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Background-—Orexin and its receptors are critical regulating sympathetic vasomotor tone under physiological and pathophys-
iological conditions. Orexin receptor 1 (OXR1) is upregulated in the paraventricular nucleus (PVN) in the hypothalamus and
contributes to increased sympathetic outflow in obese Zucker rats (OZRs). We hypothesized that silencing OXR1 expression in the
PVN decreases heightened blood pressure and elevated sympathetic outflow in OZRs.

Methods and Results-—An adeno-associated virus (AAV) vector containing a short hairpin RNA (shRNA) targeting rat OXR1 was
designed to silence OXR1 expression in the PVN. The AAV-OXR1-shRNA or scrambled shRNA was injected into the PVN in OZRs. The
arterial blood pressure in free-moving OZRs was continuously monitored by using a telemetry approach. The firing activity of spinally
projecting PVN neurons in rat brain slices was recorded 3 to 4 weeks after injection of viral vectors. The free-moving OZRs treatedwith
AAV-OXR1-shRNA had markedly lower OXR1 expression and lower mean arterial blood pressure, heart rate, and ratio of low- to high-
frequency components of heart rate variability compared with OZRs treated with scrambled shRNA. Furthermore, AAV-OXR1-shRNA
treatmentmarkedly reduced renal sympathetic nerve activity and attenuated sympathoexcitatory response induced bymicroinjection
of orexin A into the PVN. In addition, treatment with AAV-OXR1-shRNA substantially decreased the basal firing activity of spinally
projecting PVN neurons in OZRs and attenuated the excitatory effect of orexin A on the firing activity of these neurons.

Conclusions-—These data suggest that chronic downregulation of OXR1 expression in the PVN reduces sympathetic vasomotor
tone in obesity-related hypertension. ( J Am Heart Assoc. 2019;8:e011434. DOI: 10.1161/JAHA.118.011434.)
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T he prevalence of obesity has increased substantially.
Obesity is an independent risk factor for many major

diseases such as hypertension, coronary heart disease,
stroke, type 2 diabetes mellitus, cancer, and chronic kidney
disease.1,2 In particular, obesity may contribute 65% to 78% of
the risk for essential hypertension.3 Additionally, both exper-
imental animal models of obesity and overweight humans
have elevated sympathetic outflow.3,4 This enhanced sympa-
thetic outflow is critically involved in the pathogenesis of
obesity-induced hypertension.5–7 The obese Zucker rat (OZR)

is widely used as a model of obesity attributable to a lack of
functional leptin receptors, which is found in some obese
humans.8,9 OZRs also have hyperphagia, insulin resistance,
hyperinsulinemia, hyperlipidemia, and heightened sympa-
thetic outflow.10,11 However, the neural mechanism involved
in overactivation of sympathetic nervous system in obesity-
related hypertension remains unclear.

Although the brain regions involved in heightened sympa-
thetic nerve activity in obesity-related hypertension have yet
to be fully identified, the hypothalamus and hindbrain regions
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appear to play crucial roles in mediating enhanced sympa-
thetic outflow.4,12,13 Among these regions, the paraventricular
nucleus (PVN) in the hypothalamus is crucial to regulation of
sympathetic nerve activity and neuroendocrine functions.14

The PVN presympathetic neurons provide major sources of
excitatory drive of sympathetic outflow through projections to
the premotor neurons in the rostral ventrolateral medulla and
the sympathetic preganglionic neurons in the intermediolat-
eral cell column in the spinal cord.15 It has been shown that
the activity of PVN presympathetic neurons is increased in
both animal models of essential hypertension16 and obesity-
related hypertension.13 Previous studies have shown that
suppression of neuronal activity in the PVN with overexpres-
sion of an inwardly rectifying K+ channel caused sustained
hypotension in spontaneously hypertensive rats.17

Neurons that synthesize orexins, including orexin A and
orexin B, are limitedly distributed in the lateral hypothala-
mus.18 Orexin-containing axons and orexin receptors (OXRs),
including OXR1 and OXR2, are widely distributed in many
brain regions19–25 and play important roles in the regulation of
cardiovascular function, energy balance, sleep and wakeful-
ness, and feeding behavior.20,26 A previous study has shown
that microinjection of orexin A into the PVN increases arterial
blood pressure (ABP) and sympathetic outflow in OZRs.13

Orexin A can stimulate various types of neurons in brain
regions involved in different functions, such as the lateral
hypothalamus,27 the arcuate nucleus,28 and the PVN.13,29

We recently found that OXR1 expression is upregulated in
the PVN and contributes to heightened sympathetic vasomo-
tor tone in OZRs.13 In anesthetized OZRs, acutely blocking
OXR1 in the PVN by its antagonist decreased ABP and
sympathetic outflow.13 We hypothesized that silencing OXR1
expression in the PVN reduces obesity-related hypertension in
OZRs. Taking advantage of the gene-silencing approach, we
microinjected an adeno-associated viral vector carrying a

short hairpin RNA (shRNA) targeting OXR1 into the PVN to
decrease blood pressure and sympathetic outflow in OZRs.

Methods
All supporting data are available within this article and its
online supplementary files.

Animals
Male OZRs (13–15 weeks old) were purchased from Harlan
Laboratories (Indianapolis, IN) and housed in the animal
facility in the Department of Veterinary Medicine and Surgery
at the University of Texas MD Anderson Cancer Center at a
controlled temperature and under controlled lighting
(25°C�1°C, 12-hour light-dark cycle) with free access to
rodent feed and tap water. Seventy male OZRs used in this
study included 22 untreated OZRs, 24 OZRs with shRNA
treatment, and 24 OZRs treated with the scrambled shRNA.
All animal protocols and experimental procedures were
approved by the University of Texas MD Anderson Institu-
tional Animal Care and Use Committee and conformed to the
National Institutes of Health guidelines for the ethical use of
animals (protocol number 020602143).

shRNA Design and Microinjection into the PVN
To silence OXR1 expression, a distinct shRNA sequence
targeting rat OXR1 (50-gatccGCTACTTCATTGTCAACCTGTTCA
AGAGACAGGTTGACAATGAAGTAGTTTTTT ACGCGTa-30) and a
scrambled shRNA sequence (50-gatccAGTACTGCTTACGATAC
GGTTCAAGAGACCGTATCGTAAGCAGTACTTTTTTTACGCGTa-30)
was used. A U6 promoter was used to drive expression of OXR1
shRNA or scrambled shRNA followed by green fluorescent
protein (GFP). These components were integrated into an
adeno-associated virus (AAV2: viral vector, serotype 2). Con-
struction and packaging of the viral vector were performed by
Vector Biolabs (Malvern, PA). The AAV-OXR1-shRNA vector was
packaged at a titer of 191013 genome copies/mL. The vector
was microinjected into the PVNs in OZRs as described
previously.30,31 In brief, under isoflurane-induced (2%) anesthe-
sia, the rats were randomizely assigned to receive either AAV-
OX1R-shRNA or scrambled shRNA and placed in a stereotaxic
instrument (David Kopf Instruments, Tujunga, CA), and the
vector was delivered into the PVN through a 26-gauge needle
with its tip targeting the PVN at the following stereotaxic
coordinates: 1.8 to 2.1 mm caudal from the bregma, 0.5 mm
lateral to the midline, and 7.3 to 7.6 mm deep from the surface
of the brain. The scrambled shRNA or AAV-OX1R-shRNA
(100 nL) was injected over a period of 3 minutes. The surgical
wound was closed by suturing the muscle and skin, and the rats
were allowed to recover in home cages.

Clinical Perspective

What Is New?

• We found that chronic downregulation of orexin receptor 1
expression in the paraventricular nucleus reduced blood
pressure in free-moving obese Zucker rats.

• Silencing orexin receptor 1 in the paraventricular nucleus
decreased the activity of spinally projecting paraventricular
nucleus neurons and reduced arterial blood pressure and
sympathetic tone in obese Zucker rats.

What Are the Clinical Implications?

• This finding provides a rationale for development of novel
therapeutics targeting orexin receptor 1 to treat obesity-
related hypertension.
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Western blotting and immunocytochemical staining were
performed to measure the OXR1 expression levels in the rats.
Under anesthesia induced by 2% isoflurane, the rats were
quickly decapitated, and their brains were quickly removed.
Bilateral PVN samples were obtained via micropunching. The
total proteins were extracted in a radioimmunoprecipitation
assay buffer and quantified using a Bradford protein assay. An
aliquot of 40 lg of protein was subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
electrophoretically onto polyvinylidene difluoride membranes.
These isolated proteins were immunoblotted with antibodies
against OXR1 (rabbit antirat OXR1; Alomone Labs, Jerusalem,
Israel), OXR2 (rabbit anti-rat OXR2; Merck Millipore, Burling-
ton, MA), and glyceraldehyde 3-phosphate dehydrogenase
(glyceraldehyde 3-phosphate dehydrogenase, rabbit anti-rat
glyceraldehyde 3-phosphate dehydrogenase; Abcam, Cam-
bridge, UK). The band signals were enhanced using a
chemiluminescence kit (Fisher Scientific, Hampton, NH). The
density of the OXR1 and OXR2 protein bands was decreased
according to the respective glyceraldehyde 3-phosphate
dehydrogenase bands in the same sample. The mean value
of the band density of OXR1 and OXR2 proteins in OZRs given
scrambled shRNA or without viral vector treatment was
considered to be 1.

Immunocytochemical staining of brain tissue sections was
performed as described previously.13 Rats were deeply
anesthetized by sodium pentobarbital (60 mg/kg, intraperi-
toneal) and intracardially perfused with 4% paraformaldehyde.
Coronal brain slices at a thickness of 30 lm containing the
PVN were obtained. The slices were blocked for 1 hour with
5% goat serum and incubated overnight with a primary
antibody against OXR1 (rabbit anti-OXR1; Alomone Labs) and
then a secondary antibody (Alexa Fluor-594–conjugated goat
antirabbit; Abcam). The sections were viewed under a
confocal microscope, and areas of interest were pho-
tographed.

Blood Pressure Measurement With Telemetry
Approach
The ABP in free-moving rats was measured using a Millar
telemetry system (Houston, TX). After the rats were anes-
thetized with 2% isoflurane, a catheter of the telemetry
transmitter was inserted into the aorta.32 Then, the transmit-
ter was implanted and fixed in the abdominal cavity with a
suture to the peritoneum. The abdominal wound was closed in
2 layers with interrupted sutures. Afterward, the rats were
housed singly, and buprenorphine and enrofloxacin were given
to them for 3 days. Then, 7 days after the implantation
surgery, the shRNA viral vectors were microinjected into the
bilateral PVN of rats with telemetry transmitter implanted. The
blood pressure signals from the transmitters in free-moving

rats were monitored, and the data were recorded and
analyzed using a data acquisition system (LabChart 7;
ADInstruments, Colorado Springs, CO).

The heart rate variability (HRV) in the OZRs was analyzed
using the HRV module in the LabChart 7 software program
(ADInstruments) as described previously.33,34 A 10-minute
baseline period was also used to calculate the baseline HRV.
To perform spectral analysis of HRV, normal pulse-to-pulse
tachograms were linearly resampled and transformed into the
frequency domain using Welch’s method with 50% overlapping
and 1024-point Hann windows.34,35 The power of the low-
frequency (LF; 0.0625-0.1875 Hz) and high-frequency (HF;
0.1875-0.5625 Hz) bands was then used to calculate the LF/
HF ratio. The LF/HF ratio has been a widely used index of
sympathovagal balance, with the HF component representing
vagal activity and the LF component being more representa-
tive of sympathetic activity.33,34

ABP, Heart Rate, and Renal Sympathetic Nerve
Activity Recording and PVN Microinjection
Three to 4 weeks after viral vector injection, rats were
anesthetized via intraperitoneal injection of a mixture of a-
chloralose (60–75 mg/kg) and urethane (800 mg/kg) and
were mechanically ventilated with room air through a trachea
cannula connected to a rodent ventilator (CWE, Ardmore, PA).
The concentration of CO2 in the expiration was monitored by a
CO2 analyzer (CapStar-100; CWE) and maintained at 4% to 5%
by adjusting the respiratory rate (�60 bpm) and tidal volume
(�2.5 mL) throughout the experiment. The ABP was recorded
through a cannula inserted into the left femoral artery, and the
heart rate (HR) was extracted from the pulsatile blood pressure
wave. Also, a small branch of the left renal sympathetic nerve
was isolated from the surrounding tissue through an incision in
the left flank13 and put on a platinum electrode to acquire the
nerve discharge. The renal sympathetic nerve activity (RSNA)
was amplified (gain, 20,000–30,000) and filtered (band-pass,
100–3000 Hz) using an alternating-current amplifier (model
P511; Grass Instrument, West Warwick, RI) and monitored
using an audio amplifier (Grass Instrument). The RSNA and ABP
signals were recorded using a 1401-PLUS analog-to-digital and
Spike2 system (Cambridge Electronic Design, Cambridge, UK).
The background noise was determined as the signals recorded
5 minutes after the rats were euthanized with an overdose of
sodium pentobarbital (200 mg/kg, intravenous injection) at
the end of each experiment and subtracted from the integrated
RSNA values during data analysis. The basal level of RSNA (with
subtraction of background noise) was set as 100%, and the
percent change in RSNA from the baseline value was
calculated.13,36

PVN microinjections of agents were performed as
described previously.36 In brief, a glass pipette (tip diameter,
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20–30 lm) was advanced into the PVN through a small hole
drilled in the surface of the skull at the following stereotactic
coordinates: 1.6 to 2.0 mm caudal to the bregma, 0.5 mm
lateral to the midline, and 7.0 to 7.5 mm ventral to the dura.36

The agents were pressure-ejected using a calibrated microin-
jection system, and the injection procedure was monitored
using an operating microscope. The injection sites in the PVN
were first verified by a depressor response to microinjection
of 5 nmol c-aminobutyric acid (20 nL, 250 mmol/L). The
location of the pipette tip and diffusion of the injectant in the
PVN were examined and confirmed histologically after each
experiment by 5% rhodamine-labeled fluorescent micro-
spheres (0.04 lm) included in the drug solutions. At the
completion of the experiment, the rats’ brains were removed,
fixed, and sectioned to determine the injection sites and area
of diffusion of fluorescent dye according to the Paxinos and
Watson atlas. Rats in which the pipette tip was misplaced
outside the PVN were excluded from the data analysis.

Whole-Cell Recording in Brain Slice
The spinally projecting PVN neurons were retrogradely labeled
by FluoSpheres (Invitrogen, Carlsbad, CA) injected into the
spinal cord 2 to 3 weeks after viral vector injection. In brief,
rats were anesthetized using 2% isoflurane in oxygen, and the
T2 to T4 levels of the spinal cord were exposed surgically via
laminectomy. FluoSpheres (red, 0.04 lm) were bilaterally
injected through a glass pipette (tip, 20–30 lm) into the
intermediolateral region of the T2 to T4 levels of the spinal
cord in 3 separate 50-nL injections on each side. After the
injections, the rats were given prophylactic penicillin (60 mg/
100 g daily for 3 days) and an analgesic (0.5 mg/kg
buprenorphine every 12 hours for 2 days). The rats were
allowed to recover for 3 to 5 days to permit the FluoSpheres
to be retrogradely transported to the PVN.

Brain slices at the hypothalamus level were prepared from
the FluoSphere-injected rats. The rats were anesthetized
using 2% isoflurane and decapitated. Their brains were quickly
removed and placed in ice-cold artificial cerebrospinal fluid
(aCSF) containing (in mmol/L): 124.0 NaCl, 3.0 KCl, 1.3
MgSO4, 2.4 CaCl2, 1.4 NaH2PO4, 10.0 glucose, and 26.0
NaHCO3, which was continuously gassed with a mixture of
95% O2 and 5% CO2. Coronal hypothalamic slices (300 lm)
were sectioned and incubated in aCSF continuously gassed
with a mixture of 95% O2 and 5% CO2 at 34°C for 1 hour
before recording.

PVN sections were transferred from the incubation chamber
into a recording chamber filled and perfused with aCSF
(saturated with 95% O2 and 5% CO2) at a speed of 3 mL/min
with the temperature kept at 34°C by an inline heater. Labeled
spinally projecting PVN neurons were identified under an
upright microscope equipped with epifluorescent illumination

and differential interference contrast optics. The recording
electrodes were pulled from borosilicate capillaries using a
micropipette puller and filled with an internal solution contain-
ing the following (in mmol/L): 140.0 K-gluconate, 2.0 MgCl2,
0.1 CaCl2, 10.0 HEPES, 1.1 EGTA, 0.3 Na2-GTP, and 2.0 Na2-
ATP adjusted to pH 7.25with 1 mol/L solution of KOH, and 270
ot 290 mOsm. The resistance of these electrodes was 3 6 MΩ
when they were filled with the internal solution. Whole-cell
patch-clamp recording was performed to record the sponta-
neously firing activity of spinally projecting neurons. The
electrical signals were processed using a MultiClamp 700B
amplifier, filtered at 1 to 2 kHz, and digitized at 10 kHz using a
Digidata 1440 digitizer (Molecular Devices, San Jose, CA). The
liquid junction potential, defined as the voltage difference
between the recording pipette solution and external solution,
was corrected for all the recordings. Because the spontaneous
firing rate was irregular, the spontaneous firing activity was
averaged for a 3-minute period for baseline, drug application,
and washout when the firing activity was stable under each
condition.

Drugs
Orexin A and N-(2-methyl-6-benzoxazolyl)-N’-1,5-naphthyridin-
4-yl urea (SB334867) were purchased from Tocris Bioscience
(Bristol, United Kingdom). Orexin A was dissolved in deionized
water to form stock solutions and diluted with aCSF solution
to designated final concentrations. SB334867 was dissolved
in dimethyl sulfoxide. The final DMSO concentration in bath
solution was 0.05%, which had on effects on the firing activity
of PVN neurons.

Data Analysis
The mean ABP was obtained by integrating the blood pressure
waveform over the recording period. The baseline values of
mean ABP, HR, and RSNA were obtained by averaging these
variables over a period of 3 minutes immediately before each
treatment. Response values after each intervention were
averaged over 60 seconds when the maximal responses
occurred. The firing activity was analyzed using the MiniAnal-
ysis software program (version 6.0). The membrane potential
of recorded neurons was determined between adjacent
discharges when it was stable or the neuron was silent.
These data were analyzed by staff who were blinded to group-
assignment information by using the GraphPad Prism 7. For
comparisons of values in 2 groups, the Student t test was
performed by using the GraphPad Prism 7. For comparisons of
values in 3 or more groups, repeated measures ANOVA with
Dunnett’s post hoc test or 1-way ANOVA with Tukey’s post
hoc test was performed to compare responses among groups.
P levels <0.05 were considered significant.
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Results

Verification of OXR1 Silencing in the PVN by
Treatment With AAV-OXR1-shRNA
OXR1 expression was profoundly higher in the PVN in
OZRs than in lean Zucker rats.13 We used AAV-OXR1-
shRNA to downregulate OXR1 expression in the PVN in
OZRs. Specifically, we microinjected AAV-OXR1-shRNA into
the PVN of OZRs (Figure 1A and 1B). To confirm that
treatment with AAV-OXR1-shRNA downregulates OXR1
expression in the PVN, we immunostained hypothalamus
tissue by using an antibody against OXR1 3 to 4 weeks
after AAV-OXR1-shRNA injection. The majority of OXR1-
positive PVN neurons were targeted by AAV-OXR1-shRNA

or scrambled shRNA as indicated by GFP fluorescence.
Compared with rats treated with scrambled shRNA, in
which most of the GFP-tagged PVN neurons displayed
OXR1 immunoreactivity, those treated with AAV-OXR1-
shRNA largely had decreased OXR1 immunoreactivity in the
PVN neurons (Figure 1B).

Western blot analysis revealed that OXR1 expression levels
in OZRs treated with AAV-OXR1-shRNA were significantly
lower than those in scrambled shRNA-treated or untreated
OZRs (n=4 rats/group; P=0.0014 for OZRs treated with AAV-
OXR1-shRNA versus the scrambled group, P=0.0040 for OZRs
treated with AAV-OXR1-shRNA versus the untreated group)
(Figure 1C). Both OXR1 and OXR2 are expressed in the
PVN21,37; thus, we also determined whether treatment with

Figure 1. Delivery of AAV-OXR1-shRNA into the PVN induced robust downregulation of OXR1 expression in OZRs. A, Construction of AAV-
OXR1-shRNA followed by GFP and the GFP expression in the PVN 3 to 4 weeks after microinjection of the vector into the PVN. B, Representative
images showing GFP-labeled neurons (green) and OXR1 immunoreactivity-positive neurons (red) in the PVN 3 to 4 weeks after delivery of AAV-
OXR1-shRNA or scrambled shRNA. C and D, Western blots of OXR1 and OXR2 expression in the PVN of untreated OZRs, OZRs treated with AAV-
OXR1-shRNA, and OZRs treated with scrambled shRNA. Note that AAV-OXR1-shRNA treatment markedly decreased OXR1 expression without
significantly affecting OXR2 expression in the PVN. E and F, Western blots of OXR1 expression in the hippocampus (E) and frontal cortex (F) in
OZRs treated with AAV-OXR1-shRNA or scrambled shRNA. Data are presented as the mean�SEM. One-way ANOVA with Tukey’s post hoc test
was used to analyze differences in protein expression among the experimental groups. *P<0.05 compared with the values in scrambled shRNA-
treated OZRs. AAV indicates adeno-associated virus; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent protein; OXR1
orexin receptor 1; OZRs, obese Zucker rats; OZRs-SCM, OZRs treated with AAV-scrambled shRNA; OZRs-shRNA, OZRs treated with AAV-OXR1-
shRNA; PVN, paraventricular nucleus of the hypothalamus; shRNA, short hairpin RNA.
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AAV-OXR1-shRNA affected OXR2 expression levels in the
PVN. OXR2 expression levels in OZRs treated with AAV-OXR1-
shRNA did not differ significantly from those OZRs treated
with scrambled shRNA and untreated OZRs and (Figure 1D).
To rule out the possibility that AAV-OXR1-shRNA in the PVN
may affect OXR1 expression levels in other hypothalamus
subregions, we measured the OXR1 expression in the
ventromedial hypothalamus and dorsomedial hypothalamus
located adjacently to the PVN. The expression of OXR1 in
both the ventromedial hypothalamus and the dorsomedial
hypothalamus did not differ among untreated OZRs, OZRs
treated with scrambled shRNA, and OZRs treated with OXR1-
shRNA (Figure S1). We also measured OXR1 protein levels in
the hippocampus and the frontal cortex. The OXR1 levels
were not different among untreated OZRs, OZRs treated with
scrambled shRNA, and OZRs treated with OXR1-shRNA
(Figure 1E and 1F).

Silencing of PVN OXR1 Expression Reduces ABP
in Free-Moving OZRs

Acutely blocking OXR1 in the PVN by its antagonist decreased
ABP and sympathetic outflow in anesthetized OZRs.13 We
sought to determine the effect of silencing of OXR1 expres-
sion in the PVN on ABP in OZRs. We monitored ABP in
conscious, free-moving OZRs using a telemetric system.
Microinjection of scrambled shRNA into the PVN did not alter
the ABP 6 weeks after the microinjection. However, in OZRs
treated with AAV-OXR1-shRNA, ABP started to decrease
3 weeks after microinjection of the viral vectors and produced
peak depressor response on the 28th day after the injection
(n=6, P=0.0011) (Figure 2A and 2B). In addition, HR was
significantly decreased on the 28th day after AAV-OXR1-
shRNA microinjection (n=6, P=0.0014) (Figure 2B). The ABP
in OZRs treated with AAV-OXR1-shRNA decreased from

Figure 2. Silencing of OXR1 in the PVN by AAV-OXR1-shRNA decreased the mean ABP in OZRs. A and B, Time course of mean ABP
(A) and HR (B) measured using telemetry in 6 free-moving OZRs with microinjections of AAV-OXR1-shRNA or scrambled shRNA (Scr-
shRNA) into the PVN. The mean ABP and HR decreased considerably in OZRs 3 to 4 weeks after microinjection of AAV-OXR1-shRNA. C,
Body weight changes in OZRs treated with AAV-OXR1-shRNA or scrambled shRNA. D through F, Spectral analysis of HR variability and
summary data showing that treatment with AAV-OXR1-shRNA substantially decreased the LF components and the ratio of LF/HF when
compared with treatment with scrambled shRNA (n=6 rats/group). Data are presented as the mean�SEM. One-way ANOVA with
Tukey’s post hoc test was used to analyze differences among experimental groups. *P<0.05 compared with the values in scrambled
shRNA-treated OZRs. AAV indicates adeno-associated virus; ABP, arterial blood pressure; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; GFP, green fluorescent protein; OXR1, orexin receptor 1; OZRs, obese Zucker rats; OZRs-SCM, OZRs treated with AAV-
scrambled shRNA; OZRs-shRNA, OZRs treated with AAV-OXR1-shRNA; PVN, paraventricular nucleus of the hypothalamus; shRNA, short
hairpin RNA.
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121.10�3.08 mm Hg to 104.12�4.78 mm Hg (P=0.0011),
and the HR decreased from 370.61�27.21 bpm to
326.00�12.70 bpm 4 weeks after treatment with AAV-
OXR1-shRNA (Figure 2A and 2B). Because high blood pres-
sure is related to obesity in OZRs, we also sought to
determine whether AAV-OXR1-shRNA microinjection into the
PVN changes OZR body weight. We found that the body
weights of OZRs treated with scrambled shRNA and those
treated with AAV-OXR1-shRNA did not differ before and after
viral vector injection into the PVN (Figure 2C).

We next analyzed the HRV to assess the autonomic
nervous system activity in OZRs treated with scrambled
shRNA or AAV-OXR1-shRNA. Analysis of the components of
HRV is a widely used approach to assessing sympathovagal
balance.38 In the spectral analysis of HRV in OZRs treated
with AAV-OXR1-shRNA or scrambled shRNA, we found that
the LF domain was significantly lower but the HF domain was
significantly higher in OZRs treated with AAV-OXR1-shRNA

than in those treated with scrambled shRNA (n=6 rats/group;
P=0.0006 for LF comparison, and P=0.0041 for LF compar-
ison) (Figure 2D and 2E). Also, the LF/HF ratio was signifi-
cantly lower in OZRs treated with AAV-OXR1-shRNA than in
those treated with scrambled shRNA (n=6 rats/group;
P=0.0002) (Figure 2F).

Silencing of OXR1 Expression in the PVN
Decreases Basal Vasomotor Tone and Suppresses
Sympathoexcitatory Effect of Orexin A in OZRs
The following experiment was performed by using rats 3 to
4 weeks after viral vector injection. The baseline ABP and HR
were significantly lower in OZRs treated with AAV-OXR1-shRNA
than in those treated with scrambled shRNA under anesthesia
(n=6 rats/group; P=0.0024 for BP comparison, and P=0.0014
for HR comparison) (Figure 3A through 3D). Furthermore,
microinjection of orexin A (30 pmol in 50 nL of aCSF)13 into the

Figure 3. Treatment with AAV-OXR1-shRNA decreased ABP and sympathetic outflow in OZRs. A and B,
Original traces showing that microinjection of AAV-OXR1-shRNA (OXR1-shRNA) (B) and scrambled shRNA
(A) into the PVN decreased basal ABP, HR, and RSNA in OZRs. Furthermore, bilateral microinjection of
orexin A (30 pmol in 50 nL of aCSF) into the PVN induced sympathoexcitatory response in OZRs treated
with scrambled shRNA, an effect that was markedly attenuated in OZRs treated with AAV-OXR1-shRNA. C
through E, Summary data showing the responses of mean ABP (D), HR (D), and RSNA (E) in OZRs treated
with scrambled shRNA or AAV-OXR1-shRNA to bilateral injection of orexin A (30 pmol in 50 nL of aCSF)
into the PVN (n=6 rats/group). Data are presented as the mean�SEM. One-way ANOVA with Tukey’s post
hoc test was used to analyze differences among experimental groups. *P<0.05 compared with basal values
in each group. #P<0.05 compared with respective values in OZRs treated with scrambled shRNA. 3V, third
ventricle. AAV indicates adeno-associated virus; ABP, arterial blood pressure; HR, heart rate; OXR1, orexin
receptor 1; OZRs, obese Zucker rats; OZRs-SCM, OZRs treated with AAV-scrambled shRNA; OZRs-shRNA,
OZRs treated with AAV-OXR1-shRNA; PVN, paraventricular nucleus of the hypothalamus; RSNA, renal
sympathetic nerve activity.
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PVN markedly increased the ABP, HR, and RSNA in OZRs
treated with scrambled shRNA (Figure 3A and 3C through 3E).
However, treatment with AAV-OXR1-shRNA largely attenuated
the increases in ABP, HR, and RSNA induced by microinjection
of orexin A into the PVN (Figure 3B and 3D through 3E). These
data suggested that silencing of OXR1 expression in the PVN
suppressed the sympathoexcitatory effect of orexin A.

We next determined whether OXR1 in the PVN mediated
the depressor response and sympathoinhibitory effect
induced by treatment with AAV-OXR1-shRNA in anesthetized
rats. Microinjection of SB334867, a selective antagonist of
OXR1 (1 nmol in 50 nL of aCSF), into the PVN decreased the
ABP, HR, and RNSA in 6 OZRs treated with scrambled shRNA
(P=0.0003) (Figure 4A and 4C through 4E). However, we did
not observe a sympathoinhibitory effect of microinjection of
SB334867 into the PVN in OZRs treated with AAV-OXR1-
shRNA (n=6; P>0.05) (Figure 4B through 4E).

Silencing of OXR1 Expression Decreases the
Firing Activity of Spinally Projecting PVN Neurons
The presympathetic PVN neurons provide excitatory drive to
elevated sympathetic outflow in essential and obesity-related

hypertension.36,39 Thus, we determined whether treatment
with AAV-OXR1-shRNA decreased the firing activity of spinally
projecting PVN neurons in OZRs. The experiment was
performed in rats 3 to 4 weeks after viral vector injection.
We found that the baseline spontaneous firing activity of
labeled PVN neurons was significantly lower in OZRs treated
with AAV-OXR1-shRNA than in those treated with scrambled
shRNA (n=12 neurons from 6 OZRs treated with AAV-OXR1-
shRNA and n=11 neurons in 5 OZRs treated with scrambled
shRNA; P=0.0001) (Figure 5). Bath application of orexin A
(100 nmol/L) significantly increased the firing rate of labeled
PVN neurons in OZRs treated with scrambled shRNA (n=12
neurons from 6 rats; P=0.0002). However, in OZRs treated
with AAV-OXR1-shRNA, the excitatory effect of orexin A
(100 nmol/L) on labeled PVN neurons was largely attenuated.

In another group of labeled PVN neurons from OZRs
treated with scrambled shRNA, bath application of the OXR1
antagonist SB334867 (10 lmol/L) significantly decreased
the spontaneous firing activity of labeled PVN neurons (n=10
neurons from 5 OZRs; P=0.0015) (Figure 6). However, this
inhibitory effect of SB334867 was not observed in OZRs that
received treatment with AAV-OXR1-shRNA (n=12 neurons
from 6 rats).

Figure 4. Silencing of OXR1 expression in the PVN eliminated the depressor response to blockade of OXR1
in the PVN in OZRs. A and B, Original traces of ABP, HR, and RSNA showing that bilateral microinjection of
SB334867 (1 nmol in 50 nL of aCSF) into the PVN decreased the ABP, HR, and RSNA in OZRs treated with
scrambled shRNA (A) but had no effect on these variables in OZRs treated with AAV-OXR1-shRNA (B). C
through E, Summary data showing the mean ABP (C), HR (D), and RSNA (E) in OZRs treated with scrambled
shRNA or AAV-OXR1-shRNA before and after microinjection of SB334867 into the PVN (n=6 rats/group)
*P<0.05 compared with the basal levels in each group. AAV indicates adeno-associated virus; ABP, arterial
blood pressure; HR, heart rate; OXR1, orexin receptor 1; OZRs, obese Zucker rats; OZRs-SCM, OZRs treated
with AAV-scrambled shRNA; OZRs-shRNA, OZRs treated with AAV-OXR1-shRNA; PVN, paraventricular nucleus
of the hypothalamus; RSNA, renal sympathetic nerve activity; SB, SB334867; shRNA, short hairpin RNA.
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Discussion

In this study, we determined the chronic effect of downregulation
of OXR1 expression in the PVN on ABP, sympathetic vasomotor
tone, and presympathetic PVN neurons in rats with obesity-
related hypertension. This study is the first to demonstrate that
silencingOXR1 expression in the PVN causes sustained reduction
of ABP in freely moving OZRs as well as decreased sympathetic
outflow and excitability of presympathetic PVN neurons. The
findings from the present study suggest that downregulation of
OXR1 expression in the PVN is sufficient to significantly reduce
elevated ABP and sympathetic vasomotor tone in obesity-related
hypertension. The observed reduction of sympathetic outflow
induced by OXR1 silencing was most likely due to inhibition of
PVN presympathetic neurons.

To silence OXR1 expression, we designed a specific shRNA
targeting OXR1 and cloned into AAV2 vector. Microinjection

of this AAV-OXR1-shRNA into the PVN effectively downreg-
ulated OXR1 protein expression in the injection region. The
downregulation of OXR1 expression induced by AAV-OXR1-
shRNA was limited to the PVN region because OXR1
expression levels in the ventromedial hypothalamus, dorso-
medial hypothalamus, hippocampus, and frontal cortex did
not differ between rats treated with AAV-OXR1-shRNA and
those treated with scrambled shRNA. Also, few GFP-positive
neurons were found in surrounding regions such as dorso-
medial hypothalamus and ventromedial hypothalamus, which
are involved in the regulation of blood pressure. The PVN is a
heterogeneous nucleus containing many types of neurons
such as interneurons and projection neurons.40 Thus, the
neuronal promoter used in the AAV-OXR1-shRNA vector may
not selectively downregulate OXR1 expression in PVN
presympathetic neurons. The OXR2 expression level in the
PVN was not altered by treatment with AAV-OXR1-shRNA,

Figure 5. Silencing of OXR1 expression decreased the basal activity of PVN presympathetic neurons and
eliminated the excitatory effect of orexin A on these neurons in OZRs. A and B, Representative raw tracings
(A) and a frequency histogram (B) showing that treatment with AAV-OXR1-shRNA decreased the basal firing
activity of spinally projecting PVN neurons. Bath application of orexin A (100 nmol/L) increased the firing
rate of spinally projecting PVN neurons in OZRs treated with scrambled shRNA. This excitatory effect of
orexin A was considerably attenuated in OZRs treated with AAV-OXR1-shRNA. (C) Summary data showing
that treatment with AAV-OXR1-shRNA decreased the basal firing rate of spinally projecting PVN neurons
and attenuated the excitatory effect of bath application of orexin A on spinally projecting PVN neurons
(n=15 neurons in each group). D, A FluoSphere-labeled PVN neuron (*) in brain slice viewed with and
infrared differential interference contrast optics (upper panel) and fluorescence illumination (lower panel).
The recording electrode was marked with an arrow. The scale bars are 10 lm. *P<0.05 compared with the
basal values in each group; #P<0.05 compared with respective values in OZRs treated with scrambled
shRNA. AAV indicates adeno-associated virus; OZRs, obese Zucker rats; OZRs-SCM, OZRs treated with AAV-
scrambled shRNA; OZRs-shRNA, OZRs treated with AAV-OXR1-shRNA; shRNA, short hairpin RNA.
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suggesting that this treatment specifically silences OXR1
rather than OXR2 expression. Previous studies have demon-
strated that in different brain regions both OXR1 and OXR2
are involved in the regulation of blood pressure and sympa-
thetic outflow. Although activation of OXR2 in the rostral
ventrolateral medulla41,42 or the nucleus tractus solitarius43

induces depressor response, OXR2 in the PVN is not involved
in the regulation of blood pressure or sympathetic outflow.13

The salient finding of this study was that silencing of OXR1
expression in the PVN decreased elevation of arterial blood
pressure in OZRs. Researchers showed that knockout of
genes encoding orexins or ablation of orexin neurons in the
hypothalamus substantially decreased the basal blood pres-
sure in nonobese rats25,44 and that this depressor effect was
attributable to a decrease in sympathetic vasomotor tone.25

These findings suggest that the orexin system is tonically
activated to maintain blood pressure and sympathetic outflow
under physiological conditions. Another study demonstrated

that although prepro-orexin mRNA expression was consider-
ably decreased in the hypothalamus in OZRs, the OXR1
expression level was 4- to 6-fold higher in OZRs than in lean
Zucker rats.45 Together with findings showing that antago-
nism of OXR1 activity or silencing of OXR1 expression in the
PVN decreases ABP in OZRs, these findings suggest that
OXR1 likely is tonically activated in the PVN in OZRs and is
critically involved in maintaining high ABP in this rat model of
obesity. In high-fat-diet–induced obesity, it seems that orexin
receptor-2 (OX2R), rather than OX1R, signaling mediates this
phenotype of obesity.46 In this regard, chronic central
administration of an OX2R-selective agonist prevents diet-
induced obesity.46 However, it is not clear if OX2R mediates
high blood pressure and elevated sympathetic vasomotor
tone in high-fat diet-induced obesity.

In addition to decreasing ABP, silencing of OXR1 expres-
sion in the PVN rebalanced sympathovagal activity, as
treatment with AAV-OXR1-shRNA decreased the LF domain

Figure 6. Silencing of OXR1 expression in the PVN eliminated the inhibitory effect of OXR1 blockade on
spinally projecting PVN neurons in OZRs. A and B, Representative raw tracings (A) and summary data (B)
showing that bath application of SB334867 (10 lmol/L) decreased the firing rate of spinally projecting
PVN neurons in OZRs treated with scrambled shRNA, an effect that was eliminated in OZRs treated with
AAV-OXR1-shRNA (n=15 neurons in each group). *P<0.05 compared with the basal values in each group;
#P<0.05 compared with respective values in OZRs treated with scrambled shRNA. AAV indicates adeno-
associated virus; OXR1, orexin receptor 1; OZRs, obese Zucker rats; OZRs-SCM indicates OZRs treated with
AAV-scrambled shRNA; OZRs-shRNA, OZRs treated with AAV-OXR1-shRNA; SB, SB334867; shRNA, short
hairpin RNA.

DOI: 10.1161/JAHA.118.011434 Journal of the American Heart Association 10

Orexin Receptor 1 and Hypertension Zhou et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



but increased the HF domain of the HRV spectrum in OZRs. To
confirm that silencing of OXR1 expression in the PVN reduces
sympathetic outflow, we directly assessed sympathetic out-
flow by measuring the RSNA in anesthetized OZRs. We found
that silencing of OXR1 in the PVN not only reduced the
baseline ABP and RSNA but also largely attenuated the
sympathoexcitatory response induced by microinjection of
orexin A into the PVN. Furthermore, treatment with AAV-
OXR1-shRNA eliminated the sympathoinhibitory response
induced by microinjection of the OXR1 antagonist
SB334867 into the PVN in OZRs. These data suggested that
downregulation of OXR1 expression in the PVN decreases
elevated sympathetic drive and ABP in OZRs.

We found that treatment with AAV-OXR1-shRNA did not
have a significant effect on weight gain in the OZRs compared
with OZRs treated with scrambled shRNA. OXR1 protein
expression in the PVN in OZRs is increased at 4 to 6 weeks of
age, when OZRs are not obese, and significantly increased
after 4 to 6 weeks of age, when they quickly gain weight.13,47

Thus, upregulation of OXR1 expression in the PVN seems to
result from obesity rather than mutation of leptin receptors in
OZRs. Plasma leptin levels are positively correlated with body
fat.48 However, whether elevated plasma leptin levels lead to
upregulation of OXR1 expression in the PVN in OZRs is
unclear. On the other hand, upregulation of OXR1 expression
in the PVN is one of the factors involved in elevated
sympathetic vasomotor tone in OZRs.13 Thus, downregulation
of OXR1 expression in the PVN reduces sympathetic
vasomotor tone but does not affect body weight gain in OZRs.

Previous studies have shown that the neuronal activity of
PVN presympathetic neurons crucially regulates sympathetic
outflow.13,36 Thus, we sought to determine whether treatment
with AAV-OXR1-shRNA decreases PVN presympathetic neu-
ron activity in OZRs. We found that silencing of OXR1
expression in the PVN markedly decreased the basal activity
of spinally projecting PVN neurons in OZRs. Because PVN
presympathetic neurons are major excitatory driving sources
that lead to elevated sympathetic outflow under physiological
and disease conditions such as hypertension and obesity,17,39

these data suggest that OXR1 expression in the PVN was
closely associated with the excitability of spinally projecting
PVN neurons and sympathetic outflow in the OZRs. Consis-
tent with a previous finding that OXR1 in the PVN mediates
the excitatory effect of orexin A on spinally projecting PVN
neurons,13 we found that silencing of OXR1 in the PVN
abolished the stimulatory effect of orexin A on spinally
projecting neurons. A previous study has shown that overex-
pression of inwardly rectifying K+ channels in the PVN induces
sustained depressor response in hypertensive rats.17

Although the researchers did not examine the activity of
PVN presympathetic neurons, overexpression of inwardly
rectifying K+ channels likely depressed the activity of neurons

within the PVN, including PVN presympathetic neurons,
because a nonselective neuronal promoter was used to drive
this overexpression. Also, studies demonstrated that inhibi-
tory GABAergic synaptic inputs are the majority of local
synaptic inputs to PVN neurons.49,50 The K+ channels
overexpressed in these inhibitory PVN neurons may attenuate
the observed depressor response in hypertensive rats. Thus,
the role of PVN neurons in mediating the depressor effect
in the study described above may have been underestimated.
In the present study, treatment with AAV-OXR1-shRNA largely
reduced the upregulated OXR1 expression in PVN neurons,
including spinally projecting PVN neurons, in OZRs. Thus,
silencing OXR1 expression in the PVN most likely decreases
ABP and sympathetic outflow through suppression of the
heightened activity of spinally projecting PVN neurons.

In summary, our study demonstrated that chronic down-
regulation of OXR1 expression in the PVN decreased the
activity of spinally projecting PVN neurons and reduced ABP
and sympathetic outflow in OZRs. This finding provides a
rationale for development of novel therapeutics targeting
hypothalamic OXR1 to treat obesity-related hypertension.

Sources of Funding
This work was supported by the National Heart, Lung, and
Blood Institute at the National Institutes of Health (R01
MH096086, R01 HL139523, and R01 HL142133 to Li) and
the National Natural Science Foundation of China (grant no.
81100229 and 30572086; to Zhang). In addition, this work
was supported in part by the National Institutes of Health/
National Cancer Institute through MD Anderson Cancer
Center Support GRANT P30-CA-016672, which helps fund
the institution’s Research Animal Support Facility.

Disclosures
None.

References
1. Hall JE, Crook ED, Jones DW, Wofford MR, Dubbert PM. Mechanisms of

obesity-associated cardiovascular and renal disease. Am J Med Sci.
2002;324:127–137.

2. Wilson PW, D’Agostino RB, Sullivan L, Parise H, Kannel WB. Overweight and
obesity as determinants of cardiovascular risk: the Framingham experience.
Arch Intern Med. 2002;162:1867–1872.

3. Garrison RJ, Kannel WB, Stokes J III, Castelli WP. Incidence and precursors of
hypertension in young adults: the Framingham offspring study. Prev Med.
1987;16:235–251.

4. Davy KP, Hall JE. Obesity and hypertension: two epidemics or one? Am J
Physiol Regul Integr Comp Physiol. 2004;286:R803–R813.

5. Esler M, Straznicky N, Eikelis N, Masuo K, Lambert G, Lambert E. Mechanisms
of sympathetic activation in obesity-related hypertension. Hypertension.
2006;48:787–796.

6. Morgan DA, Anderson EA, Mark AL. Renal sympathetic nerve activity is
increased in obese Zucker rats. Hypertension. 1995;25:834–838.

7. Stocker SD, Meador R, Adams JM. Neurons of the rostral ventrolateral medulla
contribute to obesity-induced hypertension in rats. Hypertension. 2007;49:
640–646.

DOI: 10.1161/JAHA.118.011434 Journal of the American Heart Association 11

Orexin Receptor 1 and Hypertension Zhou et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



8. Clement K, Vaisse C, Lahlou N, Cabrol S, Pelloux V, Cassuto D, Gourmelen M,
Dina C, Chambaz J, Lacorte JM, Basdevant A, Bougneres P, Lebouc Y, Froguel
P, Guy-Grand B. A mutation in the human leptin receptor gene causes obesity
and pituitary dysfunction. Nature. 1998;392:398–401.

9. Farooqi IS, Wangensteen T, Collins S, Kimber W, Matarese G, Keogh JM, Lank
E, Bottomley B, Lopez-Fernandez J, Ferraz-Amaro I, Dattani MT, Ercan O, Myhre
AG, Retterstol L, Stanhope R, Edge JA, McKenzie S, Lessan N, Ghodsi M, De
Rosa V, Perna F, Fontana S, Barroso I, Undlien DE, O’Rahilly S. Clinical and
molecular genetic spectrum of congenital deficiency of the leptin receptor. N
Engl J Med. 2007;356:237–247.

10. Alonso-Galicia M, Brands MW, Zappe DH, Hall JE. Hypertension in obese
Zucker rats. Role of angiotensin II and adrenergic activity. Hypertension.
1996;28:1047–1054.

11. Kurtz TW, Morris RC, Pershadsingh HA. The Zucker fatty rat as a genetic model
of obesity and hypertension. Hypertension. 1989;13:896–901.

12. Chaar LJ, Coelho A, Silva NM, Festuccia WL, Antunes VR. High-fat diet-induced
hypertension and autonomic imbalance are associated with an upregulation of
cart in the dorsomedial hypothalamus of mice. Physiol Rep. 2016;4:12811.

13. Zhou JJ, Yuan F, Zhang Y, Li DP. Upregulation of orexin receptor in
paraventricular nucleus promotes sympathetic outflow in obese Zucker rats.
Neuropharmacology. 2015;99:481–490.

14. Swanson LW, Sawchenko PE. Hypothalamic integration: organization of the
paraventricular and supraoptic nuclei. Annu Rev Neurosci. 1983;6:269–324.

15. Ranson RN, Motawei K, Pyner S, Coote JH. The paraventricular nucleus of the
hypothalamus sends efferents to the spinal cord of the rat that closely appose
sympathetic preganglionic neurones projecting to the stellate ganglion. Exp
Brain Res. 1998;120:164–172.

16. Li DP, Yang Q, Pan HM, Pan HL. Pre- and postsynaptic plasticity underlying
augmented glutamatergic inputs to hypothalamic presympathetic neurons in
spontaneously hypertensive rats. J Physiol. 2008;586:1637–1647.

17. Geraldes V, Goncalves-Rosa N, Liu B, Paton JF, Rocha I. Chronic depression of
hypothalamic paraventricular neuronal activity produces sustained hypoten-
sion in hypertensive rats. Exp Physiol. 2014;99:89–100.

18. Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka H, Williams
SC, Richardson JA, Kozlowski GP, Wilson S, Arch JR, Buckingham RE, Haynes
AC, Carr SA, Annan RS, McNulty DE, Liu WS, Terrett JA, Elshourbagy NA,
Bergsma DJ, Yanagisawa M. Orexins and orexin receptors: a family of
hypothalamic neuropeptides and G protein–coupled receptors that regulate
feeding behavior. Cell. 1998;92:573–585.

19. Date Y, Ueta Y, Yamashita H, Yamaguchi H, Matsukura S, Kangawa K, Sakurai
T, Yanagisawa M, Nakazato M. Orexins, orexigenic hypothalamic peptides,
interact with autonomic, neuroendocrine and neuroregulatory systems. Proc
Natl Acad Sci U S A. 1999;96:748–753.

20. de Lecea L, Kilduff TS, Peyron C, Gao X, Foye PE, Danielson PE, Fukuhara C,
Battenberg EL, Gautvik VT, Bartlett FS II, Frankel WN, van den Pol AN, Bloom
FE, Gautvik KM, Sutcliffe JG. The hypocretins: hypothalamus-specific pep-
tides with neuroexcitatory activity. Proc Natl Acad Sci U S A. 1998;95:322–
327.

21. Cluderay JE, Harrison DC, Hervieu GJ. Protein distribution of the orexin-2
receptor in the rat central nervous system. Regul Pept. 2002;104:131–144.

22. Marcus JN, Aschkenasi CJ, Lee CE, Chemelli RM, Saper CB, Yanagisawa M,
Elmquist JK. Differential expression of orexin receptors 1 and 2 in the rat brain.
J Comp Neurol. 2001;435:6–25.

23. Trivedi P, Yu H, MacNeil DJ, Van der Ploeg LH, Guan XM. Distribution of orexin
receptor mRNA in the rat brain. FEBS Lett. 1998;438:71–75.

24. Design, evaluation, and applicaion of heart rate variability analysis software
(hrvas). Available at: http://iweb.Dl.Sourceforge.Net/project/hrvas/docume
nts/ramshur_thesis.Pdf. Accessed August 4, 2010.

25. Kayaba Y, Nakamura A, Kasuya Y, Ohuchi T, Yanagisawa M, Komuro I, Fukuda Y,
Kuwaki T. Attenuated defense response and low basal blood pressure in orexin
knockout mice. Am J Physiol Regul Integr Comp Physiol. 2003;285:R581–R593.

26. Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka H, Williams
SC, Richarson JA, Kozlowski GP, Wilson S, Arch JR, Buckingham RE, Haynes
AC, Carr SA, Annan RS, McNulty DE, Liu WS, Terrett JA, Elshourbagy NA,
Bergsma DJ, Yanagisawa M. Orexins and orexin receptors: a family of
hypothalamic neuropeptides and g protein-coupled receptors that regulate
feeding behavior. Cell. 1998;92:1page following 696.

27. Liu RJ, van den Pol AN, Aghajanian GK. Hypocretins (orexins) regulate
serotonin neurons in the dorsal raphe nucleus by excitatory direct and
inhibitory indirect actions. J Neurosci. 2002;22:9453–9464.

28. Rauch M, Riediger T, Schmid HA, Simon E. Orexin A activates leptin-responsive
neurons in the arcuate nucleus. Pflugers Arch. 2000;440:699–703.

29. Shirasaka T, Miyahara S, Kunitake T, Jin QH, Kato K, Takasaki M, Kannan H.
Orexin depolarizes rat hypothalamic paraventricular nucleus neurons. Am J
Physiol Regul Integr Comp Physiol. 2001;281:R1114–R1118.

30. Gao Y, Zhou JJ, Zhu Y, Kosten T, Li DP. Chronic unpredictable mild stress
induces loss of GABA inhibition in corticotrophin-releasing hormone-expres-
sing neurons through NKCC1 upregulation. Neuroendocrinology.
2017;104:194–208.

31. Zhou JJ, Gao Y, Kosten TA, Zhao Z, Li DP. Acute stress diminishes M-current
contributing to elevated activity of hypothalamic-pituitary-adrenal axis.
Neuropharmacology. 2016;114:67–76.

32. Li DP, Byan HS, Pan HL. Switch to glutamate receptor 2-lacking AMPA
receptors increases neuronal excitability in hypothalamus and sympathetic
drive in hypertension. J Neurosci. 2012;32:372–380.

33. Ahmed H, Neuzil P, Skoda J, Petru J, Sediva L, Schejbalova M, Reddy VY. Renal
sympathetic denervation using an irrigated radiofrequency ablation catheter
for the management of drug-resistant hypertension. JACC Cardiovasc Interv.
2012;5:758–765.

34. Schiller AM, Haack KK, Pellegrino PR, Curry PL, Zucker IH. Unilateral renal
denervation improves autonomic balance in conscious rabbits with chronic
heart failure. Am J Physiol Regul Integr Comp Physiol. 2013;305:R886–R892.

35. Boardman A, Schlindwein FS, Rocha AP, Leite A. A study on the optimum order
of autoregressive models for heart rate variability. Physiol Meas.
2002;23:325–336.

36. Li DP, Zhou JJ, Zhang J, Pan HL. CaMKII regulates synaptic NMDA receptor
activity of hypothalamic presympathetic neurons and sympathetic outflow in
hypertension. J Neurosci. 2017;37:10690–10699.

37. Hervieu GJ, Cluderay JE, Harrison DC, Roberts JC, Leslie RA. Gene expression
and protein distribution of the orexin-1 receptor in the rat brain and spinal
cord. Neuroscience. 2001;103:777–797.

38. Malik M, Camm AJ. Components of heart rate variability–what they really mean
and what we really measure. Am J Cardiol. 1993;72:821–822.

39. Allen AM. Inhibition of the hypothalamic paraventricular nucleus in sponta-
neously hypertensive rats dramatically reduces sympathetic vasomotor tone.
Hypertension. 2002;39:275–280.

40. Backberg M, Hervieu G, Wilson S, Meister B. Orexin receptor-1 (OX-R1)
immunoreactivity in chemically identified neurons of the hypothalamus: focus
on orexin targets involved in control of food and water intake. Eur J Neurosci.
2002;15:315–328.

41. Huang SC, Dai YW, Lee YH, Chiou LC, Hwang LL. Orexins depolarize rostral
ventrolateral medulla neurons and increase arterial pressure and heart rate in
rats mainly via orexin 2 receptors. J Pharmacol Exp Ther. 2010;334:522–529.

42. Shahid IZ, Rahman AA, Pilowsky PM. Orexin A in rat rostral ventrolateral
medulla is pressor, sympatho-excitatory, increases barosensitivity and atten-
uates the somato-sympathetic reflex. Br J Pharmacol. 2012;165:2292–2303.

43. Smith PM, Connolly BC, Ferguson AV. Microinjection of orexin into the rat
nucleus tractus solitarius causes increases in blood pressure. Brain Res.
2002;950:261–267.

44. Schwimmer H, Stauss HM, Abboud F, Nishino S, Mignot E, Zeitzer JM. Effects
of sleep on the cardiovascular and thermoregulatory systems: a possible role
for hypocretins. J Appl Physiol (1985). 2010;109:1053–1063.

45. Beck B, Richy S, Dimitrov T, Stricker-Krongrad A. Opposite regulation of
hypothalamic orexin and neuropeptide Y receptors and peptide expressions in
obese Zucker rats. Biochem Biophys Res Commun. 2001;286:518–523.

46. Funato H, Tsai AL, Willie JT, Kisanuki Y, Williams SC, Sakurai T, Yanagisawa M.
Enhanced orexin receptor-2 signaling prevents diet-induced obesity and
improves leptin sensitivity. Cell Metab. 2009;9:64–76.

47. Yang B, Ferguson AV. Orexin-a depolarizes nucleus tractus solitarius neurons
through effects on nonselective cationic and K+ conductances. J Neurophysiol.
2003;89:2167–2175.

48. Wauters M, Considine RV, Van Gaal LF. Human leptin: from an adipocyte
hormone to an endocrine mediator. Eur J Endocrinol. 2000;143:293–311.

49. Boudaba C, Szabo K, Tasker JG. Physiological mapping of local inhibitory
inputs to the hypothalamic paraventricular nucleus. J Neurosci.
1996;16:7151–7160.

50. Tasker JG, Dudek FE. Local inhibitory synaptic inputs to neurones of the
paraventricular nucleus in slices of rat hypothalamus. J Physiol.
1993;469:179–192.

DOI: 10.1161/JAHA.118.011434 Journal of the American Heart Association 12

Orexin Receptor 1 and Hypertension Zhou et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

http://iweb.Dl.Sourceforge.Net/project/hrvas/documents/ramshur_thesis.Pdf
http://iweb.Dl.Sourceforge.Net/project/hrvas/documents/ramshur_thesis.Pdf


 

 

 

 

 

SUPPLEMENTAL MATERIAL 
 

 



Figure S1. Silencing of OXR1 expression in the PVN did not affect the OXR1 protein level 

in the ventromedial hypothalamus (VMH) and dorsomedial hypothalamus (DMH) in the 

OZRs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative western blots and summary data showing that OXR1 protein levels in the VMH 

(A and B) and DMH (C and D) were not significantly changed in the OZRs treated with AAV-

OXR1-shRNA compared with OZRs treated with the scrambled shRNA and the untreated OZRs.  

(n = 4 rats in each group). OZRs-SCM: OZRs treated with AAV-scrambled shRNA; OZRs-

shRNA: OZRs treated with AAV-OXR1-shRNA. 

 

 


