Interference With Peroxisome Proliferator-Activated
Receptor-y in Vascular Smooth Muscle Causes Baroreflex
Impairment and Autonomic Dysfunction
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Abstract—S-P467L. mice expressing dominant negative peroxisome proliferator-activated receptor-y selectively in
vascular smooth muscle exhibit impaired vasodilation, augmented vasoconstriction, hypertension, and tachycardia. We
hypothesized that tachycardia in S-P467L mice is a result of baroreflex dysfunction. S-P467L mice displayed increased
sympathetic traffic to the heart and decreased baroreflex gain and effectiveness. Carotid arteries exhibited inward
remodeling but no changes in distensibility or stress/strain. Aortic depressor nerve activity in response to increased
arterial pressure was blunted in S-P467L mice. However, the arterial pressure and heart rate responses to aortic depressor
nerve stimulation were unaltered in S-P467L mice, suggesting that the central and efferent limbs of the baroreflex arc
remain intact. There was no transgene expression in nodose ganglion and no change in expression of the acid-sensing
ion channel-2 or -3 in nodose ganglion. There was a trend toward decreased expression of transient receptor potential
vanilloid-1 receptor mRNA in nodose ganglion, but no difference in the immunochemical staining of transient receptor
potential vanilloid-1 receptor in the termination area of the left aortic depressor nerve in S-P467L mice. Although there
was no difference in the maximal calcium response to capsaicin in cultured nodose neurons from S-P467L mice, there
was decreased desensitization of transient receptor potential vanilloid-1 receptor channels. In conclusion, S-P467L mice
exhibit baroreflex dysfunction because of a defect in the afferent limb of the baroreflex arc caused by impaired vascular
function, altered vascular structure, or compromised neurovascular coupling. These findings implicate vascular smooth
muscle peroxisome proliferator activated receptor-y as a critical determinant of neurovascular signaling. (Hypertension.
2014;64:590-596.) ® Online Data Supplement
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Peroxisome proliferator-activated receptor-y (PPARY) is
a ligand-activated transcription factor belonging to the
nuclear receptor superfamily. Classically, PPARy plays an
important role in adipogenesis and metabolic processes but
has recently emerged as a crucial element in cardiovascular
diseases such as hypertension. Mutations of PPARYy lead to
hypertension in humans and in experimental animal models.'
Moreover, thiazolidinediones, high-affinity PPARYy agonists,
which increase insulin sensitivity, have been shown to be help-
ful in lowering arterial pressure (AP) and improving vascular
function.?

We have previously shown that mice carrying a domi-
nant-negative form of PPARY specifically in smooth mus-
cle (S-P467L mice) exhibit hypertension, severe aortic
dysfunction, and hypertrophy of cerebral arterioles.* Vascular

dysfunction occurs because of impaired expression of the
PPARY target gene regulator of G-protein signaling 5 (RGS5)
leading to enhanced myogenic tone and angiotensin-II-medi-
ated contraction in the mesenteric circulation, and impaired
function of the cullin-3, cullin ring ligase pathway leading
to increased RhoA and Rho kinase activity in the aorta.>®
Interestingly, these transgenic mice also exhibited robust
tachycardia despite increased systemic AP, suggesting that
interference with vascular smooth muscle PPARY may impair
the baroreflex.*

The baroreflex is an important beat-to-beat regulator of AP
and heart rate (HR). Baroreceptors, located in the adventitia
of the aortic arch and carotid sinus, provide a highly sensi-
tive system that detects changes in AP. These receptors send
afferent signals to the central nervous system, and the efferent
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innervation of blood vessels, heart, and kidneys make adjust-
ments to maintain normal AP’ Clinical and experimental
hypertension commonly involves cardiovascular autonomic
impairment associated with high sympathetic activity and
blunted baroreflex sensitivity with baroreceptor resetting.®
In this study, we hypothesize that the tachycardia observed
in S-P467L mice is attributable to cardiovascular autonomic
impairment and baroreflex dysfunction. Our data suggest that
impairment in PPARYy function in smooth muscle can impair
neurovascular coupling, which can attenuate afferent signal-
ing to the central nervous system.

Materials and Methods

A detailed description of the transgenic mouse model, baseline cardio-
vascular measures, assessment of baroreflex sensitivity and efficacy,
spectral analysis, mechanical properties of carotid artery, primary cul-
tures of mouse nodose ganglia (NG), neurovascular coupling including
calcium imaging as a measure of transient receptor potential vanilloid-1
receptor channels (Trpv1) functional properties, molecular measures,
and data and statistical analysis are provided in the online-only Data
Supplement. All studies were approved by the Institutional Animal
Care and Use Committee in compliance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Results

We first measured AP and HR with radiotelemetry. S-P467L
mice exhibited elevated AP (Figure 1A) and were markedly
tachycardic (Figure 1B). Intrinsic HR, measured after simulta-
neous sympathetic and parasympathetic blockade, was elevated
in S-P467L mice (Figure 1B). Consistent with increased sym-
pathetic outflow to the heart, we observed a larger bradycardic
response in S-P467L mice after administering the (3-adrenergic
antagonist propranolol (Figure 1C). Similarly, the methyl-atro-
pine induced tachycardic response was significantly smaller in
S-P467L mice. Power spectral analysis revealed comparable
relative low-frequency and high-frequency components between
groups (Figure S1A in the online-only Data Supplement). The
low-frequency component of HR (Figure S1B) and AP (Figure
S1C) predominated in S-P467L mice. S-P467L mice also exhib-
ited increased systolic AP variability (Figure S1D). Applying
the sequence method to examine spontaneous baroreflex fluc-
tuations of AP revealed no changes in the number of sequences
(Figure S1E), but S-P467L mice exhibited decreases in both
baroreflex gain (Figure S1F) and effectiveness (Figure S1G).

To assess whether the impairment in baroreflex function is
because of alterations in vessel structure or function or both,
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the mechanical properties of carotid arteries were determined
in the absence of vascular tone. The lumen diameter was sig-
nificantly reduced in S-P467L carotid arteries across all pres-
sures tested (Figure 2A). However, there were no differences
in vascular distensibility (Figure 2B), and although the stress—
strain curve was shifted to the right in S-P467L carotid arter-
ies, the slope was not statistically different between the groups
(Figure 2C, nontransgenic: 2.61+0.03, S-P467L: 2.38+0.11;
P>0.05), suggesting a similar stiffness.

Because baroreflex dysfunction in S-P467L mice could
originate from either the afferent or the central (efferent) limb,
we analyzed AP and HR in conjunction with aortic depressor
nerve (ADN) activity at baseline and in response to various
stimuli. We first examined the HR response to phenylephrine
and sodium nitroprusside in nontransgenic and S-P467L mice
under conscious conditions. S-P467L mice exhibited tachy-
cardia at baseline (621+18 versus 527+26 bpm; P<0.01) and
moderately elevated systolic AP (149.3+10.1 versus 139.5+8.4
mmHg). S-P467L and nontransgenic mice exhibited equiva-
lent pressor and depressor responses to phenylephrine and
sodium nitroprusside, respectively (Figure 3A). Although
both S-P467L and nontransgenic mice exhibited similar
tachycardic responses to sodium nitroprusside, the brady-
cardic response to phenylephrine was significantly blunted in
S-P467L mice (Figure 3B).

We next measured ADN activity in nontransgenic and
S-P467L mice under anesthesia. ADN activity occurred in bursts
and was synchronous with the AP pulse in both nontransgenic
and S-P467L mice (Figure S2; Figure 4A and 4B).” There was
no difference in baseline ADN activity between S-P467L (95+13
spikes/s) and nontransgenic (9749 spikes/s) mice. The ADN
response to sodium nitroprusside was comparable between non-
transgenic and S-P467L mice (Figure 4C and 4D). ADN activity
rose abruptly in response to the pressor effects of phenylephrine
in both groups, but the magnitude of the response was markedly
blunted in S-P467L mice (Figure 4C and 4D).

The sigmoidal fitting ADN-AP curve is shown in Figure 5.
The baroreflex range, gain, and saturation pressure (MAPsat)
were all significantly decreased in S-P467L mice, whereas the
mean arterial pressure at 50% of ADN activity and threshold
pressure were not different between groups (Table). To exam-
ine the central integration of the afferent signal, we directly
stimulated the ADN and monitored changes in AP and HR.
Unlike the impaired response in S-P467L induced by acute
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Figure 1. Arterial pressure and heart rate. Measurement of systolic arterial pressure (SAP), mean arterial pressure (MAP), diastolic arterial
pressure (DAP), heart rate (HR), and intrinsic heart rate (iHR), using radiotelemetry. A, Average 1-hour recording of SAP, MAP, and DAP.
B, Average HR over a 1-hour period calculated from the arterial pressure (AP) recordings and iHR calculated from the AP recordings after
simultaneous blockage of sympathetic and vagal tone to the heart with propranolol and methyl-atropine, respectively. C, HR response

to intraperitoneal injection of methyl-atropine (ATR) and propranolol (PROP). S-P467L (black) and nontransgenic (gray) mice. *P<0.05 vs

nontransgenic (NT; n=8).
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increase in AP, the systolic AP and HR responses to ADN stim-
ulation exhibited no differences between groups (Figure 6).
We next determined whether defects in the NG contribute to
the impaired baroreflex sensitivity in S-P467L mice. Because
PPARY expression was recently identified in nodose neurons,
we first assessed whether the smooth muscle promoter-driven
transgene was expressed in NG in S-P467L mice.!’ No sig-
nal was detected in either the aorta or NG of nontransgenic
mice. Although a signal (Ct value =28) was detected in NG
from S-P467L mice, it was expressed =500-fold less than in
the aorta (Figure S3A). There was no significant change in
expression of the PPARY target genes CD36 or aP2 in NG
from P467L compared with nontransgenic (data not shown).
Previous studies reported that the acid-sensing ion channel-2
(ASIC2) is expressed in aortic baroreceptor neurons and
that Asic2-deficient mice exhibit baroreflex dysfunction.
However, there was no difference in the level of expression
of either Asic2 (Figure S3B) or Asic3 (Figure S3C) mRNA in
the NG of S-P467L mice. Trpvl1 receptor channels have been
implicated in baroreflex function,'? but there was no detect-
able expression of Trpvl mRNA in the aorta. Initial investiga-
tions suggested a decrease in mRNA encoding Trpvl in NG
from S-P467L mice, but ultimately, this trend was not signifi-
cant (Figure S3D). Based on our early finding, we assessed
whether there was histological evidence to support a defect
in neural vascular coupling at the aorta arch. No obvious dif-
ferences were observed between nontransgenic and S-P467L
mice in the immunochemical staining pattern of Trpvl in the
termination area of the left ADN (Figure 7A—7F). In all speci-
mens, both thick and thin fibers could be seen arising from the
ADN in the aortic wall and bouton-like swellings and heavily
branched terminal arrays similar to those reported elsewhere."?
The mean numbers of grid intersections were 18.9+15.5 and
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Figure 3. Blood pressure (BP) and heart rate (HR) response

to phenylephrine (PE) and sodium nitroprusside (SNP). The
change in systolic BP (SBP; A) and HR (B) in conscious S-P467L
and nontransgenic (NT) mice is shown in response to slow
intravenous infusion of PE (5 ng) followed by SNP (5 ng).
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Figure 2. Vascular mechanics. A, The passive
diameter of the carotid artery was assessed under
calcium-free conditions in response to increases
in intraluminal pressure. B, Distensibility was
calculated from the pressure diameter relationship.
S-P467L (n=6); nontransgenic (NT; n=5); *P<0.05
vs NT. C, A stress—strain curve was calculated from
the internal and external diameter of the vessels
that were exposed to a series of pressure steps
from 0, 10, 20, 30, 50, 75, 100, 125 to 150 mmHg.
S-P467L (n=4); NT (n=3).

1.5

18.6+£10.7 (nontransgenic versus S-P467L, =0.237; P=1.0)
for large fibers and 6.57+7.9 and 9.2+7.81 (nontransgenic ver-
sus S-P467L, =0.851; P=0.4), indicating that there was no
difference between the mean number of large fiber intersec-
tions and only a modest difference for fine fiber intersections.

Finally, we examined whether there was any change in the
number of functional Trpv1 channels in the NG neurons by mon-
itoring Trpv1-mediated increase in intracellular Ca** ([Ca**])
responses (Figure 7G)."* No significant change was observed in
the magnitude of capsaicin-induced [Caz"]i rise, normalized to
the KCl-induced [Ca*], rise in NG neurons of either genotype
(Figure 7H), indicating no change in the levels of functional
Trpvl channel in these neurons. Interestingly, there was a signif-
icant decrease in the magnitude of Trpv1 channel desensitization
in the NG neurons from S-P467L mice (Figure 71).

Discussion

There is emerging evidence that the ligand-activated transcrip-
tion factor PPARY, best known for its regulation of adipogen-
esis, lipid metabolism, and insulin sensitivity, plays autocrine
roles in tissues outside of its classical sites of action (eg, liver,
skeletal muscle, and adipose tissue). Endothelial PPARY-
deficiency (through gene ablation) or PPARY-interference
(using a dominant-negative mutant) results in impaired nitric
oxide-mediated vasodilatation and increased AP in response
to a high-fat diet.”>'” Smooth muscle PPARy-deficiency blunts
the protective effects of thiazolidinediones on atheroscle-
rosis and augments angiotensin II-induced oxidative stress,
inflammation, and vascular remodeling.'®!® Selective vascu-
lar smooth muscle interference with PPARYy causes a loss of
nitric oxide responsiveness, an increase in vasoconstriction,
and hypertension.*

Despite mild hypertension, S-P467L mice exhibit robust
tachycardia, suggesting impaired autonomic function.®
S-P467L. mice exhibited a blunted tachycardic response
to vagal blockade and a markedly augmented bradycardic
response to sympathetic blockade. The direct measurements
of HR in response to pharmacological blockade suggest that
there is increased sympathetic activity to the heart. This con-
clusion was further supported by spectral analysis, although it
should be noted that the application and usefulness of spectral
analysis remains controversial.

HR can be controlled by baroreceptors and chemorecep-
tors on free nerve endings in the aortic arch and carotid sinus,
which transmit afferent signals to the brain in response to the
local stretch of the vessel or changes in oxygen or pH.?*!
Theoretically, a lesion in any portion of the baroreflex arc
can lead to baroreflex impairment. That the ADN response
to an increase in AP was severely impaired in S-P467L mice
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Figure 4. Relationship between arterial pressure, heart rate, and aortic depressor nerve activity. Representative tracings of blood
pressure and aortic depressor nerve (ADN) activity in anesthetized nontransgenic (NT; A) and S-P467L (B) mice. The change in ADN
activity (C and D) is shown in response to changes in arterial pressure induced by infusion of sodium nitroprusside (SNP) followed by
phenylephrine (PE). S-P467L (black) and nontransgenic (gray) mice. NT (n=10); S-P467L (n=8); *P<0.05 vs NT.

suggests impairment in the afferent limb of the baroreflex arc.
That the HR response to direct ADN stimulation was normal
suggests that the central and efferent limbs of the baroreflex
are functioning normally. This stands in contrast to other mod-
els of hypertension including the spontaneously hypertensive
rat, deoxycorticosterone acetate-salt—treated rat, and obese
Zucker rat, where the depressor response elicited by direct
stimulation of ADN was attenuated suggesting a defect in the
central component of the baroreflex arc.?>** Unlike the spon-
taneously hypertensive rat, which exhibits marked hyperten-
sion, the S-P467L mouse model displays only a small increase
in arterial blood pressure but profound baroreflex dysfunc-
tion. Therefore, it is unlikely that the baroreflex dysfunction
observed in S-P467L mice is because of increased AP.

The mechanical properties of the vascular wall and sub-
stances released by vascular cells have major influence on
baroreceptor activity. For example, impaired release of
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Figure 5. Baroreflex curves. Analysis of baroreceptor afferent
function curves derived from responses to intravenous injections
of sodium nitroprusside and phenylephrine in S-P467L (filled

circles) and nontransgenic (NT; open circles) mice. ADN indicates
aortic depressor nerve; and MAP, mean arterial pressure.

prostacyclin, increased generation of reactive oxygen spe-
cies, and platelet aggregation have been shown to reduce
baroreceptor activity during hypertension and atheroscle-
rosis.” Apolipoprotein E—deficient mice were reported to
exhibit both hypertension and tachycardia, suggesting that
hypercholesterolemia, atherosclerosis, or vascular structure
and function or all of these may affect baroreflex regula-
tion.” Vascular hypertrophy has been previously associated
with the degree of baroreflex impairment.”” We showed here
that there was a decrease in the diameter (without a change in
wall thickness) of the carotid artery, and our previous obser-
vations indicate that cerebral arterioles, but not mesenteric
arteries, in S-P467L mice undergo hypertrophy, increased
distensibility, and remodeling.*> Thus, we must consider the
possibility that the baroreceptor afferents in S-P467L mice
may be unresponsive to increases in AP because of struc-
tural changes in the vessel. Alternatively, functional defects
in the vessel may be playing an important role. Previous
ex vivo studies revealed that the aorta from S-P467L mice
exhibits markedly impaired responses to both endogenous

Table. Baroreflex Parameters

Parameter NT S-P467L
Range, mmHg 114+4 85+4*
Gain, %max 1.69+0.08 1.26+0.05*
MAP50, mm Hg 101+2.4 95+2
MAPth, mmHg 45+2 46+4.9
MAPsat, mmHg 172+5.3 156+3.8*

Tabulated data derived from individual curves. NT (n=10); S-P467L (n=8).
MAP50 indicates mean arterial pressure at 50% of aortic depressor nerve
activity; MAPsat, mean arterial saturation pressure; MAPth, mean arterial
threshold pressure; and NT, nontransgenic.

*P<0.05 vs NT.
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Figure 6. Heart rate (HR) and arterial pressure (AP) responses
to aortic depressor nerve (ADN) stimulation. Reflex decreases
in systolic AP (ASAP, A) and heart rate (AHR, B) in response to
electric stimulation of the ADN in anesthetized S-P467L (filled
circles) and nontransgenic (NT; open circles) mice (n=9 per

group).

and exogenous nitric oxide.*** Interestingly, mesenteric
vessels from S-P467L mice display large conductance Ca*—
activated K* channel dysfunction,’ and polymorphisms in
the KCNMBI gene encoding the 1 subunit is associated
with HR variability and baroreflex function in humans.*

PPARY is expressed in primary cultured microglia and corti-
cal neurons where its protective effects may be a result of its
antioxidant and anti-inflammatory actions.*>*! PPARY is also
expressed in the arcuate nucleus of the hypothalamus where
it regulates the activity of a subset of neurons to control food
intake.*>33 Nevertheless, it remains unclear whether PPARY
is expressed in the afferent nerves communicating baroreflex
signals from the peripheral vasculature to the brain. Recently,
PPARY expression in the vagal nerve was reported to play a
role in high-fat diet-induced thermogenesis.'® We found no
evidence for the expression of the transgene encoding domi-
nant-negative PPARY, nor a change in expression of 2 PPARY
target genes in peripheral NG nerves. Thus, PPARY in nerves
derived from the aortic arch and carotid sinus baroreceptors
was unlikely to be affected. Asic2, Asic3, and Trpv1 have been
mechanistically implicated to modulate the baroreflex.''
There was no change in Asic channel expression, but initial
studies suggested that expression of Trpv1 might be decreased.
This was attractive because Trpv1 channels are localized on the
nerve fibers and terminals in the aortic arch and in NG neurons
and because ablation or inhibition of Trpv1-containing neu-
rons blunts the baroreflex.!?> Although there were no detectable
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Figure 7. Neurovascular coupling and function of transient receptor potential vanilloid 1 receptor (Trpv1) channels in nodose ganglia
neurons. Fibers and terminals of the aortic depressor nerve (ADN) on the aortic arch (aa) immunochemically stained with an antibody
against Trpv1 in nontransgenic (NT) and S-P467 transgenic mice. A, Low-power micrograph from a whole-mount preparation from a NT
animal showing the ADN innervating the region of the aortic arch at the junction with the left common carotid artery (cc). B, Preparation
similar to that in A from a S-P467L mouse. Note the similar appearance of the ADN and its arborizations in both mice. C and D, Complex
endings of Trpv1 positive ADN axons in the vicinity of the aortic arch-left carotid junction. E and F, Arborizations of thin Trpv1 positive
axons on the anterior wall of the aortic arch. Scale bars in A and B, 250 um; scale bars in C-F, 25 um. G, Representative traces of

Ca?* imaging in response to 2 successive capsaicin applications (100 nmol/L, 15 seconds), followed by KCI application (50 mmol/L, 30
seconds) in nodose ganglia neurons. H, Maximal capsaicin-induced intracellular Ca?* ([Ca?*]) responses normalized to KCI. I, Magnitude
of Trpv1 desensitization, expressed as the ratio of second vs first capsaicin-induced peak [Ca?]; in the same neuron. n=38 for NT and
n=58 for S-P467L (*P<0.05 vs NT).
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differences in the number of Trpvl-expressing fibers at the
termination of the left ADN, and no change in the maximal
response to the Trpv1 ligand capsaicin, there was a significant
decrease in the extent of channel desensitization in cultured
NG neurons from S-P467L mice. This decrease in the magni-
tude of Trpv1 desensitization could lead to prolonged channel
opening duration, which could promote action potential firing,
that is, increased excitation of these neurons on Trpvl activa-
tion. Physiologically, the Trpv1 channel could be activated by
acidic pH (£6.0) or noxious temperatures (=43°C).** However,
pathological conditions (eg, inflammation) could lead to the
activation of Trpv1 at normal body temperature, as well as by
relatively weak acidic pH (26.8-6.4).!*% Under such circum-
stances, if the Trpvl channel desensitization is decreased, it
could lead to prolonged excitation of NG neurons. Of course,
we recognize that this would stand in apparent contradiction to
data showing that loss of Trpvl causes baroreceptor dysfunc-
tion."? It is also possible that the decrease in channel desen-
sitization constitutes a compensatory effect elicited by the
decrease in Trpv1 expression, which could ultimately lead to a
normalization of channel function.

Perspectives

The most important observations from this study are that mice
with impaired PPARY activity in vascular smooth muscle
exhibit tachycardia mechanistically caused by any combination
of the following: (1) increased cardiac sympathetic nervous sys-
tem activity, (2) impaired baroreflex, and (3) a blunted ADN
response to increased AP localized to the afferent limb of the
baroreflex arc. Therefore, there may be some degree of baro-
reflex failure in S-P467L mice, which drives the increased HR.

Alteration in baroreflex function is a common problem
in diabetes mellitus. Baroreflex sensitivity is decreased in
patients with impaired glucose tolerance®® and is blunted in
patients with diabetes mellitus.?” Likewise, animal models of
diabetes mellitus display baroreflex alterations in a similar
fashion to human diabetes mellitus.*®** Depressed baroreflex
sensitivity was reported to be predictive of other cardiovascu-
lar events in diabetes mellitus.*® Of greatest relevance to the
current study, pioglitazone, a high-affinity synthetic PPARY
agonist, increased baroreflex sensitivity in type Il patients with
diabetes mellitus.*' Similarly, rosiglitazone, another member
of the thiazolidinedione family of PPARY agonists, improves
baroreflex gain in rats with diet-induced obesity.** Given that
diabetes mellitus is often associated with PPARY impairment,
these findings combined with our current study raise the pos-
sibility that diabetes mellitus—associated baroreflex alteration
is a result of defective vascular PPARY. Indeed our findings
implicate vascular smooth muscle PPARY as a critical deter-
minant of neurovascular signaling. Thus, S-P467L mice may
be a useful model to understand the decreased baroreflex sen-
sitivity in diabetes mellitus.
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Novelty and Significance

What Is New?
Mice expressing dominant-negative proliferator-activated receptor-y
specifically in vascular smooth muscle (S-P467L) exhibit increased sym-
pathetic activity to the heart and decreased effectiveness of the baro-
reflex.
S-P467L mice exhibit decreased aortic depressor nerve activity in re-
sponse to changes in arterial pressure, whereas arterial pressure and
heart rate responses to direct aortic depressor nerve stimulation were
similar in S-P467L and control mice
These data suggest that the afferent limb of the baroreflex arc is im-
paired, whereas the central and efferent limbs of the baroreflex arc re-
main intact.

What Is Relevant?
Proliferator-activated receptor-vy is a ligand-activated transcription factor
classically playing an important role in adipogenesis and metabolic pro-
cesses but more recently cardiovascular diseases such as hypertension.

e The baroreflex is an important beat-to-beat regulator of arterial pressure

and heart rate, controlled by baroreceptors, located in the adventitia of
the aortic arch and carotid sinus.

Summary

The most important observations from this study relate to the find-
ing that mice with impaired proliferator-activated receptor-y activ-
ity in vascular smooth muscle exhibit tachycardia mechanistically
caused by any combination of (1) increased cardiac sympathetic
nervous system activity, (2) impaired baroreflex regulation, and
(3) a blunted aortic depressor nerve response to increased arte-
rial pressure localized to the afferent limb of the baroreflex arc.
Therefore, there may be some degree of baroreflex failure in S-
P467L mice, which drives the increased heart rate. These findings
implicate vascular smooth muscle proliferator-activated receptor-y
as a critical determinant of neurovascular signaling.
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Supplemental Methods
Mice. Male transgenic mice (6 months of age) expressing the dominant negative PPARy P467L
mutation under the control of the smooth muscle myosin heavy chain promoter (S-P467L) were
used '. Age-matched male non-transgenic (NT) littermates were utilized as controls. Mice were
housed in a room with controlled temperature (23°C) and dark/light cycle of 12 hours. All mice
had free access to water and standard rodent chow. All procedures were approved by
Institutional Animal Care and Use Committee.

Baseline Cardiovascular Evaluation. Radiotelemetry devices (Data Sciences International) were
used to record arterial pressure and heart rate. Under ketamine-xylazine anesthesia (85.5
mg/kg:12.5 mg/kg), radiotelemeter catheters implanted into the left common carotid artery
through an anterior neck incision. The radiotelemeter transmitter was implanted
subcutaneously into the right flank. After 10 days of recovery, basal direct arterial pressure and
heart rate were recorded for one hour. The sympathetic or the vagal effects to the heart were
assessed by autonomic blockade with propranolol (5 mg/kg, i.p.) or methyl-atropine (2 mg/kg,
i.p.), respectively. The intrinsic heart rate, the heart rate without any influence of the autonomic
nervous system, was calculated after simultaneous B-adrenergic and muscarinic blockade. On
the following day, the protocol was repeated inverting the sequence of the autonomic blockers.
All experiments were sampled in a high frequency (2000 Hz) and performed between 9 AM and
12 PM. The spontaneous activity of the baroreflex was determined from the arterial pressure
basal recording using the sequence method as previously described.?® Data from the basal
recording were utilized to determine the low (LF) and high frequency (HF) components of the
arterial pressure and heart rate variability by using the spectral analysis.*

Baroreflex Regulation of Heart Rate in Conscious Mice. Mice were anesthetized with Isoflurane
(2% concentration level) and the right jugular vein and left carotid artery were cannulated with
microrenathane tubing. The venous and arterial cannula were tunneled subcutaneously around
the opposite forelimb and then exited out of the nape of the neck. The arterial cannula was
connected to a pressure transducer (BP-100, ADInstruments) for continuous monitoring of blood
pressure throughout the experiment. Each mouse was allowed 2-3 hours to fully recover from
the effects of the surgery and the influence of isoflurane anesthesia in order to establish a stable
baseline blood pressure and heart rate in the conscious state. A slow infusion of PE (5 ug, 5 ul
volume) was given followed by a 25 pl iv saline flush. When baseline blood pressure and heart
rate were re-established, SNP (5ug, 5ul volume) was slowly given through the venous cannula
followed by a 25 pl iv saline flush. This dose of PE and SNP (5 ug) was found to elicit near-
maximal responses in the increase and decrease in blood pressure in the conscious mouse
without any adverse effects. At the end of the experiment, mice were killed with anesthetic
overdose.

Assessment of aortic depressor nerve (ADN) activity. Mice were anesthetized with ketamine-
xylazine (85.5 mg/kg:12.5 mg/kg) and the left femoral artery and right jugular vein were
cannulated with microrenathane tubing to allow direct arterial pressure recording and drug
infusion, respectively. By means of an anterior neck incision, left aortic depressor nerve (ADN)
was carefully isolated using a dissecting microscope. The ADN was placed on a bipolar
platinum electrode and encased with silicone gel (Kwik-Cast; WPI). The nerve activity was
amplified and filtered and its unique activity was identified as synchronized bursts with the
beginning of systolic cycle as described previously.” The anesthesia was sustained with
intravenous administration of a-chloralose (25mg/kg/h, i.v.). Baseline ADN activity and
hemodynamic parameters were recorded for 10 -15 minutes and then the afferent component of
the baroreflex was challenged by slow infusion (20pL/min) of sodium nitroprusside (SNP; 1-



5ug/g) immediately followed by phenylephrine (PE; 4-20ug/g). After all parameters returned to
baseline conditions, the ADN was crushed at a point caudal to the electrode (to avoid any
arterial pressure-induced responses) to evaluate the central component of the baroreflex. The
same electrode used to perform the recording was connected to a stimulator (Grass, SIU 5) and
the ADN was stimulated with a rectangular 10V, 2ms duration pulses that were delivered in
random frequencies (2, 5, 15, 30 and 40Hz) over 10s. At the end of the experiment, mice were
killed with anesthetic overdose.

Data Analysis.

1. Baseline Arterial Pressure and Heart Rate: Radiotelemetry arterial pressure recordings were
analyzed by a computer software designed to detect inflection points of a periodic wave
(Advanced CODAS, Dataq Instruments, OH, USA). Beat-by-beat time series of systolic,
diastolic and mean arterial pressure were generated and heart rate was measured from
successive diastolic pulse intervals.

2. Cardiac Autonomic Indexes and Intrinsic Heart Rate: Cardiac sympathetic and vagal effects
were assessed by autonomic blockade produced by injection of propranolol and methyl
atropine, respectively. The difference between the heart rate after propranolol administration
and basal heart rate was considered as the sympathetic effect to the heart. Similarly, the
difference between the heart rate after methyl atropine administration and basal heart rate was
considered as the vagal effect to the heart. The heart rate calculated when both autonomic
blockers were simultaneously administered was considered as the intrinsic heart rate.

3. Spontaneous Baroreflex Sensitivity (SBRS): The baseline baroreflex control of heart rate was
assessed through spontaneous changes in arterial pressure and pulse interval by the sequence
method described by Bertinieri and coworkers.®  Ramps of progressive increases and
decreases in systolic arterial pressure were automatically detected in 104 beats pulsatile arterial
pressure recordings using the freely available HemolLab computer software
(http://www.intergate.com/~harald/HemoLab/Hemolab.html). Sequences defined ramps of four
or more systolic arterial pressure values associated with parallel changes in pulse interval (i.e.
systolic arterial pressure increases and pulse interval lengthening as well as systolic arterial
pressure decreases and pulse interval shortenings). The SBRS was calculated from the slope
(ms/mmHg) of linear regression lines between the systolic arterial pressure and the subsequent
pulse interval. Only regression lines with a correlation coefficient higher than 0.85 were
considered. The average of the slopes of all individual regression lines was then used as an
index of BRS. The baroreflex effectiveness index (BEI), which provides information on the
baroreflex function that is complementary to BRS was also calculated. It is defined as the ratio
between the number of systolic arterial pressure ramps followed by the respective reflex
changes in pulse interval, and the total number of systolic arterial pressure ramps
(independently on whether they are or not accompanied by the corresponding reflex pulse
interval ramps) observed over the time window studied.

4. Spectral Analysis: From the baseline recordings, the time series of systolic arterial pressure
and pulse interval were divided into contiguous segments of 350 beats, overlapped by one-half.
Mean and variance of each segment were calculated and submitted to a model-based
autoregressive spectral analysis. The power of the oscillatory components was quantified in two
frequency bands: low frequency (LF; 0.1-1 Hz) and high frequency (HF; 1-5 Hz). Oscillations
slower than 0.1 Hz were not quantified in this study.

5. Afferent and Central Components of Baroreflex Function: The baroreflex function and ADN
stimulation were analyzed as described previously.® Levels of ADN activity were normalized as


http://www.intergate.com/%7Eharald/HemoLab/Hemolab.html

a percentage of the maximum level of activity recorded during PE and SNP administration,
respectively. The relationship between mean arterial pressure (MAP) and nerve activity was
determined by fitting the data to a sigmoidal logistic function. The logistic function for control of
ADN conformed to the mathematical expression Y = P1/{1 + exp[P2 (X-P3)]} + P4, where X =
MAP, Y = ADNA (%omax), P1 = maximum — minimum ADNA (range), P2 = slope coefficient, P3
= MAP at 50% of ADNA range, and P4 = maximum ADNA. P1 (ADNA range) was expressed
as a negative value. The maximum slope (gain) was calculated as P1 = P2/4. The MAP
threshold (MAPy,) and saturation (MAPs,) pressures were calculated from the third derivative of
the logistic function. The central component of the baroreflex loop was evaluated by the
difference between the peak changes in systolic arterial pressure and heart rate and their
baseline values measured in response to graded electrical stimulation (2, 5, 15, 30 and 40Hz) of
the ADN.

Mechanical Properties of Carotid Artery. Left carotid arteries from NT and S-P467L mice were
isolated and mounted into a pressurized myograph system (Danish Myo Technology).
Intraluminal pressure was increased slowly from 5 mmHg to 75 mmHg and the vessel was
equilibrated for 30 min in Ca** free Krebs buffer containing 10-5 M SNP and 2 mM EGTA.
Carotid arteries were then subjected to a series of pressure from 10 mmHg to 150 mmHg and
from 150 mmHg to 5 mmHg (back and forth) twice to remove hysteresis. The sequence of
pressure was done as follows: P 0, 10, 20, 30, 40, 50, 75, 100, 125 and 150 mmHg. Lastly,
internal and external diameter were recorded after subjecting the vessel to pressures of PO, 10,
20, 30, 50, 75, 100, 125 and 150 mmHg. In some studies, vessels were exposed to pressure of
25, 50, 75, 100, 125 and 150 mmHg. The distensibility was calculated by normalized
compliance with the luminal cross sectional area. Luminal cross-sectional area and cross-
sectional compliance were calculated as described previously.® Stress-strain curve and its
slope were calculated as previously described.’

Quantitative real-time RT-PCR (qRT-PCR). Nodose ganglia and aorta were isolated from S-
P467L and littermate controls. Four ganglia obtained from two mice were pooled for each
sample. Tissues were snap frozen in liquid nitrogen and RNA was extracted using Trizol
(Invitrogen). Total RNA was isolated using a silica spin column (Purelink RNA mini Kit,
Invitrogen) following the manufacturer’s protocol. The RNA concentration was determined by
using a NanoDrop ND-1000 and cDNA was generated by RT-PCR using SuperScript Il
(Invitrogen). gRT-PCR was performed using the TagMan (Applied Biosystems) gene
expression assay according to company’s instruction. The assay numbers for TagMan (Applied
Biosystems) were the following: MmM00475691 m1 (mouse Asic2), Mm00805460 m1 (mouse
Asic3), Mm01246283 _m1 (mouse Trpvl), and Mm99999915 g1 (mouse GAPDH). The Tagman
probe that specifically detected human PPARy was custom made and designed to anneal in
sequences that differ between mouse and human PPARY.

Neurovascular Coupling: To determine if there were any differences in the fiber composition of
the ADN nerve plexuses in the aortic arch we immunochemically stained whole mount
preparations with an antibody to transient receptor potential vanilloid 1 receptors (Trpvl). Trpvl
has been identified in both small/medium myelinated (Ad) and small unmyelinated fibers in the
ADN and depletion and blockade of Trpvl decrease the maximum gain of the baroreflex.® Five
NT and S-P467L mice were perfused under anesthesia through the left ventricle with 100ml of
4% paraformaldehyde and 0.1% glutaraldehyde in 0.1M PBS. The thoracic contents were
removed en bloc and post-fixed in the perfusing solution overnight. The aortic arch and most of
the surrounding adipose tissue were dissected out and placed in PBS containing 0.5% Triton-X.
Arch specimens were then placed in blocking serum for 1 hour followed by 48 hour incubation in
a rabbit anti-Trpvl antibody (Neuromics) diluted 1:1000 in PBS with 0.5% Triton-X. After



washing, whole arches were incubated for 2 hours in a biotinylated goat anti-rabbit antibody
(1:200 dilution) followed by 1 hour in avidin-HRP. Peroxidase activity was detected using 3.3’
diaminobenzidine. Specimens were then washed in PBS, dehydrated in ethanol and cleared in
Citrosol and xylene before being mounted in well slides with Permount. To determine any
differences in fiber composition, low power (10X) images were taken from three areas in each
aortic arch in the vicinity of the origin of the left common carotid and subclavian arteries, viz. the
major termination area of the left ADN. Using Adobe Photoshop, a 250um X 250um grid divided
into 25 50um X 50um squares was digitally placed over each image and the numbers of grid
line intersections with thick (presumed myelinated) and fine (presumed unmyelinated) fibers
were counted. Counts were pooled for aortic arches from each animal group and compared
using a t-test.

Primary cultures of mouse nodose ganglia (NG) neurons: NGs were isolated from adult S-
P467L and NT mice, and cultured on glass coverslips, as described previously for mouse dorsal
root ganglia (DRG) neurons.’ Briefly, isolated NGs were digested with collagenase for 20 min at
37°C, followed by centrifugation and resuspension with Dulbecco’s modified Eagle’'s Medium
(DMEM; Life Technologies, Green lIslands, NY) supplemented with 10% fetal bovine serum
(FBS), and subsequently digested with pronase for 10 min at 37°C. Cells were then pelleted by
centrifugation and re-suspended in DMEM + 10% FBS, before further trituration with fire-
polished glass Pasteur pipettes. Cells were then plated onto poly-L-ornithine- and laminin-
coated glass coverslips. Following 2 h incubation at 37°C in a 5% CO, incubator, the culture
media was changed to TNB media supplemented with protein-lipid complex (Biochrom AG,
Berlin, Germany), and cultured for 2 days in vitro (DIV) at 37°C in a 5% CO, incubator.

Calcium imaging: Functional Ca* imaging on cultured mouse NG neurons (2 DIV) was
performed to assess the magnitude and characteristics of TRPV1 activity, as described
previously in DRG neurons.’ Neurons on glass coverslips were incubated under dark condition
at room temperature (22°C) for 30 min with 2 uM of the AM form of the Ca?*-sensitive dye Fura-
2 (Life Technologies). The coverslip was then placed in the recording chamber mounted on the
stage of an inverted IX-71 microscope (Olympus Co., Tokyo, Japan) and washed for 10 min
before the experiment began. Fluorescence was alternately excited at 340 nm and 380 nm
(both 12 nm band pass) using the Polychrome IV monochromator (T.I.L.L. Photonics,
Martinsried, Germany), via a 10X objective [numerical aperture (NA) 0.75; Olympus]. Emitted
fluorescence was collected at 510 (80) nm using an IMAGO CCD camera (T.I.L.L. Photonics).
Pairs of 340/380 nm images were sampled at 0.2 Hz. The recording chamber was bathed with
extracellular buffer containing (in mM) 115 NaCl, 5 KCI, 1.3 CaCl,, 0.5 MgCl,, 0.4 MgS0O,, 0.4
KH,PO,, 0.6 Na,HPO,4, 0.5 NaHCOj;, 10 HEPES, 10 D-glucose, pH adjusted to 7.4, and
osmolarity adjusted to 310 Osm. Bath application of capsaicin (100 nM, 15 sec) was performed
twice with a 5 min interval. After the 2" capsaicin application cells were washed with
extracellular buffer for 4 min, followed by the application of KCI (50 mM, 30 sec). The
fluorescence data were processed and analyzed using TILLviSION 4.0.1.2 (T.l.L.L. Photonics)
and Prism-6 (Graphpad Software Inc., La Jolla, CA) software, and presented as fluorescence
ratio (R = Fss0/Fsg0), Wherein an increase in the Fzy0/Fago ratio directly indicates an increase in
intracellular Ca®* ([Ca*]) levels. In order to compare the maximal capsaicin response of NG
neurons from both genotypes, the peak of 1% capsaicin-induced increase in [Ca®*], was
normalized to the peak of KCl-induced increase in [Ca®]; in the same neuron. For quantification
of the magnitude of TRPV1 channel desensitization, the ratio of 2™ vs 1% capsaicin-induced
peak [Ca2+]i in the same neuron was calculated, and presented as mean + SEM of Fz40/Fzg0. All
the Ca*" imaging experiments were performed in triplicate across three different batches of
mouse NG neuron cultures from both genotypes, simultaneously.



Statistical Analysis. All data are expressed as mean + SEM. Comparison between S-P467L
and NT mice were made using student t-test. When normality failed, the data was analyzed
with the Mann-Whitney Rank Sum Test. The baroreflex sigmoidal curves were compared using
two-way ANOVA with repeated measures. The effects of stimulation on arterial pressure and
heart rate were compared using ANOVA followed by Tukey's post hoc test. The level of
significance considered in the present study was p < 0.05.
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Figure S1. Spectral Analysis and Spontaneous Baroreflex Function.

Power spectral analysis of heart rate and arterial pressure variability is shown. A)
Relative low frequency (LF) and high frequency (HF) components of heart rate
variability. B) LF/HF ratio of HR variability. C) Magnitude of the LF component of AP
variability. D) Systolic arterial pressure (SAP) variability. E) Number of baroreflex
sequences. F) Gain of spontaneous baroreflex. G) Baroreflex effectiveness index. S-
P467L (black) and non-transgenic (gray) mice. N=8 per group; *, P<0.05 vs NT.;**
P<0.05 HF vs LF.
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Figure S2: ADN Activity. Representative tracings showing coupling between blood pressure
and ADN firing.
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Figure S3: Gene expression in nodose ganglion. A) Gene expression of hPPARY in S-P467L
nodose ganglion (NG) compared to those in aorta (Ao) are shown. B-D) mRNA expression of
Asic2 (B), Asic3 (C) and Trpvl (D) in NG comparing NT with S-P467L. N=4 for S-P467L; N=3
for NT; *, P<0.05 vs NT.



