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Background: Myocardial ischemia causes the release of
bradykinin, which stimulates cardiac afferents, causing
sympathetic excitation and chest pain. Glutamatergic
activation of the paraventricular hypothalamic nucleus (PVN) in
the spontaneously hypertensive rat (SHR) drives elevated basal
sympathetic activity. Thus, we tested the hypothesis that
inactivation of the PVN attenuates the elevated reflex response
to epicardial bradykinin in the SHR and that ionotropic PVN
glutamate receptors mediate the elevated reflex.

Methods: We recorded the arterial pressure and renal
sympathetic nerve activity (RSNA) response to epicardial
bradykinin application in anesthetized SHR and Wistar
Kyoto (WKY) rats before and after PVN microinjection of
GABAA agonist muscimol or ionotropic glutamate receptor
antagonist kynurenic acid.

Results: Muscimol significantly decreased the arterial
pressure response to bradykinin from 180.4� 5.8 to 119.5
�6.9mmHg in the SHR and from 111.8�7.0 to 84.2
�8.3mmHg in the WKY and the RSNA response from
186.2�7.1 to 142.7� 7.3% of baseline in the SHR and
from 201.0�11.5 to 160.2�9.3% of baseline in the
WKY. Kynurenic acid significantly decreased the arterial
pressure response in the SHR from 164.5�5.0 to 126.2
�7.7mmHg and the RSNA response from 189.9�13.7to
168.5�12.7% of baseline but had no effect in the WKY.

Conclusion: These results suggest that tonic PVN activity
is critical for the full manifestation of the CSAR in both the
WKY and SHR. Glutamatergic PVN activity contributes to
the augmented CSAR observed in the SHR.
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H
ypertension is associated with increased mortality
and adverse cardiac outcomes after acute myocar-
dial ischemia [1–6]. During myocardial ischemia,
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bradykinin and other metabolites of ischemia activate car-
diac sensory fibers located on the epicardial surface of the
left ventricle, which causes chest pain and sympathoexci-
tation [7–12]. This reflex response is referred to as the
‘cardiogenic sympathetic afferent reflex’ (CSAR) and is
characterized by a potent sympathetically mediated in-
crease in blood pressure in an attempt to maintain proper
tissue perfusion. Paradoxically, the increased sympathetic
activity also increases the heart’s workload andmay expand
the locus of ischemic injury to the myocardium, thereby
worsening the clinical outcome. Thus, conditions that
chronically elevate basal sympathetic activity, such as neu-
rogenic hypertension, may potentiate the severity of the
already life-threatening myocardial ischemia [13].

The SHR strain was obtained during the 1960s by Oka-
moto and Aoki [14] through selective breeding of hyper-
tensive Wistar–Kyoto (WKY) rats. As such, SHR and its
normotensive WKY control have been a model of neuro-
genic hypertension for decades. The increase in sympathet-
ic activity in the SHR relies on central mechanisms,
particularly within the hypothalamus and brain stem me-
dulla [15–17].

The hypothalamic paraventricular nucleus (PVN) is a key
source of sympathetic activity and is essential in regulating
sympathetic vasomotor activity [18–21]. Tonically active
PVN neurons send direct projections to the brain stem
rostroventrolateral medulla (RVLM) and other nuclei within
the brain and brain stem to maintain blood pressure via
sympathetic activity [22–27]. GABA and glutamate are the
central nervous system’s primary inhibitory and excitatory
neurotransmitters [28–30]. In-vivo [17,31–35] and in-vitro
[33–38] electrophysiological data show that an imbalance of
GABAergic and glutaminergic activity within the PVN
occurs in neurogenic hypertension observed in the SHR.
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Hypothalamic control of sympathetic reflex in hypertension
The CSAR is also elevated in the SHR, and PVN hyper-
activity plays an essential role [39,40]. We have shown that
tonic PVN activity is critical for the full manifestation of the
CSAR in the Sprague–Dawley rat [41]. Li and Pan [17] in 2007
show that microinjection of ionotropic glutamate receptor
antagonists within the PVN of the SHR decreases the
elevated sympathetic activity and normalizes basal blood
pressure. However, it is unknown if the imbalance of GABA
and glutamate within the PVN is involved in the elevated
CSAR observed in the SHR. Therefore, we tested the hy-
pothesis that inactivation of the PVN attenuates the elevated
reflex response to epicardial bradykinin in the SHR and that
ionotropic PVN glutamate receptors mediate the elevated
reflex.

METHODS

Amore detailed Material andMethods section is available as
Supplemental Material, http://links.lww.com/HJH/C270.
Additional details of the materials, data, and analysis that
support the findings of this study are available from the
corresponding author upon reasonable request.

Animals
Adult, male, SHR or WKY rats (Envigo, Indianapolis, Indi-
ana, USA) 14–18weeks old were surgically prepared fol-
lowing the Guide for the Care and Use of Laboratory
Animals using procedures approved by the East Tennessee
State University Committee on Animal Care and Use [42].
Rats were initially anesthetized using 2% isoflurane in O2

through a nose cone to allow for the cannulation of vessels
and tracheostomy. Adequate depth of anesthesia before
surgical preparation was confirmed by the absence of a
withdrawal response to tail pinch.

Surgical preparation
We maintained each rat’s body temperature between 37
and 38 8C throughout the surgery. The left carotid artery
was cannulated for the measurement of arterial pressure.
Heart rate was counted by triggering from the arterial
pressure pulse. The left jugular vein was cannulated for
intravenous administration of drugs. The trachea was can-
nulated for mechanical ventilation. A lateral thoracotomy
was performed to expose the heart for the epicardial
application of bradykinin. A craniotomy was performed
for bilateral microinjection of drugs into the right and left
PVN. A left flank incision was made for renal sympathetic
nerve recordings.

After the laparotomy, rats were slowly administered 1%
achloralose (100mg/kg intravenously) and weaned from
isoflurane over approximately 20min. This approach main-
tained a complete surgical anesthetic state and was verified
by the absence of a corneal reflex or an increase in arterial
pressure or RSNA to tail pinch. After dissecting a renal
sympathetic nerve and determining that rats remained
completely surgically anesthetized, they were paralyzed
with D-tubocurarine (0.1mg/kg intravenously) to block
any spontaneous muscle twitching that typically occurs
in the retracted external oblique. This dose of D-tubocura-
rine lasted �30 to 45min and was allowed to wear off to
Journal of Hypertension
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assess the adequacy of the anesthetized state of the rat. In all
cases, the rats’ arterial pressure, heart rate, and RSNA
remained completely unresponsive to corneal stimulation
or tail pinch.

Experimental design
After a high-quality nerve recording was obtained, an
�15min stabilization period was given followed by a
5min control period that was used to normalize baseline
and reflex RSNA before and after microinjection treatments.
We tested the CSAR by applying bradykinin (10mg/ml;
Sigma, St. Louis, Missouri, USA) to the anterior epicardial
surface (�1 cm2) of the left ventricle with a cotton applica-
tor through the exposed window in the left chest as previ-
ously demonstrated [12,41,43,44]. The responses to
epicardial bradykinin were examined at least twice, sepa-
rated by �5min, to ensure a reproducible response. After
each bradykinin application, the heart was washed using
�10ml of room temperature physiological saline, and the
arterial pressure, heart rate, and RSNA returned to baseline
levels. To ensure that rats do not respond to the mechanical
application of the cotton applicator touching the epicardi-
um, we applied saline to the heart before any reflex trials, as
we have in previous studies [12,41,43,44].

Arterial pressure, heart rate, and RSNA response to
epicardial bradykinin application were tested before (con-
trol) and after microinjection into the PVN. Microinjections
of either vehicle (saline), the broad-spectrum ionotropic
glutamate receptor antagonist kynurenic acid (5.0 nmol in
50 nl, Tocris, Minneapolis, Minnesota, USA), or GABAA

receptor agonist muscimol (0.5 nmol in 50 nl, Sigma) were
performed in separate groups of rats such that each rat
received only one treatment. The muscimol and kynurenic
acid doses were based on previous studies [15,17,41,45].

The location of the microinjector pipette tip and diffu-
sion of the injectant within the PVN was examined and
confirmed histologically in all rats. All microinjections con-
tained 5% rhodamine-labeled fluorescent microspheres
(0.04mm, Molecular Probes, Eugene, Oregon, USA). Micro-
injection locations were plotted on standardized sections
from the Paxinos and Watson atlas [46]. Rats with micropi-
pette misplacement outside the PVN were excluded from
the analysis.

Data analysis
Values are presented as means� SE. Baseline arterial pres-
sure, heart rate, and RSNA were averaged during 30 s of the
baseline period before epicardial bradykinin. The peak
blood pressure, heart rate, and RSNA responses were
measured immediately after the bradykinin application.
The RSNA was normalized to the control period and
expressed as a percentage change from control baseline
period prior to microinjection to account for the variability
in each rat. Data were analyzed using one-way ANOVA or
two-way repeated-measure ANOVA and plotted with
GraphPad Prism software version 9.4.1 (Boston, Massachu-
setts, USA). We used the Bonferroni post hoc test to
compare the difference between group means when F
values were significant. P less than 0.05 was considered
statistically significant.
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RESULTS

We conducted these studies with 72 rats, of which 38 were
SHRs, and 34 were WKYs. All microinjections into the PVN
were verified histologically and plotted according to Pax-
inos and Watson’s stereotaxic atlas (Fig. 1) [46]. We dis-
missed 10 rats from the analysis (6 SHR and 4WKY) because
of inaccurate microinjection position. In one WKY rat, one
of the bilateral muscimol microinjections penetrated the
third ventricle and was, therefore, considered a misplace-
ment. Table 1 shows the grouped mean (�SE) arterial
pressure and RSNA values during baseline and the reflex
response to epicardial bradykinin (10mg/ml) in WKY and
SHR before and after microinjection treatments. Bradykinin
significantly increased arterial pressure, heart rate, and
RSNA in all rats before and after microinjection treatment.
Although the bradykinin-elicited tachycardia was statisti-
cally significant (P< 0.05), albeit subtle, neither vehicle,
kynurenic acid nor muscimol microinjection into the PVN
significantly affected the baseline nor the bradykinin re-
sponse in the SHR or WKY rats (Supplemental Fig 1, http://
links.lww.com/HJH/C271). As such, heart rate will not be
discussed further.

Effect of vehicle and muscimol microinjections
into the paraventricular nucleus on arterial
pressure and renal sympathetic nerve activity
responses to epicardial bradykinin
Vehicle microinjection into the PVN did not affect the
baseline arterial pressure or RSNA in the SHR or the
WKY (Supplemental Fig 2, http://links.lww.com/HJH/
C272). The mean baseline arterial pressure during control
and after vehicle microinjection into the PVN as well as the
FIGURE 1 Locations of the paraventricular nucleus microinjections (50 nl). (a) Coronal at
in the Paxinos and Watson atlas [46]. Squares show the area of the hypothalamus show
showing the microinjection needle placement of vehicle (saline), kynurenic acid, or musc
indicates bilateral microinjections were within the PVN, and X indicates microinjection w
during cutting (top) and merged fluorescent and light microscope (4�, bottom) showing
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mean bradykinin-induced increase in arterial pressure was
significantly greater in the SHR compared with the WKY
(P< 0.05). The mean baseline RSNA during control and
after vehicle microinjection into the PVN, as well as the
mean bradykinin-induced RSNA response, did not differ
between WKY and SHR (P> 0.999).

To determine the importance of PVN activity in the CSAR
in the WKY and SHR, inactivation of the PVN was per-
formed using bilateral muscimol (0.5 nmol/50 nl) microin-
jection. Figure 2a and b shows a representative response to
epicardial bradykinin (10mg/ml) before and after bilateral
muscimol microinjection into the PVN in one WKY and one
SHR rat. Prior to muscimol treatment, the mean baseline
arterial pressure during control was higher in the SHR than
in the WKY (P< 0.05). During control, bradykinin elicited a
significant increase in arterial pressure and RSNA in both
the WKY (P< 0.05) and the SHR (P< 0.05).

Muscimol inactivation of the PVN significantly reduced
baseline arterial pressure and RSNA and attenuated the
arterial pressure and RSNA responses to epicardial brady-
kinin in the WKY and SHR (Fig. 2c and d). The attenuated
bradykinin-induced arterial pressure response after musci-
mol treatment remained greater in SHR than in the WKY
(P< 0.05). However, the attenuated RSNA response after
muscimol treatment did not differ between the SHR and the
WKY (P¼ 0.2291).

Effect of microinjection of kynurenic acid into
the paraventricular nucleus on arterial pressure
and renal sympathetic nerve activity responses
to epicardial bradykinin
To determine if PVN ionotropic glutamate receptors are
involved in the elevated bradykinin-induced sympathetic
las images at the level of the PVN 1.7 and 1.9mm caudal from bregma as shown
n in b with paraventricular nucleus (PVN) outlined in red. (b) Grouped data
imol in the Wistar Kyoto (WKY) or spontaneously hypertensive rats (SHR). ?
here one or both were outside the PVN. (c) Image of the brain section observed
the injection area.
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TABLE 1. Cardiogenic sympathetic reflex in Wistar Kyoto and spontaneously hypertensive rats

WKY

Arterial pressure (mmHg) RSNA (% baseline)

Control Treatment Control Treatment

Baseline Reflex Baseline Reflex Baseline Reflex Baseline Reflex

Vehicle (n¼9) 80.9�3.6 104.4�3.5� 79.3�4.1 103.0�5.5� 100.4%�1.2% 193.3%�9.9%� 101.9%�1.8% 195.6%�10.6%�

Kynurenic acid (n¼10) 84.8�3.6 105.7�4.3� 81.8�4.2 102.3�5.7� 100.9%�0.7% 196.3%�14.8%� 102.3%�4.0% 205.0%�15.5%�

Muscimol (n¼11) 88.9�4.8 111.8�7.0� 67.3�5.2# 84.2�8.3�,�� 99.9%�0.5% 201.0%�11.5%� 81.5%�3.6%# 160.2%�9.3%�,��

SHR

Arterial pressure (mmHg) RSNA (% baseline)

Control Treatment Control Treatment

Baseline Reflex Baseline Reflex Baseline Reflex Baseline Reflex

Vehicle (n¼8) 137.1�3.7^ 181.4�5.6�,^ 134.5�4.7^ 181.3�5.5 �,^ 102.1%�1.7% 195.7%�11.6%� 100.1%�4.2% 189.1%�13.8%�

Kynurenic acid (n¼12) 125.8�2.6^ 164.5�5.0�,^ 86.6�5.4#,^ 126.2�7.7�,��,^ 100.9%�0.4% 189.9%�13.7%� 73.3%�4.9%# 168.5%�12.7%�,��

Muscimol (n¼12) 140.6�3.6^ 180.4�5.8�,^ 89.2�5.6# 119.5�6.9�,��,^ 100.2%�0.2% 186.2%�7.1%� 76.2%�4.6%# 142.7%�7.3%�,��

Arterial pressure (mmHg) and renal sympathetic nerve activity (RSNA % baseline) during baseline and the reflex response after epicardial bradykinin (10mg/ml) application before
(control) and after microinjection of vehicle, kynurenic acid, or muscimol. RSNA, renal sympathetic nerve activity; SHR, spontaneously hypertensive rat; WKY, Wistar Kyoto.
�P<0.05 compared with the respective baseline.
#P<0.05 compared with the respective control baseline.
��P<0.05 compared with the respective control response.
^P<0.05 compared between the WKY and SHR.

Hypothalamic control of sympathetic reflex in hypertension
response observed in the SHR, we tested the reflex re-
sponse to epicardial bradykinin before and after the micro-
injection of kynurenic acid (5.0 nmol/50 nl) into the PVN.
Figure 3a shows a recording from one experiment in a SHR
showing baseline activity and the reflex responses to
epicardial bradykinin before and after bilateral microinjec-
tion of kynurenic acid into the PVN.

In the WKY, inhibition of ionotropic glutamate receptors
with kynurenic acidmicroinjection into the PVNdid not affect
arterial pressure or RSNA during baseline or the reflex re-
sponse to epicardial bradykinin (Fig. 3b and c). Before kynur-
enic acid treatment, baseline arterial pressure and the arterial
pressure response to epicardial bradykinin were significantly
higher in the SHR compared with the WKY (P< 0.05). In the
SHR, microinjection of kynurenic acid significantly reduced
baseline arterial pressure andRSNAand attenuated thearterial
pressure and RSNA responses to epicardial bradykinin
(P< 0.05). After kynurenic acid treatment, the elevated base-
line arterial pressure in the SHRwas not significantly different
from baseline arterial pressure in the WKY (P> 0.999). Al-
though kynurenic acid microinjection in the SHR significantly
decreased both the baseline RSNA (P< 0.05) and the reflex
response to epicardial bradykinin (P< 0.05) compared with
its pretreatment control, neither thedecrease in baselineRSNA
(P¼ 0.196) nor the attenuated reflex response to epicardial
bradykinin (P¼ 0.057) reached significance when compared
withWKY. Also, while the reflex arterial pressure response to
epicardial bradykinin after kynurenic acid treatment was
significantly reduced in the SHR compared with the pretreat-
ment control response in the SHR (P< 0.05), it remained
significantly greater than the reflex response to bradykinin
in the WKY (P¼ 0.0043).

DISCUSSION

Myocardial ischemia causes the production and release of
ischemic metabolites that activate cardiac sensory spinal
Journal of Hypertension
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afferents [7,10,47]. Activation of these fibers is often associ-
ated with pain and elicits a sympathetically mediated in-
crease in arterial pressure [10–12,41,48,49]. We have
previously shown that cardiac sensory afferents are
expressed on the ventricular epicardium and that the abo-
lition of these fibers abolishes the reflex response to epicar-
dial bradykinin [12]. Although the brain stem nuclei mainly
mediate the CSAR [43,44,50–52], modulation of suprame-
dullary sites, particularly by the PVN, has also been shown
to influence the CSAR [39,40,53–57].

The PVN is one of five major autonomic premotor cell
groups [25,58] and is an important site in controlling sym-
pathetic outflow [26,59,60]. Inhibition of the tonic sympa-
thetic activity from PVN in Sprague–Dawley as well as SHR
and WKY rats by microinjection of GABA or GABAA recep-
tor agonist, muscimol, suppresses sympathetic activity and
lowers blood pressure [15,41,61]. Reduced GABAergic neu-
rotransmission and increased glutamatergic activity within
the PVN play a key factor in hypertension observed in the
SHR [17,31,32,36]. Blockade of glutamatergic neurotrans-
mission within the PVN lowers lumbar sympathetic nerve
activity and normalizes the high blood pressure in the SHR
[17]. Although we have previously shown that activation of
the PVN is required for the full manifestation of the CSAR in
the normotensive Sprague–Dawley rat and that inhibition
of PVN glutamate receptors is not involved [41], glutamate
receptors are involved in the high blood pressure observed
in the SHR [17,33,36,62–64]. However, the role of increased
PVN glutamatergic activity in the SHR on the reflex re-
sponse to activation of cardiac sensory spinal afferents is
not well known. In this study, we show that the reflex
response in arterial pressure to epicardial bradykinin is
greater in the SHR than the WKY and that inactivation of
the PVN, using microinjection of the long-lasting GABAA

agonist, muscimol, decreased basal arterial pressure, and
RSNA and significantly diminished the reflex response to
epicardial bradykinin in both the SHR and the WKY. We
www.jhypertension.com 73
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FIGURE 2 Muscimol-induced inactivation of the paraventricular nucleus attenuates the epicardial bradykinin-elicited sympathoexcitatory reflex in spontaneously hypertensive
and Wistar Kyoto rats. Original tracings from one WKY (a) and one SHR (b) rat showing the arterial pressure, renal sympathetic nerve activity averaged, and the raw
neurogram response to epicardial application of bradykinin (BK, 10mg/ml) before (control) and after 50 nl microinjection of muscimol (0.5 nmol) bilaterally into the PVN.
Arrow indicates epicardial bradykinin (BK) application. Grouped data from WKY (n¼10) and SHR (n¼12) showing the arterial pressure (c) and RSNA (d) during baseline
and the responses to epicardial bradykinin (10mg/ml) before and after bilateral microinjection of muscimol into the PVN. The RSNA responses are expressed as a
percentage of the control baseline before epicardial bradykinin or microinjections. Data are represented as means� SE. �P<0.05 compared with the respective baseline.
#P<0.05 compared with the respective control baseline. ��P<0.05 compared with the respective control response. ^P<0.05 compared between the WKY and SHR.
Two-way repeated–measures ANOVA with baseline/reflex and treatment (control/muscimol and BK reflex) as factors, and one-way ANOVA between groups (WKY and
SHR) with Bonferroni posttest. PVN, paraventricular nucleus; RSNA, renal sympathetic nerve activity; SHR, spontaneously hypertensive rat; WKY, Wistar Kyoto.

Zahner et al.
also show that, unlike in the Sprague–Dawley, the elevated
magnitude of the reflex is mediated in part by the PVN
glutamatergic activation. These experiments suggest that
activation of PVN glutamate receptors is necessary for the
enhanced CSAR observed in the SHR.

We have previously shown that muscimol inactivation of
the PVN attenuates the CSAR in the Sprague–Dawley [41],
and other labs have confirmed this [53,56]. Although inhi-
bition of ionotropic glutamate receptors in the Sprague–
Dawley is not involved, this study shows that glutamate
receptors are involved in the augmented reflex response
observed in the SHR. Microinjection of the ionotropic
glutamate receptor antagonist kynurenic acid into the
PVN reduced RSNA and normalized arterial pressure in
SHR and significantly reduced the reflex response to epicar-
dial bradykinin in the SHR, not the WKY. These findings
suggest that similar to the Sprague–Dawley rat, tonic PVN
activity is critical for the full manifestation of the CSAR in
74 www.jhypertension.com
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both the SHR and the WKY, and the elevated CSAR ob-
served in the SHR is likely mediated by increased gluta-
matergic PVN activity. The role of PVN glutamate receptors
in the CSAR is important because it appears they play a
critical role in maintaining the elevated tonic sympathetic
activity observed in the SHR, as previously described but
also contribute to the augmented CSAR. Therefore, this
study provides new information that the glutamatergic
activity within the PVN contributes to the augmented sym-
pathetic activity elicited by stimulating cardiac afferents in
the SHR.

Although we chose to record sympathetic activity from
the renal sympathetic nerve, others have recorded from the
lumbar sympathetic nerve [15,17]. Regional differences
exist in activating sympathetic nerves that innervate the
adrenal, kidney, or lumbar vascular bed. However, all are
highly barosensitive, which is indicative of cardiovascular
sensitivity. We have recorded from lumbar, splanchnic, and
Volume 42 � Number 1 � January 2024
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FIGURE 3 Kynurenic acid blockade of paraventricular nucleus ionotropic glutamate receptors attenuates the epicardial bradykinin-elicited sympathoexcitatory reflex in sponta-
neously hypertensive rats but not Wistar Kyoto rats. (a) Original tracings from one experiment in an SHR showing arterial pressure and renal sympathetic nerve activity averaged,
and the raw neurogram during baseline and after epicardial application of bradykinin (BK, 10mg/ml) before (control) and after 50nl microinjection of kynurenic acid bilaterally
into the PVN. Dashed boxes show a 2min section of the control or kynurenic acid treatment (below). Grouped data from WKY (n¼11) and SHR (n¼12) showing the arterial
pressure (b) and RSNA (c) during baseline and the responses to epicardial bradykinin (10mg/ml) before and after bilateral microinjection of kynurenic acid (5.0 nmol) into the
PVN. The RSNA responses are expressed as a percentage of the control baseline before epicardial bradykinin or microinjections. Data are represented as means� SE. �P<0.05
compared with the respective baseline. #P<0.05 compared with the respective control baseline. ��P<0.05 compared with the respective control response. ^P<0.05
compared between the WKY and SHR. Two-way repeated-measures ANOVA with baseline/reflex and treatment (control/kynurenic acid and BK reflex) as factors, and one-way
ANOVA between groups (WKY and SHR) with Bonferroni posttest. ANOVA, analysis of variance; PVN, paraventricular nucleus; RSNA, renal sympathetic nerve activity; SE,
standard error; SHR, spontaneously hypertensive rat; WKY, Wistar Kyoto.
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renal sympathetic nerves, and our experience found the
renal sympathetic nerve to provide the cleanest recordings.

Sympathetic activity, measured with a chronically
implanted recording device, is increased in both the con-
scious and anesthetized SHR compared with the WKY [65].
However, to perform our CSAR experiments, we needed to
perform a thoracotomy. We, therefore, had to use acute
sympathetic nerve recordings rather than chronic ones. A
well known shortcoming of acute sympathetic nerve
recordings is that they cannot reliably compare baseline
activity from one group to another because the nerve signal
must be normalized to each rat’s baseline activity. Although
we can see the effect of a reflex or microinjection treatment,
a comparison between baseline groups cannot be accurate-
ly made. Although we observed that bradykinin application
elicited a greater increase in arterial pressure in the SHR, the
normalized baseline RSNA was not different between SHR
and WKY. That the blood pressure response was signifi-
cantly greater in the SHR compared with the WKY and that
inactivation of PVN attenuated the response demonstrates
the PVN is involved in the elevated arterial pressure re-
sponse to epicardial bradykinin. This may be because of
increased sympathetic activity in the SHR derived from
PVN. We did observe a significant decrease in RSNA in
the SHR after kynurenic acid treatment suggesting that
inhibition of PVN ionotropic glutamate activity plays an
important role in the CSAR in SHR but not the WKY. One
may argue that the decrease in the magnitude of the
response to epicardial bradykinin may be simply because
of a reduction in baseline arterial pressure and RSNA and
not reflex responsiveness. We do not believe that this is the
case because we have observed that decreases in arterial
pressure that are not neurogenic in nature (e.g. barorecep-
tor unloading) typically augment the reflex responsiveness.

We chose to broadly focus on ionotropic glutamate
receptors because it is been shown that inhibition of these
channels normalized the elevated sympathetic activity and
arterial pressure in the SHR [17]. Consistent with this,
kynurenic acid reduced arterial pressure and RSNA in this
study. Li and Pan in 2007 differentiated the ionotropic
glutamate receptor subtypes within the PVN involved in
the sympathetically mediated hypertension in SHRs. They
showed that while a-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid (AMPA)/kainate and N-methyl-d-aspartate
(NMDA) receptors contributed to the hypertension, the
greatest inhibition of sympathetic activity occurred after
kynurenic acid-induced glutamatergic blockade in the PVN.
In this study, we also show that kynurenic acid decreased
arterial pressure and RSNA in the SHR but not the WKY.
However, one may argue that the decrease in the reflex
response to epicardial bradykininmay be simply because of
a reduction in baseline arterial pressure and RSNA and not
reflex responsiveness. We do not believe that this is the case
because we have observed that decreases in arterial pres-
sure that are not neurogenic in nature (e.g. baroreceptor
unloading) augment the cardiogenic reflex.

In our study, while kynurenic acid significantly reduced
the elevated reflex response to epicardial bradykinin, we
cannot exclude the possibility that other PVN neurotrans-
mitters may mediate the elevated reflex response observed
in the SHR. It is well known that sympathetic activity is
76 www.jhypertension.com
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increased in the SHR. Increased sympathetic reflex activity
[66–69], including elevated CSAR, has also been shown in
the SHR [39,40,70]. Angiotensinmechanismswithin the PVN
at least partially mediate the augmented CSAR [71,72], and
microinjection of angiotensin II into the PVN augments the
sympathoexcitatory response to epicardial bradykinin in
normotensive rats [57]. However, it is unlikely that angio-
tensin II plays a critical role in the normotensive rat in
mediating the CSAR because inhibition of angiotensin 1
receptor antagonist losartan alone into the PVN does not
affect the sympathoexcitatory response to epicardial bra-
dykinin [57]. In the 2K1C renovascular hypertensive rat,
pretreatment with losartan normalized the reflex response
to epicardial capsaicin, demonstrating an important role for
PVN angiotensin II in hypertension. In the SHR, overex-
pression of SOD1 in the PVN attenuates the elevated CSAR
indicating that increased reactive oxygen species also con-
tribute [40]. Increased pro-inflammatory cytokines have
also increased sympathetic activity and contributed to the
elevated CSAR observed in the SHR [39].

An alternative reason, from the PVN-elicited increase in
sympathetic activity in the SHR, for increased hemodynam-
ic response to epicardial bradykinin may involve increased
sensitivity to stimulation of cardiac afferents. This has yet to
be tested and was beyond the scope of our current study.
However, a study by Shanks et al. [73] in 2019 demonstrated
using an intrathecal infusion of the highly potent resin-
iferatoxin, which abolished the TRPV1-expressing afferent
fibers from the heart necessary for bradykinin-induced
sympathetic reflex, decreased blood pressure in the SHR.
This suggests that increased cardiac afferent activity drives
the elevated sympathetic activity observed in the SHR. If this
is the case, the increased visceral stimulation must involve
glutamatergic PVN activity because inhibiting ionotropic
glutamatergic activity within the PVN normalized the ele-
vated blood pressure in the SHR.

Although the activity of presympathetic PVN neurons
serves as an essential source for excitatory tonic input to the
RVLM, it is also possible that supramedullary input is not
critical to maintain the CSAR. In the cat, decerebration does
not affect the reflex response to epicardial bradykinin [74].
This does not exclude the possibility that the supraspinal
sites are also involved in this reflex response, particularly
the elevated reflex observed in the SHR. The development
of hypertension in the SHR is suggested to involve in-
creased activity of glutamatergic PVN neurons [17]. The
increased sympathetic reflex activity observed in the CSAR
is likely because of elevated glutamatergic activity. In the
absence of glutamatergic activity after kynurenic acid, the
inactivation of the PVN, or muscimol inactivation, the
remaining fraction of the CSAR is likely derived from brain
stem nuclei.

Perspectives and significance
Neurogenic hypertension is a serious condition and may
augment sympathetic reflex responses observed during
myocardial ischemia. A more comprehensive understand-
ing of the central mechanisms involving sympathetic reflex
activity may provide the rationale for better therapies to
minimize the adverse responses following myocardial is-
chemia. Collectively, these data suggest that PVN activity is
Volume 42 � Number 1 � January 2024
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necessary for the full manifestation of the reflex sympathet-
ic response to epicardial bradykinin. PVN glutamatergic
activity is critical for the increased arterial pressure ob-
served in the SHR. Here we show that the augmented reflex
response to epicardial bradykinin is mediated by PVN
activity and that PVN inactivation normalized the reflex.
We also show that, unlike Sprague–Dawley, inhibition of
ionotropic glutamate receptors within the PVN attenuates
the magnitude of the reflex response in the SHR but not
the WKY.
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