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ABSTRACT

Although the N-methyl-p-aspartate (NMDA) receptor (NMDAR)
obligatory unit NMDART1 is expressed in the vasculature and
myocardium, the impact of peripheral NMDAR activation on
blood pressure (BP) has received little attention. We demon-
strate, for the first time, dose-related pressor responses elicited
by systemic NMDA (125, 250, 500, and 1000 wg/kg) in con-
scious rats. The pressor response was peripheral NMDAR-medi-
ated because: 1) it persisted after ganglion blockade (hexametho-
nium; 5 mg/kg i.v.); 2) it was attenuated by the selective NMDAR
blocker pL-2-amino-5-phosphonopentanoic acid (5 mg/kg, i.v.) or
the glycine/NMDAR antagonist R-(+)-3-amino-1-hydroxypyrrolid-
2-one [R-(+)-HA-966; 10 mg/kg i.v.]; and 3) NMDA (1.25-10 mM)
increased contractile force of rat aorta in vitro. It is noteworthy that
ex vivo studies revealed enhanced nitric oxide (NO) and reactive

oxygen species (ROS) generation in vascular tissues collected at
the peak of the NMDAR-mediated pressor response. Pharmaco-
logical, ex vivo, and in vitro findings demonstrated attenuation of
the NMDAR-mediated increases in BP and vascular NO and ROS
by the nonselective NO synthase (NOS) inhibitor N“-nitro-L-argi-
nine methyl ester hydrochloride (10 mg/kg i.v.) or the neuronal
NOS (nNOS) inhibitor N“-propyl-L-arginine hydrochloride (150
ug/kg i.p.) but not by the endothelial NOS inhibitor N°-(1-imino-
ethyl)-L-ornithine (4 or 10 mg/kg i.v.). Furthermore, R-(+)-HA-966
attenuated NMDA-evoked generation of vascular NO and ROS.
The findings suggest a pivotal role for enhanced vascular nNOS-
derived NO in ROS generation and in the subsequent pressor
response elicited by peripheral NMDAR in conscious rats.

Introduction

The N-methyl-D-aspartate (NMDA) receptor (NMDAR)
constitutes one of three glutamate receptor subtypes that
were initially identified within the CNS (Dingledine et al.,
1999). The central NMDAR modulates cardiovascular func-
tion, because its activation elicits pressor or depressor re-
sponse, depending on the targeted brainstem neuronal pool
(el-Mas and Abdel-Rahman, 1993; Bonham and Chen, 2002).
On the other hand, little is known about the role of peripheral
NMDAR in blood pressure (BP) control despite its expression
in the heart and vasculature (Leung et al., 2002). It is note-
worthy that only one study, to our knowledge, has shown that

Article, publication date, and citation information can be found at
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systemic NMDA administration elicited a modest depressor
response in anesthetized rats (Sitniewska et al., 2003). It is
possible that the use of anesthesia influenced the blood pres-
sure response in that study.

It is also not known whether systemically administered
NMDA influences blood pressure by activating peripheral
(vascular) or central NMDARs. Whereas NMDAR-mediated
NO release within the CNS contributes to vasodilation (Al-
derton et al., 2001), NMDAR activation also enhances
NADPH oxidase (Nox) activity (Brennan et al., 2009). It is
noteworthy that the Nox family generates ROS within the
cardiovascular system (Bedard and Krause, 2007), and the
products of Nox (ROS) and NOS (NO) form peroxynitrite.
Reported findings have implicated peroxynitrite in beneficial
or detrimental cardiovascular effects, because it produces
vasodilation (Katori et al., 2006) or contributes to various
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CNS, central nervous system; DAF-FM, 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate; DCF, 2',7’-dichlorofluorescein; HR, heart
rate; NO, nitric oxide; NOS, NO synthase; eNOS, endothelial NOS; iNOS, inducible NOS; nNOS, neuronal NOS; L-NAME, N“-nitro-L-arginine
methyl ester; L-NIO, N°-(1-iminoethyl)-L-ornithine; MAP, mean arterial pressure; Nox, NADPH oxidase; NOx, nitrite/nitrate; NPLA, N“-propyl-L-
arginine; PE, phenylephrine; R-(+)-HA-966, R-(+)-3-amino-1-hydroxypyrrolid-2-one; RFU, relative fluorescence units; ROS, reactive oxygen
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cardiovascular diseases (Pacher et al., 2007). Furthermore,
NO contributes to ROS generation in the CNS after NMDAR
activation (Girouard et al., 2009). Currently, to our knowl-
edge, there are no studies on the effect of peripheral NMDAR
activation on vascular NO and ROS and the impact of such
responses on blood pressure in conscious rats. It is also im-
perative to note that vascular ROS generation mediates va-
sopressor responses (e.g., by angiotensin) via enhanced vas-
cular Ca®* (Touyz, 2005).

The first objective of this study was to investigate the effect
of systemic NMDA on blood pressure in the absence of the
confounding effects of anesthesia. Because our study was the
first to demonstrate a dose-dependent pressor response after
systemic (intravenous) NMDA in conscious unrestrained
rats, it was important to verify the expression of the obliga-
tory NMDARI1 subunit in the vasculature and heart in our
model system and ascertain the role of peripheral NMDAR
activation in such pressor responses. In the integrative stud-
ies, systemic (intravenous) NMDA was administered after
ganglionic blockade (hexamethonium), peripheral selective
NMDAR blockade (AP-5), or the glycine/NMDAR antagonist
R-(+)-3-amino-1-hydroxypyrrolid-2-one [R-(+)-HA-966]; the
latter has been used to determine the involvement of the
glycine-sensitive component in NMDAR-mediated responses
(Kemp and Leeson, 1993). The final objective was to elucidate
the molecular mechanisms implicated in peripheral NMDAR-
mediated pressor response; in this study, we conducted a series
of integrative, ex vivo, and in vitro studies to elucidate the effect
of peripheral NMDAR activation on vascular tone and vascular
NO and ROS levels in the absence or presence of nonselective or
selective NOS inhibitors. Our experimental approaches en-
abled us to determine the NOS isoform implicated in vascu-
lar NO generation and establish a causal role for NO-depen-
dent ROS generation in the peripheral NMDAR-mediated
pressor response.

Materials and Methods

Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC),
11 to 12 weeks old, were used in this study. After vascular catheter-
ization, the rats were housed individually in separate cages and
allowed free access to Purina (St. Louis, MO) chow and water. The
temperature was maintained at 22 + 1°C, and in a 12-h light/dark
cycle the lights automatically turned off at 7:00 PM. Surgical proce-
dures were conducted in accordance with institutional animal use
and care guidelines and the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, 1996) as indi-
cated by the National Institutes of Health.

Intravascular Catheterization

Femoral artery and vein catheterization was performed as de-
scribed previously (Nassar et al., 2011). Animals received buprenor-
phine for analgesia (0.03 mg/kg) 30 min before surgery and were
anesthetized with an injection of ketamine (9 mg/100 g i.p.) and
xylazine (1 mg/100 g i.p.). Catheters consisting of 5-cm PE-10 tubing
bonded to 15-cm PE-50 tubing were placed into the abdominal aorta
and vena cava via the left femoral vessels for the measurement of
arterial pressure and intravenous injections, respectively. Two ve-
nous catheters were inserted into a femoral vein to permit intrave-
nous bolus administration and/or infusion of drugs. Catheters were
tunneled subcutaneously and exteriorized at the back of the neck
between the scapulae. Vascular catheters were flushed with hepa-
rinized saline and plugged by stainless-steel pins. Incisions were
closed with surgical clips and swabbed with povidine-iodine solution.

Postoperative care included buprenorphine (0.03 mg/kg) and penicil-
lin G procaine (100,000 U/kg; Durapen; Vedco Inc., Overland Park,
KS). The animals were allowed 2 days after surgery to recover before
experiments were conducted.

On the day of the experiments, the arterial catheter was connected
to a pressure transducer for the measurement of blood pressure in
conscious freely moving rats. At least 30 min were allowed for the
stabilization of blood pressure and heart rate at the beginning of
an experiment. BP was recorded by a ML870 PowerLab 8/30
(ADInstruments, Colorado Springs, CO) and analyzed by Lab-
Chart Pro (version 6) software (ADInstruments). Heart rate was
extracted from BP recording by the LabChart (version 6) blood
pressure analysis module, and both variables were continuously
recorded and stored for offline analysis.

Western Blot Analysis

After euthanasia, aortas, mesenteric arteries, and hearts were
flash-frozen in 2-methylbutane (Sigma-Aldrich, St. Louis, MO) in dry
ice and stored at —80°C until tissue processing for molecular studies.
Tissues were homogenized on ice in lysis buffer containing 20 mM
Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM B-glycerolphosphate, 1
mM activated sodium orthovanadate, and 1 pg/ml leupeptin with
protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN).
After centrifugation (12,000g for 20 min), protein in the supernatant
was quantified by using the Bio-Rad protein assay system (Bio-Rad
Laboratories, Hercules, CA). Protein extracts for NMDARI1 from
aorta, mesenteric arteries, or heart (50—60 pg/lane) or aorta for
iNOS (60 pg/lane) were run on a NUPAGE 4 to 12% Bis-Tris poly-
acrylamide gel by electrophoresis at 100 V (Invitrogen, Carlsbad,
CA). Gels were electroblotted to nitrocellulose membranes via a
semidry transfer using the Bio-Rad TransBlot SD transfer cell (Bio-
Rad Laboratories) at 25 V for 1 h. The nitrocellulose membranes
were then incubated for 2 h in Odyssey Blocking Buffer (LI-COR
Biosciences, Lincoln, NE). After blocking, membranes were incu-
bated overnight at 4°C with mouse antibodies to NMDAR1 (1:100;
Abcam Inc., Cambridge, MA) or iNOS (1:500; BD Biosciences, San
Jose, CA) and a rabbit antibody to B-actin (1: 2000) diluted in
Odyssey blocking buffer and 0.1% Tween. The blots were washed
with 0.1% phosphate buffered saline-Tween buffer four times and
incubated for 1 h at room temperature with fluorescently labeled
secondary antibodies: anti-mouse for NMDAR1 and iNOS and anti-
rabbit for B-actin (1:10,000, LI-COR Biosciences) in Odyssey Block-
ing Buffer (LI-COR Biosciences). After four additional washes, the
nitrocellulose membrane was placed in phosphate-buffered saline,
and imaging acquisition was performed via the Odyssey Infrared
Imaging system (LI-COR Biosciences). Bands of NMDAR1 and iNOS
were quantified by measuring the integrated density using Odyssey
software (version 3.0; LI-COR Biosciences), normalized to B-actin,
and expressed as a percentage of the control.

Quantification of Aortic Reactive Oxygen Species and NO

The 2',7'-dichlorofluorescein (DCF) biochemical assay was used
for quantification of ROS as reported previously (Zou et al., 2004)
with the following modifications. Homogenization was performed
by using Radnoti tissue grinders (Radnoti Glass Technology, Mon-
rovia, CA) to increase protein yield, and kinetic readings were
taken at 5-min intervals for 30 min at 37°C. ROS levels were
calculated by relative DCF fluorescence per microgram of protein.
For quantification of vascular NO, fresh unfixed aorta sections (10
pm) were incubated with 10 pM 4-amino-5-methylamino-2',7'-
difluorofluorescein diacetate (DAF-FM) (Invitrogen) at 37°C in
the presence of 5% CO, in a moist chamber for 30 min. Positive
and negative controls were used to validate the assay (see Exper-
imental Groups and Protocols). Images were visualized with a
Zeiss LSM 510 microscope (Carl Zeiss Inc., Thornwood, NY).
Three to five images were acquired from four aortic sections for
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each experimental condition. Quantification was conducted by
using Imaged software (National Institutes of Health, Bethesda,
MD), and changes in total fluorescence intensity, normalized to
control, were calculated.

Measurement of Nitrite/Nitrate Level

Nitrite/nitrate (NOx) content was measured by using a colorimet-
ric assay kit according to the manufacturer’s instructions (Cayman
Chemical, Ann Arbor, MI) and as described previously (Misko et al.,
1993; El-Mas et al., 2009).

Experimental Groups and Protocols

Experiment 1: Effect of Ganglionic Blockade on Systemic
NMDA-Evoked Pressor Response. In this experiment, we exam-
ined the effect of ganglion blockade with hexamethonium (5 mg/kg
i.v.) on NMDA-evoked cardiovascular responses. Because the hypo-
tensive effect of hexamethonium (indicative of adequate ganglion
blockade) lasted <20 min before BP started to recover, we compared
the pressor responses elicited by intravenous NMDA (250 and 500
pg/kg) before and 10 min after hexamethonium in conscious male
rats (n = 5-6). The two NMDA doses fell between the lowest and
highest NMDA doses used to construct a dose-pressor response curve
in our preliminary study (McGee and Abdel-Rahman, 2010) and
experiment 2 in the next section.

Experiment 2: Effect of Peripheral NMDAR Blockade on
Systemic NMDA-Evoked Dose-Related Pressor Responses. In
the first part of this experiment, four groups of conscious male rats
(n = 4—6) were used to investigate the effect of peripheral NMDAR
blockade with the selective blocker AP-5 on the cardiovascular re-
sponses elicited by systemic NMDA. However, as a first step, we
opted to determine whether intravenous NMDA infusion could pro-
duce sustained elevation in BP. Preliminary experiments were con-
ducted to determine an optimal dose/infusion rate of NMDA that
produced an approximately 25 mm Hg increase in BP, which consti-
tuted approximately 50% of the maximal pressor response elicited by
bolus intravenous NMDA (McGee and Abdel-Rahman, 2010). The
rats were pretreated with saline (vehicle) or AP-5 (5 mg/kg i.v.) 30
min before NMDA (180 pg/kg/min) or saline infusion at a rate of 9
wl/min (Harvard compact pump model 975; Harvard Apparatus Inc.,
Holliston, MA) for 30 min. At the selected dose, AP-5 does not cross
the blood-brain barrier (Dingledine et al., 1999). In the second part of
the experiment, four groups of conscious male rats (n = 4—6) were
used to investigate the effect of the glycine/NMDAR antagonist
R-(+)-HA-966 on the NMDA-evoked pressor response. In two groups,
we evaluated the blood pressure and heart rate effects of NMDA

TABLE 1
Baseline values of MAP and HR

Values are means = S.E.M. of four to six observations.

Group MAP HR
mm Hg beats/min
Saline 117 £ 8.1 389 + 12.8
NMDA 120 £ 54 386 = 10.5
Saline infusion 123 £5.9 373 = 26.6
NMDA infusion 113 £ 25 365 = 11.8
AP-5 120 £ 6.5 390 *+ 21.6
AP-5 + NMDA infusion 126 = 4.9 386 + 15.7
Hexamethonium 124 £ 1.8 306 = 14
Hexamethonium + NMDA 130 = 5.6 398 + 18.1
R-(+)-HA-966 129 += 8.0 338 + 12.7
R-(+)-HA-966 + NMDA 118 £ 3.7 344 + 16.5
L-NAME 121 = 5.5 330 9.8
L -NAME + NMDA 132 £ 4.2 345 = 19.4
Phenylephrine 133 = 6.9 348 + 12.7
Phenylephrine + NMDA 129 £ 4.6 377 = 12.7
L -NIO (4 mg/kg) + NMDA 136 + 8.2 395 + 25.1
L -NIO (10 mg/kg) + NMDA 137 = 5.5 379 + 8.2
NPLA (150 pg/kg) 129 £ 4.7 370 = 19.7
NPLA (150 pg/kg) + NMDA 114 = 2.5 378 + 16.2
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(125, 250, 500, or 1000 pg/kg i.v.) 30 min after administration of
R-(+)-HA-966 (10 mg/kg i.v.) or its vehicle (saline). NMDA was
administered at 15-min intervals to allow full recovery from the
preceding dose except for the final (1000 ng/kg) dose where the
animal was sacrificed immediately after the peak pressor response
was achieved. The remaining two groups received intravenous R-(+)-
HA-966 or equal volumes of saline. We conducted a preliminary
experiment to identify an optimal R-(+)-HA-966 dose, from the re-
ported dose (5-30 mg/kg) range, that exhibited negligible central
effects known to be associated with the high (20-30 mg/kg) doses
(McMillen et al., 2004). The selected dose (10 mg/kg i.v.) caused no
behavioral effects (data not shown) and had no significant effect on
blood pressure or heart rate. The vascular tissues were collected
from drug- and vehicle-treated rats and stored for subsequent mo-
lecular studies.

Experiment 3: Effect of NMDA on Vascular Force Genera-
tion In Vitro. Vascular force generation was measured in aortic
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Fig. 1. Expression of the NMDAR obligatory subunit NMDARI1 (130 kDa)
protein in aorta, mesenteric arteries (MA), and heart of male Sprague-
Dawley rats.
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Fig. 2. NMDA (250 or 500 pg/kg i.v.)-evoked changes in mean arterial
pressure (top) and heart rate (bottom) before and after hexamethonium (5
mg/kg i.v.) in conscious male Sprague-Dawley rats. Values are means =
S.E.M. of four to six observations.
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rings as reported previously (Harris et al., 2010). Four male
Sprague-Dawley rats were used to directly investigate the effect of
NMDA on vascular tone of isolated aortic rings. Aorta rings were
mounted onto a DMT 610 myograph system (DMT-USA Interna-
tional, Atlanta, GA). In a preliminary experiment, single additions of
NMDA (1079 to 10~ M) to the tissue bath had no effect on vascular
tone. It is noteworthy that a similar NMDA concentration range had
no effect on isolated cerebral arteries (Simandle et al., 2005). There-
fore, a higher concentration range (1.25-10 mM) of NMDA was
cumulatively added to the tissue bath; this paradigm mimicked the
continuous exposure of the vasculature to the infused NMDA in our
aforementioned NMDA in vivo experiment. The functional integrity
of the vascular rings was verified by constructing cumulative con-
centration-response curves with 0.001 to 3 pM phenylephrine (PE)
according to established protocol (Harris et al., 2010) in all aortic
rings that were used in the NMDA experiment. Contractile re-
sponses were recorded with PowerLab/8SP, and data were acquired
and analyzed by LabChart (version 7) Pro software (ADInstruments)
as reported previously (Harris et al., 2010).

Experiment 4: Effect of NOS Inhibition on Systemic NMDA-
Evoked Pressor Responses. Integrative, ex vivo, and in vitro
studies were conducted to elucidate the role of NOS-derived NO in
the pressor response elicited by peripheral NMDAR activation. Nine
groups of conscious male rats (n = 4—6) were used in this experi-

225
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ment. In the first part of this experiment, two groups of rats received
the nonselective NOS inhibitor N*-nitro-L-arginine methyl ester (L-
NAME) hydrochloride (10 mg/kg i.v) 90 min before NMDA (125, 250,
500, and 1000 pg/kg i.v.) or an equal volume of saline. Because
L-NAME caused significant and sustained increase in BP that lasted
until and during systemic NMDA injection, two additional groups of
rats received phenylephrine (2.7 pg/kg/min), infused at a rate of 18
pl/min, before systemic NMDA or equal volumes of saline. The cho-
sen phenylephrine infusion regimen (based on a preliminary exper-
iment) and previous findings (El-Mas et al., 2006) elicited a similar
rise in BP to that caused by L-NAME. At the conclusion of the
experiment, the vascular tissues were collected for the measurement
of vascular NO. To corroborate the impact of these treatments on
vascular NO level in the absence of CNS involvement, a parallel
experiment was conducted in which aortic sections from untreated
animals were incubated with the following treatments for 30 min:
1) saline (control), 2) NMDA (100 pM), 3) L-arginine (10 mM), 4)
L-NAME (100 pM), 5) PE (1 pM), 6) .L-NAME + NMDA, or 7)
PE + NMDA. Finally, because L-NAME pretreatment abrogated the
NMDA-evoked pressor response in vivo, we elucidated the contribu-
tion of the constitutive isoforms of NOS, nNOS, and eNOS to this
response by constructing the NMDA dose (125, 250, 500, and 1000
ng/kg i.v.) pressor response curve 30 min after selective inhibition of
nNOS with N®-propyl-L-arginine (NPLA) hydrochloride (150 ng/kg
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ip.) or eNOS with N°®-(1-Iminoethyl)-L-ornithine (L-NIO; 4 or 10
mg/kg i.v.). Control rats received saline (vehicle for nNOS or eNOS
inhibitor) or the inhibitor alone. Pharmacologic iNOS inhibition was
not attempted because the rapid onset (seconds) and short duration
(<1 min) of the NMDA-evoked pressor response argued against the
potential contribution of iNOS to the pressor response. Furthermore,
preliminary Western blot studies on vasculature from vehicle- and
NMDA-treated rats revealed no change in vascular iNOS (data not
shown).

Drugs

N-methyl-D-aspartic acid, L-NAME, phenylephrine hydrochloride,
hexamethonium chloride, 2'-7'-dichlorofluorescein, and dimethyl
sulfoxide were purchased from Sigma-Aldrich. DAF-FM was pur-
chased from Invitrogen. N°-(1-iminoethyl)-L-ornithine, N“-propyl-L-
arginine hydrochloride, DL-2-amino-5-phosphonopentanoic acid, and
R(+)-3-amino-1-hydroxy-2-pyrrolidinone were purchased from Toc-
ris Biosciences (Ellisville, MO). Sterile saline was purchased from B.
Braun Medical (Irvine, CA).

Data Analysis and Statistics

Values were expressed as means = S.E.M. Mean arterial pressure
(MAP) was computed as 1/3 (systolic-diastolic) + diastolic. Statistical
analyses were conducted by using a one-way or repeated-measures
analysis of variance with Bonferroni post hoc test and Student’s ¢
test. Prism 5.0 software (GraphPad Software Inc., San Diego, CA)
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was used to perform statistical analyses. P < 0.05 was considered
significant.

Results

Baseline blood pressure and heart rate values were similar
in all groups of rats used in the study (Table 1).

NMDARI1 Protein Expression in the Cardiovascular
System. As illustrated in Fig. 1, the obligatory NMDAR
subunit NMDARI1 (130 kDa) is expressed within the aorta,
mesenteric arteries, and heart (Western blot).

Lack of Effect of Ganglion Blockade on NMDA-
Evoked Cardiovascular Responses. NMDA (250 and 500
pg/kg i.v.) elicited dose-related pressor responses consistent
with those observed in the dose-pressor response curve in our
preliminary studies (McGee and Abdel-Rahman, 2010) and
in the experiments described below; heart rate also increased
but the increases were not dose-related (Fig. 2). These
NMDA-evoked pressor and tachycardic responses remained
unaltered after hexamethonium (5 mg/kg i.v.) (Fig. 2). Sta-
tistical analysis revealed that NMDA-evoked MAP and HR
responses at 250 pg/kg (P = 0.72 and 0.78, respectively) and
500 pg/kg (P = 0.25 and 0.54, respectively) in the absence or
presence of hexamethonium were not significantly different
(Fig. 2).
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Fig. 4. A and B, effect of the glycine/NMDAR antagonist R-(+)-HA-966 (10 mg/kg i.v.) or saline (vehicle) on intravenous NMDA-evoked changes in
AMAP (A) and heart rate (AHR) (B) in conscious male Sprague-Dawley rats. C and D, effect of R-(+)-HA-966 or saline, given alone, on AMAP (C) and
AHR (D). Values are means = S.E.M. of four to six observations. #, P < 0.05 versus NMDA.
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NMDAR Blockade Attenuates NMDA-Evoked Pres-
sor Response. In the first part of this experiment, NMDA
infusion (180 pg/kg/min) produced significant (P < 0.05) in-
creases in BP, which peaked at 10 min along with bradycar-
dia (Fig. 3); despite its gradual decline, the BP of the NMDA-
treated rats remained significantly (P < 0.05) higher than
the corresponding control (saline) values (Fig. 3A). Pretreat-
ment with the NMDAR antagonist AP-5, which had no sig-
nificant effect on baseline blood pressure throughout the
course of the experiment, abrogated the NMDA-evoked pres-
sor response (Fig. 3A) but had no effect on the bradycardic
response (Fig. 3B). The latter finding indicated that the bra-
dycardic response was not baroreflex-mediated and seemed
to have contributed to the gradual decline in the pressor
response despite continued NMDA infusion (Fig. 3A). In the
second experiment, pretreatment with the glycine/NMDAR
antagonist R-(+)-HA-966 (10 mg/kg i.v.) significantly atten-
uated the dose-dependent pressor response (Fig. 4A) and the
associated tachycardic response (Fig. 4B) elicited by systemic
NMDA (125, 250, 500, and 1000 pg/kg i.v.). Compared with
saline, R-(+)-HA-966 had no significant effect on blood pres-
sure or heart rate throughout the course of the experiment
(Fig. 4, C and D).

NMDA Increases Aortic Vascular Tone In Vitro. Ad-
dition of cumulative concentrations of NMDA (1.25 and 10
mM) had little effect on the contractile force at lower concen-
trations (<2.5 mM) and resulted in increased contractile
force at 5 mM (Fig. 5A). It is noteworthy that the response
obtained with 5 mM NMDA was maximal because it did
not increase further with 10 mM NMDA (Fig. 5A) or higher
(data not shown). As a control for vascular integrity, phen-
ylephrine produced concentration-dependent increases in
contractile force of the same rings that were subjected to
NMDA (Fig. 5B).

NOS Inhibition Attenuates Systemic NMDA-Evoked
Pressor Response. Pretreatment with the nonselective
NOS inhibitor L.-NAME, which caused significant (P < 0.05)
and sustained increase in BP, virtually abolished the pressor
response elicited by NMDA (Fig. 6A). To control for the
L-NAME-evoked pressor response, we infused phenylephrine
to induce a pressor response of similar magnitude and dura-
tion. As illustrated in Fig. 6A, NMDA continued to produce a
significant (P < 0.05) increase in BP in the presence of the
phenylephrine-evoked pressor response. Saline (vehicle for
NMDA) had no effect on BP in L.-NAME- or phenylephrine-
pretreated rats (Fig. 6B). Pretreatment with NPLA (150
png/kg i.p.) significantly attenuated (Fig. 6C), whereas L-NIO
(4 or 10 mg/kg i.v.) did not affect (Fig. 6D), the systemic
NMDA-evoked pressor responses. Neither NPLA nor .-NIO
influenced blood pressure.

Peripheral NMDAR Activation Enhances Vascular
NO and ROS Generation. Findings of the ex vivo studies in
which vascular NOx levels (Fig. 7, A and B) were measured
in aortic tissues collected at a time that coincided with the
peak pressor response elicited by NMDA (1000 pg/kg) re-
vealed that NMDA significantly (P < 0.05) increased aortic
NOx levels, and such an increase was abrogated by pretreat-
ment with L-NAME, NPLA, or R-(+)-HA-966 (Fig. 7, A and
B) but remained in the presence of L-NIO or phenylephrine
(Fig. 7, A and B). Finally, in vitro findings showed that the
addition of NMDA to aortic rings caused a significant (P <
0.05) increase in vascular NO (DAF fluorescence), and such
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Fig. 5. Contractile concentration-response curves constructed with the
addition of NMDA (1.25-10 mM; A) or phenylephrine (0.001-3 pM; B) to
aortic rings. Values are means = S.E.M. of four observations.

an increase was abrogated by L-NAME but not phenyleph-
rine (Fig. 7, C and D). These in vitro findings support the
involvement of vascular NMDAR in the NMDA-evoked in-
crease in NO response and complement the in vivo and ex
vivo findings.

As shown in Fig. 8, ROS levels were significantly (P < 0.05)
higher in aortas collected at the peak of the pressor response
elicited by NMDA (1000 pg/kg i.v.) and moderately elevated
(P > 0.05) in the presence of L-NAME (Fig. 8B) or phenyl-
ephrine (Fig. 8C) compared with the levels in the aortas of
vehicle-treated rats. The NMDA-evoked increase in vascular
ROS was significantly (P < 0.05) attenuated in the presence
of R-(+)-HA-966 (Fig. 8A) or L-NAME (Fig. 8B). By contrast,
NMDA-evoked increase in vascular ROS was exacerbated
(P < 0.05; compared with NMDA alone) in rats that received
phenylephrine infusion (to control for L-NAME-evoked pres-
sor response) (Fig. 8C). Finally, pretreatment with the selec-
tive nNOS inhibitor NPLA significantly (P < 0.05) attenu-
ated the NMDA-evoked increase in vascular ROS (Fig. 8D).
These ex vivo findings paralleled the blood pressure and
vascular NO responses (Fig. 7) elicited by NMDAR activation
in the presence of the aforementioned interventions.

Discussion

The present study is the first to demonstrate a pressor
response elicited by systemic NMDA in conscious rats along
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with the following important findings: 1) the obligatory sub-
unit of the NMDAR, NMDARI], is expressed within the vas-
culature and heart; 2) the NMDA-evoked pressor response is
dose-dependent and mediated via the activation of peripheral
NMDAR because it persisted after ganglion blockade (hexa-
methonium) and was attenuated by the NMDAR antagonist
AP-5 or the glycine/NMDAR antagonist R-(+)-HA-966; 3)
NMDA increased the contractile response of isolated aortic
rings; and 4) prior nonselective NOS (L-NAME) or selective
nNOS (NPLA) inhibition attenuated the peripheral NMDAR-
mediated increases in BP and vascular NO and ROS. Collec-
tively, the present integrative and molecular studies suggest
a pivotal role for vascular nNOS-derived NO in ROS gener-
ation and the consequent peripheral NMDAR-mediated pres-
sor response.

We are the first to demonstrate dose-dependent pressor
response caused by systemic NMDA. This finding is in
marked contrast to a modest depressor response in the only
reported study, to our knowledge, on the effect of systemic
NMDA on BP (Sitniewska et al., 2003). The NMDA doses and
route of administration were similar in the two studies, but

the use of anesthesia in the study by Sitniewska et al. may
have confounded the BP response. Nonetheless, it was im-
portant to rule out the contribution of central NMDAR to the
observed pressor response given NMDA’s ability to influence
BP in a complex manner that depends on the targeted area
within the brain (Kubo et al., 1993; Rodrigues Dias et al.,
2001) .

We adopted two approaches to ascertain the contribution of
peripheral/vascular NMDAR to the pressor response. First,
we showed that the obligatory NMDAR subunit NMDAR1
(Dingledine et al., 1999; Leung et al., 2002) is expressed in
the vasculature (mesenteric arteries and aorta) and heart
(Fig. 1), which agrees with previously reported findings
(Leung et al., 2002). Second, prior ganglionic blockade (hexa-
methonium) had no effect on systemic NMDA-evoked pressor
responses, which ruled out the contribution of a central/
ganglionic component in the mediated pressor response.
However, it was important to substantiate the involvement
of the NMDAR in such a pressor response by demonstrating
the ability of the selective NMDAR antagonist AP-5 to abro-
gate the systemic NMDA-evoked pressor response (Fig. 3). It
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is noteworthy that in the selected dose range AP-5 does not
cross the blood-brain barrier (Dingledine et al., 1999) and
had no effect on baseline BP in our study. Equally important,
we demonstrated the involvement of the glycine modulatory
site of the NMDAR in the peripheral NMDAR-mediated pres-
sor response. This conclusion was based on the ability of the
stereoselective blocker R-(+)-HA-966, which acts at the
NMDAR strychnine-insensitive glycine site (Davies and Wat-
kins, 1972; Vartanian and Taylor, 1991), to attenuate the
systemic NMDA-evoked pressor response (Fig. 4). It is note-
worthy that consistent with a previously reported study
(Adam et al., 2001) the selected dose of R-(+)-HA-966 pro-
duced no change in basal BP. It is possible that R-(+)-HA-
966’s inability to fully abrogate the NMDA-evoked pressor
response, as did AP-5, could be caused by its partial blockade
of the NMDAR by targeting the glycine modulatory site (Fos-
ter and Kemp, 1989; Singh et al., 1990) or because we used a

relatively low dose of the drug. It is noteworthy that higher
R-(+)-HA-966 doses were not attempted because they are
associated with central (behavioral) effects (McMillen et al.,
2004). Furthermore, our in vitro findings provided the first
direct evidence that NMDA caused contraction of isolated
aortic rings (Fig. 5) when the responses were measured by a
highly sensitive system and in accordance with a well estab-
lished protocol (Harris et al., 2010). It is noteworthy that the
contractile response caused by NMDA required high concen-
trations of the drug and abruptly reached a maximal re-
sponse, which was substantially smaller than the maximal
response caused by phenylephrine in the same aortic rings
(Fig. 5). It is noteworthy that the inability of NMDA in
concentrations up to 1 mM to influence aortic ring tone fully
agrees with the inability of the same NMDA concentration to
replicate the cerebral artery vasodilation in vivo when added
to isolated cerebral arteries (Simandle et al., 2005). Nonethe-
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less, despite the aforementioned limitations, these in vitro
findings lend support to the in vivo and ex vivo findings, and
collectively the data provide evidence for the involvement of
the peripheral NMDAR and its glycine modulatory site in the
systemic NMDA-evoked pressor response in conscious rats.
Subsequent studies focused on the molecular mechanisms
implicated in the peripheral NMDAR-mediated pressor re-
sponse. We hypothesized that an imbalance between the
generation of vascular ROS and NO contributes to the pe-
ripheral NMDAR-mediated pressor response because these
molecules produce vasoconstriction and vasodilation, respec-
tively (Jin and Loscalzo, 2010; Schulz et al., 2011). Nonethe-
less, our experimental approaches also permitted testing the
alternative hypothesis that enhanced generation of vascular
NO might be implicated in the peripheral NMDAR-mediated
pressor response. This premise is based on the ability of
NMDAR-mediated NO generation to increase ROS produc-
tion in neuronal tissue (Chianca et al., 2004). As a first step,
we investigated the effect of nonselective NOS inhibition
(L-NAME) on the peripheral NMDAR-mediated pressor re-

sponse; abrogation of the latter by L.-NAME implicated NOS-
derived NO in such responses. However, we considered the
possibility that the L-NAME-evoked substantial and sus-
tained pressor response might have confounded data inter-
pretation. To address this pitfall, we used a phenylephrine
infusion paradigm to produce a pressor response similar in
magnitude and duration to that caused by L.-NAME. Under
this experimental setting, systemic NMDA still caused pres-
sor responses (Fig. 6). Together, these findings supported a
role for NO in the peripheral NMDAR-mediated pressor re-
sponse. However, additional studies were needed to identify
the implicated NOS isoform and establish a causal role for
NO generation in the NMDA-evoked pressor response, at
least partly, via vascular ROS generation. Our ex vivo find-
ings corroborated the integrative findings by demonstrating:
1) increased vascular NOx content in tissues isolated at the
peak of the NMDA-evoked pressor response, and 2) abroga-
tion of the increased vascular NOx by .-NAME but not phen-
ylephrine (Fig. 7). These findings were confirmed in vitro
when NMDA was added to aortic vascular sections in the
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absence or presence of L-NAME or phenylephrine (Fig. 7).
The clear parallelism between the well controlled integrative
findings (discussed above) and ex vivo and in vitro findings
support a functional role for vascular NMDAR-mediated NO
generation in controlling vascular tone. In the next series of
studies, we investigated the potential contribution of eNOS
and nNOS to the NMDA-evoked NO generation. Selective
iNOS inhibition was not attempted because the short-lived
(<1 min) pressor response argues against a role for iNOS,
which requires minutes to hours to be activated (El-Mas et
al., 2006; Smith et al., 2011).

We explored the possibility that eNOS-derived NO or
eNOS uncoupling, which generates ROS (Forstermann and
Li, 2011), contributes to the NMDAR-mediated pressor re-
sponse. The inability of the selective eNOS inhibitor L-NIO to
influence the pressor response (Fig. 6D) or the increase in
vascular NOx (Fig. 7B), despite escalating its dose to 10
mg/kg, ruled out eNOS involvement in the NMDAR-medi-
ated pressor response. Next, we investigated the role of
nNOS because it is expressed in vascular smooth muscle cells
and nitregic nerves within the vasculature (Forstermann and
Sessa, 2012). Indeed, selective nNOS inhibition (NPLA) sig-
nificantly attenuated the NMDAR-mediated pressor re-
sponse (Fig. 6C). It is noteworthy that uncoupled nNOS-
mediated ROS generation has been implicated in the
paradoxical estrogen-induced contraction of coronary arter-
ies and such response was attenuated by prior NOS inhibi-
tion (White et al., 2005). Therefore, we extended the ex vivo
studies to investigate the impact of vascular NMDAR activa-
tion in the absence or presence of NPLA on vascular NO and
ROS levels.

We showed that systemic NMDA enhanced ROS genera-
tion in vasculature, which fully agrees with a similar finding
in primary cerebellar granule cells (Gunasekar et al., 1995).
Furthermore, in agreement with findings that PE-evoked
contraction is associated with increased vascular ROS (Hao
et al., 2006; Tsai and Jiang, 2010), we showed that PE-
evoked pressor response was associated with ex vivo vascular
ROS generation. Nonetheless, it was imperative to affirm a
causal role for the NO-ROS cascade in the peripheral
NMDAR-mediated pressor response. First, L-NAME, but not
PE, abrogated the NMDA-evoked ROS generation, and these
findings mirrored the hemodynamic findings. It is notewor-
thy that the .-NAME enhancement of vascular ROS level,
which agrees with findings in other preparations (Cao et al.,
2010), might be related to its vasoconstrictor response; this
notion is supported by the elevated vascular ROS in PE-
treated animals (Fig. 8). It is imperative to note that nNOS
inhibition (NPLA) or the glycine/NMDAR blockade with
R-(+)-HA-966 had no effect on BP but attenuated the
NMDAR-mediated increases in vascular NO and ROS and
BP. Our findings are the first to implicate the strychnine-
insensitive glycine site in peripheral NMDAR-mediated NO
and ROS generation. Collectively, these findings support a
causal role for vascular NO (nNOS)-dependent ROS genera-
tion in the peripheral NMDAR-mediated pressor response.

In conclusion, the present study provides the first evidence
that peripheral NMDAR activation mediates dose-dependent
pressor responses in conscious animals. The in vivo findings
with selective pharmacological interventions, corroborated
with complementary ex vivo and in vitro findings, have sup-
ported a causal role for nNOS-(NO)-dependent ROS genera-

tion in the NMDA-evoked pressor response. Furthermore,
our findings support a role for the strychnine-insensitive
glycine site in the peripheral NMDAR-mediated molecular
and BP responses. Finally, the present studies pave the way
for future studies on the role of peripheral NMDAR in BP
control under physiological and pathophysiological (hyper-
tension) conditions.
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