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Abstract

Background—The current effective treatment options for posttraumatic stress disorder (PTSD)
are limited and therefore the need to explore new treatment strategies is critical. Pharmacological
inhibition of the renin-angiotensin system is a common approach to treat hypertension and
emerging evidence highlights the importance of this pathway in stress and anxiety. A recent
clinical study from our laboratory provides evidence supporting a role for the renin-angiotensin
system in the regulation of the stress response in patients diagnosed with PTSD.

Methods—Using an animal model of PTSD and the selective angiotensin receptor type 1 (ATy)
antagonist losartan, we investigated the acute and long-term effects of AT, receptor inhibition on
fear memory and baseline anxiety. Following losartan treatment, we performed classical Pavlovian
fear conditioning pairing auditory cues with footshocks and examined extinction behavior, gene
expression changes in the brain as well as neuroendocrine and cardiovascular responses.

Results—Following cued fear conditioning, both acute and 2-week administration of losartan
enhanced the consolidation of extinction memory but had no effect on fear acquisition, baseline
anxiety, blood pressure and neuroendocrine stress measures. Gene expression changes in the brain
were also altered in mice treated with losartan for 2 weeks, in particular reduced amygdala AT
receptor and bed nucleus stria terminalis c-Fos MRNA levels.

Conclusions—These data suggest that AT, receptor antagonism enhances the extinction of fear
memory and therefore maybe a beneficial therapy for PTSD patients who have impairments in
extinction of aversive memories.
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INTRODUCTION

There is increasing evidence that post-traumatic stress disorder (PTSD), a debilitating fear
and stress-related psychiatric illness, is associated with cardiovascular disease and its major
comorbidities (1-4). As highlighted in recent reviews of clinical studies, both civilian and
non-civilian persons diagnosed with PTSD are more likely to have hyperlipidemia, obesity,
hypertension and increased risk for stroke and heart attack (4—6). Despite these emerging
clinical and epidemiologic studies, the mechanisms responsible for the association between
cardiovascular disease risk and PTSD remain unclear. Moreover, at present the current
effective treatment options for PTSD are limited, and therefore the need to explore new
treatment strategies is critical for improving future prevention efforts.

The renin-angiotensin system is essential for cardiovascular regulation, and drugs targeting
this pathway, for example angiotensin receptor blockers (ARBSs) and angiotensin converting
enzyme inhibitors (ACE-I), are common strategies for treating hypertension and
cardiovascular-related diseases. However, there is increasing interest and evidence
supporting the role of the renin-angiotensin pathway in stress-related and neurodegenerative
pathologies independent of its cardiovascular effects (7-9). It is known that stressful
situations can elicit an increase in plasma levels of renin, which catalyzes the formation of
angiotensin, thus giving rise to elevated levels of circulating angiotensin 11 (10-12). Animal
studies have demonstrated that in response to immobilization and isolation stress, AT,
receptor binding is increased in the paraventricular nucleus of the hypothalamus, and is
reduced with ARBs (13-15). More, recently lentiviral knockdown of the AT receptor in the
subfornical organ of the brain prevents the neuroendocrine response to restraint stress (16).
Evidence also suggests the use of ARBs to prevent stress-related brain pathologies (7-9) and
several pre-clinical and clinical reports have described protective effects of ARBs on
cognition and memory (17; 18). In line with these studies, we recently completed a clinical
retrospective observational study of over 500 traumatized patients and found a significant
association between individuals taking ACE-1/ARB medication and decreased PTSD
symptoms (19). To further understand the mechanism responsible for these clinical
observations, the aim of the present study was to examine the role of the renin-angiotensin
system, through inhibition of the angiotensin type 1 receptor (AT;) in an animal model of
PTSD-like symptoms. AT, receptor blockade has also been shown to influence the
hypothalamic pituitary-adrenal (HPA) axis (13; 20), which could impact fear memory,
therefore we also sought to examine the acute HPA stress response.

Although PTSD is a complex disorder that includes chronic development over time of
hyperarousal, intrusive, and avoidance/numbing symptoms (21; 22), its cardinal pathology is
thought to relate, in part, to the unmitigated fear response at the time of the trauma, and the
inability to inhibit fear in the aftermath of trauma (23). Therefore, we utilize classical
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Pavlovian conditioning in mouse models to directly address the mechanisms of fear
acquisition, expression, inhibition, and extinction. Numerous examples have now
demonstrated that methods which facilitate extinction in rodent models may have great
translational validity to enhancing extinction in human fear-related disorders marked by
deficits in extinction processing (24; 25). In these studies, based on our prior human
observational findings (19), we hypothesized that losartan, an AT, receptor antagonist,
would be associated with decreased fear consolidation, and/or enhanced extinction of fear.

All experiments were performed on adult (3—4 months old) wild-type C57BL/6J male mice
from Jackson Laboratory (Bar Harbor, ME). All procedures were approved by the
Institutional Animal Care and Use Committee of Emory University and were in compliance
with National Institutes of Health guidelines.

We administered losartan (Sigma-Aldrich, catalog no. 61188), a selective AT, receptor
antagonist, intraperitoneally (i.p.) at a dose of 1 mg/kg and 10 mg/kg in a vehicle of 0.9 %
isotonic sterile saline; the same vehicle was also used in control groups. In other
experiments, losartan was subcutaneously infused via osmotic mini-pump (10 mg/kg/day)
(Alzet, Model 2002) over a 2-week period. In experiments where losartan was given i.p,
mice received a single dose 40 minutes before the appropriate behavioral procedure. See
Supplement: Figure S1 for experimental design.

Cardiovascular Measures

Blood pressure was measured invasively using radiotelemetry to resolve minute-to-minute
acute blood pressure changes in freely moving animals or non-invasively using the tail cuff
method as previously described (27-29).

Anxiety Measures

The elevated-plus maze consisted of a platform with two walled, closed arms and two non-
walled, open arms connected by an open center. The mice were placed onto the center
between the plus maze arms and were recorded exploring the plus maze for 5 min. For
analysis, the percentage of time spent exploring the open arms, was calculated by dividing
the time spent in the open arms by the combined time spent in open and closed arm (31).
The open field consisted of a circular arena (60 cm diameter) made of black Plexiglass with
a wall 20 cm high. Mice were allowed to explore for 10 min. Activity data were obtained
and analyzed using the Activity Software (Med Associates Inc.).

Cue Fear Conditioning and Extinction

As previously performed in our laboratory, fear conditioning was conducted in
nonrestrictive acrylic cylinders (SR-LAB startle response system, San Diego Instruments)
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and extinction testing was performed 24 and 48 hours after fear conditioning (32; 33). Please
refer to the online supplement for detailed description.

Restraint Stress

Mice were individually restrained in a well-ventilated 50 ml conical tube for 30 minutes.
Immediately following the restraint period they were sacrificed, brains removed and frozen
with powdered dry ice and stored at —80 °C. Brains were then cut on a freezing microtome
in sections of 40 ym at —18 °C and tissue punches were obtained for mMRNA and gPCR.

Reverse Transcription and qPCR Quantification

Gene expression changes in the amygdala, prefrontal cortex, and bed nucleus stria terminalis
were detected by relative quantitative-RT-PCR (Applied Biosystems FAST 7500). Bilateral
tissue punches were performed according to the Mouse Brain Atlas by Watson and Paxinos
(26) (Figure 4D). Total RNA was isolated using Qiagen RNeasy kit. Please refer to the
online supplement for detailed description.

Immunohistochemistry

Mice were perfused intracardially with ice-cold saline followed by 4 % paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). The brains were removed and stored in the same fixative
for 24 h at 4°C, and subsequently immersed in 30 % sucrose at 4 °C. To visualize the c-Fos
protein, an immunohistochemical avidin-biotin-peroxidase staining procedure was used
(Vector Labs Elite ABC Kit). The immunostaining reaction was developed using the
oxidase-diaminobenzidine-nickel method (DAB; Sigma). Induction of c-Fos protein was
evaluated by automated image analysis using Image J software (National Institutes of
Health, Bethesda, MD). Please refer to the online supplement for detailed description.

Neuroendocrine Measures

Plasma serum corticosterone levels were measured by radioimmunoassay by the Emory
University Biomarkers Core. Blood was collected on ice with 0.1 mol/L
ethylenediaminetetraacetic acid (EDTA), and plasma was separated in a refrigerated
centrifuge and stored at —70°C until analysis. Plasma renin activity was measured in
heparinized plasma using a fluoenzymatic assay adapted from (30). Please refer to the online
supplement for detailed description.

Data Presentation and Statistical Analysis

Data in the manuscript are expressed as the mean = SEM and values of *P < 0.05 were
considered statistically significant. Comparisons between more than 2 groups were made
using ANOVA using Prism 6.0. When differences were observed, a Bonferroni post-hoc test
was employed to compare specific groups. When identical measurements were made over
time, we employed 1-way repeated measures ANOVA with a Bonferroni post hoc test.
When 2 groups were compared we used an unpaired two-tailed Students T test.
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RESULTS

Effect of Single Administration of Losartan on Learned Fear

To further understand the mechanism by which angiotensin Il blockers reduce PTSD
symptoms (19), we examined the effects of the selective AT, receptor antagonist losartan in
an animal model of PTSD-like symptoms. As shown in figure 1A, in the absence of drug,
both groups exhibited normal acquisition of fear to the five tone-shock or CS-US pairings.
Twenty-four hours later, we examined the effects of losartan on fear expression (also
considered the extinction training session) to the presentation of 15 trials of CS cues in a
different context. Groups were given either losartan (1 mg/kg or 10 mg/kg i.p.) or saline
prior to fear expression/extinction training. During both extinction training, at 1 mg/kg
losartan, and 24 hours later, during extinction retention testing, in the absence of drug there
were no differences in freezing between groups (Figure 1B-D). Therefore in a separate
group, a higher dose of losartan (10 mg/kg i.p.) was examined. As shown in Figure 1E,
during extinction training/fear expression, total average freezing was similar between
groups. However, 24 hours later in the absence of drug, total overall freezing was
significantly reduced during extinction retention, an index of long-term fear memory (Figure
1F) (t(48) = 2.9; *P < 0.01). As determined by repeated-measures 2 way ANOVA, there was
a significant main effect for treatment in the losartan group (10 mg/kg i.p), which exhibited
significantly less freezing to CS presentation during extinction retention (F1 144 = 14.6; *P <
0.01) (Figure 1G). Bonferroni post hoc analysis revealed significant reductions in freezing
during the first and third blocks of five CS tone presentations (*P < 0.05) (Figure 1G).
Taken together, these data indicate that losartan does not affect fear expression, but
enhances retention of fear extinction, in a dose-dependent manner, suggesting that AT,
receptor antagonism may reduce fear memory through enhancing the consolidation of
extinction learning.

No Blood Pressure or Anxiety-like Effects Following Acute Administration of Losartan

One possible hypothesis is that the above effects on extinction consolidation were due
simply to compensatory changes following acutely lowered blood pressure or anxiety level.
A dose of 10 mg/kg is commonly used in rodents, and when given acutely or chronically,
some studies show reductions in baseline blood pressure (34-36) while others show no
effect (37-39). In the current study, administration of losartan at a dose that enhanced
extinction retention (i.p. 10 mg/kg) had no effect on baseline blood pressure (Figure 2A).

In some animal studies, losartan has been previously shown to have anxiolytic effects (20),
therefore, to determine whether the dose of losartan used in the present study affects
baseline levels of generalized anxiety-like behavior, animals were tested in the elevated plus
maze. We found no differences in anxiety-like behavior between losartan and saline treated
groups as measured by distance traveled and time spent in open arms in the elevated plus
maze (Figure 2B-C). Overall, these data suggest that acute administration of losartan at 10
mg/Kkg i.p, while enhancing extinction retention, does not affect baseline levels of blood
pressure or measures of anxiety-like behavior in these animals.
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Effect of Two Week Losartan Treatment on Learned Fear and Neuroendocrine measures

In our previous clinical study, most patients were on long-term treatment regimens of blood
pressure lowering drugs, including angiotensin converting enzyme inhibitors or angiotensin
receptor blockers (19). Therefore, we next sought to examine the repeated effects of AT,
receptor antagonism on the extinction of fear. Two-week osmotic mini-pumps were
implanted and losartan (10 mg/kg/day) was subcutaneously infused and on day 10, animals
underwent Pavlovian fear conditioning. The dose of 10 mg/kg/day was chosen based on our
single i.p. administration study showing enhanced extinction retention at this bolus dose. As
shown in Figure 3A, there was no difference in the acquisition of fear as determined by
percent freezing in mice treated with losartan compared to vehicle. Furthermore, when we
evaluated fear expression 24 hrs later, despite the decreased trend, there was no significant
difference in total average freezing or when expressed in blocks of 5 CS trials (Figure 3B—
C). However, consistent with the effects of acute administration of losartan on extinction,
mice treated for 2 weeks with losartan displayed enhanced extinction retention of fear
memory when expressed over the total average freezing period (Figure 3D, t(35) = 2.4; *P <
0.05). Repeated-measures ANOVA, during extinction retention testing, revealed a
significant main effect of treatment in the losartan group as they exhibited significantly less
freezing to CS presentation (F1 10s = 8.8; *P < 0.005) (Figure 3E). Bonferroni post hoc
analysis revealed significant reductions in freezing during the second block of five CS tone
presentations (Figure 3E, *P < 0.05). Similar to the acute administration, there were no
differences between groups in generalized anxiety testing during the open field test or
baseline blood pressure (Supplement: Figure S2). These data provide additional evidence
that long-term AT receptor inhibition is involved in fear memory, independent of blood
pressure or measures of baseline anxiety.

The question of how AT inhibition effects fear memory and whether it is due to a primary
central effect (brain specific) or a secondary peripheral action is unknown. Therefore, we
next examined AT, receptor expression and other stress and fear memory-related genes in
brain nuclei important in the consolidation of learned fear, such as the amygdala, prefrontal
cortex (PFC) and bed nucleus stria terminalis (BNST) (40). As shown in Figure 4A,
following extinction training (24 hr post fear conditioning), 14-day losartan treatment
significantly reduced amygdala AT{R mRNA expression (t(11) = 2.8 *P < 0.05), however no
change was observed in the PFC and a trend for reduced AT;R mRNA was observed in the
BNST (Figure 4B-C). We also examined additional genes that maybe involved in the
consolidation of fear memory in these brain regions. As shown in Figure 5A, losartan did
not alter brain derived neurotrophic factor (bdnf) mMRNA expression in the BNST, a gene in
which we have previously shown be important in fear learning (32; 33; 41-43). The mRNA
expression of corticotropin releasing hormone (crh), a gene involved in both fear and HPA
stress activation in the BNST (44) was also not affected (Figure 5B). However, c-fos mMRNA
levels were significantly reduced in the BNST compared to the vehicle group (Figure 5C,
t(13) = 2.2 *P < 0.05), whereas the expression levels of these genes were unchanged in the
prefrontal cortex following extinction training (Figure 5D-F). Taken together, these gene
expression studies suggest that losartan has a central effect on AT, receptor and c-fos
mRNA levels that appear to be region specific (Figure 4A).
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AT receptor inhibition has been previously found to inhibit the neuroendocrine stress
response mediated by the hypothalamic pituitary-adrenal axis (HPA) (16), which could
influence fear extinction. Using a standard, well-validated HPA stressor, we first examined
the effects of losartan on plasma corticosterone as well as renin, a measure of endogenous
angiotensin Il activity. Following 30-minutes of restraint stress, significant elevations in
corticosterone levels were observed but these levels were unaltered by losartan (F1 35 =
193.4; *P < 0.0001) (Figure 6A). Similarly plasma renin activity was elevated following
restraint and unchanged by losartan (Figure 6B, (17)t = 2.1; *P < 0.05). As an index of
central HPA neuronal activation, we then examined c-Fos activation in the paraventricular
nucleus (PVN). As shown in Figure 6C, losartan treated animals exhibited reduced PVN c-
Fos activation following restraint stress (t(10) = 2.3 *P < 0.05). These data suggest that
chronic AT receptor inhibition does not prevent elevations in peripheral indices of the
stress response but does influence central stress activation sites in the brain such as the PVN,
which may influence other neuronal circuits (ie; amygdala, PFC, BNST) involved in the
extinction of fear.

DISCUSSION

Post-traumatic stress disorder (PTSD) is a debilitating psychiatric illness with increasing
prevalence and limited treatment options. Moreover, PTSD and other chronic stress and
anxiety disorders eventually lead to pathologies, including cardiovascular disease and
hypertension (4; 6). In the present study we demonstrate that losartan, a selective
angiotensin type | receptor antagonist and widely used anti-hypertensive drug, enhances
extinction and reduces fear memory. These data illustrate a novel role of the AT, receptor in
an animal model of PTSD-like symptoms and suggest that this class of medications may be
particularly useful for decreasing fear responses and enhancing the extinction of fear
memories. These results also begin to provide a mechanistic understanding to support our
previous clinical report suggesting that inhibition of the renin-angiotensin system may be
beneficial for patients diagnosed with PTSD (19).

The renin-angiotensin system has long been known to play a key role in cardiovascular
homeostasis. Angiotensin II, the main effector molecule, binds to its receptor subtypes,
which include angiotensin type 1 receptor (AT;), angiotensin type 2 receptor (AT,) and
angiotensin type 4 receptor (AT,4)(46). The AT receptor is widely expressed across many
organs including the heart, kidney and vasculature, and throughout many brain regions (48).
The major systemic cardiovascular effects, including elevation in blood pressure, increased
sympathetic activity, and fluid homeostasis as well as proliferative and hypertrophic effects,
are mediated by AT signaling. Therefore, antagonists of this receptor are widely used to
treat hypertension and cardiovascular related diseases. Several animal studies have also
shown that independent of their beneficial effects on hypertension and cardiovascular related
diseases, angiotensin receptor blockers can improve stress-related symptoms (15; 49; 50). A
recent excellent review, highlights the beneficial effects of AT, antagonists on brain
disorders and are suggested as potential therapy for neurodegenerative diseases such as
Alzheimers (7). In support of these data, we recently reported in a clinical population
diagnosed with PTSD, that individuals taking medication that blocked the renin-angiotensin
system, but not other blood pressure medications, had fewer PTSD symptoms (19). Our
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current study extends these findings as we demonstrate a role for ATq receptor inhibition in
the extinction of fear memories.

Patients with PTSD and other anxiety disorders are thought to have deficits in extinction of
aversive memories (52-55). Similarly, rodents with anxiety-like behavior or trauma
exposure demonstrate a deficit in extinction of conditioned fear (56). In the current study,
mice treated with losartan one time or over 2 weeks, show less retention of fear memory or
enhanced extinction of fear. Interestingly, these effects were independent of baseline blood
pressure, anxiety or locomotor activities. Losartan has been previously shown to have
anxiolytic effects (38; 57), therefore it is possible that AT; receptor antagonism could
influence the level of fear acquired during fear training. However, at the doses we used,
animals exposed to losartan for 2 weeks acquired fear similarly to control groups. These data
are in line with other studies showing that losartan does not influence baseline anxiety levels
in rodents when given acutely or chronically (48; 58; 59) or on acquisition of an aversive
memory (60). Moreover, these data demonstrate that ATq receptor inhibition during fear
conditioning enhances the extinction of an aversive memory and improves emotional
learning, thus suggesting a role for endogenous angiotensin Il in fear-related neurobiological
processes.

In many animal studies examining the role of angiotensin Il and AT, antagonism in learning
and memory, inhibitory avoidance learning paradigms have been utilized and these data
have produced mixed results. For example, some have shown that angiotensin Il improves
avoidance memory (60-63), while others using similar learning paradigms have shown that
angiotensin Il impairs or has no effect on learning and memory (60; 64-66). Given that one
of the main aims of the current study was to further understand the role of the renin-
angiotensin system in the fear response, we utilized Pavlovian fear conditioning, a robust
animal model for assessing memory in fear learning in both animals and humans. We
demonstrate for the first time that inhibition of the AT4 receptor plays a role in the
extinction of fear memory. In comparing these data to studies using inhibitory avoidance,
our results would support studies suggesting that angiotensin Il improves memory because
in the presence of the ATq antagonist, memory retention as determined by freezing behavior
was attenuated. On the other hand, our results are in contrast to some studies using
inhibitory avoidance, that show improvements in aversive memory following AT,
antagonism (67-69). These opposing results could be due to study differences in aversive
learning paradigms, the dose of the AT, antagonist and/or whether the drug was delivered
via brain injection or systemically and time of antagonist administration (ie, prior to
acquisition or retention).

Studies have also shown that avoidance learning paradigms have produced inconsistent
results with regard to the involvement of brain structures essential to the fear response such
as the amygdala (70). The amygdala is an integral part of the fear circuitry (23) and key
inputs to the amygdala from the medial prefrontal cortex are thought to be required for the
extinction of fear (71; 72). Immunohistological studies have revealed that brain AT,
receptors are expressed throughout regions involved in emational learning including the
amygdala and hippocampus (47; 73). In the current study, following extinction, losartan
treated animals showed decreased amygdala AT receptor mRNA expression as well as
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reduced c-fos mRNA levels in another key limbic structure involved in learned fear, the bed
nucleus stria terminalis (BNST)(74; 75). The mechanism for this reduction in amygdala ATy
and BNST c-fos mRNA levels and whether it is a direct or indirect result of AT inhibition
with systemic losartan is unclear. Although speculative, these data suggest that reduced AT,
receptor interaction may be contributing to the enhanced extinction, however further AT,
receptor binding studies would be required and likely involves other brain angiotensin
receptor subtypes such as AT, and AT, (76).

AT receptor inhibition can also inhibit the central and peripheral neuroendocrine HPA
stress response in rodents (13; 15; 49) and therefore we speculated that these effects could
influence learned fear. We demonstrate that in response to restraint stress, mice treated with
losartan for 14 days have decreased PVN c-fos activation, but surprisingly this treatment did
not alter the downstream peripheral adrenal corticosterone response. This dissociation
between central and peripheral indices of HPA activation may reflect the time frame chosen
to analyze c-fos in our study or other neural input unrelated to the HPA response could be
affecting c-fos activation thus reflecting a limitation of this technique.

Brain angiotensin Il can also interfere with different neurotransmitters and hormones such as
norepinephrine, serotonin, vasopressin, and dopamine which are all involved in memory
consolidation (48; 62). Moreover, angiotensin Il has been found to modulate neurotrophic
factors such as BDNF a critical molecular mediator in learning and memory (77). In our
study, 14-day losartan treatment did not alter bdnf mMRNA levels in the BNST or PFC
following extinction training, although it is possible that amygdala bdnf maybe involved in
this pathway. In addition to bdnf, angiotensin Il can activate multiple other signaling
pathways that may influence AT, or AT, receptor expression and function in fear memory.
For example, Nostramao and colleagues recently showed in vitro in rat adrenal medulla
cells, that pituitary adenylate cyclase-activating polypeptide (PACAP), a key peptide in the
cellular stress response, modulates the AT, receptor (78). These authors suggested that in
response to stress, PACAP-triggered elevations in cAMP in chromaffin cells of the adrenal
medulla mediate a down regulation of AT receptor. Interestingly, in a clinical study, a
single nucleotide polymorphism in the PACAP receptor gene as well as differential levels of
circulating PACAP peptide have recently been linked to level of fear physiology and PTSD
severity.

In summary, we show that inhibition of the AT; receptor in mice enhances the extinction of
fear memory, a process that is dysregulated in humans with PTSD. This was shown
following both acute and repeated administration of losartan and was independent of effects
on blood pressure, measures of anxiety and fear acquisition. Furthermore, amygdala AT, and
c-fos BNST mRNA expression is reduced in losartan treated animals following extinction
training, which implies that downstream AT signaling events maybe important in
consolidation of extinction of fear. Importantly, these data also support the recent clinical
observation that this class of medication may improve symptoms of PTSD (19). Future
questions for translating our current findings into potential novel therapies, include
identifying the appropriate timing and use of AT, receptor antagonists as therapy following
trauma exposure, determine if circulating levels of angiotensin Il are altered in patients
diagnosed with PTSD and whether angiotensin receptor polymorphisms are present in these
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patients. Future studies are therefore aimed at further understanding these questions and the
mechanism as inhibition of this pathway may serve as a safe, powerful and novel treatment
for PTSD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Angiotensin type 1 (AT1R) receptor inhibition enhances the extinction of learned fear
Prior to losartan treatment (pre-drug) acquired fear during cued fear conditioning with five

tone-shock pairings in pre-vehicle (n = 10) and pre-losartan (n = 11) groups (A). 24hr
following fear acquisition, losartan (1 mg/kg or 10 mg/kg i.p) was given prior to extinction
training (B, E; n=20-25/group). 24 hr following extinction training, and in the absence of
drug, mice were tested for extinction retention of learned fear, expressed as total average
freezing and in blocks of 5 CS tones (C,D,F,G). *P < 0.05
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Figure 2. Acute administration of losartan (10 mg/kg, i.p.) does not affect baseline blood pressure
or anxiety measures

Minute analysis (every other minute) blood pressure measured by radiotelemetry following
acute administration of saline (n = 4) or losartan (10 mg/kg, i.p n = 4) (A). Arrows represent
time point of injection and start extinction training testing at minute 40 following injection
of drug or vehicle. Distance travelled during open-field testing (B) and percent time in open
arms of elevated plus maze test of vehicle (C) (n = 6-8/group).
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Figure 3. Chronic inhibition of angiotensin type 1 (AT1R) receptor enhances extinction of
learned fear

Following two weeks of losartan (10 mg/kg/day) (n = 17) or vehicle (n = 13) infusion, fear
acquisition expressed as percent freezing during cued fear conditioning with five tone-shock
pairings (A). Extinction training/fear expression was tested and total average freezing within
the session (B) and represented in blocks of 5 CS tones (C) 24 hr following fear acquisition.
Extinction retention of learned fear, expressed as total average freezing and in blocks of 5
CS tones are shown in panels (D) and (E) (n = 18-20). * P < 0.05
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Figure 4. ATy receptor mRNA gene expression following extinction training in losartan treated
mice

AT receptor messenger RNA (mRNA) levels in the amygdala (A.) Prefrontal Cortex (B.)
and Bed nucleus stria terminalis of vehicle (n = 7) or losartan infused mice (n = 7) (A).
Example of coronal brain section with black circles designating the surrounding regions of
the amygdala isolated for reverse transcriptase quantitative polymerase chain reaction (B)
(reprinted from Paxinos and Franklin (26) with permission from Elsevier, copyright 2006).
*P <0.05
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Figure 5. Messenger RNA (MRNA) levels in the bed nucleus stria terminalis (BNST) and
prefrontal cortex (PFC) of vehicle or losartan infused mice following extinction training in
losartan treated mice

gPCR-determined quantitative levels (fold changes) of mMRNAs encoding BNST (A-C) and
PFC (D-F) (n=7-8) *P < 0.05.
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Figure 6. Effect of chronic losartan on central and peripheral indices of stress activation
Plasma corticosterone levels (A) and plasma renin activity (B) in mice treated with vehicle

or losartan for 2 weeks following acute restraint stress (n =9-10/group). Induction of c-Fos
protein quantified as number of positive cell counts per section of paraventricular nucleus
(C) (n =5-7/group). Representative images showing reduced cFos protein induction in
losartan versus vehicle animals exposed to acute restraint stress (D-E). *P < 0.05
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