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Single prolonged stress (SPS) has been used to examine mechanisms via which stress exposure leads to post-traumatic stress

disorder symptoms. SPS induces fear extinction retention deficits, but neural circuits critical for mediating these deficits are

unknown. To address this gap, we examined the effect of SPS on neural activity in brain regions critical for extinction re-

tention (i.e., fear extinction circuit). These were the ventral hippocampus (vHipp), dorsal hippocampus (dHipp), basolateral

amygdala (BLA), prelimbic cortex (PL), and infralimbic cortex (IL). SPS or control rats were fear conditioned then subjected

to extinction training and testing. Subsets of rats were euthanized after extinction training, extinction testing, or immediate

removal from the housing colony (baseline condition) to assay c-Fos levels (measure of neural activity) in respective brain

region. SPS induced extinction retention deficits. During extinction training SPS disrupted enhanced IL neural activity and

inhibited BLA neural activity. SPS also disrupted inhibited BLA and vHipp neural activity during extinction testing.

Statistical analyses suggested that SPS disrupted functional connectivity within the dHipp during extinction training and

increased functional connectivity between the BLA and vHipp during extinction testing. Our findings suggest that SPS

induces extinction retention deficits by disrupting both excitatory and inhibitory changes in neural activity within the

fear extinction circuit and inducing changes in functional connectivity within the Hipp and BLA.

[Supplemental material is available for this article.]

Previous studies have paired animal stress protocols with
Pavlovian fear conditioning to examine stress-induced changes
in neurobiological function that lead to persistent fear memory
expression in post-traumatic stress disorder (PTSD) (Kohda et al.
2007; Armario et al. 2008; Baran et al. 2009; Wilber et al. 2011;
Knox et al. 2012b,c; Hoffman et al. 2014; Bowers and Ressler
2015; Maren and Holmes 2015). One animal stress model that
has been used to model persistent fear in PTSD is single prolonged
stress (SPS). SPS refers to serial exposure to restraint, forced swim,
and ether (Liberzon et al. 1997, 1999b; Armario et al. 2008;
Yamamoto et al. 2009). SPS results in neuroendocrinological
symptoms that mimic PTSD. These include enhanced negative
feedback of the hypothalamic–pituitary–adrenal (HPA) axis
and enhanced glucocorticoid receptor expression (Yehuda
et al. 1996, 2006; Liberzon et al. 1997, 1999b; Ganon-Elazar and
Akirav 2012; Knox et al. 2012c; George et al. 2013). SPS also mim-
ics other features of PTSD such as deficits in excitatory tone in the
medial prefrontal cortex (mPFC) (Bremner et al. 1999; Shin et al.
2004; Knox et al. 2010), enhanced locus coeruleus–norepineph-
rine reactivity (Southwick et al. 1993; Liberzon et al. 1999a;
George et al. 2012), and deficits in the ability to retain fear extinc-
tion (Milad et al. 2008, 2009; Knox et al. 2012b,c; George et al.
2015; Keller et al. 2015a,b), which can be defined as maintaining
inhibition of fear expression to a previously extinguished fear
conditioned stimulus (CS). While SPS consistently results in ex-
tinction retention deficits (Knox et al. 2012b,c; George et al.
2015; Keller et al. 2015a,b), neural circuitry critical for mediating
these deficits remain unknown.

Previous studies have shown that neural plasticity in the
infralimbic cortex (IL), basolateral amygdala (BLA), and ventral
hippocampus (vHipp) are critical for extinction retention (Milad
and Quirk 2002; Santini et al. 2004; Sierra-Mercado et al. 2006,
2011; Vidal-Gonzalez et al. 2006; Burgos-Robles et al. 2007;
Corcoran and Quirk 2007). The prelimbic cortex (PL) is critical
for conditioned fear expression (Corcoran and Quirk 2007) and
vHipp input to the PL is critical for regulating expression of con-
ditioned fear (Orsini et al. 2011; Sotres-Bayon et al. 2012). The
dorsal hippocampus (dHipp) is critical for contextual modulation
of extinction retention (Westbrook et al. 2000; Corcoran and
Maren 2001, 2004; Bouton et al. 2006; Orsini et al. 2011). Thus,
a neural circuit (referred to here as the fear extinction circuit) com-
prised of the PL, IL, dHipp, BLA, and vHipp is critical for extinc-
tion retention.

Previous studies have examined neural circuitry through
which stress disrupts extinction memory. Using chronic stress
these studies have observed that mechanisms via which stress dis-
rupts extinction memory involve enhancing BLA and dHipp neu-
ral activity during extinction testing, while disrupting increases in
IL neural during extinction testing (Wilber et al. 2011; Hoffman
et al. 2014). However, SPS is an acute stressor and the behavioral
mechanisms via which of chronic stress and SPS lead to extinction
retention deficits are different (Miracle et al. 2006; Wilber et al.
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2011; Knox et al. 2012b,c), as well as neurobiological processes
within the fear extinction circuit that are disrupted by both types
of stressors (Moghaddam 1993; Mitra et al. 2005; Cui et al. 2008;
Knox et al. 2010, 2012c). Thus, examining neural circuitry
through which SPS exposure leads to extinction memory deficits
has the potential to expand upon our understanding of how stress
can disrupt the retention of extinction memory.

The goal of this study was to examine the effects of SPS on
neural activity in the fear extinction circuit at baseline and during
extinction training and testing. To accomplish this goal, a set of
SPS and control rats were fear conditioned, then subjected to ex-
tinction training and testing (CS-fear condition). A second set of
SPS and control rats were presented with CSs only during fear con-
ditioning, then subjected to extinction training and testing
(CS-only condition). This group was used to control for changes
in neural activity due to repeated CS presentation. After extinction
training or testing subsets of rats were euthanized to assay c-Fos
levels in the fear extinction circuit. We used c-Fos as our measure
of neural activity, because it is an excellent measure for mapping
functional changes in neural activity across brain regions (Sagar
et al. 1988) and is often used to map neural circuit in experiments
that examine fear and extinction circuits (e.g. see Santini et al.
2004; Knapska and Maren 2009; Orsini et al. 2011; Hoffman
et al. 2014; Lazenka et al. 2014) . We also assayed c-Fos levels in a
third set of SPS and control rats after immediate removal from
the housingcolony toestablish baseline c-Fos levels. Bycomparing
c-Fos levels in SPS and control rats during extinction training and
testing to baseline c-Fos levels in respective sets of rats, we were
able to detect increases as well as decreases in c-Fos levels during
extinction training and testing. The experimental design is illus-
trated in Figure 1. Finally, we subjected c-Fos levels to factor anal-
ysis to examine functional connectivity within the fear extinction
circuit (see Materials and Methods for more details)

Results suggest that during extinction training, SPS disrupted
enhancements in IL neural activity and inhibition of BLA neural
activity. SPS also disrupted inhibition of BLA and vHipp neural ac-
tivity during extinction testing. SPS exposure disrupted functional
connectivity within the dHipp during extinction training and in-
creased functional connectivity between the vHipp and BLA dur-
ing extinction testing. Finally, the results raise the possibility
that changes in neural activity believed to be important for inhib-
iting conditioned fear expression is driven by repeated CS presen-
tation as opposed to acquisition of an extinction rule (CS-no UCS).

Results

Behavioral results
Freezing during all behavioral testing was analyzed using stress ×
condition × trial factor designs with post hoc tests where appro-

priate. Animals in the CS-fear condition had higher levels of con-
ditioned freezing during all behavioral sessions when compared
with the CS-only condition. This was revealed by main effects of
condition for fear conditioning [F(1,67) ¼ 34.202, P , 0.001], ex-
tinction training [F(1,67) ¼ 115.644, P , 0.001], and extinction
testing [F(1,31) ¼ 7.465, P ¼ 0.01]. SPS resulted in enhanced freez-
ing during the extinction test, which was revealed by a significant
main effect of stress [F(1,31) ¼ 5.347, P ¼ 0.01]. However, this effect
was only observed in the CS-fear condition [simple effect of stress:
F(1,15) ¼ 5.346, P ¼ 0.035] and was most pronounced during base-
line and the first block of trials of the extinction test. There were
no stress effects observed in the CS-only condition [simple term
for SPS: F(1,16) ¼ 0.398, P ¼ 0.537]. There were no stress effects dur-
ing fear conditioning or extinction training (Ps . 0.05). These
findings are illustrated in Figure 2.

c-Fos immunoreactivity
Representative c-Fos stained brain sections are illustrated in Figure
3. Signal activity illustrated in Figure 3 did not represent nonspe-
cific secondary antibody binding to tissue or endogenous fluores-
cent activity of brain tissue (see Supplemental Material).

vmPFC

Baseline PL c-Fos levels were equivalent between SPS and control
rats [t(27) ¼ 1.136, P ¼ 0.266]. There was a significant increase in
PL c-Fos levels during extinction training in all rats. This effect
was revealed by a significant one-sample t-test for PL c-Fos levels
collapsed across all groups [t(33) ¼ 10.127, P , 0.001]. Neither
SPS nor CS-fear treatment affected PL c-Fos levels during extinc-
tion training [P . 0.05]. During extinction testing, there was a sig-
nificant increase in PL c-Fos levels [one-sample t-test collapsed
across groups: t(33) ¼ 5.399, P , 0.001]. However, there were no
stress, condition, or stress × condition effects (P . 0.05). These re-
sults are illustrated in Figure 4A.

Baseline IL c-Fos levels were equivalent between SPS and con-
trol rats [t(27) ¼ 1.631, P ¼ 0.115]. There was a significant increase
in IL c-Fos levels during extinction training in control rats, and
this effect was attenuated in SPS rats [main effect of stress:
F(1,30) ¼ 5.147, P ¼ 0.031]. However, in both SPS and control
rats, there was significant increases in IL c-Fos levels relative to
baseline as evidenced by significant one-sample t-test for control
[t(16) ¼ 3.519, P ¼ 0.006] and SPS [t(16) ¼ 4.745, P , 0.001] rats.
During extinction testing IL c-Fos levels were not affected by the
stress or condition factors or the interaction of these factors
(Ps . 0.05). These results are illustrated in Figure 4A.

dHipp

Baseline dHipp c-Fos levels were equivalent between SPS and con-
trol rats [dCA1: t(26) ¼ 0.893, P ¼ 0.38;
dCA3: t(26) ¼ 0.918, P ¼ 0.367; dDG:
t(26) ¼ 0.848, P ¼ 0.404]. Neither stress
nor condition had any effects on c-Fos
levels in the dHipp during extinction
training (Ps . 0.05). Also, during extinc-
tion training, c-Fos levels in all regions
of the dHipp were not significantly
changed from baseline (Ps . 0.05).

There were no main effects of stress,
condition, or stress × condition inter-
action (Ps . 0.05) for dHipp c-Fos levels
during extinction testing. However,
c-Fos levels in all regions of the dHipp
were significantly decreased relative to
baseline [dCA1: t(34) ¼ 4.268, P , 0.001;

Figure 1. Experimental design used in this study. Animals in the CS-only condition were presented
with tones during fear conditioning in the absence of any footshock. Arrows under the boxes indicate
the number of animals that were euthanized to assay c-Fos in the fear extinction circuit.
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dCA3: t(34) ¼ 5.141, P , 0.001; dDG: t(34) ¼ 3.05, P ¼ 0.012].
These results are illustrated in Figure 4B.

BLA

Baseline c-Fos levels in the LA [t(26) ¼ 0.973, P ¼ 0.34] and in the
BA [t(26) ¼ 1.061, P ¼ 0.298] were equivalent between SPS and
control rats. In the LA and in the BA, there was a decrease in
c-Fos levels during extinction training in control rats, and this ef-
fect was disrupted in SPS rats. These results were revealed by signif-
icant main effects of stress for c-Fos levels in the LA [F(1,31) ¼

11.101, P ¼ 0.002] and in the BA [F(1,31) ¼ 9.162, P ¼ 0.005] as
well as one-sample t-test that was statistically significant for
control rats [LA: t(16) ¼ 24.768, P , 0.001; BA: t(16) ¼ 23.737,
P ¼ 0.004], but not SPS rats [LA: t(17) ¼ 0.47, P ¼ 0.644; BA:
t(16) ¼ 0.787, P ¼ 0.442].

LA and BA c-Fos levels were decreased in control rats during
extinction testing, and this effect was disrupted in SPS rats.
This was revealed by significant main effect of stress for c-Fos lev-
els in the LA [F(1,31) ¼ 4.766, P ¼ 0.037], and a main effect of stress
that approached significance in the BA [F(1,31) ¼ 3.149, P ¼ 0.086].
Also, there were significant one-sample t-test for control rats in
the LA [t(16) ¼ 24.14, P ¼ 0.002] and in the BA [t(16) ¼ 23.465,
P ¼ 0.006], whereas there were no sig-
nificant one-sample t-test for SPS rats
[LA: t(16) ¼ 21.137, P ¼ 0.271; BA:
t(16) ¼ 21.14, P ¼ 0.27]. These results
are illustrated in Figure 4C.

vHipp

Baseline vHipp c-Fos levels were equiva-
lent between SPS and control rats [vCA:
t(27) ¼ 0.493, P ¼ 0.626; vDG: t(27) ¼

0.315, P ¼ 0.755]. Neither stress nor con-
dition had any effects on c-Fos levels in
the vHipp during extinction training
(P . 0.05). Also, during extinction train-
ing, c-Fos levels in all regions of the
vHipp were not significantly changed
from baseline (P . 0.05).

In the vCA and in the vDG regions
of the vHipp, there was a decrease in
c-Fos levels in control rats during extinc-

tion testing and this effect was attenuated in SPS rats. This was
revealed by significant main effect of stress for c-Fos levels in
the vCA [F(1,29) ¼ 5.128, P ¼ 0.031] and vDG [F(1,29) ¼ 6.694, P ¼
0.015]. Also, there were significant one-sample t-tests for con-
trol rats in the vCA [t(14) ¼ 25.094, P , 0.001] and vDG
[t(14) ¼ 25.031, P , 0.001]. This effect was absent in SPS rats
[vCA: t(17) ¼ 20.817, P ¼ 0.425; vDG: t(16) ¼ 20.725, P ¼ 0.478].
These results are illustrated in Figure 4D.

Factor analysis
Factor analyses were used to assay functional connectivity within
the fear extinction circuit (see Materials and Methods). The results
of these analyses are illustrated in Figure 5. In each factor analysis,
the rotated component matrix, variance explained by the factor
analysis, cartoon of factors in brain sections, and schematic of fac-
tors are illustrated. All factor analyses accounted for .80% of the
variance in c-Fos levels in brain regions analyzed and each brain
region in a particular factor had a correlation value .0.5.

In all conditions analyzed, functional connectivity within
the fear extinction circuit of SPS and control rats was different.
At baseline, SPS exposure resulted in functional connectivity be-
tween vHipp and vmPFC (vHipp↔vmPFC). Functional connec-
tivity between the vHipp and the dCA1 (vHipp↔dCA1) and
disrupted functional connectivity within the dHipp was observed
in SPS rats in the CS-fear condition during extinction training.
Functional connectivity between the vHipp and the BLA
(vHipp↔BLA) was also observed in SPS rats in the CS-fear condi-
tion during extinction testing. None of these patterns of function-
al connectivity were observed in the SPS/CS-only, control/
CS-fear, and control/CS-only treatments, during extinction train-
ing and testing. During extinction testing, the vHipp became
functionally disconnected in control rats in the CS-only condi-
tion. The only condition in which the vHipp was functionally
connected to other components of the fear extinction circuit in
control rats was during control/CS-only treatment during extinc-
tion testing (BLA↔dHipp↔vHipp).

Discussion

SPS effects on neural activity in individual components

of the fear extinction circuit
In replication of previous studies (Knox et al. 2012b,c; George
et al. 2015; Keller et al. 2015a,b), we observed that SPS disrupted
extinction retention. Enhanced neural activity in the vmPFC

Figure 2. Behavioral results of this study. All animals in the CS-fear con-
dition displayed enhanced freezing to the CS in comparison to animals in
the CS-only condition in all of the behavioral tests. SPS enhanced condi-
tioned freezing during the extinction test (i.e., extinction retention defi-
cits). Asterisk indicates significant stress effect at the P , 0.05 level. One
control rat was removed from analysis in this study, because freezing
during extinction testing was .3 standard errors of the mean away
from the group mean of the control/CS-fear group during extinction
testing. (SPS) single prolonged stress.

Figure 3. Representative images in the vmPFC, dHipp, BLA, and vHipp obtained after performing
c-Fos immunocytochemistry and scanning brain slides using the Li-cor Odyssey scanner. (vmPFC) ven-
tromedial prefrontal cortex, (IL) infralimbic cortex, (PL) prelimbic cortex, (dHipp) dorsal hippocampus,
(BLA) basolateral amygdala, (vHipp) ventral hippocampus.
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was observed during extinction training, which is consistent with
previous studies that have used electrophysiological and metabol-
ic measures (Milad and Quirk 2002; Barrett et al. 2003). Enhanced
PL neural activity was also observed in all rats during extinction

testing. This is somewhat surprising, since the PL is critical for
conditioned fear expression (Corcoran and Quirk 2007), and
levels of conditioned fear were low in all rats except rats in the
SPS/CS-fear condition. Even though studies have observed low

Figure 4. Effects of stress and condition on c-Fos levels in the fear extinction circuit. White bars represent control rats, whereas gray bars represent SPS
rats. Stripped bars represent rats in the CS-Fear (CS-F) condition, while nonstripped bars represent rats in the CS-Only (CS-O) condition. (A) During ex-
tinction training, there was enhanced vmPFC c-Fos levels and enhanced PL c-Fos levels during extinction testing. SPS attenuated enhanced IL c-Fos levels
during extinction training. (B) There were no SPS effects on c-Fos levels in the dHipp, but levels were inhibited during extinction testing. (C) In the BLA,
SPS attenuated inhibited c-Fos levels during extinction training and testing, while (D) SPS attenuated inhibited c-Fos levels in the vHipp during extinction
testing. SPS had no effect on baseline c-Fos levels in any brain region. (IL) infralimbic cortex, (PL) prelimbic cortex. (+) indicates a significant one-sample
t-test at the P , 0.05 level, and (∗) indicates a significant stress effect at the P , 0.05 level.
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PL neural activity during extinction testing (Knapska and Maren
2009; Wilber et al. 2011), at least one previous report has observed
enhanced PL neural activity (Holmes et al. 2012). SPS only atten-
uated increases in IL neural activity during extinction training.
There was also a failure to inhibit BLA neural activity in SPS rats

during extinction training. vmPFC, and specifically IL, inhibition
of BLA neural activity is believed to be critical for extinction reten-
tion (Sierra-Mercado et al. 2006, 2011; Herry et al. 2008; Knapska
and Maren 2009; Do-Monte et al. 2015). This inhibition may oc-
cur via IL input to the intercalated region of the amygdala, which

Figure 5. Representation of factor analyses performed in this study. In each box, the rotated component matrix, variance explained by each factor anal-
ysis, cartoon representation of the factor analysis, and schematic representation of the factor analysis is illustrated. Assignment of color (e.g., blue) and
number (e.g., 1) to factor is arbitrary. Factor analyses revealed that functional connectivity in SPS rats was different to control rats under all conditions.
Notably, the vHipp of SPS rats functionally connected to at least one other component of the fear extinction circuit under all conditions, whereas the
vHipp of control rats was only functionally connected to other components of the fear extinction circuit in the CS-only condition during extinction
testing. Furthermore, disrupted dHipp functional connectivity during extinction training was only observed in the SPS/CS-fear treatment, while selective
BLA↔vHipp functional connectivity was only observed in the SPS/CS-fear treatment during extinction testing.
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then results in inhibition of neural activity in the BLA (Royer and
Pare 2002; Quirk et al. 2003; Likhtik et al. 2008; Cho et al. 2013).
Thus, SPS may disrupt extinction retention by disrupting IL inhi-
bition of BLA neural activity during extinction training, which
disrupts neural plasticity critical for extinction retention.

During extinction testing, there was inhibited BLA and
vHipp neural activity in control rats, and this effect was attenuat-
ed by SPS. This finding suggests that SPS may disrupt extinction
retention by disrupting inhibition of neural activity in these
two neural substrates. Even though pharmacological inhibition
of the BLA and vHipp during extinction training disrupts extinc-
tion retention, this treatment may have no effect on extinction re-
tention when applied immediately prior to extinction testing
(Sierra-Mercado et al. 2011). However, pharmacological inhibi-
tion of neural activity in the BLA and vHipp may not mimic en-
dogenous inhibition in the BLA and vHipp during extinction
testing. Other studies have shown that BLA↔vHipp functional
connectivity during extinction testing is critical for regulating lev-
els of conditioned fear (Herry et al. 2008; Orsini et al. 2011). This
finding raises the possibility that SPS could also disrupt extinction
retention by enhancing BLA↔vHipp functional connectivity dur-
ing extinction testing (see below).

SPS effects on functional connectivity within the fear

extinction circuit
Using factor analysis to identify functional connectivity patterns
among components of the fear extinction circuit consistently
revealed increased vHipp functional connectivity in SPS rats.
While BLA↔Hipp functional connectivity was observed in the
control/CS-only treatment during extinction testing, selective
BLA↔vHipp functional connectivity during extinction testing
was only observed in the SPS/CS-fear treatment. BLA↔vHipp
functional connectivity is critical for contextual modulation of
conditioned fear expression during extinction testing (Orsini
et al. 2011) and enhancing the activity of, “fear,” neurons in the
BLA (Herry et al. 2008). Given that selective BLA↔vHipp func-
tional connectivity during extinction testing was only observed
in SPS rats, it is possible that selectively enhanced BLA↔vHipp
functional connectivity during extinction testing contributes to
extinction retention deficits in the SPS model by biasing condi-
tioned fear expression. Further research identifying mechanisms
of how SPS exposure selectively enhances BLA↔vHipp functional
connectivity during extinction testing is needed.

Functional disconnection of the trisynaptic circuit of the
dHipp (i.e., DG↔CA3↔CA1) was observed during extinction
training in the SPS/CS-fear treatment. Disrupting neural activity,
and thus functional connectivity, within the dHipp during ex-
tinction training disrupts extinction retention (Corcoran et al.
2005), and this could be due to improper representation of the ex-
tinction context (Corcoran et al. 2005). Enhanced baseline freez-
ing during extinction testing was observed in SPS rats, which is
consistent with a disruption in discrimination of the fear and
extinction contexts. Thus, disruption of functional connectivity
within the dHipp during extinction training could disrupt re-
presentation of the extinction context and lead to extinction
retention deficits in the SPS model. The finding that SPS dis-
rupts measures of neural plasticity in the dHipp believed to be crit-
ical for contextual memory is consistent with this hypothesis
(Kohda et al. 2007; Yamamoto et al. 2008).

Neurobiological mechanisms by which SPS disrupts neural

function within the fear extinction circuit
Through what mechanisms might SPS disrupt neural function
within the fear extinction circuit? SPS decreases excitatory tone
in the ventral medial prefrontal cortex (vmPFC) (Knox et al.

2010) and enhances apoptosis in the vmPFC (Zhao et al. 2014).
Enhanced vmPFC apoptosis induced by SPS may be due to
SPS-induced changes in signaling pathways in the endoplasmic
reticulum that are critical for inhibiting apoptosis (Zhao et al.
2014; Wen et al. 2016). These SPS-induced changes in vmPFC
function could underlie the decrease in IL neural activity during
extinction training observed in this study. However, SPS-induced
changes in excitatory tone and apoptosis are observed in the en-
tire vmPFC and not just the IL (Knox et al. 2010; Zhao et al.
2014; Wen et al. 2016). Thus, it is unclear how these neurobiolog-
ical changes could result in decreased neural activity in the IL, but
not PL. Interestingly, SPS also enhances apoptosis in the BLA
(Ding et al. 2010; Xiao et al. 2011). If SPS-induced BLA apoptosis
resulted in selective loss of inhibitory GABAergic neurons in the
BLA, then SPS-induced BLA apoptosis could contribute to the fail-
ure to inhibit neural activity during extinction training and test-
ing in SPS rats. Finally, cannabinoid signaling at the CB1
receptor in the BLA and vHipp after SPS are critical for mediating
the effects SPS has on contextual extinction memory
(Ganon-Elazar and Akirav 2013). Thus, a failure to inhibit BLA
and vHipp neural activity during extinction training and testing
could stem from CB1 receptor signaling in these brain regions dur-
ing SPS.

Chronic stress has similar effects on IL neural activity and ex-
tinction retention when compared with SPS. However, there are
notable differences in mechanisms via which both stress protocols
induce extinction retention deficits. Chronic stress decreases IL
single unit activity and enhances dHipp and BLA neural activity
(measured using c-Fos) during extinction testing (Wilber et al.
2011; Hoffman et al. 2014), while SPS disrupts IL neural activity
during extinction training, disinhibits BLA neural activity during
extinction training and testing, and disinhibits vHipp neural ac-
tivity during extinction testing (see Results). Chronic stress in-
creases glutamate levels and excitatory metabolites in the
vmPFC (Moghaddam 1993), which may lead to impaired neural
function in the IL (McEwen 2001; Izquierdo et al. 2006; Liu and
Aghajanian 2008; Wilber et al. 2011). SPS decreases excitatory me-
tabolites and induces apoptosis in the IL (Knox et al. 2010; Zhao
et al. 2014). Chronic stress increases spine density on principal
neurons in the BLA and enhances excitation within the BLA
(Mitra et al. 2005; Qin et al. 2011; Leuner and Shors 2013;
Padival et al. 2013), while SPS decreases BLA spine arborization
and induces apoptosis (Cui et al. 2008; Ding et al. 2010; Xiao
et al. 2011). Both chronic stress and SPS alter expression of gluco-
corticoid receptors (GRs) in emotional circuits (McEwen 2001;
Armario et al. 2008; Yamamoto et al. 2009), though SPS has a
more consistent enhancement in GRs in the hippocampus and
vmPFC (Kohda et al. 2007; Knox et al. 2012c; Eagle et al. 2013;
Ganon-Elazar and Akirav 2013; George et al. 2013, 2015). While
chronic stress-induced changes in GR function may lead to extinc-
tion memory deficits (Gourley et al. 2009; Bingham et al. 2013;
Segev et al. 2014), SPS-enhanced GR expression in emotional cir-
cuits may inhibit the development of extinction retention deficits
in the SPS model (Keller et al. 2015b). Thus, it appears that chronic
stress and SPS lead to extinction retention deficits via different
neurobiological mechanisms.

Neural activity driven by extinction learning versus

repeated stimulus presentation
In neuroscientific models of extinction, it is assumed that changes
in neural activity during extinction training are driven by acquisi-
tion of an extinction rule (i.e., CS-no UCS). In this study, changes
in neural activity that are believed to be critical for extinction
memory acquisition (i.e., increased IL neural activity, inhibited
BLA, and vHipp neural activity) were observed in control rats
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that did not receive footshocks during fear conditioning (i.e.,
CS-only condition), and thus could not have acquired or ex-
pressed an extinction rule during extinction training and testing,
respectively. This finding raises the possibility that some of the
neural processes critical for reducing conditioned fear levels that
occur during extinction training and testing are driven by repeat-
ed stimulus presentation and not acquisition of a CS-no UCS rule
per se. Also, SPS effects on neural activity in the IL, BLA, and vHipp
were observed in the CS-fear and CS-only conditions. This raises
the possibility that subsets of neural function that are disrupted
by SPS, and potentially critical for inhibiting conditioned fear ex-
pression, were driven by repeated stimulus presentation and not
acquisition or expression of an extinction rule.

While the repeated CS presentation protocol adopted in this
study resembles latent inhibition, there are a number of reasons
why it is unlikely that a latent inhibition-like phenomena was in-
voked in the CS-only animals during extinction training. First, la-
tent inhibition in the Pavlovian fear conditioning paradigm is
typically driven by multiple CS presentation across days (Maren
and Holt 2000; Marks et al. 2016), and not five CS presentation
prior to fear conditioning. Second, latent inhibition is context
specific. If the CS is presented in one context, but then fear condi-
tioning is commenced in another context, then latent inhibition
is not observed (Maren and Holt 2000; Westbrook et al. 2000;
Miller et al. 2015). The repeated stimulus presentation protocol
in this study involved a small number of CS presentations in
one context, followed by an increase in repeated CS presentations
in a novel context. This unique repeated stimulus presentation
protocol may have selectively resulted in enhanced IL neural ac-
tivity and inhibited BLA neural activity. Further research examin-
ing if this repeated CS presentation protocol can either reduce
conditioned fear responding or enhance acquisition of extinction
is needed.

Limitations
In this study, we used c-Fos to measure neural activity. This meth-
odology allows for the measurement of neural activity in many
brain regions at a common time point. This is advantageous,
because changes in neural activity across many brain regions im-
plicated in a behavioral phenomenon can be measured (Knapska
and Maren 2009; Knox et al. 2012a; Hoffman et al. 2014).
However, animals have to be euthanized in order to assay c-Fos
and c-Fos cannot be used to measure neural activity on
small time scales. These parameters make it difficult to directly
link changes in c-Fos levels to changes in behavior within a ses-
sion (e.g., during extinction training) and across sessions. For ex-
ample, it is impossible to correlate inhibited BLA neural activity
observed during extinction training with levels of conditioned
freezing during extinction testing. Furthermore, certain types of
GABAergic neurons do not express c-Fos (Staiger et al. 2002). As
a result, further research is needed to better understand how
changes in vHipp, IL, and BLA neural activity, as well as functional
connectivity among these substrates, lead to extinction retention
deficits in the SPS model.

Conclusion
The results of this study suggest that SPS may induce extinction
retention deficits by disrupting IL inhibition of BLA neural activ-
ity and dHipp functional connectivity during extinction training,
as well as disrupting inhibited BLA and vHipp neural activity and
enhancing BLA↔vHipp functional connectivity during extinc-
tion testing. Deficits in PFC inhibition of BLA neural activity
as well as dysfunction within the Hipp has been implicated in
PTSD (Elzinga and Bremner 2002; Shin et al. 2006; Pitman et al.
2012). Given these findings, it would appear that the SPS model

can be used to examine how trauma-induced changes in PFC,
amygdala, and Hipp function in humans lead to persistent fear ex-
pression in PTSD.

Materials and Methods

Animals
One hundred and one adult male Sprague Dawley rats (150 g upon
arrival), obtained from Charles River, were used in this study.
Upon arrival all rats were pair housed until SPS exposure. All rats
had ad libitum access to water and food initially, but then rats
were fed 23 g of rat chow per day, which is the manufacturer’s rec-
ommended diet (LabDiet). Throughout the study, rats had ad libi-
tum access to water. Experimental manipulations commenced
after rats had been in the housing colony for at least 5 d. Rats
were on a 12-h light–dark cycle. All experimental procedures
were performed in the animals’ light cycle and all behavioral tests
were conducted between 9:00 a.m. and 2:00 p.m. All experiments
were approved by the University of Delaware Institutional
Animal Care and Use Committee following guidelines established
by the NIH.

Experimental design, SPS, and behavioral procedures
All rats were initially assigned to the SPS or control stress group.
SPS was conducted as previously described (Liberzon et al. 1997;
Knox et al. 2010). SPS consisted of 2 h of restraint, 20 min of forced
swim, and ether exposure until general anesthesia was induced.
Rats assigned to the control group were placed in a novel room
for the duration of SPS. After SPS, all rats were returned to the
housing colony and a post-stress incubation period of 7 d elapsed
prior to behavioral testing, because this period is needed to ob-
serve extinction retention deficits in the SPS model (Knox et al.
2012b).

All SPS and control rats were then divided into two groups.
One group of SPS and control rats were removed from the housing
colony and immediately euthanized. We used this group of rats to
establish baseline c-Fos levels in the fear extinction circuit. The
other group of SPS and control rats were further subdivided into
two groups. One group was subjected to fear conditioning, then
extinction training and testing (see below). We refer to this group
as CS-fear. The other group of rats were presented with CSs in the
absence of footshock during fear conditioning, then subjected to
extinction training and testing. We refer to this group as CS-only.
We used the CS-only treatment in order to control for changes in
c-Fos levels that were driven by repeated CS presentation.

Fear conditioning and extinction sessions were conducted as
previously described (Knox et al. 2012b,c; Keller et al. 2015b). A 10
sec auditory CS (2 kHz, 80 dB) coterminated with a 1 mA, 1 sec
footshock unconditioned stimulus (UCS) in a distinct context
(Context A). The CS-only group had CS presentations in the ab-
sence of footshocks. Extinction training commenced 1 d after
fear conditioning and occurred in Context B with 30 CS presenta-
tions. Extinction testing commenced 1 d after extinction training
in Context B and consisted of 10 CS presentations. Contexts A and
B were created by manipulating multiple sensory cues (Knox et al.
2012b). All behavioral sessions consisted of a baseline period of
210 sec and interstimulus intervals (ISIs) of 60 sec. All behaviors
were recorded and scored at a later time as described below.

c-Fos immunocytochemistry
Rats were euthanized via rapid decapitation either after immedi-
ate removal from the housing colony or 60 min after the start of
extinction training or testing. Brains were then extracted and flash
frozen in chilled isopentane and stored in a 280˚C freezer until
further processing. Brains were then thawed to 213˚C in a cryo-
stat (Leica CM1350) and 30 mm sections through the ventro-
medial prefrontal cortex (vmPFC), dHipp, BLA, and vHipp were
mounted onto superfrost slides. Brain sections were then stored
in a 280˚C freezer until time of assay.
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To perform c-Fos immunocytochemistry, sections were fixed
in 4% paraformaldehyde in 0.2 M phosphate-buffered saline
(PBS). Sections were then incubated in Triton X-100, rinsed in
0.1 M tris-buffered saline (TBS) and incubated in 3% goat serum.
Sections were rinsed again in TBS and incubated with a rabbit
polyclonal c-Fos antibody (Santa Cruz Biotechnology, sc-52) at a
dilution of 1:500 in PBS overnight at 4˚C. Sections were then
rinsed in TBS containing 0.01% Tween-20 (TBS-T). After this, sec-
tions were incubated in a solution consisting of TBS, 1.5% goat se-
rum, 0.1% Triton X-100, and goat anti-rabbit IgG antibody 800
CW (Li-cor Biotechnology 926-32211) in a dilution of 1:2000
for 2 h. Sections were rinsed in TBS-T, TBS, and then deionized wa-
ter. Sections were then left to air dry overnight.

Data analysis and statistical analysis
Freezing in all videos was analyzed using ANY-maze (Stoelting
Inc.) as previously described (Knox et al. 2012c). Fear-conditioned
freezing values were averaged in trials that consisted of a CS and
respective ISI (e.g., CS1 and ISI1). Freezing during fear condition-
ing was analyzed using a stress (SPS vs. control) × condition
(CS-only vs. CS-fear) × fear conditioning (baseline, trials 1–5) fac-
tor design. For extinction training, freezing across two extinction
trials were averaged into a block and analyzed using a stress ×
condition × extinction training (baseline, blocks 1–15) factor de-
sign. Freezing during the extinction test was averaged into two-
trial blocks and analyzed using a stress × condition × extinction
test (baseline, blocks 1–5) factor design. If datum from a particular
rat was .2 SEM away from the group mean, all data from this an-
imal were removed from consideration.

The secondary antibody used in the c-Fos immunocyto-
chemistry procedure fluoresces at 780 nm (i.e., near infrared fluo-
rescence) (e.g. see Knox et al. 2012c). This activity was used to
measure c-Fos levels in a specific brain region (see Supplemental
Information). Dried brain sections, treated for c-Fos immunocyto-
chemistry, were scanned at 21 mm resolution in the Odyssey scan-
ner. Fluorescent activity in a particular brain region was then
expressed as a percent change from activity in the corpus callo-
sum. We referred to this as signal activity. Signal activity from
all brain regions in the baseline condition was subjected to t-test
(SPS versus control). Signal activity obtained from rats euthanized
after extinction training and testing was normalized with respect
to baseline signal activity. For example, IL signal activity from an
SPS rat in the CS-only condition was normalized relative to aver-
aged baseline IL signal activity of SPS rats. We refer to this as nor-
malized activity. Normalized activity was constructed so that
signal activity during extinction training and testing that was
equal to baseline signal activity would yield a normalized score
of 100% (i.e., (signal activity/averaged baseline activity) × 100).
Normalized activity in the fear extinction circuit (i.e., IL, PL,
dHipp (dCA1, dCA3, and dDG), BLA (lateral (LA) and basal (BA)
regions separately), and vHipp (vCA, vDG)) during extinction
training and testing was subjected to a stress × condition factor
design.

All statistical tests were performed in IBM SPSS statistics 23.
For all factor designs main and simple effects were analyzed using
analysis of variance (ANOVA) while main and simple comparisons
were analyzed using t-test with Bonferroni corrections applied
where necessary. We also useed one sample t-tests to determine
if a specific group mean was different from 100%. If multiple one-
sample t-tests were performed for normalized activity, then
Bonferroni corrections were also applied to these tests. All graphs
plot means along with standard error of the means.

To examine functional connectivity within the fear extinc-
tion circuit, we applied factor analyses to the c-Fos data set.
Factor analysis, when applied to a set of variables, identifies corre-
lations among variables and groups these variables as a single fac-
tor, with the strength of the correlation determining whether
variables are grouped into a factor (Cattell 1978). As a result, factor
analysis applied to our c-Fos data set can be used to identify pat-
terns of correlated neural activity (i.e., functional connectivity)
among components of the fear extinction circuit. We applied fac-
tor analysis to signal activity in the IL, PL, dCA1, dCA3, dDG, LA,

BA, vCA, and vDG of SPS and control rats. This was done sepa-
rately in all conditions. Factors were extracted using principal
component analysis. Only factors with eigenvalues .1 were con-
sidered (Kaiser rule), and the entire factor analysis was only con-
sidered valid if it accounted for .80% of the variance within a
data set. For a variable to be considered as part of a factor, correla-
tion of that variable with a factor had to be .0.5.
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