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Abstract
Exogenous administration of nitric oxide (NO) markedly decreases neointimal hyperplasia
following arterial injury in several animal models. However, the effect of NO on neointimal
hyperplasia in hypertension remains unknown. Here, we employ the spontaneously hypertensive
rat (SHR) strain, inbred from Wistar Kyoto (WKY) rats, and the carotid artery balloon injury
model to assess the effects of NO on neointimal hyperplasia development. Two weeks after
arterial injury, we showed that both rat strains developed similar levels of neointimal hyperplasia,
but local administration of NO was less effective at inhibiting neointimal hyperplasia in the SHR
compared to WKY rats (58% vs. 79%, P<0.001). Interestingly, local administration of NO did not
affect systemic blood pressure in either rat strain. Compared to WKY, the SHR displayed more
proliferation in the media and adventitia following balloon injury, as measured by BrdU
incorporation. The SHR also showed more inflammation in the adventitia after injury, as well as
more vasa vasorum, than WKY rats. NO treatment reduced the vasa vasorum in the SHR but not
WKY rats. Finally, while NO decreased both injury-induced proliferation and inflammation in the
SHR, it did not return these parameters to levels seen in WKY rats. We conclude that NO is less
effective at inhibiting neointimal hyperplasia in the SHR than WKY rats. This may be due to
increased scavenging of NO in the SHR, leading to diminished bioavailability of NO. These data
will help to develop novel NO-based therapies that will be equally effective in both normotensive
and hypertensive patient populations.
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1. INTRODUCTION
Neointimal hyperplasia limits the long-term efficacy of cardiovascular interventions by
leading to restenosis and ultimate occlusion of the artery or vein. Patients undergoing
cardiovascular interventions typically have many co-morbidities, with one of the most
common being hypertension. Hypertension is associated with endothelial dysfunction and
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vascular inflammation, both of which promote the development of medial wall thickening
and perivascular fibrosis [1]. Previous studies have shown that hypertension is associated
with increased development of neointimal hyperplasia in both vein and arterial bypass grafts
[2; 3]. In addition, a study of normotensive Wistar Kyoto (WKY) rats and spontaneously
hypertensive rats (SHR) showed an increase in wall thickness of arterial graft in the SHR
compared to WKY rats [4]. Thus, hypertension appears to be an important contributor to the
development of neointimal hyperplasia following cardiovascular interventions.

We have previously shown that local delivery of nitric oxide (NO) effectively inhibits
neointimal hyperplasia following arterial injury in different animal models [5–9]. However,
little is known about the effect of supplemental NO on the arterial wall in the setting of
hypertension. Given that the overarching goal of our lab is to develop a clinically applicable
NO-based therapy for patients with vascular disease, and that many patients with vascular
disease have hypertension, the aim of the current paper is to understand the effects of NO on
neointimal hyperplasia in the context of hypertension. To conduct this study, we used the
SHR and its control, the WKY rat strain. The SHR becomes hypertensive at 4–6 weeks of
age without any external intervention [10]. The adult SHR exhibits endothelial dysfunction
and low bioavailability of NO, despite having high levels of endothelial nitric oxide
synthase (eNOS) [11]. This finding may be due to the fact that the SHR also has high levels
of superoxide [12], which can scavenge NO and limit its bioavailability. Given these
findings of high superoxide levels and low NO bioavailability, we hypothesized that
supplemental administration of NO will not be as effective in preventing neointimal
hyperplasia in the SHR compared to WKY rats.

2. MATERIALS AND METHODS
2.1 Diazeniumdiolated proline (PROLI/NO)

The NO donor (PROLI/NO) used in this study was kindly provided by Drs. Joseph Hrabie
and Larry Keefer of NCI-Frederick. PROLI/NO was chosen based on its NO release rate
(t1/2 = 1.8 s) [13], safety profile, and superior efficacy in the prevention of neointimal
hyperplasia when compared to other diazeniumdiolates [5; 6].

2.2 Blood pressure and heart rate measurements
Blood pressure and heart rate measurements were collected using the CODA™ non-invasive
blood pressure system (Kent Scientific; Torrington, CT). Measurements were taken prior to
and following induction of anesthesia, and at 5 and 10 minutes following balloon injury (see
below). For measurements taken prior to induction, animals were restrained in a Broome rat
holder and blood pressure and heart rate measured with a large rat tail cuff. For each time
point, a maximum of 20 measurement cycles were taken at 5 second intervals and all valid
measurements were subsequently included in analysis. All animals were pre-conditioned for
the Broome holder daily for several days prior to surgery. Results are reported as an average
of the mean blood pressure and heart rate per animal in each treatment group.

2.3 Rat carotid artery injury model
All animal procedures were performed in accordance with the principles outlined in the
Guide for the Care and Use of Laboratory Animals published by the National Institutes of
Health (NIH Publication National Academy press, 1996) and approved by the Northwestern
University Animal Care and Use Committee. Male, 10-week-old SHR or WKY rats (Charles
River; Wilmington, MA) weighing 235–300 g were anesthetized with inhaled isoflurane (1.0
– 5.0%). Treatment groups for each rat strain were as follows: uninjured control (n=3),
injury (n=8 for WKY and n=9 for SHR), and injury + NO (10 mg PROLI/NO, n=7 for
WKY and n=8 for SHR). Prior to the procedure, atropine (0.1 mg/kg) and carprofen
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(Rimadyl, 0.15 mg/kg) were administered subcutaneously to decrease airway secretions and
to control pain, respectively. Sterile lubricant (Equaline; Boise, ID) was applied to the
animal’s eyes. Following a midline neck incision, the left common, internal, and external
carotid arteries were identified. After distal ligation of the external carotid artery, the
internal and common carotid arteries were occluded with atraumatic clamps. A No. 2 French
arterial embolectomy catheter (Edwards Lifesciences; Irvine, CA) was inserted through an
arteriotomy into the external carotid artery and advanced into the common carotid artery.
Uniform injury was created by inflating the balloon to 5 atmospheres of pressure for 5
minutes. After removal of the balloon, the external carotid artery was ligated and blood flow
restored. If applicable, powdered PROLI/NO was applied evenly to the external surface of
the injured common carotid artery as we have previously described [6; 8; 9]. Briefly, the
external surface of the artery was gently dried with sterile gauze, and an aliquot of PROLI/
NO powder was sprinkled on the injured area. Forceps were used to ensure even coverage of
the artery with PROLI/NO around its entire circumference, including underneath. The neck
incision was closed in two layers. Rats were sacrificed at 2 weeks for morphometric,
immunohistochemical, and immunofluorescence analysis.

2.4 Tissue processing
Carotid arteries were harvested following in situ perfusion-fixation with phosphate buffered
saline (PBS) and 2% paraformaldehyde (w/v) in PBS. Vessels were placed in 2%
paraformaldehyde at 4°C for one hour, then overnight in 30% sucrose (w/v) in PBS at 4°C
for cryoprotection. The tissue was quick-frozen in Tissue-Tek® Optimal Cutting
Temperature compound (Sakura Finetek USA; Torrance, CA) and 5-μm sections were cut
throughout the entire injured segment of the common carotid artery using a Microm HM 550
cryostat (Fisher Scientific; Pittsburgh, PA).

2.5 Morphometric analysis
Carotid arteries harvested at two weeks were examined histologically for evidence of
neointimal hyperplasia using routine hematoxylin and eosin (H&E) staining. Digital images
were collected with light microscopy using an Olympus BHT microscope (Melville, NY)
with 4X, 10X and 40X objectives. Six evenly-spaced sections through each injured carotid
artery were analyzed. ImageJ software (NIH; Bethesda, MD) was used to obtain area
measurements of the lumen, intima, and media (mm2), and all analysis was done by a single
individual.

2.6 Immunohistochemistry
From each animal, three evenly-spaced carotid sections from the area of injury underwent
immunohistochemical staining. To assess proliferation, rats received an intraperitoneal
injection of bromodeoxyuridine (BrdU, 100 mg/kg) at 24 and 1 hour prior to sacrifice.
Frozen sections were fixed in acetone for 5 minutes, and rinsed in PBS-Tween 20 for 2
minutes. Sections were then blocked with horse serum (Sigma; St. Louis, MO) diluted 1:20
in 0.5% bovine serum albumin (BSA) for 30 minutes. Primary antibody against BrdU
(ab8955, Abcam; Cambridge, MA) was diluted 1:200 in 0.5% BSA and applied for 1 hour.
Following two rinses in PBS-Tween 20, biotinylated anti-mouse IgG secondary antibody
diluted 1:500 in BSA was applied for 30 minutes (Vector Labs; Burlingame, CA). The
sections were then incubated in Vectastain ABC reagent for 30 minutes, and chromagen/
substrate (DAB peroxidase substrate kit, Vector Labs) for 2 minutes. Following
counterstaining with Gill’s hematoxylin solution (Fisher Scientific) and dehydration,
sections were coverslipped with Permount (Fisher Scientific). For negative controls, PBS
was substituted for the primary antibody. Brightfield images were digitally acquired using
an Olympus BHT microscope (Melville, NY) and SPOT Basic software (Diagnostic
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Instruments, Inc.; Sterling Heights, MI). Positively stained cells were counted by a blinded
investigator in four high-power fields per arterial section and expressed as an average.

To assess damage caused by reactive oxygen species, sections were stained for nitrotyrosine.
Frozen sections were fixed in acetone for 5 minutes, rinsed in PBS-Tween 20 for 2 minutes,
and rinsed in PBS for 2 minutes. Endogenous peroxidases were blocked by incubation in a
solution containing 2% H2O2 and 60% methanol for 30 minutes. Following rinses in PBS-
Tween 20 and PBS, primary antibody raised against nitrotyrosine (ab7048, Abcam) was
diluted 1:200 in IHC-Tek Antibody Diluent (1W-1000, IHC World; Woodstock, MD),
which also acts as a blocking agent, and applied to sections for 1 hour. Following three
rinses in PBS, biotinylated anti-mouse IgG secondary antibody diluted 1:500 in PBS was
applied for 30 minutes (Vector Labs), and the rest of the procedure was completed as above.
For negative controls, PBS was substituted for the primary antibody. Brightfield images
were digitally acquired using a Zeiss Imager.A2 microscope (Hallbergmoos, Germany) and
the 5X objective, and staining was quantified by 3 blinded investigators using a scale of 0–3.

2.7 Immunofluorescence
To assess eNOS, monocyte/macrophage, and soluble guanylyl cyclase (sGC) staining,
sections were fixed in paraformaldehyde (2%) for 20 minutes at 4°C, and then
permeabilized in Triton X-100 (0.3 % in PBS) for 10 minutes at room temperature. After
blocking in goat serum diluted 1:20 in 0.5% BSA for 30 minutes at room temperature,
primary antibody against NOS3 or ED1 (sc-654 or sc-59103, Santa Cruz Biotechnology;
Santa Cruz, CA) was diluted 1:100 or 1:50 or in 0.5% BSA and applied for 1 hour. For sGC
staining, primary antibody raised against subunit beta 1 (ab24824, Abcam) was diluted
1:2000 in IHC-Tek Antibody Diluent (IHC World), and applied for 1 hour. Negative
controls were incubated without primary antibody. Following a 30 minute incubation with
goat anti-rabbit or goat anti-mouse AlexaFluor 555 antibody (1:500 in PBS, Invitrogen), 60
nmol/L DAPI was used to stain nuclei for 1 minute. Slides were coverslipped using ProLong
Gold Antifade Reagent (Invitrogen), and digital images were acquired using a Zeiss
Imager.A2 microscope and the 5X objective. Stains were quantified by up to 3 blinded
investigators using either a scale of 0–3 or 0–4.

2.8 Statistical analysis
All results are given as mean ± the standard error of the mean. SigmaStat (SPSS; Chicago,
IL) was used to determine differences between multiple groups by performing one-way
analysis of variance and using the Student-Newman-Keuls post hoc test for all pair-wise
comparisons. Statistical significance was assumed when P<0.05.

3. RESULTS
3.1 Local NO administration does not affect blood pressure

To determine the effect of local NO administration on blood pressure in the SHR and WKY
rats, mean systolic blood pressure measurements were obtained using a tail vein cuff system.
As shown in the Table, the SHR had higher blood pressure than the WKY rats prior to
balloon injury, and this was maintained throughout the course of the study. Neither balloon
injury nor administration of NO had any effect on mean systolic blood pressure.

3.2 NO inhibits neointimal hyperplasia less effectively in hypertensive rats
To ascertain the effect of balloon injury and NO on neointimal hyperplasia in the setting of
hypertension, H&E-stained carotid artery sections were subjected to morphometric analysis.
As shown in Figure 1, NO was more effective at inhibiting neointima formation in WKY
rats (79% inhibition) than in the SHR (58% inhibition). Interestingly, while balloon injury
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induced similar amounts of neointima in the two strains of rats (intimal area 0.038 vs. 0.040
mm2, P=NS), the SHR displayed increased medial hypertrophy (0.113 vs. 0.082 mm2,
P<0.001) and lumen area (0.399 vs. 0.328 mm2, P<0.001) compared to the WKY control
rats. Although NO inhibited medial area similarly in the SHR and WKY rats, the medial
hypertrophy and outward remodeling seen in the SHR in response to injury resulted in
greater lumen area. Combined with the greater effect of NO on intimal area in WKY rats,
this resulted in a greater effect on the intima/media area ratio in the WKY rats (67%
inhibition) compared to the SHR (30% inhibition).

3.3 Hypertensive rats display increased proliferation following arterial injury, which is
unaffected by NO

To assess proliferation quantitatively in response to balloon injury in the milieu of
hypertension, carotid artery sections were stained for BrdU incorporation. The injured SHR
showed a greater level of total BrdU incorporation relative to WKY rats, even in the
presence of NO (Figure 2). This was especially evident in the media and adventitia of the
injured groups (Figure 2B). While injury caused similar levels of BrdU incorporation in the
intima (14.0 vs. 18.6 positive nuclei, P=NS) of both the SHR and WKY rats, NO caused a
greater reduction in BrdU incorporation in the intima of WKY rats (2.2 vs. 8.2 positive
nuclei, P=0.024, Figure 2B). In the media, injury increased incorporation of BrdU in the
SHR (8.4 nuclei) relative to WKY rats (5.2 nuclei), and both rat strains showed significant
decreases in medial BrdU incorporation after treatment with NO (1.2 vs. 0.6 positive nuclei,
P<0.022), with the SHR strain exhibiting a greater drop (Figure 2B). Most strikingly, in the
adventitia, balloon injury caused a 2.5-fold increase in BrdU incorporation in the SHR
relative to WKY rats (57.6 vs. 22.3 positive nuclei, P<0.001, Figure 2B). Though treatment
with NO caused a significant reduction in BrdU incorporation in the adventitia in both
strains, incorporation in the SHR was still 5-fold higher than in WKY controls (36.6 vs. 7.0
positive nuclei, P<0.001, Figure 2B). Total BrdU incorporation assessed across all 3 layers
of the vessel wall was almost 2-fold higher in the SHR injury group (81.2 vs. 46.2 positive
nuclei, P<0.001), and over 4-fold higher in the injured SHR treated with NO (45.9 vs. 10.5
positive nuclei, P<0.001), relative to WKY rats (Figure 2B).

3.4 NO decreases vasa vasorum staining in the adventitia of hypertensive rats
Given the dramatic finding of increased proliferation noted in the adventitia of the SHR
following balloon arterial injury, we explored the effect of injury and NO on the vasa
vasorum in both animal strains by staining carotid artery sections with an antibody to
endothelial nitric oxide synthase (eNOS). Of note, eNOS staining of the lumen was
unchanged between uninjured, injury, and injury + NO groups in both the WKY rats and the
SHR, indicating complete re-endothelialization (Figure 3A). This was not surprising given
that the samples were harvested and evaluated 2 weeks following injury. With respect to the
adventitia, compared to uninjured controls, there was an increase in eNOS staining in the
adventitia of both WKY rats and the SHR (1.0 vs. 2.0 and 2.5 respectively, Figure 3B).
There was a trend toward increased staining following injury in the SHR, but this did not
reach statistical significance. Of note, while NO had no effect on eNOS staining in the
adventitia of WKY rats, NO decreased eNOS staining by 22% in the SHR (2.6 vs. 2.0,
P=0.018, Figure 3B).

3.5 NO reduces arterial injury-induced macrophage infiltration in hypertensive rats
To examine the effects of NO and balloon injury on inflammation in the SHR and WKY
rats, immunofluorescent staining for the monocyte/macrophage marker ED1 was performed
on carotid artery sections. As seen in Figure 4A, injury caused an overall increase in ED1
staining in the SHR relative to WKY rats. This increase was mainly due to elevated ED1
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staining in the adventitia of the SHR following injury, and was reduced back to levels seen
in WKY rats with the administration of NO. Blinded grading of sections confirmed that
balloon injury caused similar levels of inflammation in the intima of the SHR and WKY rats
(1.5 vs. 1.4, P=NS, Figure 4B), with addition of NO significantly inhibiting intimal
inflammation in both strains (0.3 and 0.5, respectively, P<0.001 vs. injury, Figure 4B). No
difference between the rat strains was seen in medial inflammation after injury, though the
SHR had significantly decreased ED1 staining after administration of NO (1.2 vs. 0.5,
P<0.004, Figure 4B). There was also a significant reduction in inflammatory infiltrate in the
adventitia of the SHR injury + NO group compared to the SHR injury group (3.8 vs. 3.3,
P=0.031, Figure 4B). This effect was noticeably absent in the WKY rats (Figure 4B).
Finally, and interestingly, both the WKY (15.4% vs. 69.2% of cells) and the SHR (0% vs.
80% of cells) showed a marked increase in peripheral margination of ED1 cells after
administration of NO (P<0.001, Figure 4A and 4C).

3.6 NO decreases levels of soluble guanylyl cyclase (sGC) in normotensive rats
In order to ascertain the effects of NO and injury on the levels of soluble guanylyl cyclase,
immunofluorescent staining for the beta 1 subunit was performed on carotid artery sections.
Blinded grading of sections showed that balloon injury caused a significant decrease in sGC
staining in all 3 layers of the artery in the SHR group relative to WKY rats, but especially in
the media (71% decrease, *P<0.001 vs. WKY; Figure 5B). Addition of NO significantly
reduced sGC in the adventitia of the SHR (by 25%, ##P=0.004 vs. injury), but not in the
intima or media (Figure 5B). While there was a 17% decrease in sGC staining in the
adventitia of the SHR injury+NO group (¥¥P=0.006), the total staining score showed no
difference with the WKY injury+NO group (P=NS). Interestingly, the WKY injury+NO
group showed dramatically decreased levels of sGC, particularly in the intima (49%
decrease, †P=0.004 vs. injury) and media (100% decrease, **P<0.001 vs. injury) where
levels were below those of the SHR. Total staining scores also showed that SHR had 24%
less staining than WKY in the injury group (*P<0.001), and the SHR injury+NO group had
23% less sGC staining vs. injury ($P=0.037), but these differences were normalized by the
addition of NO. A stain performed for nitrotyrosine showed no differences in any of the
treatment groups (data not shown).

4. DISCUSSION
Here we show that while balloon injury induced similar amounts of neointimal hyperplasia
in the SHR and WKY rat strains, NO was less effective at inhibiting neointimal hyperplasia
following arterial injury in the SHR, as assessed by both histology and BrdU incorporation.
Furthermore, the SHR was noted to have increased proliferation in the media and adventitia
and this corresponded with more medial hypertrophy and outward remodeling following
injury compared to the WKY rat. Other interesting observations centered on the adventitia.
NO decreased the amount of vasa vasorum present in the adventitia of the SHR compared to
WKY rats. Additionally, while balloon injury increased inflammation in both the SHR and
WKY rats, the SHR displayed markedly increased inflammation in the adventitia. This
inflammation was reduced to the levels observed in WKY rats with the addition of NO.
Lastly, while macrophages were increased in the adventitia of the SHR, and to a lesser
extent WKY rats, NO induced dramatic margination of the macrophages to the periphery of
the adventitia in both strains. Thus, the adventitia appears to have a significant role in the
development of neointimal hyperplasia in the hypertensive environment.

Since the development of the SHR from WKY rats [14], much research has been published
regarding the characteristics of the strain. While the etiology of hypertension is
multifactorial, research has shown that the endothelial dysfunction appears to be secondary
to increased production of superoxide from overactive NADH/NADPH [12]. This excess
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superoxide most likely quenches the NO produced by endothelial cells, thereby limiting the
bioavailability of NO and causing hypertension [15]. In fact, studies have elegantly shown
that the vasculature from the SHR actually produces approximately 2-fold higher NO levels
from eNOS, most likely as a compensatory response to overcome low NO bioavailability
[11]. Thus, taking into account the pathophysiology of the SHR, the results of our study
make sense. The excess NO we supplied to the arterial wall may also be quenched by
superoxide, limiting its bioavailability, and hence limiting the effect on neointimal
hyperplasia. Furthermore, superoxide is known to form peroxynitrite upon reaction with
NO. It is possible that peroxynitrite formation counters the beneficial effect of NO on the
vascular wall.

What remains unclear is where the heightened superoxide is being produced. While vascular
smooth muscle cells are likely a source, it is not clear if cells from the adventitia produce
excess superoxide in the SHR. Most of the studies examining this pathway were conducted
over a decade ago, before the role of the adventitia in the arterial injury response was
appreciated. We now know that adventitial fibroblasts, stem cells, pericytes, and
inflammatory cells play an important role in the development of neointimal hyperplasia
following arterial injury [16]. Knowing this, it is interesting that we did observe key
differences in the adventitia between the SHR and WKY rat. In particular, there was a
striking increase in BrdU incorporation in the adventitia of the SHR following injury
compared to the WKY rats. Even after exposure to NO, BrdU incorporation remained high.
We also observed more macrophages in the adventitia of the SHR after injury, and exposure
to NO, compared to WKY rats. Both of these findings are curious, given the
pathophysiology of the SHR, with high superoxide production and quenching of NO, as well
as the known antiproliferative and anti-inflammatory properties of NO. It may be that the
adventitia is a greater source of superoxide than the intima and media in the SHR, quenching
NO even further, and thereby leading to heightened proliferation and inflammation. This
remains to be determined, but is possible given the results we found.

With respect to the development of neointimal hyperplasia following arterial injury, our
results differ slightly from published work showing that the SHR develops less neointimal
hyperplasia than WKY, Brown Norway, and Sprague Dawley rats [17]. While we found that
the intima/media area ratio was less in the SHR compared to WKY rats, intimal area was
similar in the two strains following injury. This difference from the literature could be due to
the model of arterial injury used. Our model exposes the rat carotid artery to a 2-French
balloon catheter inflated to 5 atmospheres of pressure for 5 minutes. This is a very
reproducible model, and takes into account the size of the target vessel by using a defined
pressure. Previously published work used the iliac artery injury model and created injury by
passing an inflated balloon from the aorta to the common femoral artery three times [17].
However, as the balloon was inflated until resistance was encountered, and not to a
consistent and reliable pressure, there is some variability with this model.

While we found similar levels of lumenal eNOS staining in the SHR and WKY rats at the 2-
week time point, we did encounter an interesting finding in the vasa vasorum. Staining for
eNOS was more prominent following arterial injury in the SHR compared to WKY rats.
This is consistent with the heightened proliferation, as assessed by BrdU incorporation, we
observed in the adventitia. However, exposure to NO reduced the vasa vasorum in the SHR
but had no effect on the vasa vasorum in WKY rats. The increase in the vasa vasorum in the
SHR could be due to the vascular remodeling observed in the media of the SHR following
injury. Furthermore, studies have shown an inverse correlation between the percentage of
the wall area that consists of vasa vasorum and the development of neointimal hyperplasia
[18]. These later studies have implicated hypoxia from a diminutive vasa vasorum driving
proliferation in the development of the heightened neointimal hyperplasia [18; 19]. Thus, we
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do find it interesting that the SHR developed more vasa vasorum in response to injury. This
area of research could benefit from further investigation.

While staining for soluble guanylyl cyclase (sGC) showed that balloon injury caused a
significant decrease in sGC staining in all 3 layers of the artery in the SHR group relative to
WKY rats, and addition of NO significantly reduced sGC in the adventitia of the SHR, total
staining showed no difference with the WKY injury+NO group. Interestingly, the WKY
injury+NO group had dramatically decreased levels of sGC, particularly in the intima and
media, where levels were below those of the SHR. Since it is known that the SHR have
reduced levels of soluble guanylyl cyclase activity, [20; 21] the finding of low sGC in the
SHR was not unexpected, but does not explain our finding of decreased neointimal
formation in this strain. Given that our SHR were hypertensive throughout the study, even in
the presence of NO, perhaps the endothelial dysfunction in this genetically hypertensive
strain does not allow for proper response to the stimulatory effects on NO on the sGC
pathway. This interesting vein merits further study.

As with any study, ours is not without limitations. First, while the SHR is a model for
hypertension, it does not accurately represent the pathophysiology that accounts for human
hypertension. Thus, it is unclear if these results will translate to the clinical arena. Second,
while our model of external application of a NO donor is simple and reproducible for the
study of NO in the vasculature in animal models, it has limited translation to human clinical
use. We do envision the use of a NO-releasing perivascular wrap for open vascular and
cardiovascular procedures. Our laboratory is working to develop such a therapy; however,
this has yet to become a reality and remains in the research realm. Third, we studied the 2-
week time point. We felt this was the most appropriate time point to study, as we are
interested in the end biological response after arterial injury, namely neointimal hyperplasia.
Studies of earlier time points could provide insights into the proliferative and inflammatory
response of the arterial wall in the SHR. Yet, we did not feel this justified the use of
additional animal lives, given that our overall interest is in the end biological effect of NO
on neointimal hyperplasia. Along those same lines, we did not feel it would be fruitful to
investigate the effect of proline, a major breakdown product of PROLI/NO, since it is a
naturally occurring amino acid. Lastly, since we have previously investigated the effects of
the breakdown products of NO (nitrite and nitrate) in the vasculature [22], we did not
replicate those experiments here.

Finally, with regards to the amount of NO generated by the short half-life donor PROLI/NO
in vivo, we have previously shown that PROLI/NO is more effective at inhibiting neointimal
hyperplasia than a donor with a much longer half-life (PAN/NO, t1/2 = >80 days) [6]. We
have also recently shown that using a solution of 300 mM PROLI/NO to inflate the balloon
catheter for only 5 minutes was effective at inhibiting neointimal hyperplasia two weeks
after injury [23]. Our balloon catheter is 5 mm long and the average diameter of the carotid
artery is 0.71 mm for WKY rats and 0.98 mm for the SHR [24]. Therefore, the expected
injured areas are 11 or 15 mm2, respectively. At rest, the endothelium in the vasculature
constitutively releases ~4 pmol/min/mm2 of NO, which equals 5.8 nmol/24hr/mm2 of NO
[25]. Ten mg of PROLI/NO can release up to 80 μmoles of NO after being dissolved by the
interstitial fluid, yielding 7.2 μmole/mm2 for the WKY rats and 5.2 μmole/mm2 for the
SHR. Our previous work showed that 20–80 nmoles of NO diffused through the balloon
[23], a thousand fold less than the 80 μmoles PROLI/NO could possibly produce, and this
amount was still effective at 2 weeks. However, we must include the caveat that we have not
directly measured the amount of NO in vivo, and these calculations are merely a best guess.

In conclusion, we showed that NO inhibited development of neointimal hyperplasia in both
the SHR and WKY rats; however, NO was significantly less effective in the SHR. We also
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found that the SHR developed much more cellular proliferation, inflammation, and vasa
vasorum in the adventitia in response to injury, compared to WKY rats. Overall, these data
provide insight into the interplay between hypertension and neointimal hyperplasia, NO,
inflammation, and vascular remodeling. These data will help us to develop novel NO-based
therapies that will be more effective in the hypertensive patient population.
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Highlights

• Locally delivered NO does not affect blood pressure in SHR or WKY rats.

• NO inhibits injury-induced neointimal hyperplasia less effectively in SHR.

• SHR display increased proliferation after injury, which is unaffected by NO.

• NO decreases vasa vasorum staining in the adventitia of SHR.

• SHR display increased inflammation after injury, which is reduced by NO.
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Figure 1. Nitric oxide inhibits neointimal hyperplasia less effectively in hypertensive rats
(A) Sections of carotid arteries harvested 2 weeks after injury from WKY rats and the SHR
were stained with hematoxylin and eosin. Nitric oxide (NO) was more effective at inhibiting
neointimal hyperplasia in WKY rats vs. the SHR. Note the outward remodeling displayed in
the SHR strain. Treatment groups included control, injury, and injury + NO (n = 7–9/
treatment group). (B) Quantitation of intima, media, and lumen area (mm2) was performed
using ImageJ. The graphs show that the SHR (gray bars) and WKY rats (black bars) have
similar intima formation after injury, but NO was more effective in WKY rats. Quantitation
of the media showed that the SHR experience hypertrophy compared to WKY rats, but NO
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decreased this in both strains. Because of this outward remodeling, the lumen area in the
SHR rat injury + NO group was not significantly different from the injury group, and was
increased relative to WKY rats. *P<0.001 vs. injury; **P=0.025 WKY vs. SHR, injury+NO;
†P<0.001 WKY vs. SHR; ††P<0.001 injury vs. injury+NO; #P<0.001 WKY vs. SHR,
injury; ##P=0.009 vs. injury.
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Figure 2. Hypertensive rats display increased proliferation following arterial injury, which is
unaffected by NO
(A) Carotid sections harvested 2 weeks after injury were stained with antibody against BrdU
to assess proliferation. SHR showed more overall staining than WKY rats. (B) Quantitation
of staining by counting positive nuclei showed increased proliferation in the intima, media,
and adventitia of the SHR (gray bars) following balloon injury. After addition of NO, the
SHR showed a significantly higher level of proliferation than WKY rats (black bars),
especially in the intima and adventitia. *P<0.03 vs. injury; **P=0.024 WKY vs. SHR, injury
+NO; †P<0.022 WKY vs. SHR, injury; ††P<0.01 vs. injury; #P<0.001 WKY vs. SHR;
##P<0.02 vs. injury; ¥P<0.001 vs. injury.
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Figure 3. NO decreases vasa vasorum staining in the adventitia of hypertensive rats
(A) Carotid artery sections harvested 2 weeks after injury were stained for eNOS (red) and
DAPI (nuclei, blue). Green is autofluorescence of the internal elastic lamina. Note that the
entire lumen was re-endothelialized at the 2-week time point in both rat strains. B)
Quantitation of vasa vasorum in the adventitia was performed by blinded grading (scale 0–
3). An increase in vasa vasorum staining was noted following injury in both strains (black
bars = WKY, *P=0.039 vs. control; **P<0.001 vs. control). Addition of NO to the SHR
strain (gray bars) decreased vasa vasorum staining (†P=0.018).
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Figure 4. NO reduces arterial injury-induced macrophage infiltration in hypertensive rats
(A) To assess macrophage infiltration, carotid artery sections harvested 2 weeks after injury
were stained for ED1 (red) and DAPI (blue). Green is autofluorescence of the internal elastic
lamina. (B) Quantitation of ED1 staining by blinded grading (scale 0–4) showed that,
relative to WKY rats (black bars), a significant increase in macrophage infiltrate was seen in
the adventitia of the SHR injury group (gray bars). Throughout the arterial wall of the SHR,
administration of NO caused a decrease in macrophage infiltration, most dramatically in the
intima and media. *P<0.001 vs. injury; **P<0.004 vs. injury; †P<0.001 WKY vs. SHR;
††P=0.031 vs. injury; #P=0.007 WKY vs. SHR; ##P=0.028 vs. injury. (C) Assessment of the
percentage of macrophages displaying peripheral margination indicated significantly higher
levels of peripheral margination in the injury + NO group for both rat strains (black bars =
WKY, gray bars = SHR). *P<0.001 vs. injury.
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Figure 5. NO decreases levels of soluble guanylyl cyclase (sGC) in normotensive rats
(A) To assess levels of soluble guanylyl cyclase (sGC), carotid artery sections harvested 2
weeks after injury were stained for sGC (red) and DAPI (blue). Green is autofluorescence of
the internal elastic lamina. (B) Quantitation of sGC staining by blinded grading (scale 0–3)
showed that, relative to WKY rats (black bars), a significant decrease in sGC staining was
seen in all 3 layers of the artery in the SHR injury group (gray bars). Addition of NO
significantly reduced sGC staining in the adventitia of the SHR, but not in the intima or
media. In WKY, addition of NO significantly reduced sGC staining in all 3 layers,
particularly in the media, where it was below levels seen in the SHR. *P<0.001 WKY vs.
SHR; **P<0.001 vs. injury; †P=0.004 vs. injury; ††P=0.021 WKY vs. SHR; ¥P=0.038
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WKY vs. SHR; ¥¥P=0.006 WKY vs. SHR; #P=0.043 vs. injury; ##P=0.004 vs. injury;
$P=0.037 vs. injury.
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