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Post-traumatic stress disorder (PTSD) is characterized by a heightened emotional
and physiological state and an impaired ability to suppress or extinguish traumatic
fear memories. Exaggerated physiological responses may contribute to increased
cardiovascular disease (CVD) risk in this population, but whether treatment for PTSD
can offset CVD risk remains unknown. To further evaluate physiological correlates of
fear learning, we used a novel pre-clinical conditioned cardiovascular testing paradigm
and examined the effects of Pavlovian fear conditioning and extinction training on
mean arterial pressure (MAP) and heart rate (HR) responses. We hypothesized that a
fear conditioned cardiovascular response could be detected in a novel context and
attenuated by extinction training. In a novel context, fear conditioned mice exhibited
marginal increases in MAP (∼3 mmHg) and decreases in HR (∼20 bpm) during CS
presentation. In a home cage context, the CS elicited significant increases in both HR
(100 bpm) and MAP (20 mmHg). Following extinction training, the MAP response was
suppressed while CS-dependent HR responses were variable. These pre-clinical data
suggest that extinction learning attenuates the acute MAP responses to conditioned
stimuli over time, and that MAP and HR responses may extinguish at different rates.
These results suggest that in mouse models of fear learning, conditioned cardiovascular
responses are modified by extinction training. Understanding these processes in pre-
clinical disease models and in humans with PTSD may be important for identifying
interventions that facilitate fear extinction and attenuate hyper-physiological responses,
potentially leading to improvements in the efficacy of exposure therapy and PTSD–CVD
comorbidity outcomes.

Keywords: PTSD, fear memory, Pavlovian fear conditioning, cardiovascular disease, extinction, physiological
hyperarousal

INTRODUCTION

Post-traumatic stress disorder (PTSD) is a debilitating psychiatric disorder in which over-
generalization of fear and impaired fear extinction recall can lead to a permanent state of
hyperarousal and emotional numbing that can negatively impact daily life (Desmedt et al., 2015).
PTSD is in part characterized by an inability to adequately suppress fear responses under safe
conditions (Jovanovic et al., 2010; Sijbrandij et al., 2013) and is often accompanied by exaggerated
physiological symptoms [e.g., increased heart rate (HR), blood pressure, and sympathetic drive]
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(American Psychiatric Association, 2013; Edmondson et al., 2013;
Vaccarino et al., 2013; Park et al., 2017). Enhanced acute stress
responses may contribute to increased rates of acute cardiac
events and cardiovascular disease (CVD) risk in PTSD patients
(Edmondson et al., 2013; Edmondson and von Känel, 2017;
Myers, 2017), however, the underlying physiological mechanisms
remain unclear. Further examination of altered cardiovascular
reactivity that occurs in states of fear is therefore required to
better understand the link between PTSD and CVD.

Classical rodent and human models of fear conditioning are
commonly used to study both the expression and extinction
of learned fear, providing practical methods to identify PTSD
biomarkers and prevention strategies. For example, extinction
training is believed to be analogous to exposure therapy, which
is one of the most effective therapeutic treatments for PTSD,
phobias, and anxiety disorders (Morrison and Ressler, 2014).
Extinction training results in the formation of a new extinction
memory, and a gradual reduction of conditioned response
(Quirk, 2002). Extinction recall occurs when the extinction
memory is retrieved and expressed at a later time (Quirk
et al., 2000; Milad et al., 2009). Due to its potential as a
therapeutic target, many efforts have recently been made to
discover treatments that may strengthen or facilitate extinction
recall (Bukalo et al., 2014; Bowers and Ressler, 2015). Critical
to these efforts is the ability to accurately measure extinction-
specific changes to conditioned responses.

While most assessments of extinction in animal models
rely entirely on changes in freezing behavior, conditioned
cardiovascular responses have previously been shown to serve
as important physiological correlates of fear learning (Gaburro
et al., 2011). For example, rodent studies using radiotelemetry
demonstrate that HR (Tovote et al., 2005b), HR variability
(Stiedl et al., 2009), and blood pressure (Hsu et al., 2012)
are reliable indicators of fear memory acquisition that can be
used to distinguish between non-specific and associative threat
responses. However, few studies have examined the effects of
fear extinction on cue-dependent conditioned cardiovascular
responses. Within these studies, the focus has primarily been on
reductions in HR reactivity (Stiedl, 1999; Stiedl et al., 2009; Camp
et al., 2012; Hager et al., 2014).

Under certain conditions, re-exposure to a conditioned
stimulus causes co-activation of the sympathetic and
parasympathetic branches of the autonomic nervous system.
Blockade of sympathetic outflow with propranolol decreases
fear-associated tachycardia following auditory fear conditioning,
while atropine enhances it (Iwata and LeDoux, 1988). Similar
results have also been reported in contextual models of fear
conditioning (Carrive, 2006). These findings suggest that the
conditioned cardiovascular response consists of activation of the
sympathetic nervous system (SNS), which is partially buffered
by simultaneous activation of the parasympathetic nervous
system (PSNS). Through cardiac nerves and circulating adrenal
catecholamines, sympathetic activation results in an increased
HR. Mean arterial pressure (MAP) also increases in response
to sympathetically mediated blood vessel constriction (Baudrie
et al., 2001). Parasympathetic activation, on the other hand,
simultaneously acts to lower HR via cholinergic modulation of

sinoatrial node activity. Given that blood pressure and HR are
under autonomic regulation, but with distinct temporal and
network control (Tovote et al., 2005a), both parameters should be
considered during assessment of fear expression and extinction
recall. To date, the effects of extinction training on conditioned
blood pressure responses have not been directly tested.

Here we developed a novel conditioned cardiovascular
response behavioral paradigm to examine the effects of extinction
training on cue-dependent blood pressure and HR responses.
We hypothesized that a fear conditioned cardiovascular response
could be detected in a novel context and attenuated by
extinction training. Closely evaluating cardiovascular reactivity
to conditioned fear may contribute to a better understanding of
the hyper-physiological responses in PTSD and associated CVD
risk. Physiological measures of inhibitory learning could also lead
to more accurate assessments of extinction efficiency in animal
models. The objectives of this study were to examine the real-time
behavioral and cardiovascular responses to fear conditioning and
extinction using a mouse model, and to examine the effects of
extinction training on MAP and HR responses during extinction
recall.

MATERIALS AND METHODS

Animals
Adult male (3–4 months old) C57BL/6J mice from Jackson
Laboratory (Bar Harbor, ME, United States) were used for all
experiments. The C57BL/6 strain is a commonly used inbred
strain that has been shown to extinguish fear responses well
in comparison to other strains (Hefner et al., 2008; Camp
et al., 2012). Mice were housed individually in temperature and
humidity-controlled polyethylene cages on a 12 h light/dark
cycle. Animals were supplied with water and food ad libitum for
the duration of the experiments. All procedures were approved by
the Institutional Animal Care and Use Committee at The George
Washington University and were in compliance with National
Institutes of Health guidelines.

Radiotelemetry
Telemeter Implantation, Data Collection and Analysis
Animals were anesthetized with an IP injection of
ketamine/xylazine and maintenance of anesthesia was
assessed with toe pinch. HDX-11 transmitters [Data Sciences
International (DSI), St. Paul, MN, United States] were implanted
subcutaneously, with a blood pressure transducer inserted
into the carotid artery. Animals were allowed to recover for
14 days before beginning behavioral experiments. Blood pressure
signals were sampled at a rate of 500 Hz. Blood pressure
and activity data were continuously collected during 24 h
baseline measurements, fear conditioning, extinction training,
and cardiovascular response tests. Blood pressure data were
analyzed using Ponemah software version 6.3 (DSI). Baseline
day, night, and 24 h averages were calculated from 12 h epochs
corresponding with the light/dark cycle. HR was derived from
the blood pressure channel.
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Behavioral Experiments
Fear Conditioning
For 2 days prior to fear conditioning, animals were exposed
to the chamber to habituate them to handling and context.
Auditory fear conditioning was performed in conditioning
test cages (7′′ × 7′′D12′′H; model H10-11M-TC) equipped
with overhead cameras and grid shock floors (H10-11M-TC-
SF). Test cages were enclosed in sound attenuating isolation
cubicles (Model H10-24T; Coulbourn Instruments, Holliston,
MA, United States). Fear conditioned animals received both
the conditioned stimulus and unconditioned stimulus (CS-US
group), and were presented with CS-US pairings of a 30 s auditory
cue (6 kHz, 75 db) co-terminating with a mild footshock (0.5 s,
0.5 mA). There was a 3 min 30 s inter-trial interval between
each pairing. Control (CS group) animals were exposed to the
CS under fear conditioning conditions but never received a
footshock. Fear conditioning test cages were cleaned thoroughly
with 70% ethanol before each session. After conditioning, animals
were returned to the home cage for 24 h before extinction
training.

Extinction Training
Two rounds of extinction training were performed in modified
test cages to distinguish them from the fear conditioning context.
The shock grid was replaced with a clear plexiglass floor
and the clear chamber walls were covered with paper. The
chambers were wiped down with water and peppermint soap
before each extinction session. Extinction training occurred 24
and 48-h following fear conditioning (Figure 1A). A 5 min
pre-CS period preceded the first tone presentation in each
test. Extinction sessions consisted of either 30 conditioned
stimulus tone trials in CS and CS-US groups, or 35 trials in
the Extinction (Ext) group. Each trial lasted 30 s and was
followed by a 30 s inter-trial interval. The No Extinction (No
Ext) control group was placed into the modified context for
the same duration, but was not exposed to the conditioned
stimulus during extinction training. A non-conditioned (No US)
control group was not included in the home cage extinction
experiments based on previous studies showing that the auditory
stimulus would evoke only mild, transient cardiovascular effects
that do not differ significantly from baseline values (Tovote
et al., 2005a). The percentage of time spent freezing was
calculated using Freezeframe 3.32 (Coulbourn Instruments).
All behavioral experiments occurred during the light phase
(7am–7pm).

Cardiovascular Response Tests
The conditioned cardiovascular response was measured in the
home cage 24-h after fear conditioning (Cardiovascular Response
Test 1), 24-h after the first extinction session (Cardiovascular
Response Test 2), and 1-h after the second extinction session
(Cardiovascular Response Test 3) (Figure 2). The home cage
was placed in a sound attenuating chamber, and a speaker was
positioned on top of the cage. Mice were left undisturbed for 1 h
before remotely initiating a 4 CS memory test to determine the
effects of extinction training on the conditioned cardiovascular
response during extinction recall.

Statistical Analysis
Prism 6.0 (Graphpad Software Inc., La Jolla, CA, United States)
was used for statistical evaluation of mouse data. Data are
presented as the mean ± SEM, with p-values <0.05 considered
statistically significant. Analysis of variance (ANOVA) for
repeated measures was used for statistical analysis followed by
Bonferroni tests for post hoc comparison.

RESULTS

Behavioral and Cardiovascular
Responses During Extinction Training in
a Novel Context
To examine the cardiovascular responses to conditioned
fear during extinction training, two groups of animals were
equipped with radiotelemeters and were either exposed to a
fear conditioning protocol (CS-US group) or exposed to five
auditory cues without footshocks (CS group). Behavioral and
cardiovascular responses (freezing behavior, MAP, and HR) were
simultaneously monitored in the extinction context during two
consecutive days of extinction training in the CS-US and CS
groups (Figure 1A).

Freezing Behavior
As expected, a progressive increase in freezing response to CS
exposure was observed only in the CS-US animals (Figure 1B).
Simultaneous behavioral and cardiovascular responses to
extinction trials across 2 days are shown in Figures 1C–K. The
average of the first 4 CS (CS1–4) presentations on Day 1 and
the last 4 CS presentations on Day 2 (CS27–30) were taken
as measures of acquisition and extinction, respectively (Yang
et al., 2016). On Day 1 of extinction training, the CS-US group
exhibited increased freezing throughout the 30 CS presentations
(Figure 1C). Fear acquisition was demonstrated in the CS-US
animals compared to the CS by group differences in freezing
during the first 4 CS presentations (71% ± 4 vs. 10% ± 3,
p < 0.05) (Figure 1E). CS-US animals showed a significant
reduction in freezing from Day 1–2, with a significant group x
time interaction [F(1,17) = 20.68, p = 0.0003] (Figure 1E).

Mean Arterial Pressure and HR in Novel Context
At baseline on Day 1 of extinction training, MAP and HR
were similar between groups (Figures 1F,G). In response to
the first CS, a trend for a small increase in MAP (3 mmHg),
which remained elevated throughout the extinction session and
a corresponding bradycardic HR response were observed in
the CS-US group compared to control. Overall, both groups
showed a slow reduction in HR throughout the extinction
session. Following the last CS presentation, the CS-US group
displayed a rapid increase in HR corresponding with the cessation
of freezing. There was a significant group by time interaction
[F(48,864) = 5.032, p < 0.0001], with group differences in HR
throughout the No CS period (Figure 1G).

On Day 2 of extinction training, in response to CS, there
was a similar trend for a small transient increase in MAP and
bradycardic response within the CS-US animals only during CS
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FIGURE 1 | Behavioral and cardiovascular changes during extinction training. Schematic of fear conditioning and 2-day extinction protocol (A). Freezing behavior
during fear conditioning (B). Freezing behavior (C,D), mean arterial pressure (F,H), and heart rate (G,I) during 2-day extinction training protocol. Average freezing
behavior (E), mean arterial pressure (J), and heart rate (K) during CS 1–4 (Day 1), and CS 27–30 (Day 2) in the extinction context. Error bars indicate standard error
of the mean (n = 9–11 per group, ∗p < 0.05 CS vs. CS-US; #p < 0.05 Day 1 vs. Day 2).

FIGURE 2 | Schematic of fear conditioning and testing protocol for home cage extinction studies. All animals were fear conditioned on Day 0. Conditioned
cardiovascular responses were measured in the home cage 24 h later (Cardiovascular Response Test 1). Animals were then placed into a novel context and exposed
to either 35 CS (Ext group) or no CS (No Ext group) for the first extinction session. On Day 2, a home cage test (Cardiovascular Response Test 2) was conducted
prior to the second extinction session. The Ext group was then exposed to another 35CS extinction session. One hour later, all animals were tested in the home
cage (Cardiovascular Response Test 3).

1–4. For the remainder of the session, MAP was similar between
groups while HR slowly declined (−100 bpm). Unlike Day 1 of
extinction, the CS-US group did not exhibit the sharp increase
in HR during the No CS period. MAP responses were then
evaluated across days between extinction sessions (Figure 1J).
When comparing the first 4 CSs (Day 1 of extinction) and the last
4 CSs (Day 2 of extinction), repeated measures-ANOVA revealed
a main effect of time, [F(1,18) = 14.28, p = 0.0014], and a trend
for group by time interaction [F(1,18) = 3.736, p = 0.0691]. There
was also a reduction in HR in response to CS from Day 1 of
extinction to Day 2 of extinction in CS-US animals (Figure 1K).
However, because a comparison of HR between groups revealed a
significant group by time interaction [F(1,18) = 5.936, p = 0.0254]
with a main effect of time [F(1,18) = 52.52, p < 0.0001] but not
group [F(1,18) = 0.3778, p = 0.5465], this reduction cannot be

attributed solely to extinction learning and is more likely a result
of within session HR recovery.

In addition, both groups displayed a slow, gradual recovery of
HR throughout each session, but neither MAP nor HR returned
to resting baseline levels by the end of the test on either day. This
suggests that handling and novel context exposure contribute
to the elevations of MAP and HR regardless of whether or
not the animals were fear conditioned. Furthermore, because
these HR elevations are similar at the beginning of both days
of extinction training, the effects of habituation appear to be
minimal. These findings are consistent with previous studies
showing that novel environments can induce HR elevations in
mice despite previous habituation (Liu et al., 2013). Because
elevated baseline cardiovascular measures could potentially mask
cardiovascular adjustments caused by the conditioned stimulus,
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we next examined the effects of extinction training on fear
conditioned (CS-US) mouse cardiovascular reactivity in a home
cage environment.

CS-Dependent Conditioned
Cardiovascular Responses in the Home
Cage
Mean Arterial Pressure and HR Response
(Cardiovascular Response Test 1)
Conditioned physiological responses are highly dependent on
the resting physiological state, which in part influences the
cardiovascular response to conditioned stimuli. Therefore, in
order to examine both the conditioned cardiovascular responses
and the effects of extinction, cardiovascular response tests
were conducted in the home cage environment (Stiedl et al.,
2004). Two groups of mice (No Ext and Ext) were equipped
with radiotelemeters and all animals were fear conditioned as
previously described (Figure 2). 24 h after fear conditioning
(prior to extinction training), mice were exposed to 4 CS trials
in the home cage (Cardiovascular Response Test 1). Baseline
activity levels, blood pressure and HR during the pre-CS period
were significantly lower than in the extinction context in both
groups (Supplementary Figure S1), while Pre-CS cardiovascular
baselines were similar to mean 12-h baselines during the light
cycle (Supplementary Table S1). As shown in Figure 3A, a
two-phase pressor response was observed during the first CS
presentation of the 4 CS test in both groups. This consisted of a
rapid rise (general arousal) of approximately 10 mmHg within the
first 10 s of the CS, followed by a slower, steady increase which has
previously been attributed to associative learning (Tovote et al.,
2005a; Figure 3B). Subsequent CS presentations also coincided
with a rapid rise in MAP. Peak MAP (No Ext 122 ± 5; Ext
124 ± 3 mmHg) were reached within the first 3 s of the second
CS. MAP averaged over the 4 CSs was significantly increased
from Pre-CS baselines in both No Ext and Ext groups confirming
a strong conditioned CS-dependent MAP pressor response in
these animals (Figure 3C). An ANOVA comparing the 4 CS MAP
revealed no significant main effect of group [F(1,13) = 1.212,
p = 0.2908] or group by time interaction [F(1,13) = 0.7181,
p = 0.4121], yet did reveal a significant main effect of time
[F(1,13) = 33.38, p < 0.0001]. As shown in Figures 3D–F, there
was an overall significant increase (∼100 bpm) in HR over the 4
CS trials in both groups relative to pre-CS baseline. An ANOVA
revealed a main effect of time [F(1,11) = 10.59, p = 0.0077], with
no group by time interaction [F(1,11) = 0.01081, p = 0.9190]
and no main effect of group [F(1,11) = 0.6541, p = 0.4358].
In summary, these data demonstrate a consistent CS-dependent
home cage pressor response that was accompanied by an overall
increase in HR 24 h following fear conditioning.

Extinction of CS-Dependent
Cardiovascular Responses
Mean Arterial Pressure and HR Response
(Cardiovascular Response Test 2)
The two groups of animals subsequently went through either
an Ext or No Ext training protocol as shown in Figure 2.

Following extinction training, animals were tested at two time
points in order to examine (A) long-term retention of the
CS-dependent cardiovascular response and (B) within-session
cumulative effects of additional extinction trials. To examine
the long-term retention of extinction learning during the CS-
dependent cardiovascular response, a 4-tone cardiovascular
response test (#2) was conducted 24 h following extinction
training. As shown in Figures 4A,C, 5 min pre-CS baseline MAP
and HR were similar between Ext and No Ext groups (MAP:
103± 6 vs. 108± 4 mmHg; HR: 522± 49 vs. 515± 28 bpm) and
within the range of normal daytime averages (Supplementary
Table S1). Similar to the initial CS response in Figure 3A, the
No Ext group displayed a biphasic pressure increase that was
characterized by a rapid increase in MAP (∼10 mmHg) within
the first 10 s, followed by a slower increase that persisted until the
end of the first CS. In these animals, peak MAP (132 mmHg) was
again reached during the first 3 s of the second CS presentation
(Figure 4A). An ANOVA comparing the 4 CS MAP revealed a
significant group by time interaction [F(1,13) = 5.164, p = 0.0407]
(Figure 4B). Post hoc tests revealed that MAP in the No-Ext
group significantly increased from baseline, while MAP in the
Ext group did not. In animals that underwent extinction training
(Ext group), the initial rise in blood pressure of ∼10 mmHg
was observed, however, the second phase was distinctively absent
(Figure 4A). Despite a trend for a change in HR increase to CS in
the No Ext group (Figure 4C), HR changes were highly variable
(Figure 4C). An ANOVA comparing the 4 CS HR revealed no
significant group by time interaction [F(1,13) = 2.463, p = 0.1406]
(Figure 4D). These results demonstrate that 24 h after training,
the conditioned MAP response is significantly blunted in the Ext
group while the HR response to CS is not significantly different
between groups, and thus may track closely to the extinguished
freezing behavior.

Mean Arterial Pressure and HR Response
(Cardiovascular Response Test 3)
To further evaluate the effects of extinction on the conditioned
cardiovascular response, the Ext group was exposed to a second
day of extinction training, which resulted in an extinction effect
as determined by freezing responses to CS (Supplementary
Figure S2). All animals were tested 1 h later in their home cage
for CS-dependent cardiovascular responses. Consistent with the
two previous cardiovascular response tests, a two-phase blood
pressure response was observed in the No Ext animals and the
peak MAP (122 ± 7) was reached within the first 3 s of the
second CS (Figure 4E). In the Ext group a small, slow increase
in MAP was observed throughout the test (∼5 mmHg) but
this increase did not appear to be associated with CS onset.
Peak MAP in the Ext group was significantly lower than that
of the No Ext group (106 mmHg ± 3 vs. 122 ± 7, p < 0.05)
(Figure 4E). Moreover, both phases of the MAP response
were absent in the Ext animals. An ANOVA comparing the
4 CS MAP revealed a significant group by time interaction
[F(2,16) = 4.409, p = 0.0298] (Figure 4F). Similar comparisons
of HR indicate no group by time interaction [F(1,12) = 1.504,
p = 0.2436] (Figure 4H). Peak HR were not significantly different
between No Ext (555 ± 61) and Ext (523 ± 28) groups
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FIGURE 3 | Pre-extinction training CS-dependent cardiovascular response test 1 (home cage). Mean arterial pressure (A), and heart rate (D) collected during 4 CS
presentations and averaged every 3 s. (B,E) Depict second-by-second fluctuations in MAP and HR during the first CS presentation. Average MAP (C) and HR (F)
during the 5 min pre-CS period, and over 4 CS presentations (n = 6–9 per group, ∗p < 0.05 pre-CS vs. 4 CS avg).

FIGURE 4 | Post-extinction training CS-dependent cardiovascular response tests 2 and 3 (home cage). Mean arterial pressure (A) and heart rate (C) collected
during cardiovascular response test 2. Average MAP (B) and HR (D) during 4 CS presentations. Mean arterial pressure (E), and heart rate (G) collected during
cardiovascular response test 3. Average MAP (F) and HR (H) during 4 CS presentations (n = 6–9 per group, ∗p < 0.05 pre-CS vs. 4 CS avg).
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(Figure 4G) and remained within the range of normal resting
HRs (Supplementary Table S1).

DISCUSSION

The current findings demonstrate that recall of consolidated
extinction memories can modulate the conditioned
cardiovascular response, which is influenced by context-
dependent differences in blood pressure and HR sensitivity.
Alterations of the conditioned MAP response may serve as a
novel index in the evaluation of extinction efficiency and may aid
in identifying the hyper-physiological underpinnings of PTSD
and co-morbid CVD-PTSD.

Conditioned HR (Fitzgerald and Martin, 1971) and BP (Iwata
and LeDoux, 1988) during CS presentation have previously been
reported in the conditioning context, which elicits contextual and
non-specific stress related alterations in cardiovascular activity.
Furthermore, freezing behavior and locomotor activity are closely
linked to changes in blood pressure and HR (Vliet et al., 2003) and
can potentially confound conditioned cardiovascular responses.
To minimize these disruptions, conditioned cardiovascular
responses are often evaluated in the resting or home cage
environment (Iwata and LeDoux, 1988; Stiedl et al., 2004, 2009;
Camp et al., 2012). In the present study, we predicted that
testing in a novel context would reduce contextual fear and
minimize non-specific stress enough to observe HR and MAP
responses to CS between conditioned (CS-US) and control (CS)
groups. Additionally, we hypothesized that blood pressure and
HR responses in the extinction context would decrease across
days as a result of extinction training.

During the first extinction session in a novel context (Day
1), freezing in response to CS confirmed fear acquisition in
conditioned animals, while the magnitude of the cardiovascular
response was not significantly different from controls.
Throughout the CS period on Days 1 and 2 of extinction,
MAP remained high while HR gradually fell in both groups over
the CS period, indicating a within-session habituation effect
on HR but not MAP. While the relatively small conditioned
cardiovascular response limits the interpretation of these
findings, it is possible that the small elevation of MAP in the CS-
US group on Day 1 was sustained by repeated CS presentation
and extinguished by repeated CS exposure, while HR increases
were offset by reductions in physical activity during times of
freezing.

During the second extinction session in a novel context
(Day 2), there was trend for a reduction in MAP in the CS-
US group only, while HR was significantly reduced in both
groups. These data may suggest an extinction-specific reduction
of blood pressure response that was distinct from a generalized
habituation-like effect on HR. Interestingly, following cessation
of CS presentation during extinction training on Day 1, CS-
US animals displayed a rapid increase in HR. While this may
have been a consequence of increased locomotion due to an
immediate reduction in freezing, there were no overall differences
in activity levels between groups during this time period. Because
conditioned HR responses are controlled by activation of both the
sympathetic and parasympathetic components of the autonomic

nervous system (Iwata and LeDoux, 1988; Carrive, 2006), and
freezing behavior is accompanied by parasympathetically driven
HR deceleration (Roelofs, 2017), this increase in HR may be
mediated in part by parasympathetic withdrawal. Similarly, on
both day 1 and 2 in the novel context we observed a initial
brief decelerative HR response upon CS onset (Figures 1G,I),
which is likely parasympathetically mediated (Iwata and LeDoux,
1988). This deceleration in HR is consistent with prior human
fear research using HR (typically associated with fear responding)
(Lang et al., 2011; Sege et al., 2017). Taken together, these findings
suggest that CS exposure in a novel context may elicit MAP
and HR responses at different rates, with changes in autonomic
regulation of HR first emerging upon CS onset (deceleration) and
again when the conditioned stressor is removed (acceleration).

To further investigate extinction-dependent responses in
our mouse model, while minimizing context-enhanced basal
cardiovascular effects (see Supplementary Figure S1), we next
sought to determine whether repeated CS exposure could
extinguish conditioned cardiovascular responses when measured
in the home cage. As opposed to previous studies using an
extended single CS (Stiedl, 1999; Stiedl et al., 2004, 2007, 2009;
Tovote et al., 2005a), we evaluated the cardiovascular response
using 4 CS presentations. A 4 CS memory test was used based
on the following considerations: (1) the cumulative effect of
multiple CS presentations could be determined by using shorter
CS presentations spaced with inter-trial intervals; (2) the test
duration would be long enough to encompass both the fast,
sympathetic-mediated vasoconstriction response (Baudrie et al.,
1997), and the slower humoral-mediated responses (Tovote et al.,
2005a); (3) the low number of CS presentations would minimize
extinction in the No Ext group caused by multiple testing
sessions.

In the home cage context, both groups of mice showed
stable resting MAP and HR during the pre-CS period. Prior
to extinction training and 24-h post-fear conditioning, MAP
increased across the 4 CS trials in a CS-dependent manner. This
increase reached ∼20 mm Hg and was characterized by two
phases of rise. The initial, rapid increase is thought to result
from general arousal and lasts for approximately 5 s. The second
phase of the conditioned blood pressure response, which has
been shown to result from associative fear learning in mice,
allows for distinction between general arousal and associative
memory (Tovote et al., 2005a). While HR was increased in both
groups across CS trials, the magnitude of these responses was
markedly less than previously described (Stiedl and Spiess, 1997).
Variations in conditioning protocols and testing procedures likely
account for these differences (Stiedl and Spiess, 1997; Stiedl,
1999; Stiedl et al., 2004, 2007; Tovote et al., 2005a). Based on
the clear presence of an associative blood pressure response in
this experiment, and the ability of a 30 CS extinction protocol
to reduce long-term fear expression (Marvar et al., 2014), we
reasoned that the MAP response would be suppressed during
extinction recall.

To evaluate the cardiovascular response during long-term
extinction memory recall, animals were re-tested 24 h after
extinction training in the home cage. The No Ext group exhibited
a CS-dependent MAP increase across 4 CS home cage trials,
while extinguished animals did not. Furthermore, the general
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arousal phase of the MAP response was present, while the
associative phase was absent in the Ext group. These data suggest
that extinguished animals respond with an acute, generalized
arousal similar to non-extinguished animals, while the associative
component of the blood pressure response can be modified by
non-reinforced CS exposure.

Despite the extinction-dependent reduction in MAP response,
there was no significant difference in HR response between
groups. Although we observed a trend for increased HR in the
No Ext across the 4 CS presentations, it was not significantly
different from the pre-CS period at this time point. We
attribute the lack of a conditioned HR response to the increased
variability and small conditioned HR response observed in
this model. Either the fear conditioning protocol did not
result in a strong enough conditioned HR response to detect
the effects of extinction between Ext and No Ext groups, or
the HR response was so sensitive to CS presentation in the
home cage that it was quickly extinguished in both groups
following the first home cage test. In either case, the results
of this study point to MAP as a reliable index of extinction
in mouse models of fear conditioning. Taken together, the
MAP and HR data from these experiments show that that the
conditioned blood pressure response is significantly blunted by
extinction training while the HR response did not allow for
distinction between extinguished and non-extinguished control
animals.

Short-term effects of an additional extinction training session
were also evaluated during the final home cage test. Consistent
with the two previous cardiovascular response tests, a two-
phase blood pressure response was observed in the No Ext
animals with peak MAP values occurring within the first 3 s
of the second CS (Figure 4E). There were no significant
HR responses in either group at this timepoint. The results
of this extinction test confirm a reduction in the MAP
response in the Ext group and show minimal change of HR
in response to CS in either group. Interestingly, conditioned
HR responses in our mouse model in the home cage were
not as robust as those previously reported by other groups
(Stiedl and Spiess, 1997; Tovote et al., 2005a). As a result,
HR increases in resting animals were seemingly extinguished
during home cage testing. Future studies will need to address
the effects of conditioned stimulus intensity and duration on HR
responses.

In summary, the present study demonstrates for the first
time that extinction training attenuates the acute blood pressure
responses evoked by conditioned stimuli and that in this
behavioral paradigm, MAP was a more reliable measure of
conditioning and extinction than HR. Moreover, this reduction
of the fear-induced cardiovascular response appears to be
independent of activity-related behavioral changes. While there

is some evidence to suggest that extinction training can attenuate
cardiac responses in humans (Panitz et al., 2015), future
studies are required to determine the impact of extinction-based
therapeutic interventions on cardiovascular reactivity in PTSD
patients. Such studies may potentially lead to improvements
in extinction-based therapies and PTSD–CVD comorbidity
outcomes.
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FIGURE S1 | Baseline cardiovascular measures in training and home cage
contexts. Activity level (A), mean arterial pressure (B), diastolic pressure (C),
systolic pressure (D), and heart rate (E) over the 5 min pre-CS period in each
context (n = 9–11 per group. ∗p < 0.05 Training vs. Home Cage).

FIGURE S2 | Freezing behavior during fear conditioning (A), extinction training
Day 1 (B), and extinction training Day 2 (C). All animals received a footshock and
CS during fear conditioning (n = 6–9 per group).

TABLE S1 | Baseline day/night (12 h) mean arterial pressure (MAP), heart rate
(HR), and activity levels in mice prior to fear conditioning.
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