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Corticosterone after acute stress prevents the delayed effects on

the amygdala

Prabahan Chakraborty @', Siddhartha Datta?, Bruce S. McEwen® and Sumantra Chattarj

1,2,3,4,6

Even a single 2-hour episode of immobilization stress is known to trigger anxiety-like behavior and increase spine-density in the
basolateral amygdala (BLA) of rats 10 days later. This delayed build-up of morphological and behavioral effects offers a stress-free
time window of intervention after acute stress, which we used to test a protective role for glucocorticoids against stress. We
observed that post-stress corticosterone, given 1 day after acute stress in drinking water, reversed enhanced anxiety-like behavior
10 days later. Quantification of spine-density on Golgi-stained BLA principal neurons showed that the same intervention also
prevented the increase in spine numbers in the amygdala, at the same delayed time-point. Further, stress elevated serum
corticosterone levels in rats that received vehicle in the drinking water. However, when stress was followed 24 h later by
corticosterone in the drinking water, the surge in corticosterone was prevented. Together, these observations suggest that
corticosterone, delivered through drinking water even 24 h after acute stress, is capable of reversing the delayed enhancing effects
on BLA synaptic connectivity and anxiety-like behavior. Strikingly, although the immobilization-induced surge in corticosterone by
itself has delayed detrimental effects on amygdalar structure and function, there exists a window of opportunity even after stress to
mitigate its impact with a second surge of exogenously administered corticosterone. This provides a framework in the amygdala for
analyzing how the initial physiological and endocrine processes triggered by traumatic stress eventually give rise to debilitating

emotional symptoms, as well as the protective effects of glucocorticoids against their development.

Neuropsychopharmacology (2020) 45:2139-2146; https://doi.org/10.1038/s41386-020-0758-0

INTRODUCTION

Studies using animal models have identified features of stress-
induced changes in amygdalar structure and function that are
distinct from those seen in the hippocampus. Repeated stress, for
example, causes loss of dendrites and spines in the rodent
hippocampus [1, 2]. In the basolateral amygdala (BLA), by contrast,
chronic stress strengthens the structural basis of synaptic
connectivity through dendritic growth and increase in dendritic
spines [1-3]. Further, these unique characteristics of stress-
induced plasticity in the BLA are not restricted to chronic stress
alone. For instance, a single 2-hour acute immobilization stress
triggers a delayed onset of anxiety-like behavior and enhanced
spine-density in the BLA not one, but ten days later [4-7].

This rodent model of a brief exposure to severe stress,
triggering a delayed impact on the amygdala, is also interesting
from a clinical perspective because it captures certain facets of
post-traumatic stress disorder (PTSD). PTSD is triggered by an
overwhelmingly traumatic, often life-threatening, event leading to
prolonged changes in affective behavior [8, 9]. Strikingly, some
components of the fear response in PTSD last well beyond the
original traumatic event and are accompanied by amygdalar
hyperactivity. The present study draws upon clinical reports
wherein cortisol treatment reduces the cardinal symptoms of

PTSD [10-14]. For instance, human subjects given cortisol
infusions immediately after traumatic stress show a significant
reduction of PTSD symptoms [14]. Early animal studies that
explored this counterintuitive observation showed that corticos-
terone treatment 1 h after predator stress alleviated anxiety-like
behavior on the elevated plus-maze [15] and reversed cellular and
molecular effects on the hippocampus [14]. The amygdala has also
been studied in this context - glucocorticoids protect against the
delayed anxiogenic and cellular effects of acute stress — but using
pre-stress corticosterone [5]. Corticosterone given 1h before
predator scent stress also prevents the delayed onset of PTSD-like
symptoms in a rat strain with high basal anxiety [16]. However, will
treatment with corticosterone after acute stress, which is clinically
more relevant, be effective in reversing the delayed effects in the
amygdala as well? If so, are the beneficial effects of such post-
stress interventions evident both at the cellular and behavioral
levels? While corticosterone treatment immediately (1h) after
stress is effective in reversing changes in the hippocampus [14],
will similar interventions after a significantly longer post-stress
delay still work in the amygdala? Finally, while earlier studies
focused primarily on testing exploration-based measures of
anxiety-like behavior (e.g., elevated-plus maze), stress disorder
patients also exhibit social anxiety as evidenced by enhanced gaze
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aversion [17]. Would post-stress glucocorticoid treatment also the following equation:
prevent social correlates of rodent anxiety?

Here we addressed these questions by testing whether Anxiety Index = 1 — K
supplementing corticosterone in drinking water 24 h after a single
session of 2-h immobilization stress prevents the delayed
increase, 10 days later, in both exploration and social interaction
based measures of anxiety-like behavior. As morphological Juvenile social interaction test
and behavioral effects of acute immobilization are not evident Juvenile social interaction was carried out as described before
24 h after stress [4], this time point offers a convenient post-stress [18, 19]. Briefly, each adult rat freely interacted with a novel,
time window for intervention before the onset of the more unstressed juvenile male rat (28-36 days old) for 5 min on day 10.
delayed changes. We also investigated the cellular correlates of Social exploration of the juvenile (classified into anogenital
these behavioral effects by probing if the same post-stress sniffing and head/torso exploration), aggressive behavior and
manipulation also prevents the delayed increase in BLA spine- exploratory rearing of the adult rat were quantified offline, blind.
density.

Open Arm Time ~ Number of Open Arm Entries /2
Total Time Total Entries

Dendritic spine-density staining and analysis
Brains were stained by a modified Golgi-Cox technique [7, 20].

MATERIALS AND METHODS Slides were coded before morphological analysis, and the code
Animals was broken only after the analysis was completed. Spines were
Male Wistar rats (50-60 days) were maintained on a 14h: 10h manually counted for a distance of 80 um from dendrite origin in

light: dark cycle, with ad libitum food and water. All maintenance BLA pyramidal neurons (between bregma —2.16 mm to —3.12 mm
and experimental procedures were approved by the Institutional [21]), using Neurolucida (2017, Micro-BrightField, Williston, VT,

Ethics Committee, National Centre for Biological Sciences, India. USA) attached to an Olympus BX61 microscope (100x, 0.95
Numerical Aperture, Olympus BX61). All protrusions off the apical,
Stress primary dendrite were classified as spines, irrespective of their

Rats underwent a single episode of immobilization stress (2 h) morphological characteristics. Imaging resolution being insuffi-
(Fig. 1a), between 10 am and 12 pm. Following this, they were cient to resolve spine branching, each spine head was counted
returned to their home cages, and remained undisturbed until the individually. A total of 7212 dendritic spines were manually
day of experiment. Control rats, housed in a different room, were analyzed from 130 neurons.

not stressed.

Corticosterone treatment

Elevated plus-maze Habituation to the vehicle (24% ethanol in drinking water,
Rats were placed in the center of the elevated plus-maze with a with two tablets of artificial sweetener per liter (Sugarfree,
free choice to explore the open (~80 Lx) or closed arms (~0 Lx) for Zydus Wellness) to enhance palatability, 75 ml/bottle, 2 bottles/
5min [7]. Number of entries and time spent in the arms were cage) in drinking water bottles started three days before stress.
analyzed offline, blind. Anxiety Index [5, 7] was computed using Subsequently, rats either received corticosterone (C2505, Sigma,
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Fig. 1 Corticosterone in drinking water after stress prevents increase in anxiety-like behavior 10 days later. a Experimental design.
Following 2 h of immobilization on day 0, rats were subjected to elevated plus-maze 10 days later. b Stressed rats show reduced open arm
time on the elevated plus-maze, 10 days after stress. ¢ Stressed rats also show decreased open-arm entries. d Stressed rats show enhanced
Anxiety Index on the elevated plus-maze, 10 days after stress. (Control, N = 11 rats, Stress, N = 15 rats). *p < 0.05, *p < 0.01 and **p <0.001 in
Unpaired t-test. e Experimental design. Rats received either corticosterone or vehicle in their drinking water bottle for 12 h (noon to midnight),
24 h after stress. Anxiety-like behavior was quantified 10 days later. f Post-stress corticosterone treatment, but not vehicle, prevented the
decrease in open-arm time as well as (g) open-arm entries. h Corticosterone also prevents increased Anxiety Index, 10 days after stress.
(Control + Vehicle, N = 25 rats; Control + Corticosterone, N = 14 rats; Stress + Vehicle, N = 30 rats; Stress + Corticosterone, N = 14 rats). *p < 0.05 in
‘interaction’ between factors stress and corticosterone, in Two-way ANOVA. **p < 0.01 in post-hoc Sidak’s test.

SPRINGER NATURE Neuropsychopharmacology (2020) 45:2139-2146



400 pg/ml in vehicle) 24 h after stress (12 p.m. - 12 a.m., day 2), or
remained on vehicle. Dosage and treatment duration was adapted
from a previous report found to elicit protective effects on stress-
induced amygdalar plasticity [5]. At midnight, day 2, regular
drinking water was reintroduced until day 10.

Corticosterone ELISA

Trunk blood collected from different cohorts of rats were
centrifuged at 4 °C, and serum was separately stored at —20 °C
until analysis. Corticosterone ELISA was performed as previously
described [7] following kit instructions (Enzo Life Sciences, ADI-
900-097).

Statistical analysis

All values are reported as Mean + SEM. Data sets were evaluated
for outliers (greater than twice the standard deviation away
from the mean). Unpaired two-tailed t-test and ordinary or
repeated-measures two-way ANOVA, followed by post-hoc Sidak’s
test or Tukey's test, were used as and when applicable.
All statistical analyses and plots were computed using
GraphPad Prism (GraphPad software Inc, La Jolla, California,
USA, version 6). Please see Table S1 for detailed description of
statistical results.

RESULTS

Oral administration of corticosterone 24 h after acute stress
prevents the delayed anxiogenic effects

Before testing the efficacy of post-stress interventions, we first
wanted to confirm the delayed anxiogenic effects of 2-hour acute
immobilization stress (Fig. 1a). Indeed, this was manifested as a
reduction in both the percentage of time spent in the open-arm
(Fig. 1b; Control, Con: 47.95 +£3.1%, N = 11; Stress, Str: 24.8 = 4.3%,
Con, Str, N=15) as well as percentage of open-arm entries,
10 days after stress (Fig. 1¢; Con: 54.7 + 2.67 %, Str: 37.4+5.2%).
Consequently, the anxiety index (Methods) was significantly higher
in stressed rats (Fig. 1d; Con: 0.49 £0.03, Str: 0.69 + 0.05). Total
number of entries was not affected by stress, ruling out any
impairment in locomotor activity (Fig. S1b) [22]. These results are
consistent with previous reports [4-7, 23].

In light of earlier clinical studies [11, 12, 14, 24], we next tested if
corticosterone treatment after acute stress prevents its delayed
anxiogenic effects. To avoid injection and oral gavage which are
known to be stressful and elevate corticosterone levels in rodents
and in turn have been shown to prevent the behavioral and
cellular effects of stress [5, 7], we administered either corticoster-
one or vehicle through drinking water 24 h after acute immobi-
lization stress. Post-stress treatment lasted for 12h (noon to
midnight) and its behavioral effects were assessed on the plus-
maze 10 days after stress (Fig. Te).

First, vehicle alone did not prevent the delayed anxiogenic
effects, as vehicle-treated stressed rats showed reductions in both
percentage open-arm time (Fig. 1f; Control + Vehicle, Con-Veh:
58.6 +3.2%, N =12, Stress + Vehicle, Str-Veh: 37.4+4.1%, N=13)
and entries (Fig. 1g; Con-Veh: 64.2 +5.0%, Str-Veh: 44.6 £+ 4.1%),
resulting in a higher anxiety index (Fig. 1h; Con-Veh: 0.39 + 0.03,
Str-Veh: 0.60 £ 0.04). In striking contrast, corticosterone adminis-
tered 24 h after acute stress prevented these anxiogenic effects.
Percentage open-arm time (Fig. 1f, Control + Corticosterone, Con-
Cort: 55.2+4.6%, N =13, Stress + Corticosterone, Str-Cort: 37.4
4.1%, N = 14), entries (Fig. 1g, Con-Cort: 60.2 + 3.95%, Str-Cort: 61.7
+4.7%) and anxiety index (Fig. 1h; Con-Cort: 0.42 + 0.04, Str-Cort:
0.41+0.03) in corticosterone-treated stressed rats were all
comparable to their control counterparts. A two-way ANOVA
revealed significant interaction between the factors ‘stress’ and
‘corticosterone’, implying that corticosterone treatment prevented
stress-induced increase in anxiety-like behavior on the plus-maze.
Total number of entries remained unaffected (Fig. S1d), ruling out
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any differences in locomotor activity between experimental
groups.

Oral administration of corticosterone 24 h after stress prevents
delayed impairment in social interactions

Could the protective effects of corticosterone treatment extend to
delayed manifestations of social anxiety? To address this question,
we used a previously established juvenile social interaction
procedure [18, 19] involving exploration of a juvenile conspecific
by an adult subject (Fig. 2a). A significant advantage of this
paradigm over conventional social interaction tests on adult rats
lies in the fact that the same juvenile rat can be used for multiple
trials without any experimental confounds [18, 19]. Furthermore,
both rats interact freely in a simple experimental arena, thereby
increasing the test’s ethological relevance. We observed that
10 days later, stressed adult rats spent significantly less time
interacting with a juvenile (Fig. 2b; Con: 1583 +£7.0s, N=19; Str:
12570+ 6.9s, N=24). A more detailed assessment of the two
components that constituted social interaction behavior revealed
a significant stress-induced decrease in the time spent
in anogenital sniffing (Fig. 2c; Con: 94.6+8.1s; Str: 54.1+54s;
t41 = 4.28), but not head/torso sniffing (Fig. S2b). Further, stress
did not alter exploratory rearing, an asocial measure of anxiety
(Fig. S2c¢). Finally, stress exposure did not alter the time spent in
aggressive behaviors towards juveniles (Fig. S3a), which only
constituted a very small fraction (2-3%) of the total behavioral
repertoire exhibited by the rats (Fig. S3b). Together, these indicate
that acute stress leads to a specific impairment in the anogenital
component of social interaction 10 days later, without any effects
on exploratory rearing or aggression.

Does corticosterone treatment 24 h after acute stress also
reverse the delayed deficit in social interaction (Fig. 2d)? We found
that vehicle treatment alone could neither prevent the delayed
decrease in social interaction (Fig. 2e; Con-Veh: 159.9+7.97 s, N=
16, Str-Veh: 130.8+6.8s, N=16), nor in anogenital sniffing
behavior (Fig. 2f; Con-Veh: 93.24+8.1s, Str-Veh: 63.95+5.05).
However, corticosterone treatment showed a reversal of both time
spent in social interaction (Fig. 2e; Con-Cort: 1358+ 5.7s, N=15,
Str-Cort: 156.4+7.5s, N=18), as well as time spent in anogenital
sniffing (Fig. 2f; Con-Cort: 739+6.5s, Str-Cort: 90.9+5.75).
Statistical analysis further revealed a significant interaction
between factors ‘stress’ and ‘corticosterone’. Head/torso sniffing
(Fig. S2e) and exploratory rearing (Fig. S2f) remained unaltered
across all groups.

Post-stress corticosterone also prevents the delayed increase in
spine-density in the BLA

Our finding that post-stress corticosterone reverses the delayed
anxiogenic effects suggest that despite two successive manipula-
tions that both increase corticosterone levels, BLA neurons in
these rats should not undergo stress-induced delayed morpholo-
gical plasticity. Thus, we next tested if corticosterone treatment
24 h after stress also prevents such a stress-induced increase in the
BLA (Fig. 3a). First, 10 days after stress, vehicle-treated rats showed
an increase in spine-density along primary apical dendrites of BLA
principal neurons (Fig. 3¢, d; Con-Veh: 50.5+3.2, N=6, Str-Veh:
62.3 + 3.5, n = 7) that approached statistical significance (p = 0.05).
On the other hand, corticosterone administered through drinking
water 24 h after stress reversed this effect 10 days later (Fig. 3b, ¢;
Con-Cort: 58.1 +£3.3, N=6, Str-Cort: 483 +2.5, N=7). This was
evident as a statistically significant interaction between the factors
‘stress’ and ‘corticosterone’ in a two-way ANOVA, confirming a
change in stress-induced increase in spine-density due to
corticosterone treatment.

The combined findings on the behavioral and morphological
effects of acute immobilization stress, and their reversal using
post-stress corticosterone, are summarized in Fig. 3d. Vehicle-
treated stressed rats (Fig. 3d, red circle) exhibit higher anxiety
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Fig. 2 Corticosterone in drinking water after stress prevents impairment in social interaction with a juvenile rat 10 days later.
a Experimental design. Following acute immobilization stress on day 0, rats underwent social interaction with a male, unfamiliar juvenile rat,
10 days later. b Stressed rats spend significantly less time interacting with a juvenile conspecific. ¢ Stress leads to a significant impairment in
anogenital exploration of a juvenile. (Control, N= 19 rats, Stress, N = 24 rats). *p <0.01 and ***p <0.001 in Unpaired t-test. d Experimental
design. Rats received either corticosterone or vehicle in their drinking water bottle for 12h (noon to midnight), 24 h after stress.
Social interaction with a male, unfamiliar juvenile rat was quantified 10 days later. e Vehicle-treated stressed rats show a significant reduction
in total social interaction, which is rescued by post-stress corticosterone. f Post-stress corticosterone significantly prevents decreased
anogenital exploration of a juvenile conspecific. (Control + Vehicle, N = 16 rats; Control + Corticosterone, N = 15 rats; Stress + Vehicle, N = 18 rats;

Stress + Corticosterone, N = 16 rats).
post-hoc Sidak’s test.

indices (Anxiety, upward arrow) and elevated levels of BLA
spine-density (Spine-density, rightward arrow), compared to
their control counterparts (Fig. 3d, black circle). On the other-
hand, corticosterone treatment after stress brings spine-density
and anxiety indices closer to control levels, although these
rats experienced two consecutive surges in corticosterone levels
24 h apart. Thus, high and low levels of BLA spine-density

p < 0.001 in ‘interaction’ between factors stress and corticosterone, in Two-way ANOVA. **p < 0.01 in

Day 0 (Fig. 4a). In vehicle-treated rats, stress-triggered high levels
of corticosterone relative to vehicle- and corticosterone-treated
unstressed controls (Fig. 4b; Con-Veh: 12.3 £2.8 ng/ml, N=7, Str-
Veh: 56.7+6.7ng/ml, N=4, Con-Cort: 59+ 1.1ng/ml, N=38).
However, such an increase was prevented in stressed rats that
received corticosterone 24 h after stress (Day 1, Fig. 4b; Str-Cort:
16.3 2.6 ng/ml, N = 5), whose levels were significantly lower than

were accompanied by high and low anxiety indices vehicle-treated stressed rats, and comparable to vehicle-treated
respectively, although they resulted from rather different controls. Effects of both stress, corticosterone as well as their
conditions. interaction were significant in a two-way ANOVA. Thus, instead of

Post-stress corticosterone prevents stress-induced elevation in
corticosterone

In both humans and rodents, exposure to stress leads to enhanced
systemic levels of cortisol and corticosterone respectively, that last
from minutes to days afterward [25-27]. This stress-induced surge
triggers plasticity mechanisms that eventually culminate in
persistent structural and functional changes in the brain [3]. It is
in this context that our findings are particularly puzzling because
two successive manipulations that both elevate corticosterone
levels (acute stress and corticosterone in the drinking water), end
up preventing rather than adding up to elicit even bigger cellular
and behavioral effects 10 days later. Could it be that the initial
surge in corticosterone elicited by the immobilization stress is
somehow dampened by the subsequent corticosterone treatment,
thereby reversing its eventual cellular and behavioral effects? We
examined this possibility by measuring serum corticosterone
levels on Day 2, 12 h after the end of corticosterone treatment via
drinking water (Day 1) and 48 h after the end of acute stress on

SPRINGERNATURE

the two surges of corticosterone adding up, post-stress treatment
reversed the initial surge of corticosterone elicited by stress. And
in these rats, the delayed BLA spine-density increase and
anxiogenic effects were blocked.

Finally, we wanted to ensure that consumption of corticoster-
one and vehicle were similar across all experimental groups. As
rats had free access to drinking water containing either vehicle or
corticosterone, we quantified volume consumed per cage once
every 4 h during the 12-h treatment period (Fig. 4c). Notably, there
was no difference in the volume of water consumed between
stress and control rats treated with either vehicle or corticoster-
one, and they showed equivalent patterns of consumption
throughout the duration (Fig. 4d, e, Table S2). But was oral
delivery successful in raising systemic levels of corticosterone?
Control rats receiving corticosterone for 12 h (Fig. 4f) showed a
greater increase in systemic levels as compared to vehicle-treated
controls (Fig. 4g; Con-Veh:18.10+6.14ng/ml, N=38, Con-Cort:
101.45 £ 14.36 ng/ml, N=5), thereby confirming the efficacy of
the treatment protocol used here.

Neuropsychopharmacology (2020) 45:2139-2146
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Fig.3 Post-stress corticosterone prevents the delayed increase in spine-density in the basolateral amygdala (BLA). a Experimental design.
Rats received either corticosterone or vehicle in their drinking water bottle for 12 h (noon to midnight), 1 day after stress. Spine-density in the
BLA were quantified 10 days later. b Representative image showing a Golgi-stained coronal section of a rat BLA. Scale bar 200 um.
¢ Representative images of dendritic spines from the experimental groups. Scale bar 10 um. d Post-stress corticosterone, but not vehicle,
also prevented elevated spine—densi'gz in the BLA. (Control + Vehicle, N = 6 rats; Control + Corticosterone, N = 6 rats; Stress + Vehicle, N =7 rats;
Stress + Corticosterone, N=7 rats). ¥ ¥ p<0.01 in ‘interaction’ between factors stress and corticosterone, in Two-way ANOVA. e Percentage
change in BLA spine-density, normalized to respective controls, has been plotted along the x-axis and change in Anxiety Index of the same
rats along the y-axis. While vehicle-treated stressed rats showed an increase in both spine-density and anxiety (diagonal solid arrow), these
large changes in both cellular and behavioral measures was not seen with post-stress corticosterone treatment (diagonal dashed arrow).

(Control + Vehicle, N = 6 rats, Stress + Vehicle, N =7 rats, Control + Corticosterone, N = 6 rats, Stress + Corticosterone, N = 7 rats).

DISCUSSION

Here our goal was to explore the possibility of reversing the
delayed effects of stress through interventions after rats have
already experienced stress. The choice of post-stress intervention
was inspired by somewhat counterintuitive clinical findings that
administration of cortisol after victims have experienced trauma
reduces the eventual development of the cardinal symptoms of
PTSD [10, 12-14, 28, 29]. To this end, we built upon earlier studies
that showed a 2-hour episode of acute immobilization stress in
rats enhances anxiety-like behavior on the elevated plus-maze
and triggers increase in BLA spine-density 10 days later
[4-7, 23, 30]. These delayed effects offered a post-stress time
window for administering corticosterone in the drinking water
24 h after subjecting rats to stress. This treatment reversed both
the cellular and behavioral effects of acute stress 10 days later
(Fig. 4h). First, oral administration of corticosterone after stress
prevented the reduction in open-arm exploration on the elevated
plus-maze. Next, we extended this analysis to also examine the
impact of the same stressor on social measures of anxiety-like
behavior. Stressed rats exhibited impairment in social interaction
with a juvenile conspecific 10 days later, and this deficit too was
rescued by post-stress corticosterone. Second, in light of
accumulating evidence that the delayed anxiogenic effects of
acute stress is paralleled by delayed morphological changes in
BLA principal neurons, our behavioral results led us to test the
efficacy of the same post-stress corticosterone treatment at the
cellular level. Indeed, the same treatment protected against stress-
induced increase in the density of dendritic spines 10 days later.
Finally, although both groups of rats experienced the same 2-hour

Neuropsychopharmacology (2020) 45:2139-2146

immobilization, there was one key difference- rats subjected to
stress followed by oral corticosterone did not undergo the
increase in serum corticosterone levels (bottom, Fig. 4h) that
was seen in the other group receiving only vehicle after stress (top,
Fig. 4h). Taken together, these results suggest that the natural
surge in corticosterone elicited by immobilization stress can be
reversed by a subsequent exogenous treatment of corticosterone,
as late as a day after acute stress, which in turn prevented the
delayed detrimental effects at the behavioral and cellular levels.
Thus, consistent with clinical reports, these findings add to
growing evidence from animal studies on the protective effects of
glucocorticoids against the delayed impact of stress across levels
of neural organization [14, 15, 31-36]. In an earlier study, we used
the same model of acute immobilization to demonstrate that
elevating corticosterone levels before stress prevents the delayed
effects on the BLA [5]. A subsequent study showed a similar
protective effect of oral gavage of vehicle given 1h after
immobilization - raising the possibility that a surge in corticoster-
one elicited by the gavage procedure dampened the delayed
detrimental effects [7]. The present study is motivated by, and
extends, this earlier observation. First, building upon the
protective effects of the stress caused by oral gavage, we have
now used a strategy that directly tests the role of corticosterone,
which is also relevant in light of earlier clinical reports [10, 12—
14, 24]. Second, we have done this by significantly extending the
window of intervention well beyond 1h to 24 h after the end of
stress. Future studies will be needed to explore how long this
post-stress window of effective intervention lasts. We have also
expanded our analysis to social behaviors, thereby testing the
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Fig. 4 Post-stress corticosterone treatment leads to a reduction in stress-induced increase in serum corticosterone levels. a Following 2 h
of immobilization stress (day 0), rats received either corticosterone or vehicle in their drinking water bottle 24 h later (day 1). Treatment was
carried out for a period of 12 h (noon to midnight). 12 h after the end of corticosterone treatment, rats were sacrificed on day 2 and serum
levels of corticosterone were quantified with an ELISA. b Day 2: Vehicle-treated stressed rats showed significantly elevated levels of serum
corticosterone. In comparison, corticosterone treatment causes a significant reduction in serum corticosterone on day 1, although levels are
higher than corticosterone-treated control rats. (Control 4+ Vehicle, N =7 rats; Control + Corticosterone, N = 8 rats; Stress + Vehicle, N =4 rats;
Stress + Corticosterone, N=5 rats). ¥ * ¥ ¥p <0.0001 for ‘interaction’ between factors stress and corticosterone, in Two-way ANOVA. ****p <
0.0001 and *p < 0.05 in post-hoc Sidak’s test. ¢ Day 1: Consumption of drinking water containing vehicle or corticosterone was measured per
cage every 4 h between noon and midnight. Regular drinking water was replaced at the end of the treatment period. d Cumulative plot of
consumption over time show that stressed and control rats consumed vehicle and e corticosterone to the same extent over the treatment
period (Control 4+ Vehicle, N = 8 cages; Control + Corticosterone, N =6 cages; Stress + Vehicle, N =9 cages; Stress + Corticosterone, N =9 cages).
f To quantify elevation in systemic levels of corticosterone, control rats were sacrificed at midnight after consumption of either vehicle or
corticosterone during the treatment period. g Corticosterone treatment causes a significant elevation of serum levels of the glucocorticoid, in
contrast to vehicle-treated individuals. ***#p <0.0001 in Unpaired t-test (Control + Vehicle, N =8 rats; Control + Corticosterone, N=5 rats).
h Summary of findings. (Top) Stressed rats treated with vehicle 24 h after stress show elevated levels of corticosterone, which is followed by
enhanced anxiety-like behavior and elevated spine-density in the BLA 10 days later. (Bottom) By contrast, when corticosterone is administered
24 h after stress, this prevents the increase in corticosterone, and also the delayed increase in anxiety-like behavior and BLA spine-density
10 days later. CORT Corticosterone.

efficacy of this intervention on different aspects of anxiety-like
behavior affected by stress. Interestingly, oral administration
caused a significant elevation of systemic corticosterone that
was higher than vehicle treatment for the same time. It was also
higher than a previously reported post-immobilization surge [7].
High doses of post-stress glucocorticoids have indeed been found

to be protective against stress, in agreement with this finding [14].
Importantly, earlier studies have also examined changes in the
hippocampus in the context of post-stress interventions. For
instance, administration of hydrocortisone 1 h after predator scent
stress blocked the delayed increase in anxiety, as well as dendritic
spine loss in the dorsal dentate gyrus [14]. In light of the present
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findings in the amygdala, it will be interesting to explore if the
time window of post-stress intervention can be extended beyond
1 h for reversing stress-induced structural plasticity in the dentate
gyrus and other hippocampal sub-regions that undergo stress-
induced modifications [2]. It is also interesting to note that
corticosterone treatment led to no observable effects on spine-
density or anxiety-like behavior in control rats. This is in
agreement with a previous report, where treatment with the
same dosage of corticosterone for 12 h also did not have cellular
and behavioral effects [5]. In contrast, acute corticosterone
injections have been shown to cause delayed dendritic hyper-
trophy of BLA neurons and increase anxiety-like behavior [37, 38],
which may be due to differences in the mode of delivery (i.p.
injection versus drinking water) and the measure of morphological
plasticity (dendrites versus spines). It is also possible that oral
corticosterone, as well as stress, alters dendritic spine turnover,
formation of new spines, spine involution and dynamic changes in
their shape and maturity. An assessment of such micro-structural
changes could reveal finer aspects of the regulation of spine
plasticity in the amygdala with stress and corticosterone that have
not been explored here [39].

While the present study used an animal model to explore
mechanistic underpinnings of the protective effects of glucocorti-
coids against the delayed effects of stress [34-36], there are also
reports suggesting either insufficient evidence or only a limited role
for hydrocortisone in preventing the development of PTSD [40, 41].
Another potential limitation of this approach stems from the
reported side-effects of glucocorticoid treatment [42], underscoring
the need to exercise caution in using this strategy in susceptible
individuals. On the other hand, treating stress with glucocorticoids
also resembles stress inoculation, wherein prior exposure to brief
stressors helps to cope with futures episodes of stress [43]. As we
have reported previously, pretreatment with glucocorticoids indeed
has a protective effect on the delayed effects acute immobilization
[5]. Protective effects of stress inoculation has been observed in
other species too, including humans [44-46]. The results reported
here also provide a useful framework for probing this, by testing if
stress and corticosterone exposure together confer resilience to
future episodes of stress exposure.

Finally, perhaps the most striking observation from the
present study is that two successive manipulations that both,
on their own, increase corticosterone levels, together bring back
anxiety and BLA spine-density to unstressed levels. Hence,
future analysis of the potential mechanisms underlying this will
have to focus on the signaling mechanisms triggered by acute
stress and corticosterone treatment alone, and the interplay
between them. Recent studies point to several lines of evidence
that may be useful in this regard. For instance, presynaptic
release of glutamate is enhanced immediately [30], as well as
10 days after acute immobilization stress [6]. Notably, acute
immobilization stress also causes an immediate decrease in
synaptic inhibition in BLA neurons [30]. This synaptic disinhibi-
tion, combined with elevated levels of glutamate during and
soon after acute stress, is likely to enhance the excitability of
BLA principal neurons. Further, N-methyl-D-aspartate (NMDA)
receptors in the BLA during acute stress play a role in the
delayed formation of dendritic spines [6]. Taken together, this
suggests that higher glutamate levels, by activating NMDA
receptors in the BLA, could create an ideal synaptic substrate for
the delayed increase in dendritic spines. Therefore, it would be
of interest to examine if in vivo corticosterone treatment exerts
its protective effects by acting upon similar receptor mechan-
isms and signaling pathways in the BLA. Multiple lines of
evidence also suggest a possible role of glucocorticoid receptor
(GR)-dependent signaling mechanisms. On one hand, GR-
agonist dexamethasone enhances fear extinction by dose-
dependently modulating methylation of the GR-chaperone
FKBP5 in the BLA [47, 48]. Genetic polymorphisms of FKBP5
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associate with PTSD symptoms [47], suggesting its involvement
both in the effects of stress, as well as their prevention. On the
other hand, GRs also regulate metaplasticity in the amygdala
which, for instance, underlies suppression of fear memory recall
by prior exposure to acute stress [49]. Mechanistically, while
acute restraint alone increases the excitatory activity of BLA
principal neurons, treating these cells ex vivo with an additional
dose of corticosterone prevents stress-enhanced glutamate
release by GR-mediated activation of endocannabinoid signal-
ing [50, 51]. A recent study also identified a role of
endocannabinoids in the delayed strengthening of BLA synaptic
connectivity after acute immobilization [30]. It remains to be
seen if the two surges of corticosterone (caused by immobiliza-
tion, followed by corticosterone treatment) is able to mitigate
the delayed effects of this stressor through similar cellular
mechanisms.

In conclusion, our results also point to future directions of
enquiry that are of clinical relevance. For example, how long does
the post-stress intervention window extend beyond the 24-h
period reported here? And, how long lasting are these protective
effects of corticosterone? The findings presented here offer an
experimental framework, spanning multiple levels of neural
organization, for elucidating the structural and functional altera-
tions triggered by traumatic stress over time, and their reversal
using clinically effective therapeutic interventions such as
glucocorticoid treatment.
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