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Central Ang Il (Angiotensin I)-Mediated
Sympathoexcitation

Role for HIF-1a (Hypoxia-Inducible Factor-1a) Facilitated Glutamatergic Tone in
the Paraventricular Nucleus of the Hypothalamus
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ABSTRACT: Central infusion of Ang Il (angiotensin Il) has been associated with increased sympathetic outflow resulting in
neurogenic hypertension. In the present study, we appraised whether the chronic increase in central Ang Il activates the
paraventricular nucleus of the hypothalamus (PVN) resulting in elevated sympathetic tone and altered baro- and chemoreflexes.
Further, we evaluated the contribution of HIF-1a (hypoxia-inducible factor-1a), a transcription factor involved in enhancing
the expression of N-methyl-D-aspartate receptors and thus glutamatergic-mediated sympathetic tone from the PVN. Ang
[l infusion (20 ng/minute, intracerebroventricular, 14 days) increased mean arterial pressure (12619 versus 844 mmHg),
cardiac sympathetic tone (9617 versus 7516 bpm), and decreased cardiac parasympathetic tone (1612 versus 3623 versus
bpm) compared with saline-infused controls in conscious rats. The Ang Il-infused group also showed an impaired baroreflex
control of heart rate (=1.50£0.1 versus —2.50£0.3 bpm/mmHg), potentiation of the chemoreflex pressor response (6317
versus 30£7 mmHg) and increased number of FosB-labeled cells (53£3 versus 1944) in the PVN. Concomitant with the
activation of the PVN, there was an increased expression of HIF-10. and N-Methyl-D-Aspartate-type 1 receptors in the PVN.
Further, Ang ll-infusion showed increased renal sympathetic nerve activity (20.5+2.3% versus 6.421.9% of Max) and 3-fold
enhanced renal sympathetic nerve activity responses to microinjection of N-methyl-D-aspartate (200 pmol) into the PVN of
anesthetized rats. Further, silencing of HIF-1a. in NG 108 cells abrogated the expression of N-methyl-D-aspartate-N-methyl-
D-aspartate-type1 induced by Ang Il. Taken together, our studies suggest a novel Ang II-HIF-1a-N-methyl-D-aspartate
receptor-mediated activation of preautonomic neurons in the PVN, resulting in increased sympathetic outflow and alterations
in baro- and chemoreflexes. (Hypertension. 2021;77:147-157. DOI: 10.1161/HYPERTENSIONAHA.120.16002.)
e Data Supplement
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diovascular disease affecting *80% of the elderly

population (65 years and older). As per the Heart
Disease and Stroke Statistics, 2019, about ~116.4 mil-
lion American adults (accounts for ~46%) have hyper-
tension, which, if left untreated, may result in heart failure,
renal failure, and/or stroke as well as multiple organ
damage. The central nervous system plays an essential

Hypertension is an independent risk factor for car-

role in the onset and development of hypertension. More
importantly, hypertensive patients and animal models of
hypertension have increased sympathetic activity, accom-
panied by alterations in body fluid homeostasis.™ In the
brain, the paraventricular nucleus of the hypothalamus
(PVN) plays an essential role in regulating sympathetic
drive, arterial blood pressure (BP), and body fluid homeo-
stasis.3* The PVN plays an important role in integrating

Correspondence to: Kaushik P. Patel, Department of Cellular and Integrative Physiology, University of Nebraska Medical Center, Nebraska Medical Center, Omaha, NE

68198-6850. Email kpatel@unmc.edu
*These authors contributed equally to this work.

The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.120.16002.

For Sources of Funding and Disclosures, see page 156.

© 2020 The Authors. Hypertension is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any medium, provided that the
original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

Hypertension is available at www.ahajournals.org/journal/hyp

Hypertension. 2021;77:147-157. DOI: 10.1161/HYPERTENSIONAHA.120.16002

January 2021 147


mailto:kpatel@unmc.edu
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.120.16002
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0001-6422-2540
https://orcid.org/0000-0002-4500-0819
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.120.16002

=
L
[
(2
>
o
(]
-
(=]
=
=
L
=

Sharma et al

Ang Il Regulates HIF-1a Expression in the PVN

Novelty and Significance

What Is New?

* N-methyl-D-aspartate-NR1 expression is upregu-
lated in the paraventricular nucleus of the hypo-
thalamus ~ through  HIF-1a  (hypoxia-inducible
factor-1a)-mediated mechanism induced by Ang I
(angiotensin I1) in neurogenic hypertension.

What Is Relevant?

* Understanding the underlying molecular mechanism
by which there is increased expression of N-methyl-
D-aspartate-NR1 in pathological conditions leading to
increased sympathoexcitation may provide the basis

for the development of new therapeutic agents with
enhanced specificity.

Summary

We have identified a novel mechanism linking Ang
[I-HIF-10-N-methyl-D-aspartate receptor in preauto-
nomic neurons in the paraventricular nucleus of the
hypothalamus, resulting in increased sympathetic
outflow and consequent autonomic alterations in
baro- and chemoreflexes contributing to increased
sympathoexcitation commonly observed in patholo-
gies associated with increased central Ang |l levels.

Nonstandard Abbreviations and Acronyms

Ang I angiotensin ||

BP blood pressure

CHF chronic heart failure

DOCA deoxycorticosterone acetate

HIF-1a hypoxia-inducible factor-1a

HR heart rate

HRE hypoxia response element

NMDA N-methyl-D-aspartate

NMDAR  N-methyl-D-aspartate receptor

NR1 NMDA-type1

PVN paraventricular nucleus of the
hypothalamus

RSNA renal sympathetic nerve activity

signals/inputs from circumventricular organs as well as
other brain areas involved in the regulation of the car-
diovascular system and generating an integrated output
to the rostral ventrolateral medulla and the intermedio-
lateral cell column in the spinal cord to influence overall
sympathoexcitation.® Studies have shown that the PVN
is a critical brain region involved in the development and
maintenance of hypertension in several animal models,
including Ang Il (angiotensin I)-induced hypertension,5”
obesity-related  hypertension®  deoxycorticosterone
acetate salt-sensitive hypertension,® and spontaneously
hypertensive rats.'®'> However, the underlying molecu-
lar mechanisms driving the preautonomic neurons in the
PVN in hypertension are not fully elucidated.

Previous studies have demonstrated that activation
of the central renin-angiotensin system and the subse-
quent increase in neuronal excitability in the PVN are
intimately involved in the pathogenesis of cardiovascu-
lar diseases including hypertension and chronic heart
failure (CHF)."*'® To identify novel therapeutic targets
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for hypertension, it is critical to understand the precise
intraneuronal signaling mechanisms contributing to Ang
ll-induced neuronal excitability leading to increased
sympathoexcitation. The glutamatergic input, especially
NMDAR (N-methyl-D-aspartate [NMDA] receptor) in
the PVN, is a significant source for the excitatory drive
to the preautonomic neurons, which in turn increase
sympathetic outflow.'"'® The NMDAR is composed of
2 GIuN1 (structural subunit: NMDA-type1 [NR1]) and
typically 2 GIuN2 (regulatory subunit: NR2) subunits
and are located at cell-cell contact sites and mediate a
major component of excitatory neurotransmission in the
central nervous system.'® Both presynaptic and post-
synaptic NMDAR activity is potentiated in the PVN of
spontaneously hypertensive rats and has been shown to
contribute to the hyperactivity of preautonomic neurons
in the PVN.'82° Recently, we have shown a mechanis-
tic link between HIF-1a (hypoxia-inducible factor-1a), a
transcription factor, and NMDA-NR1 subunit in the PVN
to elicit sympathoexcitation in rats with CHFE?' Further,
it also showed that the silencing of HIF-1a within the
PVN normalized the increased basal sympathetic tone
and the sympathoexcitatory responses to NMDA micro-
injected into the PVN.2" However, the factor(s) that trig-
ger and maintain HIF-1a activation in the PVN remain
unknown. Although HIF-1a expression is tightly regu-
lated by the oxygen tension,?? other nonhypoxic stimuli
have also been implicated in elevating HIF-1a protein
levels. It has been shown that Ang Il induces HIF-1a in
the absence of a hypoxic condition.®?* Therefore, it is
conceivable that increased levels of Ang Il may contrib-
ute to the enhanced expression of HIF-1o. A large body
of evidence strongly supports the notion of an important
role for a central action of Ang Il in the sympathoexcit-
atory process during hypertension™® and CHF4152627
Further, the blockade of Ang II- type | receptor with losar-
tan produced a greater reduction in neuronal activity in
the PVN?8 and in sympathetic nerve activity?” suggest-
ing that enhanced Ang Il-type | receptor expression in
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the PVN may be contributing to the altered sympathetic
tone. Ang Il and Ang lI-type | receptor are also involved in
the regulation of NMDA-NRT1 levels since treatment with
losartan normalizes the increased NMDA-NR1 expres-
sion in the PVN of rats with CHFE'" Similarly, NMDA-NR1
expression is increased in neuronal cell cultures treated
with Ang I1.'" Although the increased levels of Ang 1?7
and HIF-10?' in the PVN has been associated with the
increased NMDA-NR1 expression and sympathetic out-
flow, the direct relationship between Ang Il and HIF-1a
expression remains to be explored.

Therefore, the present study was conducted to
evaluate the overall hypothesis that elevated central
levels of Ang Il would cause the augmentation of HIF-
1o expression in the PVN, which in turn contributes to
the exaggerated glutamatergic tone to the preauto-
nomic neurons leading to enhanced sympathetic out-
flow, altered baro- and chemoreflexes, and subsequent
hypertension.

METHODS

The authors declare that all supporting data and detailed meth-
ods are available in the Data Supplement.

Animal Experiments

Adult male Sprague-Dawley rats were housed according to
approved guidelines of the University of Nebraska Medical
Center Institutional Animal Care and Use Committee IACUC
protocol No. 14-036-07-FC). Rats with intracerebroventricular
infusion of Ang Il (20 ng/minute, 0.5 pyL/hour for 14 days) were
used as a model of neurogenic hypertension as described.”®
The dose of Ang Il was based on previous studies showing the
central action of Ang 11.3°32 The baroreflex control of heart rate
(HR) was evaluated by measuring the reflex changes in HR in
response to transient increases or decreases in MAP (mmHg)
induced by bolus injections of phenylephrine (2.5-25 pg/mL
in 0.1 mL, IV) or sodium nitroprusside (6-50 pg/mL in 0.1 mL,
IV), respectively, as described previously.® The peripheral che-
moreflex was activated by intravenous injection of potassium
cyanide (KCN, 200-800 pg/mL in 0.1 mL) in accordance with
the procedures described previously by Franchini and Krieger.®
The cardiac autonomic tone was determined by pharmaco-
logical blockade of either the sympathetic or parasympathetic
tone to the heart in 2 sequential days in a reversed order as
described.®® The left femoral artery was cannulated to record
MAP and HR and RSNA in response to NMDA microinjection
in the PVN as extensively described previously®*=® (see Data
Supplement for details).

Other Measurements and Analyses

Six serial coronal sections (100 pm) of the PVN were cut fol-
lowing the Palkovit and Brownstein®® and bilaterally punched as
described previously.243” Methods for cell culture and molecular
biology experiments were extensively used previously,'5?'2° and
described in detail in the Data Supplement.
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Statistical Analysis

All data are expressed as meanstSEM. Statistical analysis was
performed using the Prism 8; GraphPad Software. Statistical
significance was assessed by t test (with and without Welch
correction), 1- or 2-way ANOVA followed by Bonferroni test
for post hoc analysis of significance, which is reported for each
experiment in the figure legends. P<0.05 was considered to
indicate statistical significance.

RESULTS

Cardiovascular and Autonomic Effects of
Chronic Central Infusion of Ang Il

As expected, in conscious freely moving rats central
infusion of Ang Il induced an immediate and sustained
increase in MAP with a peak increase of *40 mmHg
relative to the baseline or control, saline-infused group
(Figure 1A) without significant changes in HR relative to
baseline. However, HR was significantly increased rela-
tive to the saline-infused group in the late period (days
8-12). The initial starting basal MAP and HR were sta-
tistically not different between saline and Ang Il groups
on the first day of infusion. At the end of 14 days of
infusion, there were significant increases in basal RSNA
(24£7% versus 7+4% of max activity), MAP (10143
versus 78+4 mmHg), and HR (382+13 versus 271412
bpm), in rats infused with Ang Il compared with the saline-
infused control group in anesthetized condition (Figure
S1 in the Data Supplement). The number of cells in the
PVN that stained positive for FosB, a marker of chronic
neuronal activation, was increased in the Ang Il group
compared with the saline group (53+3 versus 194
cells; Figure 1B and 1C). Further, Ang ll-infused rats also
had higher cardiac sympathetic tone (9716 beats/min-
ute; Figure 1D) compared with the saline group (7566
beats/minute) accompanied by a lower parasympathetic
drive (2245 versus 3613 beats/minute in saline-infused
rats; Figure 1E) to the heart. The intrinsic heart rate was
considered to be the HR after the complete cardiac
autonomic blockade and was calculated as the average
of the values recorded on the first and second day. Intrin-
sic heart rate was not different between Saline and Ang
Il groups (335+4 versus 3374 beats/minute). The bal-
ance between cardiac sympathetic and parasympathetic
tone, evaluated by the ratio between these variables, was
almost 2.5x higher in Ang ll-infused rats (Figure 1F),
showing that Ang Il infusion leads to an overwhelming
cardiac autonomic imbalance favoring tachycardia.

Alterations in Baro- and Chemoreflexes
Induced by Central Infusion of Ang Il

As shown in Figure 2A, Ang ll-infused rats presented
significant reduction in the sensitivity of the baroreflex
tachycardia (—3.18+£0.25 bpm/mmHg) and baroreflex
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Figure 1. Hemodynamic, neural and autonomic changes to Ang Il.

A, Mean arterial pressure (MAP) and heart rate (HR) measured by telemetry throughout the experiment in intracerebroventricular (ICV), saline
(n=6), and Ang Il (angiotensin II; n=7) infused rats. B, Representative digital images of FosB (Proto-Oncogene) staining in saline- and Ang II-
infused rats. Each pair of saline- and Ang ll-infused images were adjusted for uniform brightness and contrast; scale bar=100 pm, (C) the mean
number of FosB-positive cells in the paraventricular nucleus of the hypothalamus. n=3-4/group. D, Cardiac sympathetic tone and (E) cardiac
parasympathetic tone calculated by the changes in HR responses to methylatropine and propranolol, and (F) the ratio between these variables
in the Saline (n=6) and Ang Il (n=7) infused rats. T-test (with Welch correction; A, C, D, E, and F). **P=0.004, *P=0.048 (A); ***P=0.0007

(C); *P=0.021 (D); *P<0.042 (E); *P=0.042 (F) vs saline control.

bradycardia (—1.50£0.15 bpm/mmHg) compared with
saline-infused group (—5.14£0.33 and —2.50%0.35
bpm/mmHg). The best fit line that correlates the
changes in HR and changes in MAP (Figure 2B)
indicates a blunted slope during both tachycardia
and bradycardia stages of the baroreflex, indicative
of impairment in the baroreflex control of HR in the
Ang Il group. In contrast, the pressor response of the
chemoreflex induced by KCN 80 pg was significantly
enhanced in the Ang Il group compared with the saline
group (63%7 versus 309 mmHg, respectively; Fig-
ure 2C). There was no significant difference in the bra-
dycardic response of the chemoreflex between the Ang
Il and saline groups (Figure 2C).

Alteration in the Expression of HIF-1a in the
PVN After Central Infusion of Ang Il

Real-time polymerase chain reaction (RT-PCR) indi-
cated that HIF-1a mRNA expression in the PVN from

the Ang Il group was significantly increased compared
with the saline group (2.79+£0.40 versus 1.01£0.09-fold
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changes; Figure 3A). Consistent with increased mRNA,
HIF-1a protein levels were also significantly higher in the
PVN from rats in Ang Il compared with the saline group
(0.32+0.01 versus 0.21+0.02; Figure 3C). There were no
significant differences in HIF-1ae mRNA or protein expres-
sion in the cerebral cortex obtained from the same brain
sections used for PVN assessment between Ang Il and
saline groups (Figure 3B and 3D). These results were fur-
ther confirmed by greater immunofluorescence staining in
the PVN sections from Ang ll-infused rats compared with
saline-infused rats (Figure 3E and 3F). There were no sig-
nificant differences in immunofluorescence staining in the
cerebral cortex (from the same sections) between the Ang
Il and saline groups (data not shown).

Alteration in the Expression of NMDA-NR1 in
the PVN After Central Infusion of Ang Il

The chronic infusion of Ang Il also increased NMDA-
NR1 mRNA levels (2.78+0.40-fold change) when com-

pared with saline-infused rats (1.01+0.10-fold change;
Figure 4A). Corroborating these data, Figure 4B shows

Hypertension. 2021;77:147-157. DOI: 10.1161/HYPERTENSIONAHA.120.16002
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Figure 2. Changes in Baroreflex and chemoreflex evaluation after Ang II.

A, Baroreflex sensitivity evaluated by tachycardiac and bradycardiac responses to changes in mean arterial pressure (MAP) induced by graded
doses of sodium nitroprusside (0.5-5 g, IV) or phenylephrine (0.25-2.5 pg, IE), respectively and expressed as the average of the ratio of the
maximal changes in heart rate (HR) to a given change in MAP in saline (n=6) and Ang Il (angiotensin Il)-infused (n=8) rats. Statistical significance
was assessed by t test (with Welch correction), *#P=0.001,*P=0.014. B, Baroreflex sensitivity expressed as the best fit line that correlates change
in HR vs change in MAP in Saline and Ang Il-infused rats. Pearson correlation coefficient (r) were significant for tachycardia (saline, —0.74; Ang I,
—0.54) and bradycardia (Ang Il, —0.44) stages of the baroreflex. C, Changes in MAP and HR in response to potassium cyanide (KCN, 20-80 ug,
IV) in saline and Ang Il rats. Two-way ANOVA showed a significant effect of Ang Il. *P=0.040 for AMAP, KCN 80 pg Ang Il vs saline control (C).

that protein expression of NMDA-NR1 was also signifi-
cantly higher in the PVN from rats infused with Ang Il
(0.791£0.03-fold change) compared with saline-infused
rats (0.563£0.08-fold change). In contrast to these
results, NMDA-NR1 mRNA and protein levels within
the cerebral cortex obtained from the same coronal sec-
tions from which the PVN was punched showed no sig-
nificant differences between Ang Il and Saline groups
(Figure 4C and 4D).

Alteration of MAP, HR, and RSNA Responses
to NMDA Administration Into the PVN After
Central Infusion of Ang Il

Raw tracings of the RSNA, MAR, and HR responses to
the administration of NMDA (200 pmol) into the PVN in
the 2 groups of rats (saline and Ang Il) are shown in Fig-
ure BA. As shown in Figure 5B, microinjections of NMDA
(50, 100, and 200 pmol) elicited increases in RSNA, MAP,
and HR in a dose-dependent manner. The vehicle control
(100 nL artificial cerebrospinal fluid) microinjected into
the PVN had no effects on RSNA, MAP, and HR. The

Hypertension. 2021;77:147-157. DOI: 10.1161/HYPERTENSIONAHA.120.16002

RSNA for the highest dose of NMDA (200 pmol) was
significantly elevated in the Ang ll-infused rats compared
with saline-infused rats (73+16% versus 22+4%) sug-
gesting potentiated glutamatergic activation within the
PVN of rats infused with Ang II.

Alterations in the Expression of HIF-1a and
NMDA-NR1 in Neuronal Cells (In Vitro) to Direct
Application of Ang Il

To evaluate if Ang Il-induced changes in the expression
of NMDA-NR1 is mediated through HIF-1a, we first
treated NG108-15 neuronal cells*® with different con-
centrations of Ang Il and then assessed the changes
in HIF-10 expression by Western Blot analysis after 8
hours. As shown in Figure 6A, treatment with Ang Il (1
pmol/L) resulted in significantly increased levels of HIF-
Ta protein (0.563£0.04 versus 0.81+0.03 control). This
augmentation was confirmed by immunofluorescence
data (Figure 6B) since Ang lI-treated cells exhibited an
intense HIF-10. immunoreactivity when compared with
nontreated control cells. The treatment of the NG108-15
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Figure 3. Changes in HIF-1a (hypoxia-inducible factor-1a) after Ang Il.

A, HIF-10 mRNA expression relative to rpl19 (ribosomal protein L 19) measured by real-time PCR in the paraventricular nucleus of the
hypothalamus (PVN) and (B) cortex of vehicle and Ang Il (angiotensin Il)-infused group. The 272" method was used to calculate relative
changes in gene expression, which relates the expression of the target gene to the expression of a reference gene. Changes in HIF-1a
mRNA are presented in folds with reference to the Saline group. C, Protein expression of HIF-1a. expression in the PVN and (D) cortex of
saline and Ang Il-infused group top: a representative Western blot, bottom: densitometric analyses of HIF-1a level normalized to tubulin. E,
Immunofluorescent staining of PVN sections from saline and Ang Il-infused rats. HIF-1a (green) and nuclei (blue). F, Average values obtained
by the reciprocal intensity method in each group were shown. Values are mean£SEM of analyses of 4 to 6 animals in each group. T-test (with
Welch correction [A-D], and [F]). *P=0.010 (A); P=0.0721 (B); **P=0.004 (C); P=0.0626 (D); *P=0.016 (F) vs saline control.

cells with Ang I, besides increasing the HIF-1a expres-
sion, also induces an increase in the expression of the
NMDA-NR1 as shown previously."” Confirming these
previous findings, we also demonstrate that the immu-
nofluorescence staining for NMDA-NR1 in NG108-15
cells was higher after 8 hours of Ang Il treatment (Fig-
ure 6B). Considering that (1) Ang Il treatment induced
an increase in both HIF-10 and NMDA-NR1 expression
and (2) our previous data showing an upregulation of
NMDA-NR1 induced by hypoxia is mediated by HIF-
10,2 we tested the hypothesis that expression of HIF-1a
contributes to the upregulation of NMDA-NR1 induced
by Ang ll-dependent mechanism, using siRNA-mediated
targeting of HIF-1a. Silencing of HIF-1a (#60%) with
siRNA in NG108-15 cells (Figure 6C and 6D) leads
to a significant decrease in expression of NMDA-NR1
induced by Ang Il compared with scrambled siRNA con-
trol (0.61£0.06 versus 0.80%0.04; Figure 6E).

DISCUSSION

The sympathetic nervous system and renin-angiotensin
system are critically involved in the development and
maintenance of hypertension. In the present study, cen-
tral Ang Il infusion produced a blunted baroreflex with

152 January 2021

a concomitant exaggerated chemoreflex suggesting
a centrally mediated autonomic imbalance, leading to
enhanced basal RSNA and an increase in arterial BP.
Concurrently, central Ang Il infusion increased the num-
ber of FosB-labeled cells in the PVN, suggesting acti-
vation of preautonomic neurons. In tandem, there was
an increased expression of HIF-1a, and NMDA-NR1
subunit in the PVN of rats infused with central Ang L.
These molecular changes within the PVN are likely inti-
mately related to the autonomic imbalance. As a corol-
lary, the direct application of Ang Il induced an increase
in the expression of HIF-1a and NMDA-NRT1 proteins
via AT1 receptors in a neuronal cell line (NG108-15),
in vitro. Further, silencing HIF-10 decreases the expres-
sion of NMDA-NR1 induced by Ang Il in NG108 cells.
Taken together, our studies indicate that increased lev-
els of Ang Il centrally contribute to the upregulation of
HIF-1a expression leading to stabilization of the HIF1
transcription complex. The HIF1 transcription factors
bind to hypoxia response elements (HREs) to increase
the expression of NMDA-NRT, which leads to potentia-
tion of glutamate activated of preautonomic neurons in
the PVN, resulting in a hyper sympathetic tone leading to
neurogenic hypertension.

Hypertension. 2021;77:147-157. DOI: 10.1161/HYPERTENSIONAHA.120.16002



Sharma et al

Ang Il Regulates HIF-1a Expression in the PVN

A PVN
*
6- | |
c = 54
o
.g =
8z e
8T
38 o
o E E—] u
<= ® -
Z w £ 2-
e o s e
E £, S
Saline Ang ll
Saline Angll
(o 0
NMDA-NR1 | — —— —| 120kDa
Tubulin e — 56KD3
1.59
£
= *
S
= 1.0 |
-
Z
<Q'r. Y e f
=
=2
0.0 -
Saline Angll

mRNA expresaion

B Cortex
2.5
& 2.0- .
-
o
o —_—
Z 2 45
4T
Q Q Y
s N — n
S T 1.0
s E | o
50.5- —
0.0 -
Saline Ang Il
Saline Angll
1 1

NMDA-NR1[ s s o s | 170kDa

Tubulin |----|56kDa

0.89
£
S u
<]
B 0.67 —
-— [ L
2 ®
< -
< 0.4
(=]
=
=

0.2 -

Saline Angll

Figure 4. Changes in expression of NMDA-NR1 (N-methyl-D-aspartate NR1 receptor) after Ang Il infusion.

A, NMDA-NR1 mRNA expression relative to rpl19 (ribosomal protein L 19) measured by real-time polymerase chain reaction in the (A)
paraventricular nucleus of the hypothalamus (PVN) and (B) cortex of saline and Ang Il-infused group. Changes in NMDA-NR1 mRNA are presented
in folds with reference to the Saline group. C, Protein expression of NMDA-NR1 expression in the PVN (C) and (D) cortex of saline and Ang II-
infused group top: a representative Western blot, bottom: densitometric analyses of NMDA-NR1 level normalized to tubulin. Values are meantSEM
(n=4-6 rats per group). T-test with Welch correction (A-D). *P=0.037 (A); P=0.396 (B); *P=0.035 (C); P=0.189 (D) vs saline control.

We acknowledge that there are several technical
limitations associated with punching the PVN specifi-
cally, and semiquantitative immunofluorescence staining
including signal fading and cross-reactivity of secondary
antibodies, among others. We have standardized all pro-
cedures overtime to specifically punch areas within the
PVN as evident from our previous publications.'®2!293637
It is also recognized that the PVN has a myriad of dif-
ferent neuronal phenotypes but the specific focus of
our interest was on the preautonomic neurons activated
by glutamate. Future studies, targeting glutamatergic
neurons specifically in the PVN using optogenetics
technique would strengthen our conclusions. For immu-
nofluorescence and immunohistochemistry, we aimed at
minimizing, to the best of our capabilities, limitations by
experimenting with control and experimental group at
the same time, validation of antibody specificity, and the

Hypertension. 2021;77:147-157. DOI: 10.1161/HYPERTENSIONAHA.120.16002

use of sequential laser scanning a to avoid cross talk of
fluorescent signals. Still, we cannot completely rule out
that any of these factors affected our analysis. Further,
the present study was completed using only male Ang
[l-infused rats. However, growing evidence indicates that
the pathophysiology of hypertension and its development
differs significantly between the sexes.*"*2 Whether simi-
lar mechanisms within the PVN are involved in female
rats infused with Ang Il remain to be explored.*® Last, it is
well recognized that basal level of RSNA measurement
between different animals is wrought with multiple con-
cerns as well outlined previously.** In the present study,
we attempted to normalize basal RSNA by expressing it
as percentage of maximum activity elicited by temporary
occlusion of the trachea. It should be noted that there is
no significant difference between the maximum RSNA
between the Ang Il and saline groups. Furthermore, it
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Figure 5. Reponses to NMDA (N-methyl-D-aspartate) in the PVN.

Renal sympathetic nerve activity (RSNA), mean arterial pressure (MAP), and heart rate (HR) responses to N-methyl-D-aspartate (NMDA)
injected into the PVN. A, A segment of an original recording from an individual rat demonstrating the baseline parameters and peak changes in
RSNA, integrated RSNA, MAP, and HR by the administration of 200 pmol of NMDA into the PVN in the 2 groups. B, Mean data of changes in
RSNA, MAP, and HR following different doses of NMDA (50-200 pmol) of NMDA into the PVN of Saline and Ang Il (angiotensin Il) infused
rats. Two-way ANOVA revealed significant interaction between effect of Ang Il and dose of NMDA (P=0.031). *=0.026 for ARSNA following

200 pmol of NMDA into the PVN vs saline control.

should be noted that our interpretations and conclusions
are not based on a single technique but rather on the
combination of complementary approaches including
immunohistochemistry, Western blotting, RT-PCR, and
whole animal and in vitro studies.

The hypothalamic PVN is identified and well docu-
mented to be an essential site for cardiovascular regu-
lation.5#5 An imbalance between excitatory (Ang Il and
glutamate) and inhibitory (nitric oxide and gamma ami-
nobutyric acid) mechanisms within the PVN neurons
can alter the sympathetic tone in pathological condi-
tions associated with increased sympathoexcitation
such as hypertension™® and CHF'4262%46 Fyrther, the
increased activation of glutamate receptors in the PVN
has been demonstrated in multiple models of hyper-
tension resulting in an increased sympathetic drive in
neurogenic hypertension.*” Recently, the contribution
of the glutamatergic neuronal population in the PVN
during the development and maintenance of hyperten-
sion has been demonstrated by photoactivation of PVN
neurons in conscious mice leading to a frequency-
dependent increase in arterial pressure while lesioning
of glutamatergic neurons in the PVN shows attenuated
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hypertension under deoxycorticosterone acetate-
salt treatment® Altered activity of the PVN has been
documented to alter baroreflex*¥4® as well as chemo-
reflex59" functions. In this study, we observed that acti-
vation of the PVN, evinced by an increase in FosB, was
correlated to altered baro-and chemoreflexes. There
also seems to be an increase overall sympathetic tone
but a reduction of parasympathetic tone indicative of
an overall autonomic imbalance toward a sympathoex-
citatory state of central origin leading to hypertension.

The NMDA receptor plasticity in PVN neurons signif-
icantly contributes to the elevated arterial BP mediated
by central Ang Il since GIuN1 deletion in PVN neurons
attenuates the Ang ll-induced increases in arterial
BP. This further suggests the importance of NMDARs
within the PVN involved in regulating the overall level of
arterial BP52 Previously, we demonstrated an increase
in glutamatergic activity via upregulation of the NMDA-
NR1 subunit of the NMDA receptor, to play an essen-
tial role in the enhanced sympathoexcitation in another
hyper-sympathetic state, the congestive heart failure
condition.®® Further, chronic intermittent hypoxia leads
to an increase in cytoplasmic density of NMDA-NR1

Hypertension. 2021;77:147-157. DOI: 10.1161/HYPERTENSIONAHA.120.16002
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Figure 6. Changes in expression of HIF-1a (hypoxia-inducible factor-1a) and NMDA-NR1 (N-methyl-D-aspartate NR1 receptor)
after Ang Il (angiotensin Il) in NG108 cells.

A, Western blot to assess levels of HIF-1a protein after treatment with different doses of Ang Il. Top: a representative Western blot, bottom:
densitometry analyses of HIF-1a level normalized to Actin, T-test (with Welch correction). **P=0.006 vs Control, **%P<0.0001 vs Control,
#P=0.010 vs Control. B, Immunofluorescent staining for HIF-10a and NMDAR (N-methyl-D-aspartate [NMDA] receptor)-NMDA-type1 (NR1)
after 8 h of Ang Il treatment in NG 108 cells. NMDA-NR1 (red), HIF-1a (green), and Nuclei (blue). C, Western blot of HIF-10. and NMDAR-
NR1 expression after siRNA HIF-10. (8 pmol) knockdown (KD) and Ang Il, 1 pM stimulation. D, Cumulative data of HIF-1a expression. Two-
way ANOVA revealed significant interaction between effect of Ang Il and HIF-10. KD (P=0.019). ***P=0.0001 Ang Il vs Control, **P=0.008
HIF-1a KD vs Control, ***P=0.0001 Ang Il+HIF-10 KD vs Ang Il and (E) cumulative data of NMDA-NR1 expression. Two-way ANOVA
revealed significant interaction between effect of Ang Il and HIF-1a KD (P=0.032). **P=0.005 Ang Il vs Control, ***P=0.0001 HIF-1a KD

vs Control, **P=0.004 Ang |+ HIF-1a KD vs Ang Il. Values were meantSE from 4 to 6 independent experiments.

and a reduction in the surface/synaptic targeting of
NMDA-NR1 with decreases in NMDAR-mediated cur-
rents in the PVN before the development of hyperten-
sion.%® The molecular mechanism responsible for these
alterations of NMDA-NR1 in these different patholo-
gies is not entirely unclear. Being an obligatory subunit
of NMDAR, the molecular mechanisms of NMDA-NR1
subunit regulation are fundamental to receptor func-
tion. Therefore, the present study was undertaken to
investigate the Ang ll-mediated regulatory mechanism
of NMDA-NRT1 expression.

Herein, we show that there was an increased
expression of HIF-1qa, a transcriptional regulator of
NMDA-NR1 within the PVN of centrally Ang ll-infused
rats. This increase in NMDA-NR1 expression was shown
to be functionally effective as there was an increase in
NMDA-mediated-sympathoexcitation in Ang ll-infused
rats compared with saline-infused rats. At the cellular
level, in vitro studies showed that stimulation of neuronal
cells with Ang Il caused an upregulation of HIF-1a as
well as NMDA-NR1 subunit. Further, silencing HIF-1a in
neuronal cells decreased the expression of the NMDA-
NR1 subunit after Ang Il treatment suggesting that
NMDA-NR1 upregulation is in part mediated by HIF-1a.

Hypertension. 2021;77:147-157. DOI: 10.1161/HYPERTENSIONAHA.120.16002

Consistent with these observations, we have previously
observed that knockdown of HIF-1o with microinjec-
tion of HIF-1a siRNA within the PVN abrogated the
enhanced glutamatergic sympathetic tone in rats with
CHF?'" a pathological state associated with activation
of renin-angiotensin system and enhanced NMDA-
NR1 expression in the PVN. This suggests that per-
haps minimal subtle changes in blood flow to areas of
the brain that are highly vascularized, such as the PVN,
during the pathological condition (CHF) could induce
activation of renin-angiotensin system and hence Ang
[lin the PVN leading to enhanced tonic effects of glu-
tamatergic activation of preautonomic neurons within
the PVN via HIF-1 to cause enhanced overall sympa-
thetic activity.

The molecular mechanism proposed in this study
implies that the HIF-1 transcription complex may
function as a central signal in the upregulation of the
NMDA-NR1 in the PVN in Ang llI-mediated hyperten-
sion. The NMDA-NR1 promoter sequence (NCBI acces-
sion no. NM017010) has 2 HREs elements, designated
as HRE1 and HRE2%* containing the core sequence
5-RCGTG-3" located between —473 and —356 bp
upstream of the translation start site of the GIuN1 gene
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and function as putative HIF-1 transcription factor-bind-
ing sites. Our previous studies using chromatin immuno-
precipitation assay confirmed HIF-1 binding to HREs
elements of GIuN12" contributing to transcriptional
upregulation of NMDA-NR1. In the present studies, we
observed significant increases in the HIF-1a expression
after central Ang Il infusion along with an increase in
both sympathoexcitation and arterial BF, which leads us
to speculate that perhaps the increase in central Ang II
during pathological conditions plays an important role in
HIF-1a-mediated increased sympathetic outflow. Ang Il
has been shown to induce expression of HIF-1a?® and
NMDA-NR, subunit'” in cultured NG108 cells similar to
what we observed in present studies. Perhaps increased
levels of Ang Il in cardiovascular diseases such as hyper-
tension and heart failure may be a contributory factor for
the stabilization of HIF-1 and hence increased NMDAR-
mediated sympathoexcitation. However, in vitro studies
using Ang Il stimulation after HIF-1a silencing was not
able to restore the NMDAR-NRT1 levels to the basal con-
trol level, which suggests that perhaps Ang IlI-HIF-Ta
is not the only mechanism for the regulation of NMDA-
NRI. The in silico analysis of NMDA-NR1 promoter along
with DNA-protein binding assay identified binding sites
of Activator protein 1, Sp1 Transcription Factor, nuclear
factor-xB, Early growth response protein 1, and cAMP
response element-binding protein.®® The role of these
transcriptional factors downstream of Ang Il mediated
signaling mechanisms regulating NMDA-NRT1 transcrip-
tion remains to be determined.

PERSPECTIVES

In conclusion, our study provides new information that
augmented glutamatergic activation via stabilization
HIF-1a in the PVN presympathetic neurons plays a
pivotal role in the elevated sympathetic vasomotor tone
in neurogenic hypertension induced by central Ang Il
Pharmacological and gene therapy strategies designed
to modulate HIF-1a activity may represent a novel and
effective therapeutic approach to alleviate the sympa-
thoexcitation. Further studies are necessary to deter-
mine the specific contribution of the Ang II-HIF-1 axis
to the overall sympathoexcitation observed in various
cardiovascular diseases including other models of hyper-
tension, such as spontaneously hypertensive, obesity-
related hypertension, and salt-sensitive hypertension as
well as congestive heart failure.
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