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Abstract

Repeated stress causes cognitive decline and decreases the expression of glial fibrillary acidic protein (GFAP)" astroglial cells in the
prefrontal cortex (PFC). The stress-induced alterations in astroglial density and morphology might significantly contribute to cognitive
impairments. Apart from PFC, a key region involved in modulation of repercussions of stress is basolateral amygdala (BLA), which
undergoes hypertrophy following chronic immobilization stress (CIS) and has intense reciprocal connections to the PFC. Interestingly,
inactivation of BLA precludes stress-induced learning deficits. However, the modulatory role of BLA on CIS-induced alterations in
GFAP" astroglial density and associated learning deficits are presently unknown. Accordingly, we present two sets of experiments
evaluating the effects of BLA inactivation either permanently or temporarily on CIS-induced changes in learning and astroglial
expression in the PFC. CIS causes impairment in novel object recognition memory and astroglial loss in the PFC. In experiment I,
we permanently inactivated the BLA by ibotenate lesion prior to CIS and observed a significant improvement in learning. Surprisingly,
BLA lesion also prevented the stress-induced astroglial loss in the PFC. Furthermore, in the experiment II, we analyzed whether the
effects of permanent inactivation could be mirrored by the temporary blockage of BLA specifically during stress. Interestingly,
temporary inactivation of BLA mimics the effects of lesion. There was a notable prevention of learning impairment and astroglial loss
in the PFC following BLA inactivation during stress. The present study emphasizes that stress-induced astroglial loss might contribute to
cognitive deficits and modulation of BLA activity might be a viable strategy for management of stress-related PFC dysfunctions.
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Abbreviations Introduction

BLA Basolateral amygdala

PFC Prefrontal cortex Repeated exposure to stressful conditions causes profound cog-
PrL Prelimbic cortex nitive decline [1-3] which are often associated with the emer-
ACC Anterior cingulate cortex gence of depressive [4—6] and anxiety [7] disorders. The stress-
GFAP Glial fibrillary acidic protein induced aberrant changes in neuronal functions such as dendrit-
CIS Chronic immobilization stress ic debranching, spine loss, and altered electrophysiological
NOR Novel object recognition properties are well studied in the prefrontal cortex (PFC) and
HPA axis Hypothalamic pituitary adrenal axis are often associated with learning deficits [1, 2, 8]. In addition
NMDA  N-methyl-D-aspartate to neuronal changes in the PFC, growing body of evidence

suggests that astrocytes in the PFC mediate several aspects of
stress-related dysfunctions [9, 10]. Several lines of evidence
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Selective inhibition of astrocytes causes decreased gamma os-
cillations which were associated with impaired novel object
recognition memory [17]. Further, astroglial loss during chronic
stress has been associated with learning impairment [4] and the
emergence of depressive behavior [10]. Additionally, astrocytic
dysfunctions have been widely reported in neurodegenerative
disorders associated with cognitive impairments such as
Alzheimer’s disease [18]. Together, these studies demonstrate
that astrocytic dysfunctions might be crucial in the manifesta-
tion of stress-induced behavioral effects including cognitive
decline.

Apart from PFC, the basolateral amygdala (BLA) is cru-
cially involved in modulation of stress-induced cognitive def-
icits 8, 19, 20]. In an earlier study, we showed that chronic
immobilization stress (CIS) causes dendritic hypertrophy and
enhanced spinogenesis in the principal neurons of BLA [21].
In contrast to BLA, prefrontal cortical neurons undergo den-
dritic atrophy and spine loss following stress [2, 22, 23].
Importantly, detrimental effects of stress might be attributed
to extensive reciprocal connections between prefrontal cortex
(PFC) and BLA [24-27]. Several lines of research suggest that
BLA can modulate the activity of PFC during stressful condi-
tions [20, 28-30]. For instance, lesion of BLA blocked the
detrimental effects of both systemic corticosterone and intra-
PFC glucocorticoid receptor agonist administration on work-
ing memory [20, 28]. The lesion and pharmacological inacti-
vation of BLA not only blocks detrimental effects of stress on
the PFC [8, 20] but also in the hippocampus [29, 31-36]. In
our earlier study, we demonstrated that inactivation of BLA
prevents the stress-induced spatial learning deficit in a partial-
ly baited radial arm maze task. In addition, the silencing of
BLA partially blocked the increase in plasma corticosterone
levels following stress [37]. These findings suggest that BLA
activity is crucial in mediating the stress-induced detrimental
effects on PFC and hippocampal-dependent learning.
However, to our knowledge, there are no studies investigating
the effects of inactivation of BLA on stress-induced alterations
in prefrontal astrocytic density and accompanying cognitive
decline. This study will emphasize the role of cortical astro-
cytes in learning especially during chronic stress conditions.
Further, it will elucidate a putative mechanism for prevention
of cognitive deficits by amygdalar silencing during stress.

The primary aim of the study was to evaluate the modula-
tory role of BLA on stress-induced alterations in the density of
cortical astrocytes and associated changes in learning. We hy-
pothesized that inactivation of BLA could prevent stress-
induced learning impairment and associated astroglial loss in
the PFC. Accordingly, we evaluated the effects of BLA inac-
tivation on CIS-induced alterations in novel object recognition
memory and glial fibrillary acidic protein (GFAP)* astroglial
density in the prelimbic (PrL) and anterior cingulate (ACC)
subregions of the PFC. We estimated the GFAP™ astrocytes
using unbiased stereology, which is a gold standard method

for estimation of cellular density [9]. In addition, we utilized
two different strategies to inhibit BLA during stress. The ex-
periment [ was performed to determine whether ablation of the
BLA using ibotenic acid prior to CIS would prevent the stress-
induced astroglial loss and associated decline in recognition
memory. Furthermore, experiment Il was performed to assess
whether temporary inactivation would mirror the effects of
BLA lesion. Therefore, in experiment II, we temporarily si-
lenced the BLA using lidocaine, a sodium channel blocker,
prior to each session of immobilization stress for 10 days and
then assessed the recognition memory and changes in GFAP
density.

Materials and Methods
Subjects

Adult male Wistar rats (200-225 g; 2-2.5 months old) were
obtained from the Central Animal Research Facility,
NIMHANS, Bengaluru, and group housed in a climate-
controlled vivarium with a 12:12-h dark/light cycle. The water
and food were available ad libitum. The behavioral experi-
ments were carried out during the light phase of the cycle
between 09:00 and 15:00 h. All the experiments were in com-
pliance with the guidelines of the Committee for the Purpose
of Control and Supervision of Experiments on Animals,
Government of India and approved by the Institutional
Animal Ethics Committee.

Experimental Design

Figure 1 shows the outline for the experiment I (a) and II (b).
Before the start of experiments, all animals were handled by
the experimenter for 7 days. In experiment I, we evaluated the
effect of BLA lesion on stress-induced cognitive deficits and
associated changes in GFAP* astroglial density in the PFC.
Animals were randomized to one of the groups: naive rats
either served as non-stressed control (NC) or subjected to
10 days of CIS, rats with intra-BLA phosphate-buffered saline
(PBS, pH 7.4) infusion either served as non-stressed vehicle
control (PBS) or were subjected to CIS and rats with intra-
BLA ibotenate infusion either served as non-stressed lesion
control (IBO) or were subjected to CIS.

Experiment II was performed to evaluate the effect of tran-
sient inactivation of BLA during stress on learning and GFAP
expression in the PFC. The animals were randomly allocated
to one of the following groups: rats receiving a single intra-
BLA infusion of saline (4 min/day) on each day for 10 days,
either served as non-stressed saline control (SAL) or were
subjected to immobilization stress, 15 min following saline
infusion, rats subjected to a single intra-BLA lidocaine
(0.25 pl/ min for 4 min/day) infusion on each day for 10 days,
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a Experiment I: BLA lesion

J IBO or PBS infusion, bilaterally
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2-2.5 Months old " Recovery Chronic Immoblization Stress
Wistar rats Stereotaxic Surgery for 10 days (Stress session: 2h/day for 10 days)
b Experiment Il: Temporary inactivation of BLA NOR ||
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v
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Wistar rats for 10 days (Stress session: 2h/day for 10 days)

A - Represents each session of imnmobilization stress for 2 h/day

Y. Represents either saline or lidocaine infusion prior to each session of immobilization stress for 10 days

Fig. 1 Schematic representation of experiments I and II. In both
experiments, 2—2.5-month-old adult male Wistar rats were subjected to
handling by experimenter for 7 days prior to the onset of experiments. In
experiment [ (a), rats were subjected to stereotaxic bilateral intra-BLA
infusion of either PBS (vehicle) or ibotenic acid. Following 10 days of
postsurgical recovery, the animals were subjected to 10 days of immobi-
lization stress for 2 h between 10:00 and 12:00 h. On 11th and 12th day,
rats from all groups were subjected to assessment of novel object recog-
nition (NOR) task, followed by perfusion and immunohistochemical lo-
calization of GFAP" cells in the PrL. and ACC subregions of PFC.

either served as non-stressed lidocaine control (LI) or exposed
to immobilization stress, 15 min following lidocaine infusion.

The naive rats which either served as non-stressed control
(NC) or subjected to 10 days of CIS are the same group of
animals for the experiments I and II. Further, the naive non-
stressed and stressed rats served as non-surgical control. For
both experiments, rats underwent surgical manipulations
followed by recovery for 10 days. Thereafter, one set of rats
served as non-stressed control and another set was subjected
to CIS. In experiment I, rats received either single intra-BLA
infusion of ibotenic acid or PBS during surgery followed by
recovery and exposure to CIS. In experiment II, animals re-
ceived either lidocaine or saline infusion prior to each session
of stress for 10 days. After that, non-stressed and stressed
animals from both experiments were subjected to novel object
recognition task followed by perfusion and immunohisto-
chemistry experiments.

Surgery and Infusion Schedule

Rats were anesthetized with ketamine hydrochloride
(90 mg kg_l; Ketmin® 50, Themis Medicare Ltd., India)
and xylazine (10 mg kg '; Xylaxin®, Indian
Immunologicals Ltd., India) combination injected via intra-
peritoneal (i.p.) route and placed in a stereotaxic instrument
(David Kopf Instruments, USA) after ensuring the surgical
plane of anesthesia.

Experiment |

In experiment I, animals were subjected to an excitotoxic le-
sion of BLA using ibotenic acid. A 30-gauge infusion needle
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Experiment II (b) was performed in a separate set of animals. Rats were
subjected to bilateral cannulae implantation into the BLA followed by
10 days of postsurgical recovery. These rats received an intra-BLA infu-
sion of either saline or lidocaine 15 min prior to each session of stress for
10 days followed by NOR task and immunohistochemistry (IHC). The
arrow indicates the bilateral infusion of PBS or ibotenic acid into the BLA
during stereotaxic surgery; arrowhead indicates an intra-BLA infusion of
either saline or lidocaine and the filled triangle indicates each session of
2 h of immobilization stress for 10 days

was targeted to the BLA (anteroposterior, —2.8 to —3.0 mm
from bregma; mediolateral, 4.8 to 5 mm; and dorsoventral, 7.8
to 8.2 mm from dura [38]). Ibotenic acid solution (10 pg/ml)
was prepared freshly in PBS, pH 7.4, and infused bilaterally
(0.25 pl/per side) using a microinjector (Harvard Apparatus,
MA, USA) through an infusion needle connected to a
Hamilton syringe [37]. The infusion needle was left in place
for an additional 2 min for diffusion. Animals of the vehicle
control group received a bilateral intra-BLA infusion of PBS.
The rats were allowed to recover for 10 days and then subject-
ed to CIS.

Experiment Il

A stainless-steel guide cannula was implanted bilaterally,
1 mm above the BLA (anteroposterior, — 2.8 to — 3.0 mm from
bregma; mediolateral, 4.8 to 5 mm; and dorsoventral, 7.0 to
7.2 mm from dura [38]). A 30-gauge stylet was inserted to
maintain the patency of the cannula. Following surgery, the
rats were allowed to recover and then subjected to either intra-
BLA lidocaine or saline infusion 15 min prior to each session
of immobilization stress for 10 days. Lidocaine (50 pg/pl)
was freshly prepared in isotonic saline and injected using
30-gauge infusion needle through the guide cannula by re-
moving the stylet. Lidocaine (0.25 pl/min) was infused bilat-
erally over a period of 4 min. The needle was retained in place
for an additional 2 min for diffusion [37].

Chronic Immobilization Stress

The CIS procedure was performed as described previously
[37, 39, 40]. Rats were subjected to 10 consecutive days of
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immobilization stress for 2 h per day between 10:00 and
12:00 h. Animals were immobilized in a decapitation cone
and secured using adhesive tapes. The decapitation cones
were made up of a thick plastic sheet and tapered at one end
to facilitate the entry of animals. The cones were trimmed at
the tapered end to promote breathing [37]. Following each
session of immobilization stress, the rats were released from
the cones and returned to the home cage.

Novel Object Recognition Task

Following CIS on days 11 and 12, the novel object recognition
(NOR) task was performed for the experiments I and II. The task
was performed as described previously [41] with minor modifi-
cations. The apparatus was a wooden black open-field box
(100 x 100 x 40 cm) with a paddy husk-covered floor, placed
in a dimly illuminated room. The objects to be discriminated
were made up of inert material and heavy enough not to be
displaced by rats. We used identical copies of white marble pots
and 1 kg iron weight. The task consists of three sessions namely
habituation, familiarization, and test (Supplementary Fig. 1). The
habituation was performed on day 11, whereas familiarization
and test sessions were performed on day 12. During habituation,
each rat was allowed to explore the arena in the absence of
objects in two sessions of 10 min each with an interval of 1 h.
In the familiarization session, the rat was placed in the arena and
allowed to explore two identical marble pots for a duration of
5 min. The objects were placed in diagonally opposite corners of
the apparatus. To avoid the olfactory cues in a particular location
of the field, the objects were cleaned with 70% alcohol,
counterbalanced, and the husk was mixed prior to initiation of
each trial. The intra-trial interval between familiarization and test
was 1 h. During the test, one of the familiar objects was replaced
with a novel object having a different texture, color, and shape
[42, 43]. The animal was allowed to explore the arena containing
one novel and one familiar object for a duration of 5 min. The
objects were cleaned, counterbalanced, and husk was mixed be-
tween the animals. The familiarization and test sessions were
videotaped and analyzed using commercial tracking software
(EthoVision® XT 8.0, Noldus Information Technology,
The Netherlands). The time spent in exploring each object was
recorded during familiarization and test sessions. Exploration
was defined as the investigation of an object by touching with
the nose and/or by pointing the nose from a distance of not more
than 2 cm. Discrimination index (DI) was calculated as a per-
centage of difference in time spent with novel and familiar object
to total time spent exploring the objects.

Time spent with novel object(N)—Time spent with familiar object(F)

DI =

= 100
Time spent with novel object(N) + Time spent with familiar object(F) x

Rats showing a total exploration time of less than 10 s in
either familiarization or test session were excluded from the

study. The number of animals utilized for NOR task was 8 rats
per group.

Perfusion and Fixation

On day 13, rats from both experiments were deeply anesthe-
tized and transcardially perfused with cold 0.9% saline follow-
ed by 4% paraformaldehyde in 0.1 M phosphate buffer. The
brains were harvested and post-fixed in the same fixative for
72 h.

Histology

For stereological analysis, every sixth 40-pm-thick coronal
section [5, 39, 44-47] was obtained through rostrocaudal
levels of the PFC extending from bregma + 1.8 to + 5.8 mm
[38] using a vibratome (Leica, Wetzlar, Germany). After col-
lection of PFC sections, 50-pm-thick sections, spanning entire
BLA, were collected and stained with 0.1% cresyl violet [37,
48, 49]. The cresyl violet-stained sections were examined for
needle tip/cannula placement or extent of lesions under a
bright field microscope (BX-51, Olympus, Tokyo, Japan).
The rats with misplaced cannulae, excessive lesion, or with
extensive tissue damage at the site of injection were excluded
from the analysis.

Immunohistochemistry

Free-floating sections were equilibrated in 0.1 M phosphate
buffer saline (PBS) and then incubated for 30 min in sodium
citrate buffer at 40 °C, followed by washing with PBS con-
taining 0.3% Triton X-100 (PBS-Tx). To eliminate endoge-
nous peroxidases, sections were incubated in 1:1 PBS/
methanol containing 3% H,0, for 30 min followed by
blocking with 3% normal horse serum in 0.1 M PBS-Tx (pH
7.4) for 2 h. The sections were incubated overnight at 4 °C
with rabbit anti-GFAP (1:500; Sigma-Aldrich, St. Louis, MO,
USA). The sections were incubated with biotinylated univer-
sal secondary antibody for 3 h at room temperature followed
by incubation with avidin-biotin complex (Vector
Laboratories Inc., Burlingame, CA, USA). The
immunolabeled sections were developed with 3,3’-diamino-
benzidine tetrahydrochloride (DAB, Sigma-Aldrich, St.
Louis, MO, USA). The DAB-stained sections were mounted
onto gelatin-coated slides, lightly counterstained with cresyl
violet, dehydrated, cleared in xylene, and coverslipped.

Unbiased Stereology
All the slides were coded and analyzed by a trained observer,
blind to experimental conditions. The number of GFAP* cells

in the PrL and ACC was quantified throughout the
rostrocaudal axis using an optical fractionator in
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Stereoinvestigator software (MBF Bioscience, Williston,
Vermont, USA). The optical fractionator probe enables
the three-dimensional unbiased counting of cells using
an optical dissector distributed over a fraction of section
selected by systematic random sampling [50]. Live im-
ages of GFAP™' cells were visualized using a BX51
Olympus microscope, attached to a MAC 5000 XYZ
motorized stage with Ludl’s joystick, focus control
(Ludl Electronic Products, Hawthorn, NY, USA), and
an imaging video camera (MBF Bioscience, Williston,
VT, USA). The anatomical boundaries of PrL and ACC
were contoured at a low magnification (x4, N.A. 0.1).
The immunoperoxidase-stained GFAP* cells were then
counted at high magnification (x100, N.A. 1.3) on ev-
ery sixth section with a guard zone of 2 um. The
GFAP™ astrocytes were counted, only if the cell body
came into focus within the dissector height. The total
number of GFAP* cells (N) in the PrL and ACC was
estimated by multiplying the total number of cells per
section by the section periodicity and expressed as the
total number of GFAP* cells per region as described
earlier [39, 44-47].

NZZQ?X l/ssf X 1/asf Xt/h

where N is the number of GFAP" cells estimated within
the region of interest; YO is the actual number of
GFAP™" cells counted; ssf is the section sampling frac-
tion, i.e., 6; asf is area sampling fraction which consists
of area of X, Y steps, i.e., 375 um x 375 um divided by
area of counting frame, i.e., 80 um x 80 wm; ¢ is thick-
ness of the section, i.e., ~18-19 um; and 4 is the
height of dissector, i.e., 10 wm. The cellular density of
GFAP" cells in the PrL (n=5-6 per group) and ACC
(n=5-6 per group) was calculated by dividing the total
number of cells with the estimated planimetry volume.

Statistical Analyses

The time spent with the novel and familiar object during test
session was analyzed using a paired 7 test. The data of discrim-
ination indices and stereological estimates were analyzed with
a two-way ANOVA with treatment groups (three levels) as
column factor and stress (two levels) as row factor. Further,
we have used Tukey’s post hoc test to determine the source of
significance detected by the ANOVA. Cohen’s d was calcu-
lated for pairwise estimation of effect size. Pearson’s correla-
tion coefficient was calculated to find the relationship between
learning and GFAP expression. Data are expressed as mean +

SEM. p <0.05 was considered as statistically significant. The
number of animals utilized in each group for different param-
eters is indicated in the figure legends.

@ Springer

Results
Experiment |
Basolateral Amygdalar Lesions

The extent of lesion in the BLA across different atlas
plates ranging from bregma —1.60 to —3.80 mm is
shown in Fig. 2a. Representative photomicrographs of
an intact BLA in non-stressed PBS control rat (a—d)
and lesioned BLA following ibotenic acid infusion (e—
h) are shown in Supplementary Fig. 2. The animals
with bilateral BLA lesions of 50% or more were includ-
ed in the analysis. The data of seven animals were
excluded from the analysis due to the misplaced infu-
sion of ibotenic acid leading to lesions outside the
BLA.

Lesion of Basolateral Amygdala Prevents Chronic
Stress-Induced Impairment in Novel Object Recognition
Memory

In experiment I, we first evaluated the effect of BLA lesion on
stress-induced alterations in recognition memory using NOR
task. Figure 3 shows the representative tracks (a), time spent
with novel and familiar objects (b), and discrimination indices
(c) during the test phase of the task. On the 12th day, the non-
stressed control and stressed rats were subjected to familiari-
zation and test phase of NOR task. A paired Student’s # test
revealed that non-stressed control rats spent significantly more
time with the novel object (¢7,=4.77, p<0.01 vs. familiar
object, n=28). Stressed animals were unable to discriminate
between the novel and familiar object (¢7,=0.80, p > 0.05 vs.
familiar object, n = 8), suggesting deficits in recognition mem-
ory. The performance of PBS-infused rats subjected to stress
was similar to that of stressed animals (¢7y=0.67, p > 0.05 vs.
familiar object, n = 8). BLA lesion prior to stress blocked the
impairment in recognition memory. The lesioned animals sub-
jected to stress spent more time in exploring novel object than
the familiar object (¢7,=5.22, p<0.01, n=8; Fig. 3b). PBS
infusion or BLA lesion in the absence of stress did not affect
the recognition memory (PBS: #7,=4.61, p<0.01, n=38;
IBO: £7,=3.99, p<0.01 vs. familiar object, n=28). Further,
total exploration time during test phase was similar between
non-stressed control and stressed rats (Table 1, p > 0.05). The
stressed animals and their respective non-stressed control
spent almost equal time exploring identical copy of the objects
during familiarization phase (for all groups, p > 0.05 vs. object
2; data not shown).

A two-way ANOVA of discrimination index revealed a
significant effect of stress (/" (1, 42)=42.08, p <0.001), group
(F 2. 42)=9.63, p<0.001) and interaction between stress x
lesion (F (2, 42)=8.81, p<0.001). Post hoc Tukey’s
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Fig. 2 Schematic diagram
showing the extent of lesion and
cannulae placements in the BLA.
Schematic representation of the
average extent of bilateral damage
to the BLA following ibotenic

acid infusion (n =4, a). The areas (N

in black indicate neuronal loss

across different levels of atlas

plates ranging between bregma — ®

1.60 and —3.80 mm. Bilateral Q

mapping of the site of injection
and cannulae placements within
the BLA for temporary
inactivation (n =9, b). Each filled
square represents the location of
the cannula between bregma —
1.60 and —3.80 mm [38]

comparisons suggested that CIS significantly decreases the
discrimination index (p <0.001 vs. NC non-stressed control,
d=2.71; Fig. 3c). The decrease in the discrimination index of
PBS-infused rats subjected to stress was similar to that of
stressed rats (p > 0.05 vs. NC rats subjected to stress). BLA
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lesion prior to stress abolished the impairment in recognition
memory (p <0.001 vs. PBS-infused rats subjected to stress,
d=2.33). In the absence of stress, the discrimination indices
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non-stressed control (p > 0.05).
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Fig. 3 BLA lesion prevents stress-induced impairment in novel object
recognition memory. Representative tracks of stressed rats and their re-
spective non-stressed control (a), time spent with novel and familiar ob-
jects during test phase (b), and discrimination index (c). Data are
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BLA ibotenate infusion either served as non-stressed lesion control or
were subjected to chronic immobilization stress. *p <0.001 vs. familiar
object, paired ¢ test; " p < 0.001 vs. corresponding non-stressed control,
###1 < 0.001 vs. PBS-infused rats subjected to stress, two-way ANOVA
followed by Tukey’s post hoc test (n =8 per group)
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Table 1 BLA lesion did not
affect the total time spent in
exploring objects during the test
session of novel object
recognition task

Total object exploration time (s)

No stress Stress
NC (n=238) PBS (n=238) IBO (n=38) NC (n=238) PBS (n=238) IBO (n=28)
61.72+9.55 58.30+£10.17 47.07+6.63 55.92+6.92 50.40+9.40 67.92+495

Data are expressed as mean = SEM. The number of animals in each group is indicated in the parenthesis

NC naive rats either served as non-stressed control or were subjected to chronic immobilization stress, PBS rats
with intra-BLA PBS infusion either served as non-stressed PBS control or were subjected to chronic immobili-
zation stress, /BO rats with intra-BLA ibotenate infusion either served as non-stressed lesion control or were

subjected to chronic immobilization stress

Basolateral Amygdalar Lesion Prevents Chronic
Stress-Induced Loss of GFAP* Astroglial Cells in the Prefrontal
Cortex

The number of GFAP* cells in PrLL and ACC was estimated
using an optical fractionator probe. To substantiate the
existing literature, we first sought to find out whether there
is any loss of GFAP™ astroglial cells within the PFC in our
stress model. Thereafter, we evaluated the effect of BLA le-
sion prior to CIS on alterations in GFAP* astroglial cells.

1. Lesion of basolateral amygdala prevents stress-induced
loss of GFAP" astroglial cells in the PrL

Figure 4 (top panel) shows the region of investigation span-
ning between bregma + 5.16 and +2.52 mm (a), representa-
tive photomicrographs of GFAP-stained section of stressed
groups and respective non-stressed control (b—g), stereologi-
cal quantification of GFAP" number (h), and density (i) of
astroglial cells in the PrL cortex. A two-way ANOVA of
GFAP™ astroglial numbers revealed a significant effect of
stress (F a1, 29)= 6235, p<00001), BLA lesion (F 2,29 =
9.63, p<0.001), and interaction (I (2, 29)=12.19, p <0.001).
Similarly, a two-way ANOVA of GFAP" astroglial density
revealed a significant effect of stress (F (1, 29)=18.60,
2 <0.001) and interaction (F (3, 29)=5.61, p<0.01).

Post hoc comparisons indicated a decrease in the number of
GFAP* astrocytes (p < 0.001, d=2.84, n=5) as well as den-
sity (p <0.01, d=1.94, n =5) in the PrL region of stressed rats
as compared to non-stressed control. Decreased GFAP*
astroglial number and density (both, p > 0.05, n=06) in the
PBS-infused rats subjected to stress were similar to that of
stressed rats. Lesion of BLA prior to stress prevented the de-
crease in GFAP" astroglial number (p <0.01, d=3.67, n=06)
and density (both, p <0.01, d=2.85, n=6) as compared to
PBS-infused rats subjected to CIS. PBS infusion or BLA le-
sion in the absence of stress did not affect GFAP" astroglial
number and density (both, p >0.05 vs. NC non-stressed con-
trol, n = 6) in the PrL region of PFC. Further, the improvement
in novel object recognition memory following lesion was
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correlated with the prevention of decrease in GFAP* astroglial
density in the PrL cortex (p <0.001, /* = 0.87, Fig. 9a).

Remarkably, chronic exposure to stress causes region-
specific changes in the astroglial cell density. The number
and density of GFAP™ astroglial cells within the reference
area, i.e., primary motor cortex, remained unaltered between
non-stressed control and stressed rats (p >0.05 vs. NC rats
subjected to stress, n =4; Supplementary Fig. 3).

2. Permanent inactivation of basolateral amygdala prevents
stress-induced loss of GFAP" astroglial cells in the ACC

Figure 4 (bottom panel) shows the anatomical boundaries
of ACC from bregma +4.20 to + 2.16 mm (j), representative
photomicrographs of GFAP-stained astroglia cells in stressed
groups and respective non-stressed control (k - p), number (q),
and density (r) of GFAP* astroglial cells within ACC. Similar
to PrL, we found that CIS causes profound loss of astroglial
cells in the ACC. A two-way ANOVA of GFAP™" astroglial
numbers revealed a significant effect of stress (F 1, 30)=
51.89, p<0.001), BLA lesion (F 5, 30)=10.30, p<0.001),
and interaction (F (2, 30)=9.28, p<0.001). Similarly, a two-
way ANOVA of GFAP" astroglial density revealed a signifi-
cant effect of stress (F (1, 30,=28.11, p<0.001), BLA lesion
(F 2, 30)=3.89, p<0.05), and interaction (F (o, 30)=4.19,
p<0.05).

Further, intergroup comparisons indicated a decrease in
GFAP* astrocyte number (p < 0.001, d=3.15, n = 6) and den-
sity (p<0.01, d=2.55, n=6) within the ACC region of
stressed rats as compared to non-stressed control. PBS infu-
sion or BLA lesion in the absence of stress did not affect
GFAP™ astroglial number and density (both, p >0.05 vs. NC
non-stressed control, n=6). PBS-infused rats subjected to
stress also showed a decrease in GFAP™ astroglial number
and density (p>0.05 vs. NC rats subjected to stress, n=6).
Interestingly, lesion of BLA prior to stress prevented the de-
crease in GFAP™ astroglial number (p < 0.001,d=3.97, n=6)
and density (p <0.05, d=2.06, n=6) as compared to PBS-
infused rats subjected to stress. In addition, the prevention of
decrease in GFAP" astroglial density in ACC following BLA
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the prefrontal cortex. The anatomical boundaries of PrL cortex from
bregma +5.16 to +2.52 mm (a) and ACC from bregma +4.20 to +
2.16 mm (j) [38]. Representative micrographs of GFAP-stained section
of PrL (b—g) and ACC (k—p) of stressed groups and respective non-
stressed control at x40 magnification. Scale bar=25 um in b and is
applicable to all. Stereological quantification of GFAP* astroglial number

lesion was significantly correlated with restoration of deficits
in novel object recognition memory (p <0.001, 7*=0.90,
Fig. 9b).

Basolateral Amygdalar Lesion Prevents Stress-Induced
Volume Loss in the Prefrontal Cortex

Figure 5 shows the planimetry volumes of PrL (a) and
ACC (b) in stressed groups and respective non-stressed
control. The planimetry volumes of PrL and ACC were
estimated during the acquisition of astroglial numbers
and density. We found that exposure to CIS decreases
the volume of both PrL and ACC. A two-way ANOVA
of PrLL volumes indicated a significant effect of stress (¥
a, 200=26.20, p<0.001) and BLA lesion (F (2, 29)=
5.11, p<0.05). Similar to PrL, two-way ANOVA of
ACC volumes indicated a significant effect of stress (F
a, 30)=16.07, p<0001), BLA lesion (F @, 30)=6.40,
p<0.01), and interaction (F (2, 30)=5.47, p<0.01).
The post hoc analysis revealed that exposure to CIS
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and density within the PrL (h and i, respectively) and ACC (q and r,
respectively). Data is expressed as mean + SEM. Groups are as described
in Fig. 3. 7"p<0.001, “p<0.01, "p<0.05 vs. corresponding non-
stressed groups, " <0.001, *p <0.01, *» <0.05 vs. PBS-infused rats
subjected to stress, two-way ANOVA followed by Tukey’s post hoc test
(n= 5-6 per group)

decreases the volume of both PrL (p<0.05, d=2.16,
n=5) and ACC (p<0.05, d=3.07, n=6) as compared
to NC non-stressed control. Neither infusion of PBS nor
ibotenic acid into the BLA in non-stressed rats affected
the volumes of PrL and ACC (p>0.05 vs. NC non-
stressed control, n=06). The volume loss in both regions
was persistent in PBS-infused rats subjected to stress
(both, p>0.05 vs. NC rats subjected to stress, n=0).
Interestingly, the BLA lesion prior to stress precluded
the loss of volume in PrL cortex (p<0.01, d=2.09
vs. PBS-infused rats subjected to stress, n=6) and
ACC (p<0.01, d=2.06 vs. PBS-infused rats subjected
to stress, n=0).

Experiment 2

The preventive effects of BLA lesion prior to stress
motivated us to investigate whether these effects could
be replicated by inactivation of BLA specifically during
each session of stress.
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Fig.5 Effect of BLA lesion on the stress-induced decrease in volumes of
the PFC. Planimetry volumes of the PrL (a) and ACC (b). Data are
expressed as mean+ SEM. Groups are as described in Fig. 3.
“p<0.01, p<0.05 vs. corresponding non-stressed groups, *p <0.01
vs. PBS-infused rats subjected to stress, two-way ANOVA followed by
Tukey’s post hoc test (1 = 56 per group)

Cannulae Placements

The site of the infusion needle into the BLA across different
atlas plates ranging from bregma —1.60 to —3.80 mm is
shown in Fig. 2b. Data of five animals with infusion needle
outside the BLA were excluded from analysis in the lidocaine-
infused rats subjected to stress. Data from seven animals with
misplaced cannulae were excluded from analysis in the chron-
ic lidocaine- and saline-infused groups.

Temporary Inactivation of Basolateral Amygdala Precludes
Deficits in Novel Object Recognition Memory Following
Chronic Stress

Following intra-BLA cannulation and postsurgical recovery,
animals were subjected to either saline or lidocaine infusion
into the BLA prior to each session of stress for 10 days, and
thereafter, object recognition memory was assessed. Figure 6
shows the representative tracks of stressed and respective non-
stressed control (a), time spent with novel and familiar objects
during test phase (b), and discrimination indices (c). The non-
stressed control rats spent more time with novel object as
compared to familiar object (#7y=4.77, p<0.01, n=8). The
saline or lidocaine infusion in the absence of stress did not
affect the recognition memory (SAL: #7,=15.93, p <0.001 vs.
familiar object, n=8; LI: #7,=5.16, p<0.001 vs. familiar
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object, n = 8). However, stressed animals were unable to dis-
criminate between novel and familiar object (f7,=0.80,
p>0.05, n=8). The performance of saline-infused rats sub-
jected to stress was similar to that of stressed animals (¢, =
0.92, p>0.05, n = 8). Interestingly, the temporary inactivation
of BLA specifically during stress blocked the impairment in
recognition memory. The intra-BLA lidocaine-infused rats
subjected to stress spent more time in exploring novel object
than the familiar object (#7)=6.77, p < 0.001, n = 8). The total
exploration time between stressed and non-stressed groups
remained unaltered during the test session (p >0.05 vs. NC,
Table 2). During familiarization phase, the stressed animals
and their respective non-stressed control spent almost equal
time exploring both the objects (for all groups, p>0.05 vs.
object 2; data not shown).

A two-way ANOVA of discrimination index revealed a
significant effect of stress (' (1, 42)=38.26, p <0.001), tempo-
rary inactivation of BLA (F (2, 42,=13.96, p<0.001) and
interaction between stress x BLA inactivation (F (2, 42)=
12.51, p<0.001). Tukey’s post hoc comparisons suggested
that CIS significantly impairs recognition memory
(p<0.001 vs. NC, d=2.71). The performance of rats subject-
ed to saline infusion prior to each session of stress was com-
parable to stressed rats (p >0.05 vs. NC rats subjected to
stress). The temporary inactivation of BLA during stress
abolished the impairment in recognition memory (p <0.001,
d=3.11 vs. saline-infused rat subjected to stress). The dis-
crimination indices for saline or lidocaine-infused group in
absence of stress were similar to that of NC non-stressed con-
trol (p >0.05).

Temporary Inactivation of Basolateral Amygdala Precludes
Prefrontal Astroglial Loss Following Chronic Stress

Similar to BLA lesion experiments, we performed the in-
depth stereological quantification of GFAP * astroglial cells
within the volumes of PrL. and ACC.

1. Temporary inactivation of basolateral amygdala prevents
stress-induced astroglial loss in the PrL

The top panel of Fig. 7 shows the anatomical boundaries of
PrL cortex from bregma + 5.16 to + 2.52 mm (a), representa-
tive micrographs of GFAP-stained sections of stressed group
and respective non-stressed control (b—g), and stereological
quantification of GFAP™ astroglial number (h) and density
(i) within the PrL. A two-way ANOVA of GFAP™ astroglial
numbers revealed a significant effect of stress (F (1, 29)=
41.07, p<0.001), temporary inactivation of BLA (F (2, 29)=
8.61, p<0.001), and interaction (F (o, 29)=11.01, p <0.001).
Similarly, a two-way ANOVA of GFAP" astroglial density
revealed a significant effect of stress (F (1, 29)=22.18,
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Fig. 6 Temporary inactivation of BLA abolishes stress-induced impair-
ment in novel object recognition memory. Representative tracks of
stressed and respective non-stressed control (a), time spent with novel
and familiar objects during test phase (b), and discrimination index (c).
Data are represented as mean + SEM. NC: naive rats either served as non-
stressed control or were subjected to chronic immobilization stress; SAL:
rats received a single intra-BLA infusion of saline on each day for 10 days,

p<0.001), interaction (F 2, 29)=9.10, p <0.001), and group
effect (F 2,29 = 579,p < 0001)

Post hoc comparisons indicated a decrease in GFAP* as-
trocyte number (p < 0.001, d =2.84 vs. NC non-stressed con-
trol, n=6) as well as density (p <0.05, d=1.94 vs. NC non-
stressed control, n=6) in the PrL region of stressed rats.
Reduction in GFAP™ astroglial number and density were per-
sistent following saline infusion during each session of stress
(both, p>0.05 vs. NC rats subjected to stress, n=6). The
stress-induced decrease in GFAP™ astroglial number
(p<0.001, d=2.56 vs. saline-infused rat subjected to stress,
n=06) and density (»p <0.001, d=2.32 vs. saline-infused rat
subjected to stress, n=6) were precluded by temporary

either served as non-stressed saline control or were subjected to immobi-
lization stress; LI: rats subjected to a single intra-BLA lidocaine infusion
on each day for 10 days, either served as non-stressed lidocaine control or
were exposed to immobilization stress. f*;p <0.01 vs. familiar object,
paired ¢ test;  p<0.001 vs. corresponding non-stressed control,

#1p <0.001 vs. saline-infused rats subjected to stress, two-way

ANOVA followed by Tukey’s post hoc test (n =8 per group)

inactivation of BLA. In the absence of stress, neither saline
nor lidocaine infusion affected GFAP" astroglial number and
density (both, p > 0.05 vs. NC non-stressed control, n=6) in
the PrL. Furthermore, the astroglial loss within PrL. was cor-
related with deficits in novel object recognition memory
(p<0.001, = 0.92, Fig. 9c), which were significantly re-
stored by inactivation of BLA.

2. Temporary inactivation of basolateral amygdala prevents
stress-induced astroglial loss in the ACC

Figure 7 (bottom panel) shows the boundaries of ACC
spanning from bregma + 4.20 to + 2.16 mm (j), representative

Table 2 Temporary inactivation

of BLA did not affect the total Total object exploration time (s)

time spent in exploring objects

during the test session of novel No stress Stress

object recognition task
NC (n=38) SAL (n=38) LI(n=28) NC (n=38) SAL (n=38) LI (n=28)
61.72+9.55 62.87+11.42 62.62+6.57 55.92+6.92 52.92+7.63 64.97+£10.87

Data are expressed as mean = SEM. The number of animals in each group is indicated in the parenthesis

NC naive rats either served as non-stressed control or were subjected to chronic immobilization stress, SAL rats
received a single intra-BLA infusion of saline on each day for 10 days, either served as non-stressed saline control
or were subjected to immobilization stress, L/ rats subjected to a single intra-BLA lidocaine infusion on each day
for 10 days, either served as non-stressed lidocaine control or were exposed to immobilization stress
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Fig. 7 Temporary inactivation of BLA was sufficient to preclude stress-
induced loss of GFAP* astroglial cells in the prefrontal cortex. The ana-
tomical boundaries of PrL cortex from bregma + 5.16 to +2.52 mm (a)
and ACC from bregma +4.20 to +2.16 mm (j) [38]. Representative
micrographs of GFAP-stained section of PrL (b—g) and ACC (k—p) of
stressed groups and respective non-stressed control at x40 magnification.
Scale bar=25 pum in b and is applicable to all. Stercological

photomicrographs of GFAP-stained sections of stressed group
and respective non-stressed control (k—p), and quantification of
GFAP™ astroglial number (q) and density (r). A two-way
ANOVA of GFAP" astroglial numbers within the ACC re-
vealed a significant effect of stress (F (1, 30)=37.43,
p<0.001), temporary inactivation of BLA (F 5, 30,=7.65,
p<0.01), and interaction (F (o, 30y=12.22, p<0.001).
Similarly, a two-way ANOVA of GFAP™ astroglial density in
the ACC revealed a significant effect of stress (/7 (30, = 14.12,
p<0.001) and interaction (F (. 30)=5.34, p < 0.05).

Post hoc comparison indicated that stress causes a significant
decrease in GFAP™ astrocyte number (p < 0.001, d=3.15,n=6)
as well as density (p <0.05, d=2.55, n=6) in the ACC as com-
pared to non-stressed control. The decreases in GFAP™ astroglial
number and density (both, p>0.05 vs. NC rats subjected to
stress, n=6) were persistent following saline infusion during
stress. Similar to PrL, temporary inactivation of BLA prevented
the decrease in GFAP" astroglial number (p < 0.001, d=3.31,
n=06) and density (p <0.05, d=1.30, n=6) within the ACC as
compared to saline-infused rats subjected to stress. The infusion
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quantification of GFAP* astroglial number and density within the PrL
(h and i, respectively) and ACC (q and r, respectively). Data is expressed
as mean + SEM. Groups as described in Fig. 6. ““"p <0.001, “p <0.01,
“p <0.05 vs. corresponding non-stressed control, #p <0.001, *p <0.05
vs. saline-infused rats subjected to stress, two-way ANOVA followed by
Tukey’s post hoc test (n =6 per group)

of saline or lidocaine in the absence of stress did not affect
GFAP™ astroglial number and density (both, p>0.05 vs. NC
non-stressed control, n = 6). Also, we observed a significant cor-
relation between the astroglial loss within ACC and deficits in
novel object recognition memory (p < 0.001, *=0.91, Fig. 9d),
which were significantly precluded by inactivation of BLA.

Temporary Inactivation of Basolateral Amygdala Prevents
Stress-Induced Loss of PrL and ACC Volumes

Figure 8 shows the planimetry volumes of PrL (a) and ACC
(b) in stressed groups and respective non-stressed control. A
two-way ANOVA of PrL volumetric data indicated a signifi-
cant effect of stress (F (1, 29)=22.60, p <0.001), inactivation
of BLA (F (2, 29)=3.98, p <0.05), and interaction (F (, 29) =
3.58, p<0.05). Similar to PrL, two-way ANOVA of ACC
volumes showed a significant effect of stress (' (;, 30)=
13.81, p <0.001), temporary inactivation of BLA (F (5, 30)=
6.19, p<0.001), and interaction (" (5, 30)=4.28, p<0.001).
The post hoc analysis revealed that exposure to CIS decreases
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Fig. 8 Stress-induced loss of PFC volumes were prevented by temporary
inactivation of BLA. Planimetry volumes of the PrL (a) and ACC (b).
Data are represented as mean + SEM. Groups as described in Fig. 6.
“p<0.01, ‘p<0.05 vs. corresponding non-stressed control, **p < 0.01,
#p <0.05 vs. saline-infused rats subjected to stress, two-way ANOVA
followed by Tukey’s post hoc test (1 =6 per group)

the volume of both PrL (p<0.01, d=2.16, n=6) and ACC
(p<0.05,d=3.07, n=6) as compared to non-stressed control.
In the absence of stress, neither intra-BLA infusion of saline
nor lidocaine affected the volumes of PrL and ACC (both,
p>0.05 vs. NC non-stressed control, z = 6). The volume loss
in both regions was persistent following saline infusion prior
to each session of stress (both, p > 0.05 vs. NC rats subjected
to stress, n=06). Surprisingly, the temporary inactivation
of BLA was sufficient to preclude the volume loss of
PrL (»p<0.05, d=1.87, n=6) and ACC (p<0.001, d=
2.66, n=6) as compared to saline-infused rats subjected
to stress (Fig. 8). Based on the correlation between
astroglial density and recognition memory, it is possible
that volume loss in the PFC might be associated with
cognitive deficits (Fig. 9).

Discussion

The present study provides the first experimental evidence that
inactivation of BLA during stressful conditions prevents loss of
GFAP" astrocytes in the PFC. Our results demonstrate that CIS
causes impairment in NOR task which was associated with a
decrease in astroglial density in the PrL. and ACC region of
PFC. Surprisingly, stress-induced learning deficit and astroglial
loss in the PFC were prevented by BLA lesion. The second set of

experiments sought to examine whether reversible inactivation of
BLA specifically during stress would recapitulate the effects of
BLA lesion. Interestingly, the temporary inactivation of BLA
mimics the effects of BLA lesion. We found that temporary
inactivation of BLA during stress prevents the impairment in
NOR task. Further, inactivation of BLA was sufficient to prevent
the astroglial loss in the PrL. and ACC region of the PFC.
Together, our results indicate that beneficial effects of BLA inac-
tivation during stress might involve the prevention of astroglial
dysfunction in the PFC.

In this study, we utilized the NOR task which is a novelty-
based paradigm and relies on the ability of animals to discrim-
inate between a novel object and familiar object [51, 52]. This
task is relatively free from the involvement of any positive or
negative reinforcer and thus comparable to memory testing
paradigms used in humans [53]. We found that CIS causes
impairment in NOR memory. CIS rats had a significantly low-
er discrimination index as compared to non-stressed control
rats. Earlier studies have shown that CIS [34] as well as other
forms of chronic stress [1, 33, 54] significantly decrease the
discrimination index in NOR task. The results of present study
are in accordance with the findings that chronic stress impairs
prefrontal [1, 2, 55] as well as hippocampal [37, 56-60] de-
pendent learning. Previous studies from our lab and others
have demonstrated that CIS impairs learning and memory in
partially baited radial arm maze task [4, 37] and object dis-
placement test [59]. Further, stress-induced impaired learning
was associated with aberrant neuronal [61] and glial [11, 62]
plasticity in the PFC and hippocampus.

Repeated exposure to immobilization stress differentially
affects the PFC and BLA. Variety of cognitive deficits in-
volves prefrontal cortical dysfunctions, which are also widely
reported following chronic stress [1, 55, 63]. In contrast to
PFC, chronic stress induces hypertrophy, spinogenesis, and
enhanced arborization in the pyramidal neurons of BLA [21,
64]. This enhanced spinogenesis [64], trophic support [65],
and dendritic hypertrophy in BLA parallel with stress-
induced cognitive deficits [8, 33, 37]. In experiment I, we
found that BLA lesion prior to CIS prevented the stress-
induced decrease in discrimination index. Previous findings
have consistently reported that BLA lesion precludes stress-
induced impairment in spatial [20, 35, 37] as well as non-
spatial [20, 33] learning. For instance, memory-impairing ef-
fects of hippocampal glucocorticoid infusions in a PFC-
dependent task were abolished by BLA lesion [20].
Interestingly, the glucocorticoid-mediated memory consolida-
tion depends on the interaction between medial PFC and BLA
[28]. In addition, BLA lesion blocks the CIS-induced impair-
ment in the rate of learning and reference memory [37]. In the
present study, BLA lesion did not affect the exploratory be-
havior or locomotor activity during NOR task. Indeed, lesion
or inactivation of BLA during an anxiety task causes anxio-
lytic behavior [66—69]. However, the locomotor activity
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remains unaltered following lesion or photoinhibition of BLA
[66, 67, 69] with an exception of Parent et al. [68]. The ob-
served changes in locomotor activity by Parent et al. [68] are
due to exceptionally large and non-specific lesions which are
mostly beyond BLA. In a seminal study by Felix-Ortiz et al.
[67], they showed that photoinhibition of BLA terminals in
PFC produces an anxiolytic effect with enhanced social inter-
action. However, they observed no significant change in ex-
ploratory behaviors such as walking, sniffing, rearing, self-
grooming, and freezing [67]. Further, in the present study,
the total distance traveled remains unaltered for BLA lesion
group during the familiarization and test phase of NOR task.
This is also possible due to habituation to the arena prior to
actual NOR task. Additionally, the lesion-induced changes in
anxiety behavior are specifically present in anxiogenic set-
tings which do not exist during NOR task. Together, our data
extend and support the observations of other studies suggest-
ing a crucial modulatory role of BLA on stress-induced defi-
cits in prefrontal as well as hippocampal-dependent learning.

In experiment II, we observed that temporary inactivation of
BLA using lidocaine prior to each session of stress significantly
improved the discrimination index in NOR task. Previous studies
show that pharmacological silencing of the BLA prevents the
effect of both chronic [8, 31, 33, 37] and acute [19, 36] stressors
on leaming and memory. Our finding is supported by a recent
report which demonstrates that 8 days of restraint foot shock
(RFS)-induced impairment of NOR memory was abolished by
photoinhibition of BLA [33]. In addition, several studies demon-
strate that muscimol or (3-adrenergic antagonist-induced inacti-
vation of BLA precludes the stress or glucocorticoid-induced
learning impairments [32, 34, 36, 41]. In our earlier study, we
show that lidocaine-induced transient inactivation of BLA pre-
vents stress-induced spatial learning deficits in a partially baited
radial arm maze task [37]. Interestingly, the prevention of stress-

@ Springer

GFAP" astroglial density
in ACC

induced cognitive deficits by BLA inactivation was associated
with the reversal of aberrant changes in glucocorticoids receptor
[33, 34, 39], plasma corticosterone levels [37], and electrophys-
iological alterations [8, 36].

Although numerous studies have focused on the alteration
of neuronal functions in the PFC following stress, it is surpris-
ing that reports only from last decade emphasize on chronic
stress-induced changes in cortical astrocytes. Earlier studies
demonstrated that chronic stress induces astroglial loss and
morphological alterations in the PFC [10, 11]. Here, we used
astrocyte-specific GFAP protein to estimate the specific
changes in the astroglial density following stress. Another
astrocytic marker is S100(3, a calcium binding protein which
only stains the cell body. However, S1003 should be used
with caution as it is also present in oligodendrocytes and
02a glial progenitor cells [70, 71]. Due to the non-specific
localization of S1003, we did not select it as a marker for
astroglial cells. Consistent with the literature, we found that
chronically stressed rats had a substantial decrease in GFAP™*
cell density, with an effect size of 1.94 in PrLL and 2.55 in ACC
as compared to non-stressed control rats. Indeed, astroglial
loss in the PFC causes depressive-like behavior in rodents
[10]. Further, there are numerous post-mortem studies which
demonstrate that the number of astroglia within the PFC is
significantly reduced in patients with the history of depression
[72-74]. Apart from changes in the density, debranching of
astroglial cells has been reported in infralimbic cortex follow-
ing 21 days of restraint stress [11]. In addition, these changes
in astrocytes were region-specific. For instance, in the present
study, stress did not affect the astroglial number and density in
the motor cortex, which is supported by previous observation
[11].

It is plausible that these changes in astrocytic density, mor-
phology, and functioning might reflect cognitive dysfunctions



Mol Neurobiol (2019) 56:350-366

363

associated with depression. Indeed, clinical depression is often
associated with cognitive decline [75, 76]. Interestingly, infu-
sion of astroglial-specific toxin into the PFC causes deficits in
reversal learning, working memory, and attentional set-shifting
[77]. Further, ablation of astrocytes in the PFC caused neuronal
atrophy [77] which was associated with depressive behavior
[10] and cognitive decline [77]. Chronic stress-induced depres-
sion is often comorbid with cognitive deficits [4, 45]. A recent
study from our lab demonstrates that CIS precipitates
depressive-like behavior and cognitive dysfunction [4].
Further, metabolic changes in prefrontal astrocytes following
stress precipitate depression [10, 78, 79]. In addition, astrocytes
are responsible for removal of extracellular glutamate from
synaptic cleft and thus play a significant role in the prevention
of glutamate excitotoxicity [80]. Stress causes a decrease in
glutamate transporter-1 (GLT-1) expression, which is associat-
ed with impaired functioning of the glutamate-glutamine cycle
and excitotoxicity [78, 81]. Reduction of GLT-1 in an animal
model of Alzheimer’s disease hastens cognitive decline [82].
Chronic stress-induced enhanced level of glutamate, astroglial
loss, and decreased expression of GLT-1 in the PFC causes
increased phosphorylation of GluN2B, a subunit of N-methyl-
D-aspartate (NMDA) receptor [83]. Similarly, repeated expo-
sure to stress causes a decrease in o-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid (AMPA) receptor in the PFC lead-
ing to cognitive decline [1]. Furthermore, a recent study shows
that optogenetic activation of astrocytes in ACC promotes
ACC-BLA coupling and decision making [84]. Interestingly,
in our study, we observe a significant correlation between per-
formance in object recognition task and astroglial loss in the
PFC. Further, loss of astroglial cells is often associated with
glutamate excitotoxicity [78, 85], which might be a potential
cause of cognitive decline and depressive-like behavior follow-
ing stress.

Several lines of research suggest that the crosstalk between
BLA and PFC are crucial in the manifestation of stress effects
[8, 27]. Therefore, we evaluated the effects of BLA inactivation
on prefrontal astrocytic density. A significant finding of this
study is the prevention of decreased astroglial density in the
PrL and ACC by BLA lesion prior to stress. Interestingly, the
inactivation of BLA during stress also prevents the decrease in
GFAP" astroglial density in both PrL and ACC regions of the
PFC. To our knowledge, this is the first study which demon-
strates that lesion or inactivation of BLA prevents stress-
induced astroglial loss in the PFC. At this point in time, it is
only possible to speculate about the regulation of cortical astro-
cytic functions by BLA during stress. We propose that inacti-
vation of hyperactive BLA during stress might prevent the
metabolic and structural changes in prefrontal astrocytes. It is
plausible that the prevention of stress-induced astroglial loss in
the PFC following BLA inactivation might be associated with
restoration of aberrant changes in the glutamate-glutamine cy-
cle, GLT-1 expression, and lactate production. Normalization of

the astrocytic metabolic profile by inactivation of BLA might
prevent glutamate excitotoxicity leading to amelioration of
stress-induced cognitive deficits. However, further studies are
required to establish this working hypothesis and to elucidate
the mechanisms by which inactivation of BLA prevent the
astroglial malfunctions following stress.

In addition to the astroglial loss, we also observed a signif-
icant decrease in volumes of PrL. and ACC following chronic
stress. On similar lines, several studies show that chronic
stress or glucocorticoid administration causes PFC volume
loss [55, 63, 86]. The astroglial loss in PFC also causes den-
dritic atrophy in neurons [77], which might be a potential
cause of volume loss. Furthermore, stress-induced atrophy in
the PFC was precluded by both lesion and temporary inacti-
vation of BLA.

In conclusion, we demonstrate that CIS causes profound loss
of GFAP* astroglial cells in the PFC. The astroglial loss follow-
ing stress was correlated with learning deficit in NOR task.
Furthermore, we show that both ablation and pharmacological
inactivation of BLA during stress prevent the deficit in novel
object recognition memory and loss of GFAP" astroglial cells
in the PFC. Our results support and extend the concept of
amygdalar silencing during stress, which might preclude the be-
havioral consequences and associated astroglial loss. Finally, we
speculate that developing strategies to combat amygdalar hyper-
activity might mitigate the astroglial dysfunctions in various psy-
chiatric disorders including anxiety and depression.
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