
ORIGINAL INVESTIGATION

Timing is everything: differential effects of chronic stress
on fear extinction

Prabahan Chakraborty1 & Sumantra Chattarji1,2,3

Received: 2 June 2018 /Accepted: 24 September 2018 /Published online: 10 October 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Rationale Stress disorders cause abnormal regulation of fear-related behaviors. In most rodent models of these effects, stress was
administered before fear conditioning, thereby assessing its impact on both the formation and extinction of fear memories, not the
latter alone. Here, we dissociated the two processes by also administering stress after fear conditioning, and then compared how
pre-conditioning versus post-conditioning exposure to chronic stress affects subsequent acquisition and recall of fear extinction.
Methods MaleWistar rats were subjected to chronic immobilization stress (2 h/day, 10 days); the morphological effects of which
were analyzed using modified Golgi-Cox staining across brain areas mediating the formation and extinction of fear memories.
Separate groups of rats underwent fear conditioning followed by acquisition and recall of extinction, wherein stress was
administered either before or after fear conditioning.
Results When fear memories were formed after chronic stress, both acquisition and retrieval of extinction was impaired.
Strikingly, these deficits were absent when fear memories were formed before the same stress. Chronic stress also reduced
dendritic spine density in the infralimbic prefrontal cortex, but enhanced it in the basolateral amygdala.
Conclusion Chronic stress, administered either before or after fear learning, had distinct effects on the acquisition and recall of
fear extinction memories. Stress also strengthened the structural basis of synaptic connectivity in the amygdala, but weakened it
in the prefrontal cortex. Thus, despite eliciting a specific pattern of brain region-specific morphological changes, the timing of the
same stress gave rise to strikingly different behavioral effects on the extinction of fear.
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Introduction

Auditory fear conditioning is an associative learning paradigm
wherein subjects rapidly encode memories associating a

neutral tone (the conditioned stimulus, or CS) with a coinci-
dent noxious stimulus (unconditioned stimulus, US), such as a
foot shock. Subsequent presentation of the CS alone elicits a
conditioned response in the form of ‘freezing,’ or cessation of
locomotor activity, in rodents. The level of freezing elicited by
the CS provides a behavioral measure of the learned fear re-
sponse. Further, repeated unreinforced presentations of the CS
cause a gradual reduction in the conditioned fear response, a
form of learning referred to as fear extinction. Three function-
ally interconnected brain regions play a pivotal role in differ-
ent phases of the acquisition and retrieval of fear and extinc-
tion memories. Neurons in the basolateral nucleus of the
amygdala (BLA) are essential for the acquisition and storage
of fear memories (Ledoux 2000), as well as the initial retrieval
of this memory during fear extinction (Sierra-Mercado et al.
2011). Extinction of fear memories also involves the hippo-
campus and medial prefrontal cortex (mPFC). For instance,
the ventral hippocampus is important for fear expression
(Kjelstrup et al. 2002; Trivedi and Coover 2004), the
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contextual modulation of fear extinction (Sierra-Mercado
et al. 2011), and also for maintaining low levels of freezing
after the fear is extinguished (Sotres-Bayon et al. 2012).
Within the mPFC, the prelimbic cortex (PL) is involved in
the expression of fear (Sierra-Mercado et al. 2011) and stim-
ulating PL increases fear expression (Vidal-Gonzalez et al.
2006). On the other hand, multiple lines of evidence including
lesion (Morgan and LeDoux 1995; Chang and Maren 2010),
inactivation (Sierra-Mercado et al. 2011), and optogenetic ma-
nipulations (Do-Monte et al. 2015) have established a role for
the infralimbic cortex (IL) in the formation and storage of fear
extinction memory. Together, interactions between circuits
spanning these three brain regions coordinate distinct behav-
ioral responses during acquisition and extinction of fear
memories.

These same brain areas have also been the focus of
many studies on stress, not only because of their disparate
roles in regulating the stress response via the hypothalam-
ic–pituitary–adrenal (HPA) axis, but also because of their
susceptibility to stress-induced changes in structure and
function. While the mPFC and hippocampus play a pivotal
role in the negative-feedback regulation of the stress re-
sponse, the amygdala has an opposing effect on the HPA
axis. Moreover, exposure to prolonged stress elicits diver-
gent patterns of structural and functional changes in these
brain regions (Chattarji et al. 2015). For instance, failure to
extinguish fear is one of the key impairments reported in
patients of post-traumatic stress disorder (PTSD) (Wessa
and Flor 2007; Wicking et al. 2016). Neuroimaging studies
in PTSD patients also show enhanced activity in the amyg-
dala (Rauch et al. 2000, 2006; Koenigs and Grafmann
2009), but reduced activity in both the hippocampus
(Bremner 2002; Rauch et al. 2006) and mPFC (Shin et al.
2005; Koenigs and Grafmann 2009). Findings from vari-
ous rodent models are in broad agreement with these clin-
ical observations (Rao et al. 2009). For example, repeated
stress causes dendritic growth and spinogenesis in princi-
pal neurons of the BLA (Vyas et al. 2002; Mitra et al. 2005,
2009; Mitra and Sapolsky 2008), while causing the oppo-
site effects in both the mPFC (Radley et al. 2005, 2006,
2008; Miracle et al. 2006; Goldwater et al. 2009) and hip-
pocampus (McEwen 1999; Silva-Gomez et al. 2003;
Pawlak et al. 2005; McLaughlin et al. 2007; Silva-Gómez
et al. 2013). Furthermore, molecular and physiological me-
diators of synaptic plasticity also exhibit contrasting fea-
tures across these brain areas (Roozendaal et al. 2009;
Arnsten 2015; Chattarji et al. 2015; McEwen et al. 2015).

Consistent with these findings on stress-induced plasticity,
enhanced fear learning and impaired fear extinction has been
reported using multiple stress paradigms, including restraint
(Miracle et al. 2006; Baran et al. 2009; Wilber et al. 2011;
Farrell et al. 2013; Hoffman et al. 2014), immobilization
(Mitra and Sapolsky 2009), swim stress (Izquierdo et al.

2006), and single prolonged stress (Yamamoto et al. 2008;
Knox et al. 2012). In a majority of these studies, however, rats
were first exposed to stress and then subjected to fear condi-
tioning and extinction. Given that stress enhances fear mem-
ories (Suvrathan et al. 2014), the deficits in fear extinction
might reflect a failure to extinguish stronger fear memories
created by prior exposure to stress. Although a few studies
have subjected animals to post-conditioning stress (Maroun
et al. 2013; Moench et al. 2016), these used acute stress par-
adigms. Unlike repeated or chronic stress, acute stressors are
not known to elicit the divergent and robust patterns of struc-
tural plasticity in dendrites and spines (Mitra et al. 2005;
Moench et al. 2016) across the three brain regions that togeth-
er encode various facets of fear learning and extinction in
rodents.

Therefore, the present study combines behavioral and
morphometric analyses to address two questions. First,
we examined if and how stress specifically affects expres-
sion of fear during and after extinction, when the fear
memories are acquired before exposure to chronic immo-
bilization stress. We also used the conventional experimen-
tal design wherein animals were first subjected to the same
chronic stress, followed by fear conditioning and extinc-
tion. This allowed us to directly compare the effects of the
same chronic stress administered either before or after the
same auditory fear conditioning paradigm. Together, this
offered an opportunity to dissociate the impact of chronic
stress on the acquisition versus extinction of fear memo-
ries. Second, although various rodent models of stress are
known to elicit divergent patterns of morphological plas-
ticity across the BLA, mPFC, and the hippocampus—ear-
lier studies used a range of stress protocols that varied in
their modality, duration, and intensity. Further, each of
these studies often used different morphological assays
and focused primarily on one brain area at a time. Hence,
our aim was to confirm, and add to, earlier findings by
generating a unified framework for quantifying the mor-
phological impact of the same chronic stress paradigm on
all three areas in the same brain.

Materials and methods

Animals

Male Wistar rats from Charles River laboratories, 50–60 days
old at the beginning of the experiment, were used for this
study. Animals were housed in groups of two animals per cage
with ad libitum access to food and water, and maintained on a
14 h:10 h light:dark cycle in a temperature-controlled environ-
ment. All maintenance and experimental procedures were ap-
proved by the Institutional Ethics Committee, National Centre
for Biological Sciences, India.
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Stress procedure

Prior to stress, animals were handled for a period of 3 days,
and then randomly assigned to the chronic immobilization
stress (chronic stress) and control groups. Stress was done as
previously described (Vyas et al. 2002; Mitra et al. 2005;
Suvrathan et al. 2014). Briefly, animals were immobilized in
plastic immobilization cones with no access to food or water
for 2 h/day, for a period of 10 consecutive days. All stress
protocols were carried out between 10 am and 12 pm.
Control rats were not subjected to any stress, and were housed
in a room different from the stressed animals. Different
batches of animals were used for morphology and behavior
experiments.

Golgi-Cox staining

Twenty-four hours after the final stress episode, stressed and
control animals were decapitated after halothane anesthesia,
and brains were removed for modified Golgi-Cox staining, as
described previously (Patel et al. 2017). Following staining,
120-μm thick coronal sections were collected on gelatin-
chrome alum-coated slides using a Leica vibratome (VT-
1200S), and developed in 5% sodium carbonate. Finally, sec-
tions were dehydrated in grades of alcohol and mounted with
DPX (Nice Chemicals, India).

Dendritic spine analysis

Prepared slides were coded and dendritic spine analysis was
done blind. Across all regions, apical dendrites of pyramidal
neurons were analyzed. For this study, the dendrite originating
directly from the cell bodywas considered as a main shaft, and
dendrites branching off from the main shaft were considered
as primary dendrites (Fig. 1). Neurons were chosen for anal-
ysis based on criteria described earlier (Mitra et al. 2005; Rao
et al. 2012). Each primary dendrite chosen was analyzed for a
length of 70μm from its origin.Whenmultiple dendrites were
analyzed from the same neuron, an average of the dendrites
was taken while plotting segmental analysis per neuron. All
protrusions from the primary dendrite were considered as
spines, irrespective of their morphological characteristics.
Analysis was performed using Neurolucida image analysis
software from Micro-BrightField, Williston, VT, USA, at-
tached to an Olympus BX61 microscope (100 ×, 0.95
Numerical Aperture, Olympus BX61) from Olympus,
Shinjuku-Ku, Tokyo, Japan.

Auditory fear conditioning

Animals underwent auditory fear conditioning either 24 h
after the last episode of stress, on day 11 (post-stress
conditioning), or 24 h before they were stressed, on day

0 (pre-stress conditioning) (Fig. 1). For both experiments,
two distinct chambers were used for conditioning and
extinction/extinction recall. Context habituation and fear
conditioning chamber (context A, model E10-11R,
Coulbourn Instruments, USA) was dimly illuminated by
a single house light and had a metal grid floor on which
the rats were placed. Extinction acquisition and recall
were done in a home cage-like chamber (context B)
brightly illuminated with white light along with transpar-
ent Plexiglas walls. Additionally, foam with peppermint
odor was kept on the floor of context B during both these
sessions. A sound-attenuating cubicle (model E10-24,
Coulbourn Instruments) housed both the contexts, and a
video camera was used to record behavior. On the day of
conditioning, following a 3-min acclimation period to
context A, rats received five presentations of a 20-s tone
conditioned stimulus (CS) (5 kHz, 70 ± 5 dB) alone. This
was followed by seven presentations of CS that co-
terminated with a foot-shock unconditioned stimulus
(US) (0.5 s, 0.7 mA). The average pseudo-random inter-
trial interval (ITI) was 100 s. Following conditioning, all
rats were returned to their home cages. For acquisition of
fear extinction, rats were placed in context B and present-
ed with 15 tones (20 s, 5 kHz, 70 ± 5 dB) with an average
ITI of 100 s, following which they were returned to their
home cages. They were reintroduced to the same context
(context B) 24 h later and again presented with 15 tones
(20 s, 5 kHz, 70 ± 5 dB) to undergo test for fear extinction
memory. The apparatus was cleaned with 70% ethyl alco-
hol between sessions.

The experimental designs for the two experiments were as
follows:

1. Post-stress conditioning: (Fig. 1) following handling, rats
were randomly divided into the chronic stress or the con-
trol group. Chronic stress animals underwent immobiliza-
tion stress (as described above) from days 1–10, while
controls were handled every day. On days 9–10, all ani-
mals were habituated to the fear conditioning context A.
On day 11, both groups underwent auditory fear condi-
tioning. Twenty-four hours later (on day 12), all animals
underwent fear extinction training in context B. Finally,
on day 13, all animals were tested for fear extinction
memory in the same context B.

2. Pre-stress conditioning: (Fig. 1) all animals were handled
for 3 days following which they underwent 2 days of
context habituation for 30 min each day, in context A.
Next, all animals underwent fear conditioning as de-
scribed above on day 0. Animals were then randomly
assigned into the chronic stress or the control group.
Chronic stress animals underwent 10 days of immobiliza-
tion while control animals were handled during this period
(days 1–10). Twenty-four hours after the last
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immobilization (on day 11), both groups underwent fear
extinction training in context B. Finally on day 12, all
animals were tested for fear extinction memory in the
same context B.

Behavioral analysis

Behavioral analysis was done blind using the video recordings
from all the experimental sessions. Response to the auditory
stimuli was evaluated in the form of freezing response during
the 20 s of tone presentation. Freezing response was defined as
the absence of movement except due to respiration (Blanchard
and Blanchard 1988), and was then converted into percentage.
Each trial block is an average of two tones. The percentage
freezing was also measured in every context for 20 s in the
absence of any auditory stimulus, and was defined as the pre-
tone. The tone habituation represents the mean freezing during
all the five CS presented. Subsequently, animals were classi-
fied as learners if freezing in the first trial block of extinction
acquisition was (a) at least three times higher than freezing
during pre-tone of the same session and (b) higher than freez-
ing during tone habituation. For the post-stress conditioning
experiment, there were nine non-learners in the control group
and seven non-learners in the chronic stress group. For the
pre-stress conditioning experiment, there was one non-
learner in the control group and two non-learners in the chron-
ic stress group. Across both the fear extinction experiments,
the same criteria of selection were used to classify the non-
learners and only learners were included in the final analysis.
Freezing to context was measured during a 20-s time window

immediately preceding the onset of every CS. The inter-trial
interval being pseudo-random (100 s, on average), this en-
sured randomized sampling of contextual freezing throughout
the whole session. For the purpose of graphical representation,
tones and pre-tones 1–14 were averaged in pairs (tones/pre-
tones 1 and 2, tones/pre-tones 3 and 4, and so on), and each
pair was plotted as either a ‘trial block’ (for the tone) or a ‘pre-
trial block’ (for the pre-tone).Tone and pre-tone 15 has not
been shown. This method of representation has been adapted
from a number of previous reports including Santini et al.
2008, Burgos-Robles et al. 2007, Sierra-Mercado et al. 2011,
and Do-Monte et al. 2015.

Statistical analysis

All values are reported as mean ± SEM unless mentioned
otherwise. Each data set was evaluated for outliers, which
was defined as greater than twice the standard deviation away
from the mean. The total number of dendritic spines was com-
pared by using Student’s unpaired two-tailed t test. For com-
parison of spine number across 10-μm segments, two-way
repeated measures ANOVA was used, followed by post-hoc
Sidak’s test. Likewise, for the behavior experiments, two-way
repeated measures ANOVA was used, followed by post-hoc
Sidak’s test. For comparison of the first and last trial blocks of
fear extinction as well as for contextual freezing across ses-
sions, unpaired t tests were used, with corrections for multiple
comparisons using Holm-Sidak’s method. All statistical anal-
yses and plots were done using GraphPad Prism software
(GraphPad software Inc., La Jolla, California, USA, version

Chronic Immobilisation Stress

Chronic Immobilisation Stress Fear Conditioning

Fear Conditioning

Extinction 
Acquisition

Days 0 1 10 11 12 13

7 CS + 7 US 15 CS 15 CS

Pre-stress
Conditioning

Post-stress 
Conditioning 

Stress only

Extinction 
Recall

7 CS + 7 US 15 CS 15 CS

Context A

Context B

Chronic Immobilisation Stress
Extinction 
Acquisition

Extinction 
Recall

Fig. 1 Experimental design. One cohort of rats was used to characterize
the morphological effects of stress. Following 10 days of chronic
immobilization stress (2 h/day), rats were sacrificed on day 11 and
brain was collected for modified Golgi-Cox staining. Image shows a
representative neuron at low magnification alongside a high-
magnification image of a primary dendrite showing dendritic spines
(scale bar 20 μm). In two separate cohorts of rats, the behavioral effects
of stress were analyzed by adopting two different approaches. In the post-

stress conditioning experiment, after 10 days of chronic immobilization
stress, rats underwent fear conditioning in context A. Fear extinction
acquisition and fear extinction recall took place in context B 24 h and
48 h later respectively, on days 12 and 13. In the pre-stress conditioning
experiment, rats first underwent fear conditioning in context A, following
which they underwent chronic immobilization stress. 10 days later, they
underwent fear extinction acquisition in context B on day 11. Fear ex-
tinction recall took place 24 h later in the same context, on day 12
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6). The figure panels were made with Adobe Creative Design
Suite, version 5.

Results

Spine plasticity across brain areas involved in fear
learning and extinction

We first examined the impact of chronic immobilization stress
(2 h/day, for 10 days) on dendritic spines across the four brain
regions—the infralimbic (IL) and prelimbic (PL) areas of the
mPFC, ventral CA1 (vCA1) area of the hippocampus, and the
basolateral amygdala (BLA). Analysis of spine densities was
carried out on Golgi-Cox stained brains 24 h after the end of
the 10th day of chronic stress. Within each region, spine den-
sity was quantified along a 70-μm long segment of primary
apical dendrite of pyramidal neurons. Chronic stress signifi-
cantly reduced spine density on apical dendrites of layer II/III
pyramidal neurons in IL (t6 = 4.8, p < 0.01) (Fig. 2a). Upon
detailed analysis of spine numbers in steps of 10-μm segments
along the length of the dendrite, we found that there was a
main effect of stress (F(1,6) = 23.68, p < 0.01) in a two-way
repeated measures ANOVA. Further, post-hoc analysis re-
vealed that this decrease was evident throughout the dendrite,
in both proximal as well as distal dendritic segments (Fig. 2b).

In layer V/VI pyramidal neurons of the IL, stress did not
affect the overall density of dendritic spines (t6 = 2.22, p = 0.07)
(Fig. 2c), and segmental analysis revealed no effect of stress
(F(1,6) = 5.09, p= 0.07). However, post-hoc analysis showed a
significant decrease in spines only in the initial, proximal den-
dritic segment (Fig. 2d). In both layers of IL, there was also a
significant effect of the distance of dendritic segment from the
origin of the dendrite (layer II/III F(6,36) = 4.92, p < 0.0001; lay-
er V/VI F(6,36) = 4.46, p < 0.01), but there was no interaction
between the two factors in either layer (layer II/III F(6,36) = 0.61,
p = 0.72; layer V/VI F(6,36) = 1.71, p = 0.15).

In sharp contrast to IL-mPFC, stress did not affect the total
dendritic spine density in PL-mPFC, either on pyramidal neu-
rons of layer II/III (t6 = 0.597, p = 0.57) (Fig. 2e) or layer V/VI
(t6 = 2.17, p = 0.07) (Fig. 2g). Segmental analysis (Fig. 2f, h)
did not reveal any effect of stress (layer II/III F(1,6) = 0.34, p =
0.58; layer V/VI F(1,6) = 4.72, p = 0.07), although there was a
main effect of distance along the dendrite in layer II/III
(F(6,36) = 2.61, p < 0.05) but not in Layer V/VI (F(6,36) =
2.28, p = 0.06). There was no interaction of the main factors
in either layer (layer II/III F(6,36) = 0.36, p = 0.90; layer V/VI
F(6,36) = 0.66, p = 0.68).

In the vCA1, chronic stress caused no change in the total
spine density on pyramidal neurons (t6 = 1.54, p = 0.18)
(Fig. 2i). Segmental analysis revealed only a significant effect
of distance (F(6,36) = 3.82, p < 0.01) but no effect of stress
(F(1,6) = 2.36, p = 0.18), and there was no interaction between

the two factors (F(6,36) = 1.496, p = 0.21). Although there was
a visible reduction in spine density in a proximal dendritic
segment, this did not reach statistical significance upon post-
hoc analysis (p = 0.08) (Fig. 2j).

Finally, chronic stress increased spine density on pyramidal
neurons of the BLA (t6 = 2.913, p < 0.05) (Fig. 2k). ANOVA
showed significant effects of both stress (F(1,6) = 8.48,
p < 0.05) as well as distance of individual dendritic segments
from the origin of the dendrite (F(6,36) = 7.90, p < 0.0001),
without any interaction between the two (F(6,36) = 0.74, p =
0.62). Further, post-hoc analysis revealed that this increase in
spines was robust, and seen throughout the length of the den-
drite analyzed, in both proximal and distal segments (Fig. 2l).

While the above segmental analysis was done by subject
number, we also carried out this analysis by number of neu-
rons, as had been reported in several earlier studies that fo-
cused on changes in dendritic spine density (Hayashi et al.
2004, 2007; Mitra et al. 2005; Rao et al. 2012; Do-Monte
et al. 2015) (Online Resource 1). Notably, this reanalysis con-
firmed the significant changes in spine numbers revealed in
the layer II/III of IL (F(1,64) = 23.43, p < 0.0001) (Online
Resource 1a) as well as in the BLA (F(1,55) = 22.88,
p < 0.0001) (Online Resource 1f). Further, a main effect of
stress was revealed in both layer V/VI of IL (F(1,54) = 5.53,
p < 0.05) as well as vCA1 (F(1,50) = 6.438, p < 0.05) while
post-hoc differences between specific segments emerged in
both layers of IL (Online Resource 1a,b) in addition to the
vCA1 (Online Resource 1f) and BLA (Online Resource 1f).
The additional details of these statistical analyses by number
of neurons are summarized in Online Resource 2.

Together, these results show that the same chronic stress
elicits specific and contrasting patterns of changes in dendritic
spine numbers across the three brain areas, which is in agree-
ment with a growing body of earlier work. Moreover, these
differences were found not just between brain areas, but also
between two sub-regions (IL versus PL) within the same
structure (mPFC). Importantly, accumulating evidence has
implicated each of these brain areas in the encoding and recall
of specific aspects of the acquisition and extinction of fear
memories in rodents. Thus, these morphological data provide
the basis for examining specific behavioral consequences of
chronic immobilization stress.

Extinction of fear memories formed after stress

As mentioned earlier, a majority of previous studies sub-
jected animals to fear conditioning and extinction after
exposure to stress (Izquierdo et al. 2006; Maren and
Holmes 2016; Miracle et al. 2006). Thus, we first repeated
this experimental design by administering our 10-day
chronic immobilization stress protocol before an auditory
fear conditioning paradigm (Fig. 3).
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Prior to conditioning, both stressed and control animals
showed low-baseline freezing to the tone alone during tone
habituation (Fig. 3a). During fear conditioning, however,
freezing response to successive presentations of tone-shock
pairings was affected by stress (F(1,24) = 6.45, p < 0.05)
(Fig. 3a). Two-way repeated measures ANOVA also

showed a main effect of trials (F(7,168) = 26.38, p < 0.05),
as well as a significant interaction between the two factors
(F(7,168) = 3.37, p < 0.001), indicating effects of chronic
stress on freezing behavior over successive trials. Post-
hoc analysis revealed that stressed animals indeed showed
significantly higher levels of freezing compared to controls
in the third and fourth trials, although both groups eventu-
ally reached similar levels of freezing by the last trial of
fear conditioning (Fig. 3a).

Twenty-four hours later, when tested for recall of fear
memory in a different context (context B), both groups
showed comparable levels of freezing in the first trial
block (Fig. 3b). Control animals showed a gradual acqui-
sition of fear extinction over successive trial blocks
(Fig. 3b), with a significant reduction in freezing in the
last trial block as compared to the first (t20 = 2.51,
p < 0.05) (Fig. 3c). Stressed animals did not exhibit this
gradual reduction but showed comparable levels of freez-
ing between the first and last trial block (t28 = 0.77, p =
0.45), indicating an impairment in acquisition of fear ex-
tinction (Fig. 3b, c). There was a significant effect of
stress (F(1,24) = 12.99, p < 0.01) on extinction acquisition
(Fig. 3b), as well as an effect of trial blocks (F(6,144) =
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Fig. 3 Chronic stress impairs extinction of fear memories formed after
stress exposure. a Stressed animals learn faster than controls during fear
conditioning. b Stress impairs acquisition of fear extinction. c Stressed
animals do not show any decrease in freezing between the first and the
last trial blocks during fear extinction acquisition, unlike controls. d
Chronic stress impairs recall of fear extinction (control, N = 11; chronic

stress, N = 15). Ψ indicates p < 0.05, Ψ Ψ indicates p < 0.01, and Ψ Ψ Ψ
Ψ indicates p < 0.0001 indicate a main effect of stress in two-way repeat-
edmeasures ANOVA. # indicates p < 0.05, ## indicates p < 0.01, and ###
indicates p < 0.001 in post-hoc Sidak’s test. * indicates p < 0.05 in
Student’s unpaired two-tailed t test. Each trial block is an average of
two trials

�Fig. 2 Chronic stress has divergent effects on dendritic spine density
across the fear circuit. a Chronic stress decreases spine density in layer
II/III pyramidal neurons of IL but not in c layer V/VI pyramidal neurons
of IL. e Chronic stress does not affect spine density in both layer II/III
pyramidal neurons of PL, as well as in g layer V/VI pyramidal neurons of
PL. i Chronic stress does not affect spine density in vCA1 pyramidal
neurons. k Chronic stress increases spine density of BLA pyramidal neu-
rons (control, N = 4 animals; chronic stress, N = 4 animals). Segmental
analysis of mean numbers of spines in each successive 10-μm segment of
the primary dendrite as a function of the distance of that segment from the
origin of the branch in b layer II/III of IL, d layer V/VI of IL, f layer II/III
of PL, h layer V/VI of PL, j vCA1, and l BLA neurons (control, N = 4
animals; chronic stress, N = 4 animals). Representative images show pri-
mary dendrites with dendritic spines across all regions analyzed (scale bar
20 μm). * indicates p < 0.05 and ** indicates p < 0.01 in Student’s un-
paired two-tailed t test.Ψ indicates p < 0.05 andΨΨ indicates p < 0.01 in
main effect of stress in two-way repeated measures ANOVA. # indicates
p < 0.05 and ## indicates p < 0.01 in post-hoc Sidak’s test
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4.19, p < 0.001), but no interaction between trial blocks
and stress (F(6,144) = 1.373, p = 0.23).

When the recall of fear extinction memory was tested 24 h
later, stressed animals showed significantly higher levels of
freezing compared to controls, indicating impaired extinction
memory (F(1,24) = 28.06, p < 0.0001) (Fig. 3d). Strikingly, this
impairment persisted throughout the subsequent presentations
of CS such that the stressed animals were unable to reduce
their freezing to the levels exhibited by their unstressed coun-
terparts (Fig. 3d). There was neither any effect of trial blocks
(F(6,144) = 1.99, p = 0.07) nor an interaction between the two
factors (F(6,144) = 0.19, p = 0.98).

In addition to quantifying freezing during CS, we also mea-
sured freezing to the context during all three sessions (Fig. 4).
This was done by measuring freezing in the absence of any
tone during a 20-s ‘pre-tone’ duration that preceded each pre-
sentation of the CS. As the intervals between the tones were
pseudo-random, our method of analysis ensured contextual
freezing was randomly sampled throughout the entire duration
of the session. During fear conditioning, freezing to the con-
text was not affected by stress (F(1,24) = 1.832, p = 0.18).
Freezing, however, changed over time (F(7,168) = 47.61,
p < 0.0001) for both groups, with stressed animals showing a
higher freezing to the context before trial 3 (Fig. 4a). Similar
to fear conditioning, stress also did not affect contextual

freezing during acquisition or recall of fear extinction (extinc-
tion acquisition F(1,24) = 3.09, p = 0.09; extinction recall
F(1,24) = 1.57, p = 0.23) (Fig. 4b, c). Although there was a
main effect of time during extinction recall (extinction acqui-
sition F(6,144) = 1.35, p = 0.23; extinction recall F(6,144) = 3.15,
p < 0.01), there was no interaction between the factors in any
of the sessions (fear conditioning F(7,168) = 1.67, p = 0.12; ex-
tinction acquisition F(6,144) = 1.35, p = 0.23; extinction recall
F(6,144) = 3.15, p < 0.01). Finally, mean levels of contextual
freezing across all three sessions showed no difference be-
tween stressed and control animals (fear conditioning t24 =
1.68, p = 0.11; extinction acquisition t24 = 1.93, p = 0.065; ex-
tinction recall t24 = 1.28, p = 0.21) (Fig. 4d). This confirmed
that the differences in freezing during fear extinction were not
influenced by a generalized, non-specific increase in freezing
behavior but rather specific impairments in learning and
memory.

Extinction of fear memory formed before stress

Next, we wanted to examine the effects of the same chronic
stress specifically on the acquisition and recall of fear extinc-
tion alone. Hence, animals, all unstressed at this point, were
first subjected to the same auditory fear conditioning para-
digm used in the experiments described above. However, in
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the interest of greater clarity, freezing levels in animals which
were subsequently assigned to either stress or control groups
after fear conditioning are depicted separately during fear con-
ditioning as well. This is to ensure there were no inherent
baseline differences between the two groups prior to subject-
ing them to stress (Fig. 5a). In addition, both groups have been
combined and plotted as a single control group in Online
Resource 3.

On the day of conditioning, both groups of rats showed
low-baseline freezing to the tone alone (Fig. 5a, tone habitu-
ation). Next, they showed a gradual increase in freezing over
seven successive presentations of tone-shock pairings
(Fig. 5a) as evidenced by a significant effect of trials
(F(7,147) = 11.58, p < 0.0001). In striking contrast to the previ-
ous experiment, however, there was no effect of stress
(F(1,21) = 0.18, p = 0.68) in this case. There was also no inter-
action between the two factors (F(7,147) = 1.6, p = 0.14).

Following conditioning, animals were divided into two
groups—half were stressed for the next 10 days while the
others served as unstressed controls. Twenty-four hours after
the final and tenth session of 2-h stress (day 11), both groups
underwent extinction training in a different context B. During
acquisition of fear extinction, freezing levels changed over trials
for both groups (F(6,126) = 12.94, p < 0.0001) without any effect

of stress (F(1,21) = 0.21, p = 0.65) or any interaction between
both factors (F(6,126) = 0.98, p = 0.44). Stressed and control an-
imals showed similar levels of freezing in the first trial block
indicating comparable levels of fear recall (Fig. 5b).
Subsequently, the freezing levels were significantly lower by
the seventh trial block for both groups (control t20 = 3.39,
p < 0.01; chronic stress t22 = 3.65, p < 0.01) (Fig. 5c) indicating
a gradual acquisition of extinction by the end of the session.
This was in striking contrast to the group that underwent post-
stress conditioning, wherein stressed animals failed to show a
significant decrease in freezing (Fig. 3b, c). Although stressed
animals initially started from a higher level of freezing when
tested for extinction recall 24 h later, their freezing decreased
and came down to that of control levels upon subsequent pre-
sentations of CS, suggesting that they were able to extinguish
the fear fully (Fig. 5d). As in the previous two sessions, there
was only a significant effect of trial blocks (F(6,126) = 2.317,
p < 0.05) without any main effect of stress (F(1,21) = 1.63, p =
0.22) or interaction between the two factors (F(6,126) = 0.241,
p = 0.24) during recall of fear extinction.

To ensure that stress did not enhance freezing to the context
in absence of the CS, we next quantified contextual freezing as
described before (Fig. 6). Here too, stress did not affect freez-
ing to context during fear conditioning (F(1,21) = 0.04,
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p < 0.84) (Fig. 6a), extinction acquisition (F(1,21) = 0.997, p =
0.33) (Fig. 6b), or extinction recall (F(1,21) = 0.05, p = 0.83)
(Fig. 6c). However, contextual freezing varied over time dur-
ing all three sessions (fear conditioning F(7,147) = 31.55,
p < 0.0001; extinction acquisition F(6,126) = 4.35, p < 0.001;
extinction recall F(6,126) = 2.39, p < 0.05). Stress affected
freezing over time only during extinction acquisition, as indi-
cated by a significant statistical interaction between both fac-
tors (F(6,126) = 2.489, p < 0.05), but post-hoc comparisons
failed to find differences between the two groups. There was
no interaction during either fear conditioning (F(7,147) = 0.99,
p = 0.44) or extinction recall (F(7,147) = 1.25, p = 0.29).
Finally, stress did not affect mean levels of contextual freezing
across all three sessions (fear conditioning t21 = 0.03, p = 0.98;
extinction acquisition t21 = 0.80, p = 0.43; extinction recall
t21 = 0.24, p = 0.81) (Fig. 6d). Thus, in addition to extinction
acquisition and recall not being affected by stress exposure
after fear conditioning, freezing to the context was also not
affected by chronic stress.

Discussion

The present study examined the effects of chronic immobili-
zation stress at two levels of neural organization. We first

showed that the same chronic immobilization stress elicited
divergent patterns of changes in dendritic spine density across
different regions within the same brain (Fig. 7a). Stress caused
a significant increase in spine density in the BLA, in agree-
ment with previous reports (Mitra et al. 2005; Suvrathan et al.
2014). However, the same stress did not affect density of
dendritic spines in ventral CA1, as has been reported with
exposure to multimodal and restraint stressors (Maras et al.
2014). In addition, chronic stress significantly decreased spine
density on apical dendrites of IL-mPFC principal neurons
without any effect in the PL-mPFC. Within the IL region,
the decrease was more pronounced in layer II/III neurons as
compared to layer V/VI. Although chronic stress has previ-
ously been shown to reduce spines and dendritic arborization
in both the IL (Goldwater et al. 2009) and PL regions of the
mPFC (Liston et al. 2006; Radley et al. 2006, 2009b; Garrett
and Wellman 2009), the divergent effect seen here might be
because the PL neurons need a more prolonged exposure to
stress to elicit morphological changes compared to IL neu-
rons. In fact, the same stressor has been shown to cause a
reduction in dendritic arborization in the IL, but not in PL,
suggesting that the former is more susceptible to stress expo-
sure (Izquierdo et al. 2006).

Interestingly, an earlier report using the same chronic im-
mobilization stress did not report any difference in spine
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density in the IL (Shansky et al. 2009). This could be because
shorter dendritic segments of varying lengths were analyzed in
this study. In contrast, analysis of a fixed length of primary
dendrite (70 μm) starting from its origin has revealed the
distinct effects of stress on proximal versus distal dendritic
spine distribution in our study. In the present study, these
differential effects of stress on the total versus segmental spine
density are most clearly visible in layer V/VI neurons of IL-
mPFC. Detailed segmental analysis of spine numbers, by
keeping track of the location of spines along the dendrite, is
also important because in both cortical and hippocampal py-
ramidal neurons, different segments of dendrites are known to
receive specific afferent inputs (Spruston 2008). Therefore,
synapses at proximal versus distal regions of the same den-
drite might have different functional implications for interac-
tions between brain regions after stress exposure. Spines on
the proximal dendritic regions of principal neurons of the
BLA, for example, were found to be the best predictor of

stress-induced increase in anxiety-like behavior on the elevat-
ed plus maze (Rao et al. 2012). Moreover, functional connec-
tivity from the BLA to hippocampal area CA1 grows stronger
during stress, while weakening CA3-to-CA1 connectivity at
the same time (Ghosh et al. 2013), raising the possibility that
specific patterns of spine changes may serve as a synaptic
substrate for the stress-induced modulation of directional in-
fluence from one region to another.

Our findings also reveal that the eventual impact of chronic
stress depended on its timing with respect to the formation of
the fear memory (i.e., pre- versus post-stress conditioning).
How does the behavioral impact of the same stress differ so
significantly between the two experimental designs? In agree-
ment with several past studies, the results from our post-stress
conditioning experiments suggest that the balance of activity
in the BLA is tilted in favor of enhanced fear. This is in agree-
ment with previous reports on stress-induced spinogenesis
and enhanced LTP, alongside decreased inhibitory tone, in
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the BLA (Suvrathan et al. 2014). Together, these cellular
changes contribute to the stress-induced facilitation in fear
expression seen here, as well as in past studies (Conrad et al.
1999; Rodrigues et al. 2009; Suvrathan et al. 2014; Maren and
Holmes 2016). On the other hand, the same stress weakens the
structural basis of synaptic connectivity, as evidenced by the
loss of dendritic spines, on IL pyramidal neurons. IL activity is
required for within-session extinction of fear (Do-Monte et al.
2015) and consolidation of fear extinction (Burgos-Robles
et al. 2007), as well as fear extinction recall (Milad and
Quirk 2002; Sierra-Mercado et al. 2011). Chronic stress has
also been shown to impair LTP induction (Goldwater et al.
2009) and activity of IL neurons during extinction (Wilber
et al. 2011). Moreover, the BLA and IL have contrasting roles
in the expression of fear (Sierra-Mercado et al. 2011).
Therefore, enhanced activity in the BLA, alongside impaired
IL function, is likely to tilt the balance in favor of higher fear
that is resistant to subsequent extinction, as observed in the
persistently high levels of freezing during the acquisition and
recall of fear extinction in animals that underwent post-stress
conditioning (Fig. 3b–d). These deficits could not be ex-
plained by enhanced generalized freezing to the extinction
context which remained unaffected by stress (Fig. 4), suggest-
ing that they were indeed specific deficits in acquisition of fear
extinction and its subsequent recall.

Surprisingly, when fear memories were formed before the
same chronic stress, this balance appears to shift in a manner
that no longer impairs the acquisition and recall of fear extinc-
tion (Fig. 7b). In other words, decoupling the effects of stress
on acquisition versus extinction of fear revealed that stress
acts primarily on acquisition, and there is no significant deficit
in fear extinction per se. How is it that stress-induced strength-
ening of fear memories in the BLA has no visible impact on
freezing levels in the pre-stress conditioning experiments? An
intriguing possibility is suggested by a recent study by Do-
Monte et al. 2015, reporting that neural circuits mediating the
recall of fear memories shift over time such that targeted in-
activation of the BLA 6 h, but not 7 days, after fear condition-
ing reduced freezing. In other words, the 10-day long chronic
stress paradigm may have introduced a sufficiently long delay
between the formation and recall of fear memories. And this,
in turn, resulted in the BLA, despite stress-induced hyperac-
tivity, having no impact on the subsequent expression of fear.
Furthermore, accumulating evidence points to an important
role for the PL-mPFC in the expression of fear (Sierra-
Mercado et al. 2011; Dejean et al. 2016). Notably, the chronic
stress paradigm used here did not affect PL spine density.
Taken together, these findings suggest that in animals that
underwent conditioning before stress, the expression of fear
after extinction reflects normal function of the PL-mPFC, and
not stress-induced changes in either the BLA or IL-mPFC.
These findings, in turn, give rise to specific predictions on
how the timing of stress may have differential effects on

neural activity in these brain areas during the formation and
extinction of fear memories. Future studies, using in vitro and
in vivo electrophysiological analyses, will be needed to ad-
dress these questions in greater detail.

In conclusion, comparing the results emerging from the
two different experimental designs used in this study, we find
that chronic stress differentially affects the extinction of fear
memories that are formed after stress, to those that are formed
before—underlining the importance of timing of fear memory
formation with respect to when the stressful experience oc-
curs. A better understanding of this temporal interplay be-
tween stress, fear, and extinction and how that affects func-
tional interactions between multiple brain regions may lead to
new strategies for the treatment of stress-related psychiatric
disorders.
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