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We evaluated the effects of gonadectomy and passive avoidance learning on the density of
GABA, , receptors in the prefrontal cortex of male and female rats. Twenty adult males
weighing 200 + 30 g and 20 adult females weighing 150 + 20 g were divided into four
groups: (i) Sham, intact rats with no learning session, (ii) Sham-L, intact rats subjected to
the avoidance learning session, (iii) GE, gonadectomized rats without learning, and (iv)
GE-L, gonadectomized rats with learning. A shuttle box was used for the induction of
passive avoidance learning. The density of GABA, | receptors was investigated with an
immunohistochemical technique; Image Analyzer software was used. Ovariectomy without
learning led to significant reduction of the density of GABA, , receptors in different regions
of the prefrontal cortex relative to the control intact group; at the same time, ovariectomized
females with learning demonstrated a significantly higher density of GABA, , receptors in the
prefrontal cortex as compared to the Sham-I group. No significant differences in the density
of GABA, , receptors were observed in both castrated male rat groups. The comparison of
male and female rats showed that the density of GABA,  receptors in castrated rats with
learning was significantly lower than that in ovariectomized females with learning. Thus,
ovariectomy exerts a more potent effect than castration on the GABA,  receptor density
in different regions of the prefrontal cortex. Learning provides increases in the GABA,
receptor density in different regions of the prefrontal cortex in female rats, while castration
of male rats exerts no significant effect from this aspect.

Keywords: gonadectomy, passive avoidance learning, prefrontal cortex, GABA  ,

receptors.

INTRODUCTION

During the ontogenesis, gonadal hormones play
important roles in the differentiation of CNS cells
and formation of neuronal networks. In several brain
regions, exposures to testosterone or estrogen within
a certain critical period permanently cause significant
organizational differences between males and
females [1]. There is increasing evidence suggesting
that gonadal steroids exert powerful effects on the
CNS. Although it is clear that there is a relationship
between gonadal steroids and cognitive functions of
the CNS, there are conflicting data about the effect of
gonadal steroids on learning and memory. Sex steroid
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hormones act directly and indirectly via different
neurotransmitter systems in the CNS. One of these
systems is the gamma amino butyric acid A (GABA,))
receptor complex that is the main inhibitory system in
the mammalian CNS [2].

Inhibitory effects of GABA are realized through
two major types of receptors, ionotropic receptors
with ligand-gated ion channels (GABA, and GABA_
receptors) and metabotropic receptors that are
G-protein-coupled GABA, receptors acting via second
messengers [3]. GABA, receptors are pentamers
composed of subunits derived from the a, B, v, 9, 0, &,
and w gene families. There are several different ligands
that bind to GABA, receptors; many of them have
distinct binding sites. One of these sites is a binding
site for neurosteroids. Steroids capable of influencing
receptors in the brain via non-genomic mechanisms are
termed neuroactive steroids, or neurosteroids; those
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can be positive and negative endogenous modulators
of the GABA  receptor function [4].

In the brain, testosterone is converted into a more
potent androgen, dihydrotestosterone (DHT), by
Sa-reductase; it can also be converted into estradiol
(E2) by cytochrome P450 aromatase (P450 arom).
Estrogens are able to affect both allopregnanolone
levels and GABA, receptor expression [5]. An
increasing number of reports during the past two
decades have described numerous effects induced
by steroids via the GABA, receptor complex in the
brain. For instance, allopregnanolones exert biphasic
effects; at low concentrations, they potentiate GABA
currents, while at higher concentrations they activate
the receptors directly, indicating the presence of two
distinct binding sites [5].

Our understanding of the function of GABAergic
interneurons is challenged by their startling
heterogeneity; indeed, different subtypes of
interneurons display distinct morphology,
physiological properties, connectivity patterns, and
biochemical constituents. It has been reported that
GABA , receptors are responsible for mediating a
wide range of activities, including anticonvulsant,
sedative, and hypnotic effects. It is also well known
that the GABA , receptors affect learning and memory
processes. The o, subunit-containing GABA | receptor
is the major subtype contributing to about 60% of all
GABA  receptors in the brain. Behavioral examination
of genetically modified animals has shown that
the o, subunit-containing GABA  receptors play an
important role in modulation of memory acquisition.
GABA  receptor agonists impair memory, while their
antagonists facilitate retrieval in different tasks. There
is a profound difference in the affinity of GABA,
receptors in different brain regions. Furthermore,
recent studies have suggested that an altered cortical
GABA transmission could be involved in the
prefrontal dysfunction in psychiatric disorders, such
as schizophrenia. The GABA system is very essential
for the prefrontal cortex function [6].

The prefrontal cortex is crucially involved in many
higher cognitive functions, such as planning, goal-
directed behavior, and working memory. Evidence
from animal studies indicates that the anterior
cingulate cortex is involved in the memory formation
in training on aversive tasks [7]. Most information has
been derived from studies on conditioned behavior, in
particular avoidance behavior in rats. In these tasks, an
aversive situation was used as a stimulus for learning.
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Passive avoidance learning refers to the learned
inhibition of behavior in order to avoid a punishment.
It is a kind of emotional memory measurement.
Research on passive avoidance learning has been
useful in clarifying the association of personality and
temperament characteristics with disinhibited behavior
[8].

As was mentioned above, many earlier studies
described the effects of the GABAergic system and
neurosteroids in the prefrontal cortex on learning and
memory, but the effect of learning and also actions
of sex hormones on the GABA, receptor density in
the prefrontal cortex have not been compared. So,
the aims of our investigation were (i) to compare
the GABA,  receptor density in the cingulate cortex
area 1 (Cgl), primary motor cortex (M1), and
secondary motor cortex (M2) in male and female rats
using an immunohistochemistry technique, and (ii) to
estimate the effect of learning in a passive avoidance
procedure and of gonadectomy on the GABA,
receptor density in the Cgl, M1, and M2 areas of the
prefrontal cortex in male and female rats.

METHODS

Forty adult Sprague—Dawley rats, 20 males weighing,
on average, 200 = 30 g and 20 females weighing 150 +
+ 20 g, were used.

Male and female rats were randomly divided into
four equal groups: (i) Sham, intact rats without learning
(incision was made without removal of the gonads),
(i1) Sham-L, animals without gonad removal learned
for passive avoidance, (iii) GE, gonadectomized rats
without learning, and (iv) gonadectomized rats with
learning (GE-L). Animals in the non-learned groups
did not have any learning experience. In the learned
groups, animals were handled for 10 days before the
learning procedure for reduction of the influence of
shuttle-box shock.

Gonadectomy Procedures. For castration, male rats
were anesthetized by thiopental sodium. A horizontal
incision was made in the scrotum, and the testes were
tied off and removed with a cut distal to the ligature;
then the incision was sutured. For ovariectomy, female
rats were anesthetized by the same dose of thiopental
sodium and ovariectomized through a midline
laparotomy under sterile conditions.

Behavioral Procedure. Twenty days after
gonadectomy in the respective groups, the learning
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F i g. 1. Photomicrographs of immunohistochemical detection of negative control in the Cgl, M1, and M2 areas (A—C, respectively).
Magnification x400.

P u c. 1. Mikpodotorpadii pe3ynbraTiB iMyHOTriCTOXIMidHOTO BUsiBIeHH: B 30Hax Cgl, M1 ta M2 urypiB rpynu HEraTHBHOTO KOHTPOJIIO.
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F i g. 2. Effects of gonadectomy on passive avoidance learning (time spent in the light compartment, sec). A and B) Males and females,
respectively. Open and dashed columns show data for Sham-L and castrated/ovariectomized rats, respectively. Asterisks show cases of
significant intergroup differences (P < 0.05).

P u c. 2. BrumiB roHasiekToMii Ha pe3yabTaTH HABYAHHS NACHBHOMY YHHKAHHIO.
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procedure was performed in the Sham-L and GE-L
groups. A two-way shuttle-box (Aryo Azma Co,
Iran) with acrylic walls and steel floor bars was
used for learning. The box, 44x20x19 cm, was
bisected by a vertical partition with an opening in
the middle allowing the animal to move freely from
one compartment to another (including light and
dark ones). In the light compartment, the animal was
safe, while in the dark compartment it received foot
electrical shocks of 0.6 mA for 1 sec, with a latent
period of 1 sec.

On the first day, all animals were individually
subjected to 2 min of adaptation to the shuttle
box, within which the rat could explore the light
compartment and move about freely. Within this stage
(since rats like the dark compartment), if the rat did
not move to the dark compartment in 120 sec, it was
removed from the study. This adaptation was repeated
30 min later. On the second day, the rats were placed
in the light compartment of the box and, 1 sec after
entering the dark compartment, the animal received
a 0.6 mA foot shock for 1 sec. On the third day, the
procedure was similar to the initial latency day; the
third day was considered learning one. On the fourth
day, the procedure of memory consolidation was like
that within learning days, but without foot shocks.
On the fifth day (memory retention), the procedure
was similar to that on the fourth day. The rats were
considered completely learned if they did not move
to the dark compartment in 120 sec during the third,
fourth, and fifth sessions.
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Tissue Preparation. In all groups, after the last
learning session, the rats were given with a sodium
thiopental overdose (120 mg/kg). After heart perfusion
with 10% formaldehyde, the brains were removed,
washed with normal saline, and fixed for 72 h in
10% formaldehyde in 0.1 M phosphate buffer
(PB, pH 7.4). Then the brains were post-fixed in
4% formaldehyde in 0.1 M PB (pH 7.4). Paraffin
embedding was done using standard techniques, and
5-um-thick sections were prepared and mounted on
25% L-lysine-coated glass slides.

Immunohistochemical Study. The mounted slides
were dried and stored in a —20°C freezer until used
for antibody labeling. For this, the slides were brought
to room temperature, washed, and the slides outlined
with a liquid-repellent slide marker pen (to retain
reagents on the slides during the immunostaining
procedure). Slides were incubated overnight with
primary antibodies against GABA, | receptor (Abcam,
Great Britain; 4-107 dilution). On the next day, slides
were rinsed in PBS and incubated in secondary
antibody (DAKO Co., Denmark; envision) and next
time washed in PBS. Finally, the slides were rinsed
in PBS three times for 10 min and reacted with a
cromogen (Dab; DAKO Co., Denmark). After rinsing
in PBS, the slides were stained with hematoxylin
(staining of the nuclei). Negative-control sections
were incubated with PBS in the absence of primary
antibody, and no immunoreactivity was detected. All
procedures in all groups and in all individuals were the
same and parallel, and the procedures in groups were
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Fig. 3. Comparison of the GABA, | receptor density in the Cgl area of male and female rats (open and dashed column, respectively).
Results are expressed as means =+ s.e.m. Vertical scale) Color intensity, pixels. Asterisks in this and other figures show cases of significant

differences (P < 0.05).

P u c. 3. IlopiBnsanns mwinsnocti GABA, | -penenTopis y 30ni Cg/ caMmiliB Ta caMuIb I1ypiB.
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A
1.
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4-

F i g. 4. Photomicrographs representing comparison of the GABA, | receptor density in the Cgl of male (A) and female (B) rats. 1-4)
Experimental groups, Sham, Sham-L, GE, and GE-L (see Methods), respectively. x400.

P u c. 4. Mikpodororpadii pesynbraris pussienns GABA, -penentopis y 30mi Cg/ caMIliB Ta caMHIIb ILypiB.
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Fig. 5. Comparison of the GABA,  receptor density in the M1 area of male and female rats. Designations are similar to those in Fig. 3.

P u c. 5. llinenicte GABA,  -penentopis y 30Hi M/ niypis pisHUX IpyIL

done randomly. Figure 1 shows the negative control.
In these slides, there was no brown color due to the
reaction of primary antibody.

After preparing digital images of the slides, the
density of al subunits of GABA, receptors was
analyzed using Image Analyzer program (version 1.33)
for immunohistochemistry procedures. The density of
receptors was estimated according to three characters,
hue, saturation, and intensity. Then, a number reverse
with respect to the receptor density was calculated,
meaning that a higher receptor density is represented
by a smaller number in the program. Color staining of
the neurons was measured in different regions of the
prefrontal cortex.

Statistical Analysis. Numerical data are shown
below as means *+ s.e.m. Statistical analysis was
performed using SPSS (version 18) software. One-
way ANOVA and the Tukey’s post hoc test were used
to determine the differences between groups. P < 0.05
was considered as the level of significance.

RESULTS

Effects of Gonadectomy on Passive Avoidance
Learning. According to the obtained data, castration
of male rats was accompanied by noticeable increases
in the indices of learning and memory consolidation
in the passive avoidance learning procedure (P < 0.05;
Fig. 2). On the other hand, ovariectomy in female
rats significantly (P < 0.05) suppressed learning and
memory consolidation in the above learning procedure

(Fig. 2).
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Effects of Castration and Passive Avoidance
Learning on the Density of GABA,  Receptors in
the Areas Cgl, M1, and M2 of the Prefrontal Cor-
tex. To determine whether a combination of castration
and passive avoidance learning can alter the GABA, |
density in the Cgl, M1, and M2 zones, the immu-
nohistochemistry method was used; this procedure
was demonstrated to be a sensitive test for assay of
GABA,  [9, 10]. Our data showed that there was no
significant differences (P > 0.05) between the densi-
ties of GABA, | in the Cgl, M1, and M2 of male rats
(Figs. 3 to 8). Passive avoidance exerted no significant
effect on the density of GABA | in the Cgl and M2
but significantly increased the respective index in the
M1 region of the prefrontal cortex.

Effects of Ovariectomy and Passive Avoidance
Learning on the Density of GABA,  in the Regions
Cgl, M1, and M2 of the Prefrontal Cortex. In fe-
male rats, passive avoidance learning induced a sig-
nificant (P < 0.05) decrease in the density of GABA, |
receptors in the Cgl, M1, and M2 of female rats. The
GABA, | receptor density significantly increased in
ovariectomized rats with learning, while ovariecto-
my without learning significantly decreased this in-
dex relative to that in control female rats (Figs. 3 to 8).

Comparison of GABA,  Receptor Density in the
Areas Cgl, M1, and M2 of Male and Female Rats.
Figures 3 to 8 show that the densities of GABA, | re-
ceptors in the Cgl, M1, and M2 of control females
were significantly higher than those in control males.
In the Sham group, this density only in the M1 region
was significantly lower in female rats than in males. In
ovariectomized rats subjected to learning, the density
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-

Fig. 6. Photomicrographs representing comparison of the GABA, | receptor density in the M1. Designations are similar to those in Fig. 4.

P u c. 6. Mikpodororpadii pesynbraris Bussienns GABA, -penentopis y 30Hi M/ camIliB Ta caMHIIb IypiB.
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Fig. 7. Comparison of the GABA,  receptor density in the M2 area of male and female rats. Designations are similar to those in Fig. 3.

P u c. 7. Ulinericts GABA,  -penenTopis y 30Hi M2 mypiB pisHUX rpyTI.

of GABA,  receptors in the Cgl, M1, and M2 signifi-
cantly (P < 0.05) exceeded the respective index in cas-
trated male rats with learning.

DISCUSSION

We have found that castration of male rats led to
some increases in the indices characterizing learning
and memory in the passive avoidance task, while
ovariectomy decreased these indices. The literature
shows that androgen-related effects on learning and
memory in adult animals and humans are complex
and contradictory. Androgens can improve the
cognitive performance; e.g., testosterone replacement
in gonadectomized rodents increases acquisition in
the T-maze [11]. In contrast, other studies suggested
that high levels of androgens might adversely affect
memory in humans [12] and laboratory animals [13].
On the other hand, many investigators have reported
that castration does not affect learning [14, 15]. In
many reports, it was shown that ovariectomy impaired
spatial memory and led to morphological changes in
cognitive centers of the rat brain [16—18].

Our results indicated that castration exerts no
significant effect on the GABA, & receptor density
in the Cgl and M1 areas of the cortex. Neurosteroids
are a class of endogenous steroids that are synthetized
in the brain, adrenals, and gonads. These agents
exert potent effects on the GABA, receptor; so, the
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effect of adrenalectomy/castration is mediated, at
least partly, by changes in GABA  receptor function
[19, 20]. Castration resulted in changes in [*H]
muscimol binding in the brain areas containing steroid
receptors, while certain bain areas are deprived
of these receptors. Castration was shown to lead to
high binding levels in the preoptic anterior nucleus
and in the anterior neostriatum area, i.e., in those
brain areas that are known to contain gonadal steroid
receptors [21]. Majewska et al. [22] demonstrated
that the sulfated form of DHEA (DHEAS) binds to
the GABA, receptors on rat neurosynaptosomes.
Further, the authors showed that DHEAS binding
decreases GABA-mediated current (a whole-cell
voltage-clamp technique was used). Yoo et al. [23]
reported that castration can lead to down-regulation
of GABAergic neurons, which precedes or coincides
with increased post-castration LH secretion, and the
duration of the decrease is consistent with the less
robust post-castration LH response. Ago et al. [24]
showed that castration decreases pentobarbital-induced
sleeping time in mice, suggesting that it reduces the
GABA , receptor function. In our study, it may be
that testosterone released from the adrenal glands
compensated the deficiency of gonadal testosterone;
therefore, we did not observe a significant change in
the GABA, | receptor density in castrated male rats.
Our results showed that ovariectomy leads to
reduction in the GABA, | receptor density in the Cgl
and M1 cortex areas. Wu et al. [25] have shown that
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Fig. 8. Photomicrographs representing comparison of the GABA, | receptor density in the M2. Designations are similar to those in Fig. 4.

P u c. 8. Mikpodororpadii pesynbraris pussienas GABA, -penentopis y 30Hi M2 camIliB Ta caMHIIb IypiB.
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cyclic elevations in the progesterone levels in diestrus
are accompanied by increased extrasynaptic GABA
receptor subunit expression in the hippocampus.
There is evidence that cyclic fluctuations in steroid
hormones within the estrous cycle regulate some
GABA |, receptor subunits. Juptner et al. [26] reported
that GABA, receptors in the CNS are under a
modulatory control of ovarian sex steroid hormones.
The authors showed that ovariectomy enhances
specific binding of [3H] muscimol to GABA receptor
sites. It seems that these changes are due to cessation
of ovarian steroid production, as they can be reversed
by substitution of estradiol and progesterone. Scott
and Clarke [27] suggested that GnRH secretion is
regulated by GABAergic neurons at the level of the
GnRH cell bodies in the preoptic area and that, during
the breeding season, this is affected by GABA, and
not by GABA, receptors. Decrease in the GABA, |
receptor density in our study may result from the fact
that estrogen enhances GAD activity in neurons [28].
Furthermore, stress is also associated in some way
with changes in learning and memory; neuroactive
steroids and neurosteroids are released in response to
stress and, potently, can modulate GABA , receptors
[5].

In our experiments GABA ,  receptor density in the
Cgl, M1, and M2 of ovariectomized learned female
rats was significantly higher than that in castrated rat
mails with learning. The effect of progesterone on
GABA, receptors also depends on the metabolizing
enzymes. Furthermore, the respective metabolites
display both agonistic and antagonistic actions on
GABA , receptors. The differences may be due to the
choice of a ligand, neurosteroid concentrations, and
animals [29] (rats compared to mice).

Therefore, we found that: (i) ovariectomy leads
to suppression of learning and memory for passive
avoidance, while castration of males enhances the
respective indices somewhat; (ii) ovariectomy of
female rats leads to significant decreases in the
GABA, | receptor density in the Cgl, M1, and M2
areas of the prefrontal cortex, while castration exert no
significant effect on the above index in the mentioned
areas. Some studies in both human and animal models
suggest that a balance between the serum testosterone
and estradiol levels may be critical for the performance
of memory tasks [30]; (iii) passive avoidance learning
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affects the GABA, receptor density in areas Cgl,
M1, and M2 of the prefrontal cortex of females but
not of gonadectomized male rats; (iv) the GABA, |
receptor density increases in female rats following
ovariectomy and learning while there is no significant
change in castrated male rats. This density in the Cgl,
M1, and M2 of ovariectomized rats after learning is
significantly higher than that in castrated male rats.
These results are in agreement with the statement [29]
that the gonads are not the only source of modulators
of GABA, receptors; another likely source of
modulators is the adrenal cortex. It was found that
intact or gonadectomized female rats displayed a
markedly greater corticosterone response and more
pronounced increase in GABA receptor binding than
intact or castrated males after stress [29].

All procedures involving animal subjects were reviewed and
approved by the Institutional Research Ethics Committee of the
School of Veterinary Medicine of the Shiraz University.

The authors of this communication, A. Shojaee and
M. Taherianfard, confirm the absence of any conflict related
to commercial or financial interests, to interrelations with
organizations or persons in any way involved in the research,
and to interrelations of the co-authors.

A. Looaceni’, M. Taxepiangapo’

BIUINBU FTOHAJIEKTOMII TA HABUAHHSI VHUKAHHIO
HA IIJIbHICTbh GABA,, -PEI[ENITOPIB V [IPE®POH-
TAJIBHII KOPI CAMIIIB TA CAMUIIb IIIVPIB

' Konemkx BetepuHapHoi MeauuuHu yHiBepcuteTy [lupas
(Ipan).

PeswowMme

Mu OLiHIOBAIM BITMBY IOHAJEKTOMIT Ta HABYAHHS MaCHUBHOMY
YHUKaHHIO Ha minbHicTh GABA, A -penenTopis y npedponTab-
Hilf KOpi camiiB i camuub mypis. 20 gopocnux camiliB (mMaca
tima 200 + 30 r) Ta 20 mopocaux camuub (150 + 20 r) Oynu
nojineni Ha yotupu rpynu: Sham (iHTakTHI wypu, He migaa-
Hi HaB4YaHHIO), Sham-L (iHTakTHI mWypH, mif1aHi HaBYAHHIO),
GE (ronagexToMoOBaHi LIypH, He MijJaHi HaBYaHHIO) Ta
GE-L (ronagekToMoBaHi LIypH, 10 NPOUIUIM HaBYyaHHs). s
HaBYaHHS NMACUBHOMY YHHKAHHIO BUKOPUCTOBYBAJIM YOBHUKOBY
xamepy. lineHicts GABA -penenTopis oniHioBajacs 3 BUKO-
PUCTAHHIM IMYHOTiCTOXiIMiuHOT MeTOAUKH (IIporpaMHe 3abe3me-
gerHs «ImageAnalyzer»). OBapioexkToMist 63 HaBUaHHS 3yMOB-
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JI0Basa iCTOTHE 3MeHIen s wWinbnocti GABA,  -peunentopis y
perioHax npeppoHTaIbHOT KOPU MOPIBHAHO 3 BiAMOBIAHUM IIO-
Ka3HUKOM y KOHTPOJBbHIN 1HTAKTHIN Tpymi; B TOU ke yac oBapi-
OCKTOMOBaHI caMHUIi AEMOHCTPYBaJIH 3HAYHO BUIIY IIIJIBHICTH
peuenTtopiB y npedpoHTadbHI# KOpi, HiX Taka B Sham-rpymi.
He cmocTepiranoch iCTOTHUX BiAMIHHOCTEH IIIIBHOCTI peuen-
TOpiB B 000X Ipynax KaCTpOBaHHX caMUiB. Pe3ynpTaTtu mopis-
HSHHS MTOKa3HHUKIB y CaMLiB Ta CAMHUIb 3aCBiYMIH, IO MIiIb-
nicte GABA, -peuenTopiB y KacTpOBaHUX IIypiB, MiJAaHUX
HaBYaHHIO, OyJa ICTOTHO HMXKYOI0, HI’K Taka B OBapiOCKTOMOBA-
HHUX CaMHIb micias HaB4aHHS. OTXe, OBapiOCKTOMIisl 3yMOBIIIOE
NOTYXKHilII BIUIMBH, HiK KacTpauis, Ha mwinbHicTh GABA, -
peuenTtopiB y pisHuX perioHax npedponranbHoi kopu. HaBuan-
HSI YHUKAQHHIO IPU3BOAUTH A0 301IbIICHHS IITHHOCTI BKA3aHUX
peuenTtopiB y pi3HuUX perioHax npepoOHTAIBHOI KOPH CAMULb,
TOA1 K KacTpallis caMLiB HE 3yMOBIIIO€ iICTOTHUX BIJIUBIB y Ja-
HOMY aCIIEeKTI.
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