity in
IMHV

% of radiactivity in
LPO

5
15
30
60

24 ±2.2
9.7 ±0.8
5.1 ± 1.9
1.4 ± 0.9

41 ± 8
34 ± 7
4 5 ± 12
38 ± 6

13 ± 4
11 ± 1
12 ± 4
15 ± 5

±13
±8
±5
±9

(B)

Table 3.1 Recovery and distribution of [3H]DHEA-S (A) or [3H]DHEA (B) in the chick brain. Data in the second
column are expressed as a percentage of injected radioactivity. Data in columns 3 and 4 are expressed as
percentage of total radioactivity measured in the whole brain.

3.5

D isc u ssio n

The first question addressed in this study was whether PREG-S, PREG, DHEA-S and
DHEA were present in detectable amounts in the brains of female and male one-day-old
chicks. Results show that PREG-S, PREG, DHEA-S and DHEA were indeed present in the
day-old chick brain, moreover, they were found in higher amounts in some brain subdivisions
than in the plasma. PREG-S, PREG, DHEA-S and DHEA all showed region-specific
distributions. PREG-S, DHEA-S and DHEA were present in much higher concentrations in the
forebrain than in the mid-hind brain whereas PREG was present in much higher concentrations
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in the mid-hindbrain than in the forebrain. Females had higher forebrain concentrations of
DHEA than males, but there were no sex differences detected in DHEA-S, PREG-S or PREG
concentrations.
The higher concentration of PREG-S, PREG, DHEA and DHEA-S in some parts of the
brain than in the plasma is consistent with studies in rats (Young et al., 1994), frogs (Takase
et al., 1999), and humans (Lanthier and Patwardhan, 1986). However, it is in contrast with
studies in Japanese quails in which only PREG was more abundant in the brain than in the
plasma (Tsutsui and Yamazaki, 1995; see Table 1.1).
To my knowledge rats are the only other species where PREG, PREG-S, DHEA and
DHEA-S have been measured in one-day-old animals (Robel et al., 1999; see chapter one,
section 1.1.1). The concentrations of PREG-S and PREG are in the same range in young rat
brains as in young chick brains but the concentrations of DHEA-S and DHEA were much
lower in the young rat brains than they were in young chick brains, although concentrations in
plasma are in the same range.
This chapter also addresses the question of whether PREG-S, PREG, DHEA-S and
DHEA are synthesised de novo in the chick brain. One line of evidence supporting the
synthesis of neurosteroids in the brain comes from the observation that higher levels o f PREGS, PREG, DHEA-S and DHEA are detected in the brain compared to the plasma (Baulieu,
1997) although it is possible that these neurosteroids are actively taken up by the brain rather
than being synthesised within it. The synthesis of PREG in the chick brain is, however, further
supported by the presence of P450scc in the brain. This result is in agreement with the previous
findings of P450scc mRNA in adult chicken brains (Nomura et al., 1998) and with studies in
quails (Tsutsui and Yamazaki, 1995; Usui et al., 1995), rats

(Kohchi et al., 1998; Le

Goascone et al., 1987; Mellon and Deschepper, 1993; Stromstedt and Waterman, 1995;
Zwain and Yen, 1999b), humans (Watzka et al., 1999) and frogs (Takase et al., 1999).
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In this study I have shown that P450scc is located in neurons but not in astrocytes
(GFAP positive cells). It was not possible to determine whether oligodendrocytes express
P450scc because no gal-c immunopositive cells were detected.

Although there is still a

possibility that P450scc is localised in oligodendrocytes in day-old chicks, neurons seem to be
the main cell type where P450scc is expressed due to the high overlap in staining between
Neu-N positive cells and P450scc positive cells (see Figure 3.4).
These results differ somewhat to those observed in other species. In the quail forebrain
P450scc was found both in neurons and in astrocytes but in the cerebellar cortex it was found
only in neurons (Usui et al., 1995). Conversely, in rats, even though P450scc is synthesised in
neurons, it is found mainly in glial cells (Hu et al., 1987; Jung-Testas and Hu, 1989;
Papadoulos et al., 1992; Zwain and Yen, 1999b; see chapter one, section 1.1.2.1)
The results also indicate that the amount of DHEA-S or DHEA retained in the brain 5
min after injection represents only around

20

% of the contents in the microsyringe and almost

disappears by one hour. These results have very important implications. Firstly, they indicate
that the doses said to be administered in this study are probably overestimated and makes it
difficult to determine accurately the effective doses. It is clear, however, that all the chicks
injected with the similar doses retain approximately the same amount o f neurosteroid as shown
by the lack of variability of percentage of retention among chicks. Secondly, they indicate that
the neurosteroids probably remain in the brain for no longer than one hour. This does not
indicate whether they are metabolised to other steroids or if they remain as DHEA-S or DHEA
during that period.

Finally, these results demonstrate that the action of the neurosteroids

injected into the IMHV may not be restricted to this brain region. They can also act in the LPO
and surrounding areas. A similar study with glutamate, encephalin and ouabain was performed
by Rosenzweig et al. (1991). The authors also found a low percentage of retention, which
varied between 20 and 40% depending on the substance injected. Experiments conducted in
our laboratory previously with glutamate have shown about 30% o f recovery (Johnston,
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unpublished). This seems to be a general problem when injecting substances into the chick
brain and should be considered in pharmacological experiments using chicks.
In conclusion the results presented in this chapter show that PREG-S, PREG, DHEA-S
and DHEA are present in the brain in significant quantities and are most likely synthesised de
novo in the brain. The possible role of PREG-S, PREG, DHEA-S and DHEA on memory
formation will be explored in the following chapters.
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4

four

Effects o f passive avoidance training on the concentration o f
neurosteroids

4.1

I n t r o d u c t io n
The experiments described in this chapter were undertaken to address the second

question of this study: does exposure to a ‘learning’ experience modulate the levels of
neurosteroids? Previous evidence has indicated that the IMHV and LPO are both involved in
learning and memory in chicks (see chapter one, section 1.3.1), therefore the concentration of
PREG-S, PREG, DHEA-S and DHEA-S were measured in these areas at various times after
training. Because early changes generally occur in the IMHV and later changes in the LPO,
concentration of neurosteroids in the IMHV were examined at 5 and 30 min and in the LPO at
60 and

4.2

120

min after training.

E x p e r i m e n t o n e : N e u r o s t e r o id c o n c e n t r a t io n s in t h e im h v
FOLLOWING TRAINING ON THE PASSIVE AVOIDANCE TASK

4.2.1

Experimental design
Chicks from three different batches were divided randomly in two groups. One group

was pre-trained as described in chapter two, section 2 .2 , the other group was not pre-trained.
Chicks that satisfactorily pre-trained were divided randomly in three groups. One group was
not trained, the other two were trained on the passive avoidance task using 100% MeA as
described

in

the

chapter

two,

section

2 .2

and

they

were

not

tested.

The trained chicks were divided randomly in two groups. One group were killed 5
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minutes after training and the other group were killed 30 min after training. In order to avoid
differences in the time of dissection between the trained and untrained groups both groups
were killed within the same time interval. The IMHV of each chick was dissected out
immediately after the chick was killed and sex was determined by inspection of the gonads.
The

neurosteroids

were

extracted

and

PREG

and

PREG-S

were

measured

by

radiommunoassay as described in chapter two, section 2.5. In this experiment three batches of
chicks were used. Twenty one percent of the female chicks

(8

of 43) and 23% of the total male

chicks (11 of 48) initially included in the pre-training group were excluded because they did
not reach the pre-training criteria. The percentage of female and male chicks of the training
group that were excluded because they did not reach the training criteria was 8 %, (3 of 24) and
10% (3 of 28) respectively.
In order to measure the concentrations of DHEA and DHEA-S the same procedure as
above was performed using other three batches of chicks. It was not possible to measure
PREG-S, PREG, DHEA-S and DHEA from the same animals because of the small volume of
the sample produced from each animal. In this experiment the percentage of chicks excluded
because they did not peck during the pre-training was 21% for females (7 of 34) and 19% for
males (7 of 37). Sixteen percent of the females chick (3 of 19) and 14% (3 of 22) of male
chicks from the training group were excluded because they did not reach the training criteria.

4.2.2

PREG and PREG-S concentrations in the IMHV 5 min and 30 min after training
The concentration of PREG-S and PREG in the IMHV from the control and trained

groups are shown in Figure 4.1. Since there were no differences between chicks that were pre
trained but not trained and chicks non-pre-trained and non-trained (PREG-S, F |$2 i= 1 .2 0 ,
p=0.285; PREG F, 21= 1 . 4 3 p=0.244), these results were pooled. Two-way ANOVA with
training and sex as factors indicates that there was no main effect of training (F2 >39= 1 .663,
p=0.202) on PREG-S concentration. There was, however, a significant difference between the
93
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, pO.OOl) but not interaction of treatment and sex (F],39= 1.359 p=0.268)

(Figure 4.1 A.)
There were no differences in PREG concentration in the IMHV between the groups
(F2 .39 ~ 2 .3 5 , p=0.108) or between the sexes (F|

39 = 0 .6

11, p=0.438) and no interaction of the

factors treatment and sex (F2i39=0.558, p=0.576; see Figure 4.1 B).

50

40

Ü
30

20
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0
basal

5 min

30 min

as 20

basal

5 min

30 min

Figure 4.1. PREG-S (A) and PREG (B) concentrations in the IMHV from females (open bars) and males (solid
bars) following the passive avoidance training with 100% MeA. Basal levels are from age and batch-matched, but
non-trained chicks. Bars represent the mean ± SEM. Times given are min after the end of the training, n values are
given in the relevant bar. There is an overall significant difference between the sexes in the concentration of
PREG-S (A), p<0.01.
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DHEA and DHEA-S concentrations in the IMHV 5 and 30 minutes after training
The concentrations of DHEA-S and DHEA and in the IMHV in the control and

treatment groups are given in Figure 4.2. Two-way ANOVA with training and sex as factors
indicates that there was no main effect of training on the concentration o f DHEA-S
(F2,29=0.888>p=0.422), no effect of sex (F, 29=0.418 p=0.522) and no interaction between these
factors (F2,29=0.819 p=0.451, see Figure 4.2 A). There were no differences in the concentration
of DHEA between the treatment groups (F2,29=0.321 p=0.728), and no differences between the
sexes (F,,29=0.872, p=0.370) and no interaction between these factors (F2,29=0.116 p=0.890)
(see Figure 4.2 B)
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Figure 4.2 DHEA-S (A) and DHEA (B) concentrations in the IMHV from females (open bars) and males (solid
bars) following the passive avoidance training with 100% MeA. Basal levels are from age- and batch-matched, but
untrained chicks. Bars represent the mean ± SEM. Times given are min after the end of the training, n values are
given in the relevant bar.
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4.3 E x p e r i m e n t t w o : N e u r o s t e r o i d c o n c e n t r a t i o n s in t h e LPO
FOLLOWING TRAINING ON THE PASSIVE AVOIDANCE TASK

4.3.1

Experimental design
Chicks from the same batch were divided randomly in three groups. One group was

neither pre-trained nor trained (control group), the other two were pre-trained and trained on
the passive avoidance task using 100% MeA as described in chapter two, section 2.2. One
group of randomly selected trained chicks were killed 60 minutes after training and the other
group were killed 120 min after training. The LPO of each chick was dissected out
immediately after the chick was killed and the sex was determined by inspection of the gonads
(see chapter two, section 2.3). The neurosteroids were- extracted and measured by
radioimmunoassay as described in chapter two, section 2.5.
The LPO is not large enough for the simultaneous measurement of both steroids,
therefore, the batches of chicks used for the measurement of PREG and PREG-S were not the
same as those used for the measurement of DHEA and DHEA-S. For PREG and PREG-S
measurement 3 separate batches were used. The percentage of chicks excluded because they
did not peck at pre-training was 27% (7 of 26) in females and 24% (5 of 21) in males. Eleven
percent (2 of 19) of the females and 13% (2 of 16) of the male chicks pre-trained were
excluded because they did not reach the training criteria. For DHEA and DHEA-S
measurement 3 separate batches were used. The percentage of chicks excluded because they
did not reach the pre-training criteria was 17% (5 of 30) in females and 22% (5 of 23) in males.
Eight percent (2 of 25) of the females and 12% (2 of 18) of the male chicks pre-trained were
excluded because they did not reach the training criteria.
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4.3.2

PREG-S and PREG and concentrations in the LPO 60 and 120 min after training
The concentrations of PREG-S and PREG in the LPO 60 and 120 min after training are

shown in Figure 4.3. Two-way ANOVA indicates a significant main effect of training on
PREG-S levels (F2,3o=36.842, p<0.00L) and_a ^significant main effect o f sex. (F 1,30 = 10.06,
pO.OOl). There was also a significant interaction between the factors treatment and sex
( F 2,3o= 9 .2 2 ,

pO.OOl). Post-hoc analysis reveals that, in females, the concentration o f PREG-S

in LPO taken 60 min or 120 min after training was higher than that in LPO from untrained
chicks (pO.OOl in both cases), but there were no differences between the two time points
(p=0.944). There were, however, no significant differences in the concentration of PREG-S
between the treatment groups in males. The post-hoc analysis also shows that 60 and 120 min
after training the concentration of PREG-S in females is higher than in males (pO.OOl,
p=0.006 respectively; see Figure 4.3 A).
Two-way ANOVA with treatment and sex as factors indicates that there were no
differences in the concentration of PREG between the treatment groups (F2jn=l.76O, p=0.188).
There was, however, an overall difference between the sexes (F, 3 ,= 16.063, pO.OOl), but not
interaction of both factors (F2,3i=l,228 p=0.306; see Figure 4.3 B)
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F igure 4.3 PREGS (A ) and PREG (B ) concentrations in the LPO from fem ales (open bars) and males (solid bars)
follow ing the passive avoidance training with 100% M eA. Basal levels are from age and batch-matched, but
untrained chicks. Bars represent the mean ± SEM. Tim es given are min after the end o f the training, n values are
given in the relevant bar. (a) Statistically different to males o f the same treatment group, p<0.01 in each case.
^Statistically different to the sex-matched control group. There is an overall difference between the sexes in the
concentration o f PREG (B), p O .O l.
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4.3.3

DHEA and DHEA-S in the LPO 60 and 120 min after training
Figure 4.4 shows the concentration o f DHEA and DHEA-S in the LPO taken 60

and 120 min after training. Two-way ANOVA with treatment and sex as factors indicates
that there was no significant effect o f training on the concentration o f DHEA-S_
(F 2 ,3 o= 0 .2 2 1 , p=0.803), no overall difference between the sexes (Fi,30 = 1.63, p= 0 .2 1 1 ) and
no interaction o f treatment and sex (F 2 ,3 o = 0.510, p=0.605; see Figure 4.4 A).
There was no significant effect o f training on the concentration o f DHEA in LPO
(F2,3o=0.187, p=0.830). There was no difference between the sexes (DHEA, Fi,3o=0.290,
p=0.588) and no interaction between factors (F 2 ,30 = 1 .898, p=0.167) (see Figure 4.4 B).
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F igure 4.4 DHEA-S (A ) and DHEA (B ) concentrations in the LPO from fem ales (open bars) and males (solid
bars) follow ing the passive avoidance training with 100% M eA. Basal levels are from age and batch-matched, but
untrained chicks. Bars represent the mean ± SEM. Times given are in min after the end o f the training, n values are
given in the relevant bar.
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4.4

D is c u s s io n
This study addressed the question of whether the passive avoidance training stimulates

the synthesis of PREG-S, PREG, DHEA-S and/or DHEA in the IMHV and LPO, brain areas
involved in learning and memory (Rose and Stewart, 1999). There were no differences
detected between the trained and untrained groups in the concentration of PREG-S, PREG,
DHEA-S or DHEA in the IMHV at 5 or 30 min after training. This result may suggest that an
increase in the synthesis of these neurosteroids in the IMHV is not necessary for the early
stages of memory formation. There is, however, a difference in the basal concentration of
PREG-S between the sexes; females have a higher concentration of PREG-S than males in the
IMHV and this sex difference was not altered by training. This sex difference, in the content of
PREG-S, was specific to the IMHV, because no differences between the sexes were detected in
the whole forebrain or the plasma (see chapter three).
PREG and DHEA (but not their sulphate esters) were also found in very much higher
concentrations in the IMHV compared to the LPO and the whole brain. The IMHV in young
chicks is known to be crucial for the consolidation of passive avoidance learning as well as
filial imprinting and possibly visual discrimination associated with learning to feed (Andrew,
1991). The high amount of free PREG and DHEA in the IMHV may suggest that endogenous
PREG and DHEA play a role in memory formation, even though no differences were found
between the treatment groups. One possible interpretation of our results is that PREG and/or
DHEA are involved in the biochemical cascade associated with memory formation, but that
this involvement does not necessitate an increase in their synthesis. It could be that the training
stimulates the release of already synthesised PREG and DHEA into the extracellular space, a
difference I could not detect using the current assay which measured only the total (intra and
extracellular) content of each neurosteroid.
There were differences, however, between trained and untrained chicks in the LPO. In
this region, trained females showed a higher concentration of PREG-S than un-trained females
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but no differences in PREG-S concentration were found between the male groups. Also, no
training-related differences were detected in the concentration of PREG, DHEA or DHEA-S in
LPO in either females or males. This suggests that training with 100% MeA induces an
increase in the synthesis of PREG-S in the LPO in females but not in males. Another
difference between the regions is that in the LPO, unlike the IMHV, the basal concentrations of
PREG and DHEA were similar to their respective sulphated forms and in the same range as in
the whole brain.
The higher concentration of PREG-S in the LPO in trained female chicks may be
related to stress. Previous studies have shown that stress can cause an increase in PREG in rats
(see chapter one, section 1.2.1.2). It could be hypothesised that females have higher levels of
PREG-S because they are more sensitive to stress. However, studies in chicks have shown that
male chicks respond much more than females to stressful situations (Andrew, 1991). The rat
studies have also shown that the time course for the increase of PREG after a stressful situation
correlates with that for corticosterone (Barbaccia et al., 1998; Barbaccia et al., 1994;
Barbaccia et al., 1996b). In chicks trained with 100% MeA, however, corticosterone increases
5 min after training and returns to basal levels by 15 min post-training (Sandi and Rose,
1997b) but high levels of PREG-S were detected from 60 to 120 min after training in the
present study. Therefore, the increase of PREG-S does not seem to be part o f the physiological
response to stress, but is more likely to be related to memory processing. This raises the
hypothesis that there is sexual dimorphism in the hormonal modulation of memory formationin the LPO. Neither this nor previous studies with passive avoidance learning in chicks have
shown differences between the sexes in retention levels (although male and female rats do
respond differently to a variety of memory tasks; van Haaren et al., 1990). A possible
explanation for this study is that females and males perhaps respond to a learning experience
with different hormonal changes that have the same effect on memory retention. This is not
very surprising if we assume that the hormonal modulation of memory, as well any other brain
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activity, is a result of the interaction of a set of hormones and their effects on different
neurotransmitter systems rather the action of one isolated hormone. If males and females have
dissimilar metabolic rates and different basal levels of steroid hormones (e.g. as shown in the
IMHV) then different hormonal responses (i.e increase the synthesis) would be needed to
adjust the system to produce a particular behaviour such as the avoidance response during the
test in the passive avoidance task. Therefore, future studies should measure the levels of other
steroid hormones in order that we can better understand the sex differences in PREG-S
concentration that are observed in the LPO after a learning experience. An investigation of the
effects of the administration of neurosteroids, especially PREG-S, in both sexes could also help
to shed light on the sex-specific reaction observed here.
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5

f iv e

Effects o f pregnenolone sulphate and pregnenolone on memory
formation

As described in chapter one, PREG-S and PREG have been shown to enhance memory
performance when administered by different routes to adult male mice and rats. These studies
were all performed in male animals. There is, therefore, no information about the effect of
these neurosteroids in chicks in general or in female animals. The experiments described in this
chapter were undertaken to investigate the effect of administration of PREG-S and PREG on
retention for the passive avoidance task in day-old-chicks of both sexes.

5.1

E x p e r im e n t o n e : E f f e c t o f PREG-S in j e c t io n s b e f o r e t r a in in g
ON THE AVOIDANCE RESPONSE

5.1.1

Experimental design
Seventeen batches were used in this experiment with an average of 52 chicks in each.

Chicks from the same batch were pre-trained as described in chapter two, section 2.2. Chicks
that met the pre-training criteria were then randomly allocated to one of four groups. Each
group was injected either with saline containing 0.001% DMSO or containing one o f the
following doses of PREG-S: 0.004, 0.04, 0.4, 4, 40, 400 ng (equivalent to 0.01, 0.1, 1, 10, 100
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pmol). Only three out of the six doses could be tested using each batch of chicks, but different
combinations of doses were used with each batch.
Fifteen minutes after injection chicks were trained on the weak passive avoidance task
(using 10% MeA). The test was performed 24 hours later as described in chapter two, section
2.2. After the test, chicks were killed and the sex was determined by inspection of the gonads.
Of the total number of chicks that were pre-trained 36% (160 of 445) of females and
31% (133 of 436) of males were excluded because they did not meet the pre-training criteria.
Data were analysed as set out in chapter two, section 2.7.

5.1.2

Results

Females:
As shown in Figure 5.1 A the avoidance levels of female chicks injected with 0.4 ng of
PREG-S were significantly higher than those of chicks injected with saline and those injected
with 4 or 40 ng of PREG-S (see Table 5.1). The percentage of avoidance of female chicks
injected with 0.004 ng appeared higher than that for the saline group, however, the difference
was not significant (0.10>p>0.05). There were no significant differences in the avoidance
levels between the females chicks injected with 0.04, 4, 40 or 400 ng of PREG-S and those
injected with saline (see Table 5.1).
Males:

, .

.

...

In male chicks, the doses of 0.004, 4 and 40 ng of PREG-S significantly increased the
percentage of avoidance compared to the saline-injected chicks and to 0.04, 4 or 400 ng
PREG-S-injected chicks (see Figure 5.IB and Table 5.1). There were no significant differences
in the percentage of avoidance between the chicks injected with 0.04, 0.4 or 400 of PREG-S
and the chicks injected with saline (see Table 5.1).
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The percentage of avoidance of chicks injected with PREG-S 4 and 40 ng was higher
in males than in females. No differences were observed in the percentage o f avoidance
between females and males injected with saline or 0.004, 0.04, 0.4 or 400 ng of PREG-S (see
Table 5.1)
In order to see whether the administration of PREG-S affected pecking behaviour per
se during training, the percentage of chicks injected with PREG-S that did not peck at the
chrome bead at training was analysed. No differences were found between the treatment and
matched control groups or between females and males for each treatment group in the
percentage of chicks that did not peck at the chrome bead during training (see Table 5.2).
The percentage of chicks that did not peck at the white bead during the discrimination
trial was also compared to saline-injected controls. The percentage of male chicks injected with
0.4 ng of PREG-S that did not peck at the white bead was significantly higher than those
injected with saline (G=4.73 p<0.05) and to female chicks injected with 0.4 ng o f PREG-S.
There were no differences in the pattern of pecking at the white bead during the discrimination
trial between saline-injected chicks and the other treatment groups or between females and
males for each treatment group (see Table 5.2).
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F igure 5.1 E ffect o f bilateral injections o f PREG-S into the IMHV 15 min before training on the percentage o f
fem ale (A ) and m ale (B ) chicks that avoided at test 24 after training. ^Statistically different to the internal (sexmatched), saline-injected, control group, G-test, p<0.05. #0.10>p>0.05. n values for each group are given in the
relevant bar.
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Table 5.1 Analysis of the percentage of avoidance of chicks injected with PREG-S or saline 15 min before training. For each cell, the doses in the respective rows and columns are
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values are followed in parentheses by the number of chicks that avoided the bead over the total number of chicks used). Values in bold are statistically significant (p<0.05).

Table 5.2 Assessing non-specific effects of PREG-S injections 15 min before training on the pecking behaviour during training and during the discrimination trial. (Percentage
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5.2 E x p e r i m e n t t w o : e f f e c t o f PREG-S (0.004 n g ) i n j e c t i o n a f t e r
TRAINING ON THE AVOIDANCE RESPONSE
This experiment was performed to examine the time-dependency of the effect of
PREG-S on the avoidance response. The dose of 0.004 was selected because it enhanced the
avoidance response in males and it was near to significance in females.

5.2.1

Experimental design
A total of 8 batches, with an average of 68 chicks per batch, were used in this

experiment. Chicks from each batch were pre-trained and trained on the passive avoidance
task using 10% MeA as described in chapter two, section 2.2. Chicks that met the pre-training
criteria were then randomly allocated to one of four groups. Each group received an injection
of PREG-S (0.004 ng) or saline (containing DMSO 0.001%) at either 5, 30, 60, 180 or 300 min
after training, and tested 24 hours post-training. The number of chicks in each batch was not
sufficient to test all five injection times, therefore only three injection times were examined
using each batch, but different combinations of injection times were used between batches.
The percentage of female chicks excluded because they did not peck in at least two of
the pre-training trials was 19% (49 of 262), and for males was 23% (62 of 284). Twelve
percent of the total number of female chicks pre-trained (25 of 213), and 17% of the total
number of male chicks pre-trained (37 of 222), were excluded because they did not peck
during the training.

5.2.2

Results
Chicks (both sexes) injected with 0.004 ng of PREG-S 5 min after training showed

higher avoidance levels than their corresponding saline-injected control group (in both sexes)
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and than chicks injected with PREG-S at 30, 60 or 180 min after training (in females) and at 30
and 180 after training in males (see Figure 5.2 & Table 5.3). In neither sex were there any
significant differences in the levels of avoidance between PREG-S- and saline-injected groups
when the injection was given at 30, 60 or 180 min after training (see Table 5.3). Avoidance
levels among chicks treated with saline at 5, 30, 60 and 180 min after training did not differ.
No differences were found in the percentage of avoidance between female and male chicks in
any treatment group (see Table 5.3).
As chicks were injected post-training the number that did not discriminate during test
was analysed as a measure of possible disturbance of pecking behaviour per se. There were no
differences in the percentage of chicks that did not peck at the white bead during the
discrimination trial between saline-injected group and PREG-S injected groups or between the
sexes in any treatment group at any time point (Table 5.4).
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Figure 5.2 Effect o f bilateral injection o f PREG-S (0.004 ng) (open bars) or saline (solid bars) into the IMHV
after training on the percentage o f fem ale (A ) or male (B) chicks that avoided 24 hrs after training with 10% M eA.
* Statistically different to the sex- and time-matched, saline-injected, control group, G-test, p<0.01. n values for
each group are given in the relevant bar.
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Table 5.3 Analysis of the percentage of avoidance of chicks injected with PREG-S (0.004 ng) or saline after training. For each cell, the doses in the respective rows and columns are
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5.3 E x p e r i m e n t t h r e e : E f f e c t o f PREG-S (0.4 n g ) i n j e c t i o n a f t e r
TRAINING ON THE AVOIDANCE RESPONSE

5.3.1

Experimental design
The dose of 0.4 ng was selected because it was effective in producing enhanced recall

when injected before training in females but not in males. In this experiment 12 batches were
used with an average of 75 chicks per batch. Chicks from each batch were pre-trained and
trained as described in chapter two, section 2.2. Chicks that met the pre-training criteria were
then randomly allocated to one of six groups. Each group received an injection of PREG-S
(0.004 ng) or saline (containing DMSO 0.001%) at either 5, 30, 60 or 180 min after training,
and was tested 24 hours post-training.

..... ,

. . . _... ...

Twenty-two percent (95 of 430) of the females and 26% (122 of 469) o f the males,
initially included in the experiment, were excluded because they did not peck in at least two of
the three pre-training trials. Twelve percent of the total number of female chicks pre-trained
(40 of 335) and 13% of the male chicks that pre-trained (45 of 377) were excluded because
they did not meet the training criteria.

5.3.2

Results
As shown in Figure 5.3 there were no differences in the percentage of avoidance

between the treatment groups (PREG-S vs saline) at any time point after training (see Table
5.5) in either sex. Also no differences were found either among Chicks injected with PREG-S
or among chicks injected with saline at 5, 30, 60 or 180 min after training (see Table 5.5).
There were no differences between the sexes in the percentage of avoidance from chicks
injected with PREG-S or saline at any injection time (see Table 5.5)
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No differences were found either between PREG-S injected chicks and their respective
control or between the sexes for each treatment group in the percentage of chicks that did not
peck at the white bead during the discrimination trial (see Table 5.6).
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Figure 5.3. Effect of bilateral injection of PREG-S (0.4 ng) into the IMHV after training on the percentage of
female (A) or male (B) chicks that avoided 24 after training with 10% MeA. n values for each group are given in
the relevant bar.
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5.4

E x p e r i m e n t f o u r : e f f e c t o f PREG-S (4 n g ) i n j e c t i o n a f t e r
TRAINING ON THE AVOIDANCE RESPONSE

5.4.1

Experimental design
The procedure was similar to that described in the previous experiment (see section

5.2.1). The dose of 4 ng was selected because it was effective in enhancing memory in males
but not in females. In this experiment 22 batches were used with an average of 45 chicks per
batch. Nineteen percent (86 of 455) of the females and 24% (122 of 525) of the males, initially
included in the experiment, were excluded because they did not peck in at least two of the three
pre-training trials. Nineteen percent of the total number of female chicks pre-trained (69 of
369) and 18% of the male chicks that pre-trained (71 of 403) were excluded because they did
not peck during the training.

5.4.2

Results
As shown in Figure 5.4 A female chicks injected with PREG-S (4 ng) at 30 or 60 min

but not at 5, 180 or 300 min after training displayed significantly higher avoidance than their
respective time-matched controls (see Table 5.7). Avoidance levels among chicks treated with
PREG-S at both 30 and 60 min did not differ (see Table 5.7).
The percentage of avoidance of male chicks injected with PREG-S (4 ng) at 5, 30 or 60
min but not at 180 or 300 min after training was higher than that of the respective control
chicks (see Figure 5.4 B and Table 5.7). Again, the percentage of avoidance between chicks
injected at 5, 30 or 60 min did not differ (see Table 5.7).
No differences were found in the avoidance levels among chicks (both sexes) injected
with saline at the different injection times (see Table 5.7). The percentage o f avoidance of
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chicks injected with PREG-S 5 min after training was higher in males than in females but no
sex differences were found in chicks injected with saline at the same time. There were no
differences between the sexes in the percentage of avoidance of chicks injected with PREG-S
or saline at 30, 60, 180 or 300 min after training (see Table 5.7).
There were no significant differences in the percentage of chicks not pecking at the
white bead during the discrimination trial between saline-injected and PREG-S injected groups
at any time points or between the sexes in any treatment group (see Table 5.8).
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Figure 5.4 Effect of bilateral injection of PREG-S (4 ng) (open bars) or saline (solid bars) into the IMHV after
training on the percentage of female (A) or male (B) chicks that avoided 24 hrs after training with 10% MeA.
*Statistically different from the sex- and time-matched, saline-injected, control group, G-test, p<0.05. n values for
each group are given in the relevant bar.
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5.5

E x p e r im e n t f iv e : e f f e c t o f

P R E G i n j e c t io n s b e f o r e t r a in in g

ON THE AVOIDANCE RESPONSE

5.5.1

Experimental design
The procedure was the same as that described for experiment one (section 5.1). The

doses of PREG-tested were 0.003, 0.03, 0.3, 3, 30, 300 ng (equivalent to 0.01, 0.1, 1, 10, 100,
1000 pmol). A total of 8 batches, with an average of 57 chicks per batch, were used in this
experiment. The percentage of female chicks excluded because they did not peck in at least
two of the three pre-training trials was 25% (59 of 232), and for males was 21% (46 of 220).

5.5.2

Results
Female chicks injected with PREG at doses of 0.03, 0.3 and 3 ng exhibited higher

percentage of avoidance than those injected with saline (see Figure 5.5 A & Table 5.9). The
difference in avoidance between the group injected with 30 ng of PREG and the control group
was not significant but it followed the same trend (0.10>p>0.05). The lowest, 0.003 ng, and the
highest, 300 ng, doses tested did not affect avoidance levels when compared to that in salineinjected chicks (see 5.5 A & Table 5.9). Avoidance levels among chicks injected with 0.03, 0.3
and 3 ng of PREG did not differ (see Table 5.9).
In males, the range of effective doses was different to that for females (see Figure 5.5
B). Only chicks injected with 3 and 30 ng showed avoidance levels higher than the salineinjected chicks (see Table 5.9). All the other doses tested failed to affect the avoidance pattern
(see Table 5.9). There were no differences between chicks injected with 3 ng of PREG and
those injected with 30 ng of PREG (see Table 5.9).
In neither sex was there a difference between the groups (PREG vs. saline) or between
the sexes for each treatment group either in the percentage of chicks that did not peck at the
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chrome bead during the training or in the pattern of pecking at the white bead during the
discrimination trial (see Table 5.10)
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Figure 5.5 Effect of bilateral injections of PREG into the IMHV 15 min before training on the percentage of
female (A) or male (B) chicks that avoided 24 after training. -Statistical!^ different to the internal (sex-matched),
saline injected, control group, G-test, p<0.05. n values for each group are given in the relevant bar.
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5.6

E x p e r i m e n t s ix : e f f e c t o f P R E G i n j e c t i o n a f t e r t r a i n i n g o n
THE AVOIDANCE RESPONSE

5.6.1

Experimental design
This experiment was carried out to see if PREG also had an effect on memory retention

when injected after training. The procedure was the same as in experiment two (section 5.2.1).
Since 3 ng enhanced recall in both sexes, it was selected in this experiment.
Eight batches were used in this experiment with an average of 60 chicks per batch. The
percentage of the females that were excluded because they did not peck in at least two of the
pre-training trials was 18% (41 of 228) and for males it was 18% (45 of 255). The percentage
of the chicks pre-trained that were excluded because they did not peck at training was 11 % (21
of 187) in females, and 9% (20 of 210) in males

5.6.2

Results
As shown in Figure 5.6 in both sexes the chicks injected with PREG 3 ng at 5, 30 or

60, but not at 180 min after training displayed significantly higher avoidance than their
respective controls (see Table 5.11). No differences were found among chicks injected with
PREG at 5, 30 and 60 min after training in either sex (see Table 5.11). No differences were
detected between the sexes in the percentage of avoidance of chicks injected with PREG or
saline at any time point (see Table 5.11)
There were no differences in the percentage o f trained chicks that did not peck at
the white bead during the test between the groups (PREG-S vs, saline) at any time point or
between the sexes in any treatment group (see Table 5.12).
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Figure 5.6 Effect of bilateral injection of PREG (3 ng) into the IMHV after training with 10% MeA on the
percentage of female (A) or male (B ) chicks that avoided 24 after training. *Statistically different to the sex- and
time-matched, saline injected, control group, G-test, p<0.05. n values for each group are given in the relevant bar.
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5.7

D is c u s s io n
The results indicate that intracerebral injection of PREG-S or PREG can enhance the

avoidance response towards the chrome bead during the test but this effect depends on the
dose, the timing of the injection and the sex of the animal. Because the results are quite
complex I include a table containing a summary of the results for PREG-S (Table 5.13 A) and
PREG (Table 5.13 B).
There were no differences between the control and treatment groups in pecking
behaviour towards the chrome bead during training or towards the white bead during the
discrimination trial with any of the effective doses.

There does seem, however, to be a

difference in the overall degree to which different batches of chicks performed between the
different experiments. For instance, more chicks failed to peck at the white bead upon test in
the experiments where PREG-S 0.4 ng or 4ng were injected after training (see Table 5.6 & Table 5.8) than in the other experiments, which resulted in many chicks being excluded from
these experiments. This result is probably not due to the neurosteroid treatment because the
high pecking failure rate was also seen in the control (saline-injected) group. This effect is
more likely to be a batch-specific effect. There were also many chicks from the batches used in
these experiments that failed to peck during pre-training. Thus the effect of PREG-S and
PREG on enhancing avoidance is unlikely to be the result of changes in attention/activity per
se (i.e. not due to an increase in generalised avoidance) but, more likely, due to a specific
enhancement of memory for the aversive properties of the chrome bead.
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Table 5.13 Summary of the effects of PREG-S (A) or PREG (B) administration in the chick brain. The effect for
each dose and time of injection is indicated by a plus symbol (memory enhancing effect) or a minus symbol (no
memory enhancing effect). Empty cells indicate doses and times not tested in this study.
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Effect o f PREG-S in females
PREG-S injected i.c.v. into female chicks was able to enhance recall tested 24 hours
later. However, this enhancement was dose- and time-dependent. This, to the best of my
knowledge, is the first demonstration of a memory-enhancing effect of PREG-S in female
animals.
When injected 15 min before training, only the dose of 0.4 ng of PREG-S enhanced
memory retention. However, when injected after training (either at 5, 30, 60 or 180 min) 0.4 ng
PREG-S did not enhance memory retention. Conversely, doses of 0.004 ng and 4 ng were not
effective before training but did enhance memory retention when injected after training. The
time windows for the effect of doses of 0.004 ng and 4 ng were different. Whereas 0.004 ng
was only effective when injected 5 min after training, 4 ng was effective when injected 30 and
60 min after training but was not effective when injected at 5, 180 or 300 min after training.
The differences in the time windows of effectiveness between the 0.004, 0.4 and 4 ng
doses of PREG-S suggests that it enhances memory by acting at multiple sites of the memory
related biochemical pathway and that different levels of PREG-S are required to enhance
retention at different time points. The differences between the effective doses for each time
point may suggest that different mechanisms of action mediate the effect of each dose.
At the lowest concentration (0.004 ng) PREG-S may enhance memory by raising
excitability in the brain via its interaction with NMDA receptors, GÀBÀ receptors or voltage
sensitive calcium channels. As described in chapter one (section 1.3.2) these neurotransmitter
receptors play an important role in memory formation for the passive avoidance task during the
first hour following training. Perhaps the injection of 0.004 ng of PREG-S 15 min before
training has no effect on memory because it is metabolised quickly and its concentration falls
to the basal level before the NMDA and GABA receptors became activated. It is known that
the action of PREG-S on NMDA and GABA receptors occurs in a short space of time due to
the fact that these receptors are localised on the external side of the membrane and, therefore,
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PREG-S does not need to be internalised into the cell to exert its action. The lack of effect of
the higher doses could also be explained by the biphasic action of PREG-S on GABA
receptors. As described in chapter one, section 1.1.3.3, at low concentrations (micromolar)
PREG-S inhibits the GABA receptor whereas at nanomolar concentrations it stimulates the
GABA receptor. Perhaps PREG-S at 0.004 ng enhances memory by inhibiting the GABA
receptor, but at the higher concentrations, 0.04 or 0.4 ng, it has no memory enhancing effect
because it stimulates the GABA receptor. In addition the inhibitory properties o f PREG-S on
voltage sensitive calcium channels (see chapter one, section 1.1.3.5) may explain why some of
the doses have no effect on memory formation.
The dose of 0.4 ng PREG-S enhances memory only when injected before training. It
could be that at this dose PREG-S affects some attentional process that enables chicks to learn
better and it does not directly affect memory processes. This seems unlikely, as there were no
differences in the number of chicks that did not reach criteria, but it must be considered.
At the upper doses (4 ng) PREG-S seems to modulate some biochemical event that
occurs at least 30 min after training. A possible target for PREG-S could be the synthesis of
proteins (see chapter one, section 1.3.2.1) because the time window for the effect o f PREG-S 4
ng coincides with the first phase of protein synthesis. Protein synthesis enhancement by
PREG-S could occur via an interaction with a putative intracellular receptor or by activating an
intracellular signalling pathway (either by direct activation of soluble guanylate cyclase or as a
consequence of neurotransmitter receptor activation).

Effect o f PREG-S on males
In male chicks, PREG-S enhances retention when injected before training at the doses
of 0.004, 4 and 40 ng. PREG-S at 0.004 and 4 ng was also effective when injected after
training, but while the first was effective only at 5 min, the second was effective at 5, 30 and
60 min after training. The dose of 0.4 ng was not effective when injected either before or after
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training. The effects of PREG-S lead to a biphasic dose-response curve. This is in contrast to
the inverted-U dose-response curve described for the memory enhancing effect of PREG-S for
an active avoidance paradigm in adult male mice (Flood et al., 1995). The doses used by
Flood et al. (1995) were lower than those used in the present study (see chapter one, section
1.2.1); the maximum effective dose in the hippocampus was 0.0001 ng, which is 40 times
smaller than the lowest dose tested in this study, but the basal levels o f PREG-S among chicks,
mice and rats are in the same range. It could be that PREG-S also has a biphasic effect in mice
but it was not detected because higher doses were not tested. Other studies have tested the
effect of PREG-S at doses similar to those used in this study. They found that PREG-S (5 ng)
enhanced memory retention for an spatial recognition task in a Y-maze when injected
intracerebrally into adult rats (Mayo et al., 1993). However, in contrast to the current study,
PREG-S was found to be effective only when injected after training but not when injected 15
min before training. In another study, PREG-S injected i.c.v after training was effective at the
dose of 80 ng but not 40 or 400 ng (Meziane et al., 1996) Again, contrary to the results from
this study, PREG-S had no effect on memory retention at doses of 4 and 40 ng in adult male
mice in an active avoidance task (Mathis et al., 1996)
The different time windows of effectiveness for the different doses of PREG-S might
suggest that the PREG-S effect is a composite of at least two effects. As in females, it could be
proposed that at the lowest concentration (0.004 ng) PREG-S may enhance memory through its
interaction with NMDA or GABA receptors and at the upper doses (4 and 40 ng) the effect of
PREG-S could be mediated by stimulating protein synthesis.
The highest dose tested (400 ng) had no effect, perhaps because is metabolised or
stimulates the synthesis of other steroids that counteract their effect. It is known, for example,
that progesterone and its a-reduced metabolites such as allopregnanolone are positive
modulators of GABA receptors and they have been shown to impair memory in rodents (see
chapter one, section 1.2.1). Also, as in females, the stimulation of GABA receptors as well as
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the inhibitory action on voltage-sensitive calcium channels may explain why PREG-S at 400
ng does not affect memory retention.

Comparison between females and males
The apparent differences in the effect of PREG-S between the sexes could be explained
by differences in the basal concentrations of PREG-S. Indeed, in chapter four it was shown
that the concentration of PREG-S in the IMHV is higher in females than in males. Also, the
differences in the time windows of effectiveness could be explained by different metabolic
rates. Perhaps, in females, PREG-S is metabolised faster and this could explain why, when
injected before training, the doses of 0.004 ng and 4 ng are effective in males but not in
females.

Effect o f PREG on females
PREG injected before training enhanced memory retention in females at doses of 0.03,
0.3 and 3 ng. The 3 ng dose also had a memory enhancing effect when injected 5, 30 and 60
min after training, but this effect was no longer observed when the injection was performed
180 min after training.

As with PREG-S, this is the first demonstration of a memory

enhancing effect of PREG in female animals. When injected before training the range of
effective doses of PREG was bigger than that for PREG-S. Also, the time window of the
effect of 3 ng of PREG was larger than that for the equivalent dose of PREG-S. These
observations suggest that PREG does not need to be sulphated in order to exert its memory
enhancing action.

Effect o f PREG on males
PREG injected before training enhanced retention in males at doses of 3 and 30 ng. As
with females, PREG-S (3 ng) enhanced retention when injected 5, 30 and 60 min but not at 180
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min after training. In contrast to the dose-response curve for the effect o f PREG-S on retention,
the injection of PREG did not produce a biphasic response. The effect of PREG in the current
study is in agreement with a previous study (Melchior and Ritzman, 1996; see chapter one,
section 1.2.1) where PREG injected intraperitoneally enhanced short-term spatial memory in
mice.
The action of PREG on memory formation cannot be explained by a direct action on
neurotransmitter receptors as proposed for PREG-S. This is because only the sulphated forms
of neurosteroids have been shown to interact with neurotransmitter receptors at the membrane
level, unless PREG is sulphated in the brain.
The effect of PREG could be mediated by the same mechanism proposed for PREG-S
at 4 ng (i.e. enhancing protein synthesis). However, another potential mechanism for the effect
of PREG could be through the stimulation of the microtubule assembly when it interacts with
MAP2 (see chapter one, section 1.1.4) as evidenced by dendritic changes that occur 30 min
following the passive avoidance training. The differences in the effective doses for females and
males could again be explained by different metabolic rates. This mechanism can also be
applied to the action of PREG-S at doses higher than 4 ng. Although PREG-S has no direct
effect on microtubule assembly, it could be desulphated and then stimulate neurite growth.
The results of PREG-S and PREG, taken together, enable the following model to be
proposed: The action of low doses of PREG-S 0.004 (in both sexes) and 0.4 (in females) may
be mediated by the direct interaction of PREG-S with neurotransmitter receptors (i.e. NMDA
and GABA). Higher doses (4ng and 40 ng) are desulphated and converted to PREG which can
enhance retention by stimulating synthesis of proteins (as proposed above) or by stimulating
dendritic growth. If this model is correct, the effect of the PREG injection can only have one
mechanism of action (mentioned above) and therefore no biphasic effect is observed and thus
no effect is found with the lowest doses used. This would be discussed in relation to the
endogenous changes of PREG-S that occur after training in chapter seven.
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The results in this chapter indicate that PREG-S and PREG do participate in memory
formation, although the mechanisms by which they do so appear complex. The mechanisms
suggested above represent a few of the various possible ways by which PREG-S and PREG
could modulate memory. I propose these mechanisms because they form the simplest testable
hypotheses for further experimentation (see general discussion, chapter seven).
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6

Effect o f DHEA-S and DHEA on memory formation for the
passive avoidance task

The experiments described in this chapter were undertaken to examine whether the.
administration of DHEA or DHEA-S could enhance memory retention in chicks trained on the
weak version of the passive avoidance task.

6.1

E x p e r im e n t o n e : E f f e c t o f d h e a - s in j e c t io n s b e f o r e t r a in in g
ON THE AVOIDANCE RESPONSE

6.1.1

Experimental design
Eighteen batches were used in this experiment with an average of 46 chicks per batch.

Chicks from each batch were pre-trained as described in chapter two, section 2.2. Chicks that
met the pre-training criteria were then randomly allocated to one of four groups. Each group
was injected either with saline (containing DMSO 0.001%) or one o f the following doses of
DHEA-S: 0.004, 0.04, 0.4, 4, 40, 400 ng (equivalent to 0.01, 0.1, 1, 10, 100, 1000 pmol
respectively). Only three out of the six doses were tested in each trial (one batch), but different
combinations of doses were used between batches to complete the experiment.
Fifteen minutes after injection, chicks were trained on the weak passive avoidance task
using 10% MeA. The test was performed 24 hours later as described in chapter two, section
2.2. After the test, chicks were killed and the sex was determined by inspection of the gonads.
O f the total number of chicks that were pre-trained 33% of females (129 of 391) and
27% of males (118 of 438) were excluded because they did not meet the pre-training criteria.
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6.1.2

Results
As shown in Figure 6.1, bilateral administration of DHEA-S at doses of 0.04, 0.4, 4,

40, 400ng DHEA-S per chick resulted in higher avoidance levels compared with the saline
group in both sexes (see Table 6.1). There were no differences, however, in the avoidance
levels of chicks injected with DHEA-S 0.004 ng and those injected with saline in either
females or males (see Table 6.1).
In females, the avoidance levels among chicks injected with DHEA-S 0.04 to 400 ng
did not differ (see Figure 6.1 A and Table 6.1). In males, however, the avoidance level of
chicks injected with 40 ng DHEA-S was significantly higher than those of chicks injected with
0.04, 0.4 and 4 ng (see Figure 6.1 B and Table 6.1).
The effect of DHEA-S was similar for both sexes. However, differences did occur at
the doses of 0.004 and 40 ng. With 0.004 ng DHEA-S females showed a higher percentage of
avoidance than males, while at 40 ng males showed a higher percentage of avoidance than
females (see Table 6.1). No differences were observed in the percentage of avoidance between
females and males injected with saline (see Table 6.1).
No differences were found between the treatment and matched control groups or
between females and males in either the percentage of chicks that did not reach the training
criteria or the percentage of chicks that did not peck the white bead during the discrimination
trial (see Table 6.2).
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Figure 6.1. Effect of bilateral injections of DHEA-S (open bars) or saline (solid bars) into the IMHV 15 min
before training on the percentage of female (A) and male (B) chicks that avoided the chrome bead but not the white
bead at test 24 hours after training. ^Statistically different from the internal, saline-injected, control group, G-test,
p<0.05. ^Statistically different from DHEA-S treated (0.04, 0.4 and 4 ng) groups, G-test, p<0.05. n values for each
group varied slightly and are given in the relevant bar
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6.2

E f f e c t o f DHEA-S i n j e c t i o n a f t e r t r a i n i n g o n t h e a v o i d a n c e
RESPONSE

6.2.1

Experimental design
Nine batches were used in this experiment, with an average of 57 chicks per batch.

Chicks from each batch were pre-trained and trained as described in chapter two, section 2.2.
Chicks that met the pre-training criteria were then divided randomly into six groups. Each
group received an injection of DHEA-S (4 ng) or saline at 30 60 or 180 min after training, and
was tested 24 hours post-training. Twenty six percent of the total number of females (67 of
257) and 23% of the total number of males, initially included in the experiment, were excluded
because they did not meet the pre-training criteria. The percentage of the female and male
chicks pre-trained that were excluded because they did not meet the training criteria were 13%
(25 of 190) and 18% (37 of 201) respectively.

6.2.2

Results
As shown in Figure 6.2 female and male chicks injected with DHEA-S (4 ng) at 30 or

60, but not at 180 min after training displayed significantly higher avoidance than their
respective matched controls (see Table 6.3). Avoidance levels among chicks treated with
DHEA-S at both 30 and 60 min did not differ (see Table 6.3). The percentage of avoidance
between chicks injected with saline at 30, 60 and 180 min after training did not differ (see
Table 6.3). The effect of DHEA-S was similar for both sexes. No differences were observed in
the percentage of avoidance between females and males injected with saline at any time point
(see Table 6.3). No differences were found between the treatment and matched control groups
or between the sexes in the percentage of chicks that did not peck the white bead during the
discrimination trial (see Table 6.4).
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Figure 6.2 Effect of bilateral injection of DHEA-S (4 ng) (open bars) or saline (solid bars) into the IMHV at
various times (30, 60, 180 min) after training on the percentage of female (A) and male (B) chicks that avoided at
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6 .3

E x p e r i m e n t t h r e e : e f f e c t o f d h e a in j e c t i o n s b e f o r e t r a in in g
ON THE AVOIDANCE RESPONSE

6.3.1

Experimental design
The experimental design was similar to that described in experiment one (section 6.1).

The doses of DHEA used were 0.003, 0.03, 0.3, 3, 30 and 300 ng (equivalent to 0.01, 0.1, 1,
10, 100, 1000 pmol). Eight batches were used in this experiment, with an average o f 62 chicks
per batch. The total percentage of female and male chicks that were excluded because they did
not meet the pre-training criteria were 22% (56 of 255) and 24% (62 in 258) respectively. The
percentage of the pre-trained female and male chicks that were excluded because did not meet
the training criteria were 13% (27 of 199) and 11% (21 of 196) respectively.

6.3.2

Results
Administration of DHEA at doses of 0.3, 3, 30 and 300 ng resulted in an increase of

avoidance levels compared to those of the saline-treated group in both females (see Figure 6.3
A) and males (see Figure 6.3 B and Table 6.5). The lower doses tested, 0.03 and 0.003 ng per
chick, did not affect the avoidance response in either sex. In females, the dose of 3 ng seems to
induce a higher level of avoidance than other effective doses, but it was only significantly
higher than the percentage of avoidance of the 300 ng-treated group (Figure 6.3 A, Table 6.5).
In males there were no significant differences in the percentage of avoidance between the
effective doses (Figure 6.3B, Table 6.5). The effect of treatment with DHEA or with saline did
not vary between females and males. No differences were found in the avoidance response
between female and male chicks injected with DHEA or saline (see Table 6.5).
No differences were found between the treatment and matched control groups or
between the sexes in either the percentage of chicks that did not reach the training criteria or
the percentage of chicks that did not peck the white bead during the discrimination trial (see
Table 6.6).
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Figure 6.3. Effect of bilateral injections of DHEA (open bars) or saline (solid bars) into the IMHV 15 min
before training on the percentage o f female (A) and male (B) chicks that avoided 24 after training.
*Statistically different from the sex-matched saline-injected control, G-test, p<0.05. ^Statistically different to
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bar.
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6 .4

E x p e r im e n t f o u r : E f f e c t o f D H E A in j e c t io n a f t e r t r a in i n g o n
THE AVOIDANCE RESPONSE

6.4.1

Experimental design
The experimental design was similar to that described for experiment two (section 6.2).

The dose of DHEA used, 3 ng, was equivalent in molarity to the dose of DHEA-S used in
experiment two. Eight batches were used, with an average of 54 chicks per batch. Twenty five
percent of the total number of females (56 of 223) and 23% of the total number of males (48 of
212) initially included were excluded because they did not meet the pre-training criteria. The
percentage of the pre-trained female and males chicks that did not meet the training criteria
was 12% (20 of 167) and 14% (23 of 164) respectively.

6.4.2

Results
As shown in Figure 6.4, chicks injected with DHEA (3 ng) at 30 or 60, but not at 180

min, after training displayed significantly higher avoidance than their respective controls in
both sexes (see Table 6.7). Avoidance levels among sex-matched chicks treated with DHEA at
30 and 60 min did not differ (see Table 6.7). The percentage of avoidance o f chicks injected
with DHEA 30 min before training was higher in males than in female chicks but no
differences were found in chicks injected with saline at the same time. There were also no
differences between the sexes in the percentage of avoidance of chicks injected with DHEA or
saline at 60 or 180 min after training (see Table 6.7).
No differences were found between the treatment and matched control groups, or
between the sexes in the percentage of chicks that did not peck the white bead during the
discrimination trial (see Table 6.8).
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Figure 6.4 Effect of bilateral injection of DHEA (3 ng) (open bars) or saline (solid bars) into the IMHV at various
times after training on the percentage of female (A) and male (B ) chicks that avoided 24 hours after training.
^Statistically different from the sex- and time-matched, saline-injected, control group, G-test, p<0.01. n values for
each group are given in the relevant bar.
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6 .5

D i s c u s s io n

The results reported in this chapter demonstrate that the administration of either
DHEA-S or DHEA to chicks trained on the weak version of the task enhances the avoidance
response towards the chrome bead during the test. No differences in the effects o f DHEA or
DHEA-S were detected between the sexes.
There were no apparent differences between the control and treatment groups in their
pecking behaviour towards the chrome bead during training or towards the white bead during
the test. There does seem, however, to be a difference in the overall degree to which different
batches of chicks performed between the DHEA-S and DHEA experiments. For instance, more
chicks failed to peck at the white bead upon test in the experiment where DHEA-S was
injected before training (see Table 6.2) than in the other experiments, which resulted in many
chicks being excluded from the first experiment. This result is probably not due to the
neurosteroid treatment because the high pecking failure rate was also seen in the control
(saline-injected) group. It is, therefore, more likely to be a batch-specific effect. There were
also many chicks from the batches used in this experiment that failed to peck during pre
training. Thus, the effect on avoidance is not the result of changes in attention/activity per se
and, thus, unlikely to be due to non-specific changes in the emotional or motivational state of
the chicks. The results suggest that the enhanced recall shown by chicks is due to a specific
effect of memory for the aversive properties of the chrome bead rather than an increase in
generalised avoidance.
The memory facdilatory effect seen in these experiments is unlikely to be a result of
either the handling or injection procedures. This is because memory facilitation was not found
in control chicks, who were exposed to the same handling and injection procedures.
DHEA-S was effective at lower concentrations than DHEA. The lowest effective dose
for DHEA-S was 0.04 whereas for DHEA it was 0.3. A possible explanation for the difference
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in sensitivity to DHEA-S and DHEA could be that DHEA needs to be converted to DHEA-S in
order to become active. Therefore, higher concentrations of DHEA are required to produce the
same effect as DHEA-S. Indeed, only the sulphated neurosteroids seem to be active at the level
of the cell membrane. Both DHEA-S and DHEA were still effective at doses 100,000 and
10,000 times higher than their lowest effective doses, respectively. DHEA-S and DHEA
produced significant memory enhancement at much lower concentrations and over a greater
concentration range in the chicks used here, compared to mice used by Flood et al. (1988) in a
similar study. Also, in this study all the effective doses produced a similar effect whereas in
mice they lead to an inverted-U shape response curve (see chapter one, section 1.2.1).
The memory enhancing effect of DHEA-S and DHEA seen in this study was timedependent; the enhancement was observed when the injection was given 15 min before
training, or 30 and 60 but not 180 min after training. This result is in agreement with mice
studies where DHEA-S was effective when injected at 30 or 60 but not 90 or 180 min after
training (Flood et al., 1988). The time-specificity suggests that the neurosteroids act during the
earlier phases of memory formation and produce an effect on long-term memory (Andrew,
1991; Rose, 2000). The time window for an effect of DHEA-S and DHEA is much greater than
the time window for testosterone, which is limited to a narrow band (60 to 20 min) just prior to
training (Clifton, 1991; Clifton et al., 1982; see chapter 1, section 1.3.4.1). This observation
may suggest that the actions of DHEA-S and DHEA are not a result of their conversion to
testosterone, and also that the mechanism of action for each hormone is different.
Various mechanisms could explain the effect of DHEA and DHEA-S on memory
retention. One possibility is that the effects of DHEA and DHEA-S on memory retention are
mediated through the modulatory actions of DHEA-S on GABA which, as described in chapter
one, section 1.3.2.3, has been implicated in the mechanisms underlying learning and memory
in day old-chicks (Clements and Bourne, 1996; Freeman and Young, 2001). This possibility is
also supported by the fact that the time-specificity of DHEA-S and DHEA coincides with the
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sensitive period to GABA receptor antagonists or agonists (see chapter one, section 1.3.2.3).
The action of DHEA could be mediated by its conversion to the sulphated form because it
appears that only DHEA-S is active on GABA receptors, This would explain the difference in
the lowest concentration of DHEA-S and DHEA required to produce a memory enhancing
effect.
The effect of DHEA-S or DHEA could also be mediated by the classic genomic action
of steroids (see chapter one, section 1.1.3.1), facilitating the synthesis of proteins needed for
long-term memory formation to occur. Although no intracellular receptors have so far been
described for DHEA we cannot rule out the possibility of DHEA acting on intracellular
receptors. In fact, the sensitive period to DHEA and DHEA-S coincides with the first period of
sensitivity to protein synthesis inhibition (see chapter one, section 1.3.2.1). Also, DHEA-S
and/or DHEA may act at the level of the cell membrane and produce changes in gene
expression by activating intracellular signalling pathways.
Another potential mechanism for the pronounced effect of DHEA and DHEA-S on
memory retention could be through their action on neural cytoskeletal dynamics. It has been
shown that there are dendritic changes which follow passive avoidance training in chicks that
are specifically related to memory formation (Patel et al., 1988; Scholey et al., 1992).
Experiments with cultures of neocortical neurons have shown that DHEA selectively increases
the length of the neurites containing the axonal marker Tau, whereas DHEA-S selectively
increases the length of the neurites containing the dendritic marker MAP2 (Compagnone and
Mellon, 1998). The differential effect on neuronal growth, of DHEA and DHEA-S, could be
another explanation for the difference seen in this study in the effectiveness of the two
substances on memory retention.
The mechanisms above are not mutually exclusive and could therefore operate
simultaneously towards a memory enhancing effect.
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Ch apter seven

7

General discussion and future directions

This study has provided the first demonstration that PREG-S, PREG, DHEA-S and
DHEA are present in the chick brain. It has also demonstrated that at least PREG is probably
synthesised in the brain in neuronal cells. All of the neurosteroids studied have been shown to
enhance memory formation for the passive avoidance task. It is still unclear whether they
participate directly or indirectly in the physiological modulation of memory formation,
however, the various dose- and time-dependent effects o f the neurosteroids established have
enable speculation on the various mechanisms by which they might act.
The specific possible mechanisms through which these neurosteroids might enhance
memory formation, as well as the implications of their concentrations found in the IMHV and
LPO after training have been discussed in the respective chapters. Therefore, this chapter
focuses on a comparison of the effects of the neurosteroids and on the relationship between
their pharmacological effects and their physiological role.
The effects of DHEA and DHEA-S on memory retention do not seem to be as
complex as the effects of PREG-S and PREG. Whereas all the effective doses of DHEA and
DHEA-S tested had a similar effect and time window for effectiveness in both sexes, the
effective doses of PREG-S and PREG for memory enhancement seemed to differ between the
sexes and the time windows for each dose of PREG-S also varied. Additionally, the range of
effective doses of DHEA and DHEA-S were larger than those for PREG-S and PREG. This
finding differ from other studies where the memory enhancing effects of PREG-S and DHEAS have been compared. For instance Flood et al. (1992, 1995) found that PREG-S enhanced
memory for a footshock active avoidance task in adult mice at lower doses than DHEA-S when
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injected into the hippocampus. These authors also found that the memory enhancing effect of
PREG-S was more pronounced than that from DHEA-S

(see chapter one, section 1.2.1).

Melchior and Ritzmann (1996), using a T-maze to measure spatial memory in male mice (see
chapter one, section 1.2.1), did not detect any difference between the memory enhancing
effects of PREG-S and DHEA-S, either in the range of effective doses or in the potency of
memory facilitation. Urani et al. (1998) did not find any difference between the anti-amnestic
effects of PREG-S and DHEA-S in scopolamine-treated male mice (see chapter one, section
1.2.1). Perhaps the difference in results across these different studies can be attributed to the
different species, sex of the animals, memory tasks or treatment schedules used in each (see
chapter one, section 1.2.1).
In the present study the difference between the effects of the neurosteroids seems
significant. It could be that the effects of PREG and PREG-S are mediated by their conversion
to various of their metabolites including DHEA or DHEA-S and perhaps the complexity of the
effects of PREG-S and PREG is due to the opposing effects of their metabolites on memory
formation. Pregnenolone can not only be converted to DHEA but also to PROG, which can be
converted to allopregnanolone (see Figure 1.1). Allopregnanolone has been shown to impair
memory in rodents in various tasks (Frye and Sturgis, 1995; Ladurelle et al., 2000; Mayo et al.,
1993; Reddy and Kulkami, 1999; see chapter one, section 1.2.1). Moreover, PROG blocked
the memory enhancing effect of PREG-S and DHEA-S in adult male mice. (Maurice et al.,
1998; Urani et al., 1998; see chapter one, section 1.2.1). The memory impairing effect of
PROG and allopreganolone have been attributed to their agonistic action at the GABA receptor
and antagonistic action at the sigma receptor (Frye and Sturgis, 1995; Maurice et al., 1998;
Urani et al., 1998). We have no information regarding a rapid memory impairing effect of
PROG in chicks because this has not yet been studied. Nevertheless, there is evidence to
indicate that, in chicks embryos, allopregnanolone enhances GABA binding to GABA
receptors (Viapiano and dePlazas, 1998; Viapiano et al., 1998) and that this binding
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stimulation was maximal around hatching (Viapiano et al., 1998). Therefore, the effect of
PREG and PREG-S could be the result of the balance between memory enhancing steroids and
memory blocking steroids. Perhaps it is a specific combination of neurosteroids that causes a
memory enhancing effect. This could explain the biphasic effects observed upon injection of
PREG-S, the different time windows for each dose and the apparent differences between sexes.
According to this model the effects of administration of DHEA and DHEA-S are
simpler because they are not metabolised to ‘memory blocking’ steroids. This model is totally
speculative, and is an alternative to the model proposed in chapter five, section 5.7 (*). Both
hypotheses should be tested in further investigations. In order to test such possibilities it would
be necessary to conduct a detailed analysis of the neurosteroid metabolism in chicks, focusing
on which neurosteroid PREG is predominantly metabolised when injected into the brain and
the rate of PREG metabolism in each sex. Additionally, blocking the conversion o f PREG to
DHEA and/or PREG to PROG by specific enzyme inhibitors could also help to test the above
model.
The increase in endogenous PREG-S observed in females (see chapter four), however,
does not seem to easily fit with the model proposed above.

This is because if DHEA or

DHEA-S mediate the action of PREG and PREG-S one would expect to find an endogenous
increase in DHEA or DHEA-S rather than an increase in PREG-S. However, the analysis of
neurosteroid concentrations after training needs further investigation. For example, it would
be necessary to determine the levels of PREG-S, PREG, DHEA-S and DHEA in the IMHV
at later times than 30 min after training, and also in the LPO at times earlier than 60 min
and later than 120 min after training. These experiments were to be conducted as a part o f
this thesis but they could not be completed because o f the unavailability o f the antibodies.
* In the discussion of chapter five I suggested that the effect of lower doses of PREG-S were mediated by a direct
action of PREG-S on neurotransmitter receptors whereas the effect of higher doses would be mediated by its
conversion to PREG
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Interestingly, the timing for the increase in endogenous PREG-S following training in,
the LPO coincides with the time window for the effect of the injection of 4 ng o f PREG-S.
Although the injection was given into the IMHV, approximately 10% of the total amount
retained into the brain upon injection diffuses to the LPO within 5 min. Considering that only
20% of the amount injected is retained in the brain (according to the recovery and diffusion
studies described in chapter three) the amount that diffuses to the LPO when 4 ng of PREG-S
are injected represents approximately 20% of the total amount of PREG-S in the LPO. The
endogenous increase following strong training corresponds to approximately 350% more than
the basal levels. It seems therefore, that the administration of PREG-S 4 ng in weakly trained
chicks does not simulate the endogenous increase that occurs in the LPO after the strong
training. Thus, the question that arises is: why there is such a big increase in endogenous
concentrations after the strong training when much lower amounts of injected PREG-S
effectively enhance memory?
One possible interpretation of these results is that PREG-S needs to be released into the
extracellular space in order to exert its action. Although the total increase is several times
higher than the amount injected, the distribution of the newly synthesised PREG-S is unknown
since I measured the total content of PREG-S (intracellular and extracellular). When PREG-S
is injected i.c.v. it probably goes directly to the extracellular space, therefore, a small amount
injected may be effective in enhancing memory because it can directly interact with cell
receptors. The means by which neurosteroids maybe released from cells is not yet known in
any species. Elucidation of the mechanism by which PREG-S is released would help to clarify
the above question. This investigation would not only clarify the present study but would also
have important implications in the field of neurosteroids in general. Additionally,
determination (perhaps by autoradiography) of whether injected neurosteroids remain in the
extracellular space or are taken up by the cells needs to be conducted.
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An alternative explanation for the differences between the amounts injected and the
endogenous increase of PREG-S after training could be that exogenously applied PREG-S
stimulates the synthesis of endogenous PREG-S. The higher levels o f PREG-S detected after
training in females are likely to require newly synthesised PREG because the basal
concentrations of PREG and PREG-S are similar in the LPO, and the concentration of PREG
does not decrease when PREG-S increases. As described in chapter one, section 1.1.2.1, the
stimulated production of PREG depends upon the delivery o f cholesterol to the mitochondria
and this reaction is regulated by the peripheral benzodiazepine receptors (PBR). The activation
of PBR is stimulated by cAMP, calcium and GTP (Cascio et al., 1999; Papadoulos et al.,
1997; Papadoulos et al., 1992). Therefore, the following model can be proposed: ‘strong’
training stimulates the activation of neurotransmitter receptors such as NMDA, adrenergic,
cholinergic and sigma.

Activation of these receptors results in an increase of cAMP and

calcium, which stimulate the PBR. Activation of PBR triggers the production of PREG, which
is immediately sulphated, resulting in an increase in PREG-S. This event involves multiple
steps, thus, could explain why the increase in PREG-S in the current study is observed 60 and
120 min after training and not 5 min after training. Also PBR activation has been shown to
increase the rate of PREG formation by two- or three-fold (Cascio et al., 1999) which is
similar to the increase of PREG-S observed in this study.
When 4 ng of PREG-S is injected to ‘weakly’ trained chicks it may stimulate PBR
directly or by enhancing cAMP, GTP or calcium as consequence of neurotransmitter activation
(NMDA, sigma or adrenergic) resulting in more PREG being synthesised. By this means a
small amount of PREG-S injected would enhance the production of endogenous PREG-S and
would explain the apparent contradiction between the endogenous increase o f PREG-S and the
low amount required for a memory enhancing effect in females. According to this model, the
differences between the time windows of sensitivity to the doses o f 0.004 and 0.4 ng and the '
timing of the endogenous increase of PREG-S may be attributed to an incapacity o f these doses
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to stimulate the PBR and perhaps their memory enhancing effect is due to a direct increase in
the excitability of the cell.
Another intriguing aspect of the present study is why, in males, PREG-S enhances
memory retention but there is no increase in its endogenous concentration following training
(as found in females). Again, these results in males do not seem to fit with the amplification
mechanism proposed above. However, it could be that, as proposed in chapter four, another
steroid instead of PREG-S is enhanced after ‘strong’ training. Perhaps PREG-S enhances
memory retention when exogenously applied by stimulating the production of steroids other
than the neurosteroids measured in this study. As mentioned at the beginning of this chapter, it
is important to emphasise that the neurosteroids examined in this study form part of a complex
metabolic pathway and that a change in the concentration of one steroid can affect the whole
pathway resulting in multiple changes. Again, an investigation of the metabolism of
neurosteroids would help to clarify this point.
The findings of this study further highlight the significance of steroid hormones on the
modulation of memory for the passive avoidance task in chicks. As mentioned in chapter one,
section 1.3.4, corticosterone and testosterone have been shown to modulate memory formation
in the chick (Andrew et al., 1981; Clifton, 1991; Clifton et al., 1982; Sandi and Rose,
1994a; Sandi and Rose, 1994b; Sandi and Rose, _1997b;: Sandi et al., 1995). The
neurosteroids tested in this study are metabolically linked to the above steroids (see Figure
1.1), therefore, the possibility of the effect of neurosteroids being mediated by corticosterone
or testosterone must also be considered. Indeed, in chapter six, the role of testosterone in
DHEA-S or DHEA action was considered to be unlikely because of the differences in the time
windows of effectiveness between the above steroids. However, it is important to note that the
pre-training and training conditions used by Clifton et al. (1991) were different to those used in
the present study (for a detailed description of the training protocol see chapter one, section
1.3.4.1). Bume and Rose (1997) and Crowe and Hamalainen (2001) have shown that the
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training conditions can affect the duration of memory formation. Therefore it would be useful
to compare the effects of neurosteroids with the effect of testosterone under the same training
and testing conditions.
Different mechanisms of action for the memory enhancing effects of neurosteroids
have been proposed in this thesis. These include the classical “genomic action” (see chapter
one, section 1.1.3.1), interaction with neurotransmitter receptors at the membrane level and
interaction with microtubule proteins. It is important to note that although in the literature the
two first mechanisms of action have been considered to be opposing mechanisms, both can
produce similar results. For instance, protein synthesis (which is a good candidate for the
memory enhancing effect) can not only be a consequence of steroids binding to an intracellular
receptor but also a consequence of signal transduction caused by th e . interaction of
neurosteroids with neurotransmitter receptors at the membrane level. Neurosteroids have a
broad spectrum of action, this could also explain the complexity o f effects detected in this
study.

It would be interesting to test whether the neurosteroids can reverse the amnesia

induced by protein synthesis inhibitors (as it has already been shown for the effect of
testosterone; Clifton, 1991). Also, determination of the effects of NMDA and sigma receptor
antagonists on the memory enhancing effect of neurosteroids could help to elucidate the
possible action of neurosteroids at the membrane level. Finally, blocking corticosterone and
testosterone receptors may also shed more light on the possible role of these in mediating the
action of neurosteroids.
Another question that arises from this study is whether the effects of neurosteroids are
specific to memory formation or if they are a consequence of alteration of other ‘mental
faculties’ such as attention or alertness. This point has been discussed in chapters five and six
(section 5.7 and 6.5, respectively). Although all the evidence in this study (lack o f effect on
pecking behaviour and increase in retention even when the neurosteroids were injected after
training) point to a specific effect on memory, it would be interesting to test the effect of
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neurosteroids on tasks specifically designed to measure attention, mobility, activity or anxiety.
Also, the study of the effects of neurosteroids in other memory paradigms for chicks could
indicate whether the memory enhancing effect of neurosteroids is specific for the passive
avoidance task.
Finally, it is important to mention some of the methodological problems that have
arisen in this study and need to be taken into account and, if possible, overcome in future
experiments. One of them is the difference in the general pecking behaviour among different
batches (discussed in chapters five and six). This factor increased the variability in the results.
The second one is the recovery of the material injected into the brain (mentioned in chapter
three) which can make difficult to estimate absolute values when trying to establish effective
doses.

7.1

C o n c l u s io n s
This study confirms and extends the finding of previous studies in several ways.

Firstly, it confirms that the neurosteroids PREG-S, PREG, DHEA-S and DHEA can enhance
memory retention and adds the idea that this effect is not unique to rodents nor to male adult
animals.

Secondly, it extends the findings of Valle et al. (1997) with respect to the

physiological participation of PREG-S in memory formation using a different type of approach
and in a different species and sex. Finally, it extends our knowledge about the modulation of
memory by steroid hormones. It provides evidence that memory formation in chicks can be
modulated not only by corticosterone, testosterone and estradiol but also by the neurosteroids
tested.
Even though this study does not provide evidence of the mechanism of action, the
findings point towards a more holistic scenario than that currently proposed in the literature
whereby the effects of neurosteroids are the result of a combination of metabolically-linked
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steroids acting at different time points and at multiple steps in the memory-related biochemical
cascade.
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