
P
f

D
D

h

I
I
I

a

A
R
R
A

K
D
G
C
C
P
S

1

e
p
d
[
t
G
s
o
t
t

S
S

0
h

Neuroscience Letters 521 (2012) 109– 114

Contents lists available at SciVerse ScienceDirect

Neuroscience  Letters

jou rn al h om epage: www.elsev ier .com/ locate /neule t

renatal  dexamethasone  selectively  decreases  calretinin  expression  in  the  adult
emale  lateral  amygdala
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Prenatal  dexamethasone  decreases  calretinin  cell  density  in  the  female  lateral  amygdala.
Calretinin  expression  is  not  altered  in  the  basolateral  amygdala  and  hippocampus.
Prenatal  dexamethasone  did not  alter  calbindin  expression.
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a  b  s  t  r  a  c  t

Exposure  to  high  levels  of  glucocorticoids  (GCs)  during  early  development  results  in  lasting  disturbances
in  emotional  behavior  in  rodents.  Inhibitory  GABAergic  neurons,  classified  by  their expression  of  cal-
cium  binding  proteins  (CBPs),  also  contribute  to stress-related  behaviors  and  may  be  GC  sensitive  during
development.  Therefore,  in  the  present  study  we  investigated  the effects  of  prenatal  treatment  with
the  glucocorticoid  receptor  agonist  dexamethasone  (DEX)  on  expression  of calbindin  and  calretinin  in
brain areas  critical  to  emotional  regulation  (basolateral/lateral  amygdala  and  hippocampal  CA1  and  CA3
regions). Late  gestational  treatment  with  DEX  (gestational  days  18–22)  significantly  decreased  the  density
of calretinin  immunoreactive  cells  in  the lateral  amygdala  of adult  female  offspring  with  no  differences  in
alretinin
renatal
ex difference

the  basolateral  amygdala,  hippocampal  CA1,  or CA3  regions.  Moreover,  there  were  no  effects  of  gestational
DEX treatment  on  calretinin  expression  in males.  Calbindin  expression  in  adulthood  was  unaltered  within
either amygdala  or hippocampal  subregion  of  either  sex  following  prenatal  DEX  treatment.  Together  these
findings  indicate  that late  gestational  DEX  treatment  causes  a targeted  reduction  of  calretinin  within  the
lateral  amygdala  of females  and  this  may  be one  mechanism  through  which  developmental  glucocorticoid
exposure  contributes  to  lasting  alterations  in  emotional  behavior.
. Introduction

Circulating glucocorticoid (GC) levels rise prior to birth and are
levated even further under conditions of prenatal stress. Such
athologically elevated levels of GCs are thought to impact the
eveloping brain by altering normal patterns of cell proliferation
22], differentiation [28], migration [8],  and death [39]. In addition
o endogenous increases in GC levels, exposure to high levels of
Cs during development occur following clinical administration of
ynthetic GCs, such as dexamethasone (DEX), to premature infants

r pregnant women at risk for premature delivery. In this case,
hey promote lung development by stimulating surfactant produc-
ion [35] and thereby lessen the risk for respiratory distress [36].
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However, adverse side effects of DEX have been reported. Infants
treated with DEX show dramatic reductions in body weight,
detriments in cognitive, motor, and emotional development, and
disrupted hypothalamic–pituitary–adrenal (HPA) axis function
[2,13,16]. In rodents, perinatal exposure to DEX  has repeatedly
been shown to have long-term consequences that affect emotional
behaviors. These effects include elevated anxiety-related behav-
iors [23,27],  startle responses [14], and depressive-like behaviors
[23,27].

The hippocampus and the basolateral amygdalar complex,
encompassing the lateral and basolateral amygdalae, play a critical
role in the regulation of emotional behaviors including fear, anxiety,
and depression [1,10,41]. Within these regions, GABAergic neurons,
classified by their expression of calcium binding proteins (CBPs),
have been demonstrated to contribute to stress-related behaviors

and expression of these cell phenotypes also appears to be GC sen-
sitive during development. Alterations in CBP expression have been
linked to anxiety-related behaviors and depression in humans and
rodents [11,18,38].  Furthermore, neonatal stress, which involves an
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levation in endogenous GC levels, causes region specific increases
nd decreases in the expression of these cell phenotypes [9,11].
onsistent with the concept that GCs can affect the development
f GABA neurons, a recent study in our laboratory indicates that
erinatal treatment with DEX induces apoptosis in calbindin and
alretinin expressing cells within the amygdala [43].

Given our observation that prenatal DEX increases apoptotic
ell death within the amygala and hippocampus [43,44] and CBP-ir
eurons may  be particularly vulnerable [43], in the present study
e determined whether these effects of late gestational GC expo-

ure persist into adulthood by changing the density of calbindin
nd calretinin immunoreactive neurons in the lateral/basolateral
mygdala and CA1 and CA3 hippocampal regions. The results of
hese studies show that following prenatal DEX treatment, cal-
etinin expression is decreased in the lateral amygdala of adult
emales, with no effects of DEX treatment found in calbindin or
alretinin expression in other areas examined or in males.

. Method

Animals: Timed-pregnant Sprague-Dawley dams were obtained
rom Charles River Laboratories (Wilmington, MA) at 7 days ges-
ation and handled daily for 4 days (GD14–17) to reduce the
ossibility of investigator-initiated stress responses prior to exper-

mental treatments. Dams were singly housed under a 14/10 L/D
ycle (lights on at 0600), with food and water available ad libi-
um. Pregnant dams were subcutaneously injected with 0.4 mg/kg
EX or vehicle (2% ethanol in safflower oil) once daily at 1000
n gestation days 18–22. This dosage has previously been used in
ur laboratory and has been shown to produce effects commonly
eported following GC treatment including decreased brain and
ody weight [3,43].  All procedures were approved by the Arizona
tate University IACUC, under subcontract from the University of
rizona College of Medicine-Phoenix and were in accord with NIH
uidelines.

Tissue processing and immunohistochemistry: At 60 days of
ge, male and female offspring were administered a 100 mg/kg
ntraperitoneal overdose of Nembutal, and intracardially perfused

ith 100 ml  of 0.9% saline followed by 200 ml  of phosphate-
uffered 4% paraformaldehyde. Brains were extracted and placed

n the same fixative at 4 ◦C overnight. Brains were next trans-
erred into a 30% sucrose cryoprotectant solution, where they
emained at 4 ◦C until sectioning. For immunohistochemistry,
rains were sectioned coronally at 35 �m into 4 alternate series
sing a Leica CM3050S cryostat (Leica, Buffalo Grove, IL). Tissue
as placed in cryopreservative at −20 ◦C. Immunohistochemistry
as performed on free-floating sections according to our published
rotocol [43] using primary antisera for calbindin D28k (1:20,000,
ouse, Millipore, Billerica, MA), or calretinin (1:5000, mouse, Mil-

ipore). Following immunohistochemistry, sections were mounted
n gelatin-coated slides, and coverslipped with Permount (Sigma,
t. Louis, MO,  USA).

Microscopy:  Analysis of calbindin-positive cells was conducted
n a Zeiss Axioskop microscope equipped with Neurolucida
.7 software (MicroBrightField Inc., Williston, VT). The basolat-
ral/lateral amygdala and CA1/CA3 hippocampal regions were
dentified using a rat brain atlas [24]. Regions were outlined using
eurolucida software and calbindin and calretinin-ir cells were
ounted within these areas. Calbindin and calretinin-ir cells were
ounted bilaterally within 2 consecutive sections near Bregma
2.80 mm.  The mean of these counts was used as a single value
or each brain region for each animal. Calbindin immunoreactiv-
ty within the sexually dimorphic nucleus of the preoptic area
SDN-POA) was also assessed as a biological assay of perinatal
estosterone levels since calbindin-ir cells form a sub-nucleus
Letters 521 (2012) 109– 114

within the SDN-POA which is greater in volume and contains more
neurons in male compared to female rodents [6,30].  Moreover,
this sex difference results from the presence of perinatal androgen
secretions in males [30]. One unilateral region from each animal
that contained the largest visible calbindin-ir subnucleus of the
SDN-POA was chosen for analysis. Calbindin-ir cells were counted
within a 500 �m × 500 �m square area surrounding the region.

Statistical analysis: Statistical analyses were performed using
GraphPad Prism 5.0 (GraphPad, La Jolla, CA). Calbindin- and
calretinin-ir cell numbers were compared using two-way ANOVA
with treatment (DEX or vehicle) and sex (male or female) as fac-
tors. Significant effects were further analyzed using Bonferonni
corrected t-tests. Differences were considered significant when
p < 0.05 and data are reported as means ± standard error of the
mean (SEM).

3. Results

Amygdala:  Two  way analysis of variance of calretinin-ir cells
within the lateral amygdala revealed a significant main effect of
treatment (F(1,20) = 5.18, p < .05), but not sex, and a significant
sex × treatment interaction (F(1,20) = 6.67, p < .05). Post hoc com-
parisons indicated that DEX treated females showed a significant
decrease in the number of calretinin-ir cells compared to all other
groups (p < .01; Fig. 1a). No significant main effects or interactions
were found in the number of calretinin-ir cells in the basolateral
amygdala (Fig. 1b). In contrast to calretinin, no significant main
effects of treatment, sex, or a sex × treatment interaction were
found for calbindin-ir cells in the lateral or basolateral amygdala
(Fig. 2).

Hippocampus: No significant main effects or interactions were
found for the number of calbindin or calretinin-ir cells in the CA1
or CA3 hippocampal regions (Table 1).

SDN-POA: Two-way ANOVA of calbindin-ir cells in the SDN-
POA revealed a significant main effect of sex (F(1,20) = 8.91, p < .01;
Table 1) indicating a greater density in males compared to females.
No significant effects of treatment or a sex × treatment interaction
were found for calbindin-ir cells in the SDN-POA (Table 1).

4. Discussion

In this study, we  demonstrate that prenatal DEX exposure causes
targeted decreases in the number of calretinin-ir cells in the lateral
amygdala of adult female rats. This effect was not seen in adult male
rats nor was it seen in the basolateral amygdala or CA1 and CA3
hippocampal regions of males or females. Further, prenatal DEX
treatment did not affect calbindin cell populations in the amygdala
or hippocampus.

The lateral amygdala plays a critical role in regulating emotional
behaviors including fear, anxiety, and depressive-like behaviors
[1,10,41]. Recent studies show that these behaviors are elevated
following prenatal DEX treatment [14,23,27] suggesting that over-
exposure to GCs during development can permanently affect brain
function. The amygdala contains dense populations of cells that
express glucocorticoid receptor [20], as early as gestational days
17–18 [37], providing a means through which DEX can exert its
effects. However, the specific molecular mechanism/s whereby
developmental exposure to GCs alters development of the amyg-
dala is not known.

The amygdala and hippocampus contain a large and heteroge-
nous population of GABAergic neurons that can be sub-classified

based on their expression of calcium binding proteins. Calcium
binding protein expressing cells, including calbindin and calre-
tinin have distinct cell/synapse morphology and physiology [4,40].
These unique characteristics indicate that subpopulations of CBPs
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Fig. 1. Calretinin immunoreactive cells within the lateral and basolateral amygdala sub-regions following prenatal dexamethasone treatment. The number of calretinin
immunoreactive cells was quantified in the lateral (A) and basolateral (B) amygdala of adult males and females following prenatal treatment with DEX or oil vehicle. (C) Low
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agnification photomicrograph showing calretinin immunoreactive cells in the am
ndicates the region that was further magnified in (D). In panels (A) and (B), each b
ignificance between groups.

ay  mediate different inhibitory functions. Hence, a disruption in
he expression of one subtype may  also cause unique behavioral
eficits.

Alterations in the number of GABAergic neurons in the amyg-
ala, including the lateral region, have been shown to correlate with

 dysregulation in emotional behaviors in rodents [5].  Therefore,
ermanent modifications in GABAergic function resulting from pre-
atal DEX induced decreases in calretinin-ir in the lateral amygdala
ay  contribute to the etiology of these behavioral disturbances.

hanges in calretinin-ir cell density in the lateral amygdala may
e the consequence of several factors including reduced cell prolif-

ration, altered phenotype differentiation/migration, or increased
poptosis. Each has been shown to be affected by perinatal GC
xposure [8,15,22,28,39]. We  have hypothesized that one likely
echanism for GC induced alterations in calretinin density is

able 1
umbers of calretinin and calbindin immunoreactive cells within the adult hippocam
examethasone treatment. Animals were killed at 60 days old and numbers of immunor
A3  subfields of the hippocampus or within a 500 �m × 500 �m square area surrounding

Treatment/sex Calretinin 

CA1 CA3 

Veh male 40.73 ± 3.48 30.15 ± 4.87 

DEX  male 50.67 ± 2.24 38.14 ± 2.55 

Veh  female 45.24 ± 6.83 32.30 ± 4.72 

DEX female 39.98 ± 8.85 30.48 ± 4.15 

* Indicates a significant main effect of sex (p < .01) by two-way ANOVA, with females h
la. The lateral and basolateral amygdala are indicated by dashed lines and the box
resents the mean ± SEM of n = 6 per group. Numbers above bars indicate levels of

apoptotic cell death. In a recent study, perinatal DEX exposure
was shown to preferentially induce apoptosis in amygdala neurons
expressing calretinin and calbindin [43].

Interestingly, the observed decrease in lateral amygdala
calretinin-ir following in utero DEX treatment occurred exclusively
in adult females. Prenatal GC overexposure resulting from either
maternal stress or direct administration has been shown to cause a
variety of sexually dimorphic modifications in the brain including
elevations in apoptotic cell death and permanent cell loss in females
[19,33,42]. These sex specific effects of GCs may  result from the
presence of androgens in males during the perinatal period which

spare cells from death in the rodent central nervous system via
actions through both androgen and estrogen receptors [21]. Subtle
differences in the expression of androgen and estrogen receptors
between the lateral and basolateral amygdala [31] may  similarly

pus and the sexually dimorphic nucleus of the preoptic area following prenatal
eactive cells were counted within an outlined area surrounding the entire CA1 or

 the SDN-POA. Data are expressed as counts per mm2.

Calbindin

CA1 CA3 SDN-POA

19.88 ± 2.23 20.52 ± 2.69 145.17 ± 2.89
24.77 ± 2.67 27.08 ± 1.43 162.33 ± 8.75
22.40 ± 3.52 25.51 ± 2.31 126.50 ± 8.04*

16.58 ± 2.79 22.88 ± 2.82 122.50 ± 15.31*

aving fewer calbindin-ir cells than males. N = 6 per group.
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Fig. 2. Calbindin immunoreactive cells within the lateral and basolateral amygdala sub-regions following prenatal dexamethasone treatment. The number of calbindin
immunoreactive cells was  quantified in the lateral (A) and basolateral (B) amygdala of 60 day old males and females following prenatal treatment with DEX or oil vehicle. No
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ignificant differences were found. (C) Low magnification photomicrograph showin
re  indicated by dashed lines and the box indicates the region that was further mag

ontribute to region specific effects on calretinin immunoreactivity.
t is also possible that DEX induced alterations in lateral amygdala
alretinin expression occur consequent to sex specific alterations
n gonadal hormone receptors. Estrogen receptor beta deficient

ice show decreased levels of calretinin within the amygdala [7],
herefore a sex specific decrease in this receptor may  lead to a
ecrease in lateral amygdala calretinin. Correlating with sex spe-
ific effects of DEX on lateral amygdala calretinin immunoreactivity
re reports indicating increased anxiety and depressive-like behav-
ors in adulthood [23,27].  Similarly, prenatal stress has also been
eported to lead to female specific increases in these behaviors in
dult rats [26,29]. This suggests that a decrease in lateral amyg-
ala calretinin cells may  be one factor underlying this behavioral
ex difference, although it is not known whether effects of prenatal
tress are entirely due to increases in GCs.

Unlike the lateral amygdala, the density of calretinin-ir cells
as unaffected in the basolateral amygdala and CA1/CA3 regions

f the hippocampus following prenatal DEX treatment, indicating
hat these regions are less sensitive to the adverse effects of GCs.
his difference in sensitivity to DEX on the number of calretinin-ir
ells may  reflect regional differences in glucocorticoid receptor
istribution and/or cellular localization, or reflect tissue specific
ritical periods for glucocorticoid receptor sensitivity. Cells of the
ateral amygdala show a unique distribution of glucocorticoid
eceptors, in which some receptors are located in non-nuclear

embrane translocation sites, including glial processes, dendrites

nd dendritic spines [12]. Whether this population of gluco-
orticoid receptors is responsible for the programmed effects
f DEX treatment on adult calretinin expression remains to be
indin immunoreactive cells in the amygdala. The lateral and basolateral amygdala
 in panel (D). Each bar represents the mean ± SEM of n = 6 per group.

determined. The amygdala also shows subregion specific alter-
ations in glucocorticoid receptor following prenatal DEX treatment,
indicating these discrete regions show different sensitivities to
GCs [34]. However, further studies are needed to decipher the
specific mechanisms through which DEX differentially affects the
lateral and basolateral amygdala.

The density of calbindin expressing cells of adult males and
females was unaffected in both the lateral and basolateral amyg-
dala following prenatal DEX treatment. This observation correlates
with the results of studies showing that neonatal stress does not
affect calbindin immunoreactivity in either the lateral or basolat-
eral amygdala [9] indicating that this phenotype of cells are less
sensitive to the effects of GCs. We  also did not detect changes in
calbindin or calretinin cell numbers in the hippocampus of pre-
natal DEX treated males and females. By contrast, neonatal stress
has been shown to increase calbindin cell number in the hip-
pocampus [9].  However, since GC exposure in our studies was
administered prenatally, and Giachino et al. [9] administered stress
postnatally, the timing of GC overexposure may  differentially affect
calbindin expression in the hippocampus. It is also possible that
stress-induced increases in hippocampal calbindin do not occur
exclusively via GC activation of glucocorticoid receptors.

Since prenatal DEX exposure can alter circulating levels of
gonadal steroid hormones [17], and gonadal steroids can influ-
ence GABA and CBP function [25,32],  we addressed the possibility

that androgen levels were altered in rodents in the present study
and thus may  contribute to morphological changes within the
lateral amygdala. To this end, we  examined the SDN-POA, a fore-
brain nucleus that is much larger in males than in females and is
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ensitive to perinatal changes in gonadal steroid hormones [30].
revious studies have demonstrated that testosterone exposure on
ostnatal days 0–1 is critical to the formation of sex differences in
albindin-ir in the SDN-POA [30], therefore, the calbindin-ir sub-
ucleus of the SDN-POA should be altered in prenatal DEX treated
nimals if there were significant changes in circulating gonadal
teroid hormone levels. Our results confirmed the presence of a
ex difference in calbindin in rat brains. Since we found no effects
f prenatal DEX on SDN-POA calbindin-ir of males or females this
ndicates that any potential DEX-induced suppression of testos-
erone in males, or elevation in females, was insufficient to produce

orphological effects. Furthermore, the possibility exists that ele-
ated levels of androgens in males during the perinatal period may
erve to reduce any effects of DEX, thereby protecting males but not
emales, from GC induced changes in lateral amygdala morphology.

In summary, these findings indicate that exposure to high lev-
ls of GCs during prenatal development can permanently decrease
he density of calretinin expressing cells in the lateral amygdala of
dult females which subsequently may  contribute to disturbances
n emotional behaviors reported in prenatal DEX-treated rodents
23,27].
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