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Stress-Induced Sensitization of Angiotensin Il Hypertension
Is Reversed by Blockade of Angiotensin-Converting Enzyme

or Tumor Necrosis Factor-a

Baojian Xue,"?** Yang Yu,*>* Shun-Guang Wei,?3 Terry G. Beltz,' Fang Guo,' Robert B. Felder,?? and

Alan Kim Johnson'245

BACKGROUND

Post-traumatic stress disorder (PTSD) is characterized by a disordered
stress response and associated with increased cardiovascular disease
risk. The present study investigated whether angiotensin (Ang) Il-elicited
hypertensive response is sensitized in a model of PTSD and whether inhi-
bition of angiotensin-converting enzyme (ACE) or tumor necrosis factor
(TNF)-a prior to PTSD blocks this sensitization of Ang Il hypertension.

METHODS

The resident-intruder paradigm was used to model PTSD. Each intruder
rat (male Sprague-Dawley) was given normal drinking water or was
pretreated with either an ACE inhibitor (captopril) or a TNF-a inhibitor
(pentoxifylline) in the drinking water for 2 weeks. Subsequently, they
were exposed to a different resident (male Long-Evans) for 2 hours on
3 days with each session separated by 1 day and then received a subcu-
taneous infusion of Ang Il for 2 weeks.

RESULTS
The stressed rats had a significantly enhanced hypertensive response
to the Ang Il infusion (stressed A40.2 £ 3.9 mm Hg vs. unstressed

Post-traumatic stress disorder (PTSD) is a complex psychi-
atric disorder characterized by a disordered stress response
following a traumatic event.? Multiple epidemiological
studies demonstrate that PTSD is independently associ-
ated with an increased cardiovascular disease risk, which
is manifested by enhanced sympathetic nervous system
activity and hemodynamic response, blunted baroreflex
sensitivity, and inflammation.>> Individuals with PTSD
have significantly higher levels of circulating and brain
proinflammatory cytokines (PICs) including tumor necrosis
factor (TNF)-a, interleukin (IL)-1B, and IL-6.° Animal
studies confirm these findings by showing that social stress
results in activated microglia, oxidative stress, and increased
expression of PICs in the central nervous system.“”®

A20.5 + 4.5 mm Hg) and an upregulation of mRNA or protein expres-
sion of renin-angiotensin system (RAS) and proinflammatory cytokine
(PIC) components and of a microglial marker in the lamina terminalis
and hypothalamic paraventricular nucleus when compared with un-
stressed control rats. Both the sensitized hypertensive response and
enhanced gene and protein expression were blocked by pretreat-
ment with either ACE (A21.3 £+ 3.9 mm Hg) or TNF-a inhibitor (A21.4 +
2.6 mm Hg).

CONCLUSIONS

The results indicate that upregulation of the brain RAS and PICs
produced by severe stress contributes to traumatic-induced sensitiza-
tion of hypertensive response to Ang Il, and disorders such as PTSD may
predispose individuals to development of hypertension.

Keywords: blood pressure; hypertension; inflammation; rennin-angio-
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Administration of minocycline, a microglial inhibitor, sig-
nificantly decreased these elevated cytokines and attenuated
anxious-like behaviors in stress-exposed rats.’

PTSD also leads to activation of the renin—angiotensin
system (RAS), increasing angiotensin (Ang) II synthesis in
the periphery and the central nervous system.'° Recent studies
demonstrate that the therapeutic actions of both angiotensin-
converting enzyme (ACE) inhibitors and Ang II receptor
blockers extend beyond blood pressure (BP) reduction and
have been associated with lower PTSD symptoms.!'? In nu-
merous preclinical studies, Ang II receptor blocker treatment
has also been shown to have therapeutic and protective effects
on the brain, including reductions of the stress response, anx-
iety, brain inflammation, and ischemia.*~'¢ The hypothalamic
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paraventricular nucleus (PVN) is a critical site that integrates
stress-related signals and regulates hypothalamic—pituitary—
adrenal axis and autonomic responses to stressors. Krause
et al. reported that knockdown of Ang IT type 1 receptor (AT1-
R) in the PVN attenuates the hypothalamic—pituitary-axis
neuroendocrine and anxiety stress response in rats.!” These
results suggest that the RAS is involved in the regulation of
the stress response in individuals with PTSD and that inhibi-
tion of brain AT1-R activity improves stress-related behaviors
and associated brain dysfunction.

The lamina terminalis (LT) structures include the
subfornical organ, the median preoptic nucleus, and the or-
ganum vasculosum of the LT. The subfornical organ and or-
ganum vasculosum of the LT lack the normal blood-brain
barrier and have direct projections into the PVN.!® Both the
LT and PVN are essential for the normal control sympathetic
activation and behaviors due to their receptive and integra-
tive functions.”” Using an Induction-Delay-Expression ex-
perimental protocol, our previous studies demonstrate that
activation of RAS and inflammation in the LT and PVN by
various challenges sensitizes Ang II-elicited hypertension.?*-2?

An ethologically relevant animal model of psychoso-
cial defeat is the resident-intruder paradigm. This model
involves introducing a smaller male rat, the intruder, into
the cage of a larger male, the resident. The resident imme-
diately assumes the role of the dominant animal, and the in-
truder becomes submissive and displays psychosocial defeat.
The resident-intruder paradigm is regarded as one of the
most robust models of PTSD.”?* Given that activation of the
RAS and inflammation is involved in both PTSD-induced
stress responses and challenge-induced sensitization of Ang
II hypertension, the present study investigated whether the
Ang II-elicited hypertensive response is also sensitized in
a model of PTSD, and if so, whether inhibition of ACE or
TNF-a might block traumatic stress-induced sensitization of
Ang IT hypertension. Furthermore, we examined the central
mechanisms, especially in the LT and PVN, that are active in
rats that have normal BP but are at increased risk of hyper-
tension by virtue of exposure to traumatic stress.

METHODS
Animals

All animals were maintained in a temperature (23 + 2 °C)
and light (12-h light/dark cycle) controlled facility, with un-
limited access to food and water. A total of 70 male Sprague-
Dawley rats (SD, 10 weeks old, Harlan) and 24 Long-Evans
male rats (12 weeks old, Charles River Laboratories) were
used in the present experiments. Body weight, food, and
drinking water intakes were measured one time per week.

All experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the University of Iowa
Animal Care and Use Committee.

Telemetry probe and osmotic pump implantation

Rat BP transmitters (HD-S10, DSI, St. Paul, MN) were
used to directly measure arterial pressure. The rats were

910 American Journal of Hypertension 32(9) September 2019

anesthetized with a ketamine-xylazine mixture (90% keta-
mine and 10% xylazine), and the femoral artery was accessed
with a ventral incision. The right femoral artery was isolated,
and the catheter of a telemetry probe was inserted into the
vessel. Through the same ventral incision, a pocket along
the right flank was formed. The body of the transmitter was
slipped into the pocket and secured with tissue adhesive.
The ventral incision was then closed with suture. Beginning
7 days after recovery from surgery, BP and heart rate (HR)
data collection was initiated.

In a separate procedure under isoflurane anesthesia
(0.5-5% inhalation), osmotic pumps (model 2002, ALZET)
containing Ang II (120 ng/kg/min, Sigma) were implanted
subcutaneously in the back of both the intruder (stressed)
rats and nonstressed control rats.

Resident-Intruder Stress Paradigm

The resident-intruder paradigm used to model PTSD was
modified from the resident-intruder model originally de-
veloped by Miczek.?> At 11 weeks of age, each intruder rat
(SD) was exposed to a different resident (Long-Evans) for 2
hours on 3 days with each session separated by 1 day. In this
model, social defeat was observed in the intruder with de-
feat characterized by the intruder surrendering or acquiring
a supine position for approximately 3 seconds.?® If the res-
ident showed sustained aggression, a screen partition with
holes was placed in the cage to avoid direct physical con-
tact between the resident and intruder. The intruder rat is
the “stressed” animal and the subject of these studies. Age-
matched SD rats that were not subjected to the resident-in-
truder paradigm were used as “nonstressed” controls.

Experiment 1

BP and HR were recorded by telemetry for 5 days at
baseline and then for the subsequent 34 consecutive days
during which some rats were subjected to the resident-in-
truder stress paradigm and all rats received a slow-pressor
Ang II or saline infusion for 2 weeks via osmatic minipump.
The Ang II infusion began 3 days after the last stress expo-
sure. Among the stressed rats, some were treated for the 2
weeks prior to initiating the stress paradigm with the ACE
inhibitor captopril (Cap; 0.5 mg/ml) or the TNF-a syn-
thesis inhibitor pentoxifylline (PTX; 100 mg/kg/day) in the
drinking water. Therefore, the rats comprised 5 groups (6
rats per group): (i) vehicle + nonstressed + saline (BP and
HR data not shown); (ii) vehicle + nonstressed+Ang II; (iii)
vehicle + stressed + Ang II; (iv) Cap + stressed + Ang II; and
(v) PTX + stressed + Ang II. At the conclusion of the Ang
IT treatment protocol, the animals (n = 6 per group) were
euthanized to collect brain tissue to determine mRNA and
protein expression of RAS and PIC components and a mi-
croglial marker in the LT and the PVN.

Experiment 2

Additional studies were performed to assess the effect
of the stress paradigm alone on RAS and PIC components
and microglial activity in the LT and PVN. The brains of
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nonstressed rats, stressed rats, and stressed rats pretreated
with Cap or PTX rats (n = 10 per group) were collected on
day 3 after the last stress exposure, corresponding to the time
at which Ang II infusion was initiated in Experiment 1.

Real-Time RT-PCR analysis

Total RNA was isolated from the LT and PVN using
the Trizol method (Invitrogen) and treated with DNase
I (Invitrogen, Carlsbad, CA) to remove any genomic DNA
contamination. RNA integrity was checked by gel electro-
phoresis. Total RNA was reverse transcribed following the
manufacturer’s instructions (Applied Biosystems, Foster
City, CA). Real-time PCR was conducted using 200-300 ng
of cDNA and 500 nM of each primer in a 20 pl reaction
with iQ SYBR Green Supermix (Bio-Rad, Hercules, CA).
Amplification cycles were conducted at 95°C for 3 min,
followed by 40 cycles of 95°C for 15 s and annealing/exten-
sion at 60°C for 30 s. Reactions were performed in duplicate
and analyzed using a C1000 thermocycler system (Bio-Rad).
mRNA levels for RAS components (ACE and AT1-R), PICs
(TNF-q, IL-1B, and IL-6), microglial marker (CD11b), and
GAPDH were analyzed with SYBR Green real-time RT-PCR.
The values were corrected by GAPDH, and the final concen-
tration of mMRNA was calculated using the formula x = 2-24¢),
where x = fold difference relative to control. Primers were
purchased from Integrated DNA Technologies (Coralville,
IA). The sequences of the primers are shown in Table 1.

Western blot analysis

The LT tissues were homogenized in lysis buffer, and
the protein concentration in the supernatant was meas-
ured with the BCA protein assay kit (Pierce, Rockford, IL).
Equivalent amounts of protein were separated on 4-15% so-
dium dodecyl sulfate-polyacrylamide gels and transferred
to polyvinylidene difluoride membranes (Millipore
Corporation, Bedford, MA). The membranes were blocked
in 5% nonfat dry milk for 1 h and then incubated with pri-
mary antibodies to ACE (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA), IL-1p receptor (Abcam, Cambridge, MA),
and B-actin (Cell Signaling Inc., Danvers, MA) overnight
at 4°C. After 3 washing, the membranes were incubated
with horseradish peroxidase-conjugated second antibodies

Table 1. Primer sequences for real-time PCR

(Abcam) for 1 h at room temperature. The signal was
visualized using an enhanced chemiluminescence detection
system (Amersham, Arlington Heights, IL), and densities of
the immunobands were quantitated using NIH Image] soft-
ware (Bethesda, MD). All data were corrected by B-actin.

Data analysis

Mean arterial pressure (MAP) and HR, obtained from the
telemetry recordings, are presented as mean daily values.
Differences for MAP and HR were calculated for each an-
imal based on the mean of a 5-day baseline subtracted from
the mean of the final 5 days of Ang II treatment. Two-way
ANOVA for the experimental groups was then conducted on
daily MAP, HR, or the means of calculated differences. (The
factors were stress and Ang II treatment.) After establishing
a significant ANOVA, post hoc analyses were performed
with Tukey multiple comparison tests between pairs of mean
changes. One-way ANOVAs and post hoc Tukey analyses
were used to test for the differences in body weight, drinking
water intake, mRNA or protein expression of the RAS and
PIC components, and microglial marker in the LT and PVN.
All data are expressed as means * SE. Statistical significance
was set at P < 0.05.

RESULTS

Traumatic stress sensitizes the hypertensive response to
systemic Ang Il infusion

At the end of resident-intruder paradigm induction, there
were no significant differences in MAP and HR in all groups
of rats although pretreatment with ACE inhibitor tended
to reduce basal MAP, but this was not statistically different.
However, during infusion of the slow-pressor dose of Ang II,
the stressed rats showed a significantly enhanced hypertensive
response (A40.2 = 3.9 mm Hg) compared with nonstressed
control rats (A20.5 + 4.5 mm Hg, P < 0.05, Figure 1a,b).

Effects of pretreatment with Cap or PTX on traumatic stress-
induced sensitization of Ang Il hypertension

Pretreatment with either Cap or PTX significantly
reduced the Ang II-elicited pressor response including

Gene Forward primer Reverse primer Product size (bp)
GAPDH TGACTCTACCCACGGCAAGTTCAA ACGACATACTCAGCACCAGCATCA 141
ACE GTGTTGTGGAACGAATACGC CCTTCTTTATGATCCGCTTGA 187
AT1-R CTCAAGCCTGTCTACGAAAATGAG GTGAATGGTCCTTTGGTCGT 188
TNF-a GCCGATTTGCCACTTCATAC AAGTAGACCTGCCCGGACTC 209
IL-6 GCCTATTGAAAATCTGCTCTGG GGAAGTTGGGGTAGGAAGGA 160
IL-18 AGCAACGACAAAATCCCT GT GAAGACAAACCGCTTTTCCA 209
CD11b TTACCGGACTGTGTGGACAA AGTCTCCCACCACCAAAGTG 239

ACE, angiotensin-converting enzyme 1; AT1-R, angiotensin Il type 1 receptor; TNF-a, tumor necrosis factor-a; IL-1B, interleukin-1(; IL-6,

interleukin-6; CD11b, cluster of differentiation molecule 11b.
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Figure 1. Pressor effects (aand b) and heart rate (HR) (c and d) changes

induced by angiotensin (Ang) Il in nonstressed, stressed, stressed with
pretreatment with either captopril (Cap) or pentoxifylline (PTX) rats. The
enhanced pressor effect in stressed rats was attenuated by either Cap
or PTX pretreatment (n = 6/group; *P < 0.05 vs. baseline; *P < 0.05 vs.
nonstressed or stressed rats with Cap or PTX pretreatment).

daily MAP and change from baseline MAP in the stressed
rats (Cap, A21.3 = 3.9 mm Hg; PTX, A21.4 + 2.6 mm Hg,
P < 0.05; Figure 1a,b). Chronic Ang II infusion produced
significant, but comparable decreases in HR in all groups (P
> 0.05, Figure 1c,d).

Effect of Cap or PTX on traumatic stress-induced RAS, PIC,
and microglial activity in the brain

In LT tissues collected from rats on day 3 after the last
stress exposure, stressed rats exhibited increased mRNA
expression of RAS components (ACE and AT1-R), the
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PICs (TNF-a, IL-6, and IL-1p), and the microglial marker
(CD11b) when compared with nonstressed rats (P < 0.05,
Figure 2a). Pretreatment with either ACE inhibitor or
TNF-a inhibitor blocked these stress-induced increases in
gene expression. In contrast, in PVN tissues, the stressed
rats only showed upregulation of mRNA expression of
TNF-a and CD11b, and only increased CD11b expression
was reversed by pretreatment with Cap or PTX (P < 0.05,
Figure 2b).

Western blot analysis to confirm the effects of traumatic
stress on genomic expression revealed increased ACE and
IL-1P protein in the LT of the stressed rats, both of which
were significantly attenuated by pretreatment with either
Cap or PTX (P < 0.05, Figure 3).

Effect of Cap or PTX on stress-induced plus Ang ll-induced
RAS, PIC, and microglial activity

In LT tissues, the slow-pressor Ang II infusion resulted in
a significant increase in mRNA expression of ACE, TNF-a,
IL-6,1L-1f, and CD11b in both nonstressed and stressed rats
when compared with the saline group (P < 0.05, Figure 4a).
The mRNA expression of AT1-R was not higher after Ang
II (P > 0.05). Compared with the nonstressed rats treated
with Ang II, the stressed rats exhibited enhanced expression
of IL-6 and CD11b (P < 0.05), but not ACE, TNF-qa, and
IL-1B (P > 0.05) after Ang II treatment (Figure 4a). Either
Cap or PTX significantly attenuated the increased mRNA
expression of ACE, IL-1p, and IL-6 (P < 0.05), but TNF-a
expression remained high in stressed rats following Ang II
administration (P > 0.05). mRNA expression of AT1-R was
upregulated in PTX-pretreated rats when compared with
other rats (P < 0.05, Figure 4a).

In PVN tissues, Ang II infusion elicited a significant in-
crease in the mRNA expression of ACE, TNF-a, IL-1p, IL-6,
and CDI11b in both nonstressed and stressed rats when
compared with the saline group (P < 0.05, Figure 4b). The
mRNA expression of AT1-R was not higher after Ang II (P
> 0.05). The stressed rats showed enhanced mRNA expres-
sion of ACE, TNF-q, IL-6, and CD11b after Ang II treatment
(P<0.05, Figure 4b). Cap pretreatment reversed the increased
gene expression of ACE, IL-1f, but TNF-q, IL-6, and CD11b
remained high in stressed rats after Ang II infusion (P < 0.05,
Figure 4b). mRNA expression of AT1-R was upregulated in
Cap-pretreated rats (P < 0.05, Figure 4b). In contrast, PTX
pretreatment significantly attenuated most of the increased
mRNA expression including ACE, IL-1p, IL-6, and CD11b
(P < 0.05, Figure 4b), and TNF-a expression remained high
in stressed rats after Ang II infusion (P > 0.05, Figure 4b).

Effects of the PTSD paradigm and Ang Il infusion on body
weight and food and water intakes

There were no differences in basal body weight among
groups. The stress induction and Ang II infusion had no
effect on rat growth: body weight gradually increased and
there was no difference between groups (nonstressed + sa-
line, 354.6.0 + 3.9 to 453.0 = 2.1 g; nonstressed + Ang II,
358.6 + 6.1 to 448.6 + 8.7 g; stressed + Ang II 349.4 + 3.1
to 449.0 = 7.9 g). However, pretreatment with either Cap
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Figure 2. Quantitative comparison of the mRNA expression of renin—
angiotensin system components, proinflammatory cytokines, and mi-
croglial marker in the lamina terminalis (LT) and paraventricular nucleus
(PVN) in nonstressed, stressed, stressed with pretreatment with either
captopril (Cap) or pentoxifylline (PTX) rats before angiotensin Il infusion
(@ and b) (n = 5 per group; *P < 0.05 vs. nonstressed rats; P < 0.05 vs.
stressed rats without pretreatment).

or PTX induced a slower increase in body weight when
compared with nonpretreated rats (Cap + stressed + Ang II,
344.2 £ 4.4t0413.0 + 8.3 g; PTX + stressed + Ang II, 351.0 +
5.8t0417.7 £ 5.9 g, P < 0.05; Figure 5a).

Pretreatment with either Cap or PTX for 2 weeks
decreased the water intake (Cap, 185.6 + 5.6 to 141.7 *
7.5 ml/week; PTX, 171.3 + 5.7 to 128.3 + 3.7 ml/week;
P < 0.05), whereas the stress induction had no effects. Two
weeks of Ang II treatment resulted in a significant and sim-
ilar increase in water intake in all groups (nonstressed + Ang
I1, 245.3 £ 10.8 ml/week; stressed + Ang II, 228.7 £ 5.9 ml/
week; Cap + stressed + Ang II, 216.0 + 11.2 ml/week;
PTX + stressed + Ang II, 216.7 + 12.7 ml/week; P < 0.05;
Figure 5b) when compared with saline treatment (177.7 *
6.7 ml/week).

There were no significant differences in food intake
among groups during the entire experimental period (P >
0.05, Figure 5¢).

DISCUSSION

The major findings of the present study are as follows:
(i) Ang II administration resulted in an enhanced hyper-
tensive response in stressed rats, which was reversed by ei-
ther Cap or PTX pretreatment, and (ii) prior to challenging
rats with a pressor dose of Ang II, the stressed rats showed
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Figure 3. Representative western blots and quantitative compar-
ison of protein levels for ACE (a and b) and IL-1f (a and ¢) in the LT of
nonstressed, stressed, stressed with pretreatment with either captopril
(Cap) or pentoxifylline (PTX) rats before angiotensin Il infusion. Values are
corrected by B-actin and expressed as mean + SEM (n = 5 per group; *p <
.05 vs. nonstressed rats; #p < 0.05 vs. stressed rats without pretreatment).

upregulated expression of RAS components, PICs, and a mi-
croglial marker mainly in the LT when compared with the
nonstressed controls. The stress paradigm further enhanced
Ang II-induced changes in some of the genes expressed
in both the LT and PVN, and some of these changes were
prevented by pretreatment with either Cap or PTX. These
results demonstrate that upregulation of the brain RAS and
PICs produced by a severe stress can sensitize the hyperten-
sive response to Ang II. These findings suggest a potential
mechanism for the increased susceptibility to hypertension
among patients with PTSD.

Stressors that elicit a stress response are of 2 types: phys-
iological stressors and psychosocial stressors. Physiological
stressors are challenges that result from an immediate
disruption in homeostasis (e.g., hypoxia, hypovolemia,
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Figure 4. Quantitative comparison of the mRNA expression of
renin—angiotensin-aldosterone system components, proinflammatory
cytokines, and microglial marker in the lamina terminalis (LT; a) and
paraventricular nucleus (PVN; b) of nonstressed, stressed, stressed with
pretreatment with either captopril (Cap) or pentoxifylline (PTX) rats
after angiotensin (Ang) Il administration (n = 6 per group; *P < 0.05
vs. nonstressed + saline; P < 0.05 vs. nonstressed+Ang II; tP < 0.05 vs.
stressed + Ang Il).

extracellular hypertonicity, hypoglycemia, etc.).?”-* In con-
trast, psychosocial stressors, such as the resident-intruder
paradigm, do not immediately disrupt homeostasis but are
perceived as posing a potential threat that may eventuate
in compromising physical or psychological integrity (e.g.,
restraint, psychosocial defeat).?’-?’ Psychosocial stressors
eliciting sustained or repeated activation of the defense re-
action and sympathetic nervous system activation have been
demonstrated to be important causes of hypertension.*-33
In the previous studies, we used an Induction-Delay-
Expression experimental design to study physiological
stressor-induced sensitization of the hypertensive response.
In these studies, during Induction rats were exposed over a
relatively short period of time to various types of challenges,
such as low doses of Ang II or aldosterone, leptin, high-fat
diet feeding that did not produce any sustained effect on BP.
Then following a period of Delay, a sensitized hypertensive
response to a slow-pressor dose of Ang II was observed in
these rats when challenged during a period of Expression.20-%
The present study tested the hypothesis that a psychoso-
cial stressor, in this case social defeat in a resident-intruder
experimental model of PTSD, might induce sensitization of a
hypertensive response. We demonstrated that this post-trau-
matic stress paradigm, which alone did not alter basal BP
and HR, led to an enhanced hypertensive response to Ang
II treatment. This finding is consistent with many studies on
PTSD in humans, showing that PTSD is independently asso-
ciated with an increased cardiovascular disease risk including
hypertension.** It has been shown that PTSD patients from
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military and general populations have decreased HR vari-
ability, suggestive of increased sympathetic and decreased
parasympathetic tone to the heart.’>* The resting systolic
BP, diastolic BP and HR, as well as BP reactivity to anx-
iety were all significantly higher in the PTSD group.’”*
Likewise, the present study revealed the sensitizing effect of
stress on the hypertensive response in PTSD animal model,
suggesting that PTSD can predispose individuals to exacer-
bation of renin-angiotensin-elicited hypertension.

Numerous studies have demonstrated microglial activation
and enhanced PIC expression in a variety of stress models.*
Increased levels of PICs such as TNF-q, IL-1B, and IL-6 are
observed in PTSD patients and animal models that exhibit
increased risk for cardiovascular disease.>***! Furthermore,
augmented inflammation prior to a traumatic event may in-
crease risk for subsequent development of PTSD symptoms
following trauma, supporting a potential role of inflammation
in the pathophysiology of PTSD.# In general, the microglial
activation and increased PIC expression occur particularly
within brain regions involved in the stress response including
the frontal cortex, hypothalamus, amygdala, and hippo-
campus.>? Inhibition of microglia by systemic minocycline
administration significantly decreased the elevated cytokines
in these nuclei and attenuated anxiety-like behaviors in
the stress-exposed animals.>**** Central blockade of IL-1f
also blunts the stress-induced pressor response.*> The pre-
sent study extends the above studies by showing that trau-
matic stress not only resulted in microglial activation and
upregulation of PIC expression, but also enhanced Ang
II-induced changes in expression of these genes in the LT and
PVN, two critical nuclei involved in BP regulation. Similar
to the brain inflammatory response to post-traumatic stress,
hypertension and sensitization of hypertensive response are
also characterized by activation of microglia and chronic in-
flammation in the central nervous system that contribute to
enhanced sympathetic activity and blunted baroreflex sen-
sitivity, and anti-inflammatory treatments have been shown
to affect autonomic, baroreceptor function, and hypertensive
sensitization response.2**144” Based on the role of microg-
lial activation and inflammation in both PTSD symptom
severity and development of hypertension,?*2!:43-% it can be
speculated that the traumatic stress-induced activation of
microglia and increased expression of PICs in the LT and
PVN may account, at least in part, for sensitization of Ang
II hypertension in the present study. This is due to inhibi-
tion of TNF-a production not only reversed traumatic stress-
induced microglial activation and PIC expression, but also
significantly diminished the sensitization of Ang II-induced
hypertension.

It has been shown that many types of stress promote
RAS activity including increased brain Ang II synthesis and
upregulated ACE and AT1-R expression, especially in the LT
structures (subfornical organ and organum vasculosum of
the LT) and downstream in the PVN.1%°! Variants of the ACE
gene associated with higher enzyme activity and Ang II syn-
thesis are associated with post-traumatic stress symptoms
and affect the outcomes of angiotensin-pathway medications
on PTSD.'"" Many studies have demonstrated that treatment
with either Ang II receptor blockers or ACE inhibitors not
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Figure 5. Changes in body weight (a) and in drinking water intake (b)
during pretreatment with either captopril (Cap) or pentoxifylline (PTX),
stress induction, and angiotensin (Ang Il) administration (W = week;
n = 6 per group; SP < 0.05 vs. basal body weights; *P < 0.05 vs. water in-
take before Ang Il infusion; #P < 0.05 vs. body weight or water intake in
nonpretreatment groups).

only reduces BP levels, but also decreases anxiety and de-
pression in hypertensive and diabetic patients and in an-
imal PTSD models.!>1%°2%3 In the present study, we found
that the traumatic stress condition upregulated expression
of ACE and AT1-R in the LT and enhanced Ang II-induced
upregulation of ACE expression in the PVN, which were
blocked by pretreatment with ACE inhibitor. It is well es-
tablished that RAS hyperactivity in the central nervous
system is associated with increased BP and sensitization of
hypertensive response.?0-2* Therefore, the upregulated RAS
components induced by traumatic stress are also likely to
contribute to the sensitized hypertensive response to Ang II
in the present study.

It should be noticed that first, in stressed rats without
Ang II treatment, the mRNA expression of all RAS and PIC
components and the microglial marker assessed in this study
were upregulated in the LT. Only TNF-a and the microglial
marker expression were increased in the PVN, whereas for
most of these genes, expression was upregulated in both the
LT and PVN after Ang I infusion. The results may reflect the
differences in the brain location between these 2 structures
(outside vs. inside blood-brain barrier) and the nature of
the conditions involving the 2 structures (stress alone vs.
stress + Ang II). Therefore, besides the direct activation of
these 2 structures involved in BP regulation through neural
network connections with stress-related nuclei such as hip-
pocampus, amygdala,'® the LT and PVN activation initiated
by peripherally heightened RAS and inflammation induced
by stress and systemic Ang II infusion cannot be ruled out in
the present study. Second, blockade of either ACE or TNF-a
production reversed all of stress-induced upregulation of
RAS and PIC components and a microglial marker, indica-
tive of a mutually necessary cooperative action between the
RAS and PICs that contributes to traumatic stress-induced
sensitization of Ang II hypertension. This is consistent with
the established notion that the crosstalk between RAS and
inflammatory signaling within the brain increases sympa-
thetic output and cardiovascular dysfunction in a positive
feedback manner, which contributes to the development and
progression of hypertension.**>> Third, we found that ad-
ministration of either ACE inhibitor or TNF-a inhibitor in
drinking water reduced the water intake during the treat-
ment period, but drinking behavior was restored to normal
as the protocol progressed. As a result, the body weights for
those animals were less than for those without Cap or PTX
treatment although they had similar food intake. It has been
shown that high doses of Cap or PTX in the drinking water or
food induce a taste aversion and a side effect of stomach upset
that make animals drink less and gain less body weight.>¢>7
Therefore, the changes in water intake and body weight in-
duced by Cap or PTX may be attributed to an aversion for the
drinking water. It seems unlikely that these changes would
have significantly affected our results.

In summary, epidemiological studies and animal
experiments demonstrate a link between PTSD and cardio-
vascular disease and hypertension, in which RAS activation
and inflammation contribute to compromised cardiovascular
health in PTSD. The present study further demonstrates that
upregulation of the brain RAS and PICs produced by severe
stressors in this model of PTSD contributes to sensitization
of the hypertensive response to Ang II. Our studies pro-
vide insight into the potential central mechanisms by which
the PTSD induces hypertensive response sensitization, and
may be useful in generating new therapeutic approaches
(i.e., targeting central RAS and inflammatory signaling) to
the treatment of hypertension in those suffering from both
mental and cardiovascular diseases.
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