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Abstract
Primary cytomegalovirus (CMV) infection promotes oxidative stress and reduces nitric oxide
(NO) bioavailability in endothelial cells. These events are among the earliest vascular responses to
cardiovascular risk factors. We assessed the roles of NAD(P)H oxidase and NO bioavailability in
microvascular responses to persistent CMV infection alone or with hypercholesterolemia.
Wildtype (WT) or gp91phox (NAD(P)H oxidase subunit) knockout mice received mock-inoculum
or 3×104PFU murine CMV (mCMV) IP 5wks before placement on normal or high cholesterol diet
(−HC) for 4wks before assessment of arteriolar function and venular blood cell recruitment using
intravital microscopy. Some WT groups received sepiapterin (a precursor of the nitric oxide
synthase co-factor, tetrahydrobiopterin), or apocynin (NAD(P)H oxidase inhibitor/antioxidant).
Endothelium-dependent vasodilation was impaired in mCMV vs. mock WT, regardless of diet.
This was not affected by sepiapterin, and pharmacological inhibition of nitric oxide synthase
reduced dilation similarly in Mock and mCMV mice. Apocynin or deficiency of total, but not only
blood cell or vascular wall (tested using bone marrow chimeras), gp91phox protected against
arteriolar dysfunction. Blood cell recruitment was induced by mCMV-HC. Sepiapterin, but not
NAD(P)H oxidase deficiency/apocynin, reduced leukocyte accumulation, whereas platelet
adhesion was reduced by sepiapterin, apocynin or total, platelet-specific or vascular wall
gp91phox-deficiency. These data implicate activation of both hematopoietic and vessel wall
NAD(P)H oxidase in mCMV-induced arteriolar dysfunction, and platelet and vascular NAD(P)H
oxidase in the thrombogenic phenotype induced by mCMV-HC. In contrast, findings with
sepiapterin suggest eNOS dysfunction, perhaps uncoupling, mediates venular, but not arteriolar,
responses to mCMV-HC, thus indicating that NAD(P)H oxidase and eNOS differentially regulate
microvascular responses to mCMV.
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Introduction
Cytomegalovirus (CMV) is a β-herpesvirus that is contracted by >60% of the population,
and normally establishes a mild lifelong persistent infection in immunocompetent
individuals [1, 2]. Epidemiological studies have implicated CMV in the pathogenesis of
cardiovascular diseases (CVD), such as atherosclerosis, myocardial infarction, carotid and
coronary artery disease [3–6]. Data from animal studies support an active, rather than
bystander, role for CMV in the development of CVD, most likely through the initiation and/
or propagation of inflammation [7–10]. In fact, the induction of inflammatory pathways is
integral to the survival strategy of the virus, in that infected blood monocytes act as vehicles
for the virus and are recruited to tissues in order to disseminate the virus [11, 12]. Thus
primary CMV infection can elicit inflammatory and thrombogenic responses in isolated
microvascular endothelial cells [13–19]. We have shown that persistent CMV infection
leads to impaired endothelium-dependent vasodilation responses in arterioles and mild
inflammation in venules in vivo, which may help explain its contribution to CVD
development [20]. Furthermore, CMV and hypercholesterolemia synergize to induce a
exaggerated inflammatory and thrombogenic responses in venules [20, 21].

Mounting evidence indicates that one of the first changes seen in the vasculature in response
to CVD risk factors is endothelial dysfunction characterized by reduced nitric oxide (NO)
bioavailability and enhanced reactive oxygen species (ROS) generation [22]. NAD(P)H
oxidase is an important source of superoxide (O2

·−) that contributes to CVD [23–25]. It is
present in many different cell types, including neutrophils, platelets, vascular smooth muscle
cells and endothelial cells. NAD(P)H oxidase mediates the microvascular responses to
hypercholesterolemia, with both vessel wall- and blood cell-associated NAD(P)H oxidase
contributing to leukocyte recruitment in postcapillary venules [26, 27].
Hypercholesterolemia also causes tetrahydrobiopterin (BH4) depletion and increased O2

·−

release from eNOS [28, 29], although such changes have not been evaluated to date in
response to CMV infection.

Primary CMV infection of different cell types invokes disparate responses in terms of ROS
generation. Decreased O2

·− has been reported in CMV-infected macrophages [30] and
neutrophils [31], whereas this virus has been show to elevate ROS generation in monocytes
[32] and vascular smooth muscle cells [33]. Furthermore, responses differ between
endothelial cells, in that human umbilical vein endothelial cells do not have altered ROS
release upon CMV infection [34], but microvascular endothelial cells show enhanced
intracellular oxidative stress under basal conditions, and exacerbated DMNQ-induced O2

·−

generation [35]. A majority of this stimulated O2
·− release was reversed by polyethylene

glycol-conjugated superoxide dismutase (SOD). While evidence is limited on the exact
ROS-generating enzymes affected by CMV, it was discovered that NAD(P)H oxidase
activity is elevated in vascular smooth muscle cells during primary CMV infection [36].
Because of its expression in many cell types relevant to microvascular dysfunction, it is
plausible that NAD(P)H oxidase in some blood cell populations and in endothelial cells and
smooth muscle cells of microvessels may also be a target of CMV during persistent
infection.

Here we examined the effects of CMV on arteriolar dilation and, in the presence of
hypercholesterolemia, the inflammatory and thrombogenic characteristics of postcapillary
venules in wild type and gp91phox-deficient mice to interrogate the contribution of vascular
and blood cell-NAD(P)H oxidase in these processes. We also addressed the potential effects
of CMV-induced eNOS uncoupling via BH4 depletion on microvascular function.
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Methods
Animals

Wild-type C57BL/6J mice (WT), B6.129S6-Cybbtm1Din/J (gp91phox−/−) on a C57BL/6J
background, and CD45 congenic B6.SJL-PTPRCPEP/BOY mice (which express CD45.1)
were obtained from Jackson Laboratories, Bar Harbor, ME. Because exposure of humans to
virus primarily occurs during childhood, and the fact that the microvasculature exhibits a
dysfunctional phenotype upon exposure to CVD risk factors, and long before large vessel
disease is seen, we used young mice in our study. Mice (3–5 wk old) were injected with
mock inoculum or 3×104 plaque forming units (PFU) of the Smith strain of mCMV as
previously described [20]. Based on our previous findings [20], intravital microscopy was
performed at 9 wks post-infection (p.i.). Mice were further divided into those maintained on
normal diet (ND) or mice placed on high cholesterol diet (HC) (Teklad 90221 containing
1.25% cholesterol, 15.8% fat and 0.125% choline chloride, Harlan Teklad, Madison, WI) at
5 wks post-infection until observation 4 wks later (2 wks of this diet induces arteriolar
dysfunction, and venular blood cell recruitment, that resolves by 4 wks of feeding before
developing again later [20, 26]). Separate groups of mCMV-ND and mCMV-HC mice were
treated with 3 mM apocynin (EMD Chemicals Inc., Gibbstown, NJ) in their drinking water
for 1 wk prior to the experiment, based on work by, and advice from, Professor Joseph L.
Unthank, Indiana University School of Medicine [37]. Other mCMV-ND and mCMV-HC
groups were injected with sepiapterin (Cayman Chemical, Ann Arbor, MI) for 3 days prior
to observation (2.7 mg/kg on day -3 followed by 10 mg/kg body weight on days -2 & -1).
This was based on a paper in a chronic murine model in which the observed leukocyte and
platelet adhesion in postcapillary venules were abrogated by this treatment [38]. A small
number of saline-injected mice were performed as controls for the sepiapterin groups. n=4–
10 for all groups.

Bone Marrow Chimeras
Three combinations of chimeras were generated as previously described [27]. WT→WT
chimeras were CD45 congenic WT mice that received bone marrow cells from WT animals,
reserving NAD(P)H oxidase function (a small number of the reverse transplants were
performed and exhibited comparable responses to mCMV and HC, therefore, for the sake of
presentation, these were combined as the WT→WT group). The gp91phox−/−→WT
chimeras, with NAD(P)H oxidase deficient blood cells, but normal vascular wall enzyme
activity, were produced by transplanting bone marrow from a gp91phox−/− mouse into a
CD45 congenic mouse. The WT→gp91phox−/− chimeras were generated by transplanting
bone marrow cells from CD45 congenic mice into gp91phox−/− recipients, such that these
mice expressed gp91phox in their circulating cells, but not in cells of the vessel wall. Flow
cytometry was used to verify proper chimera reconstitution, as previously described [39].
Conversion was considered adequate when >90% of blood cells were of donor origin (i.e.
CD45.1 for congenic bone marrow and CD45.2 for WT and gp91phox−/− donors). Once
confirmed, chimeric mice were exposed to the infection and diet protocol described above.

Surgical Protocol
At the time of experimentation, mice were anesthetized with ketamine hydrochloride (150
mg/kg body weight, i.p.) and xylazine (7.5 mg/kg body weight, i.p.). The right jugular vein
was canulated for administration of platelets to animals undergoing venule observation.
Core body temperature was maintained at 35±0.5°C. Animal handling procedures were
approved by the LSU Health Sciences Center Institutional Animal Care and Use Committee
and were in accordance with the guidelines of the American Physiological Society.
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Intravital Microscopy
The cremaster muscle was prepared for intravital microscopy as described previously [40],
and postcapillary venules (20–40 µm diameter) with a wall shear rate (WSR) of ≥500/s were
assessed. The venule with the least number of adherent and emigrated leukocytes at the end
of 30 min stabilization was chosen for the study. 108 platelets (in a volume of 120 µl)
(isolated from a donor mouse by a series of centrifugation steps as previously described
[41]) were infused via the jugular vein over 5 min and allowed to circulate for a further 5
min. Platelet donors matched the source of the recipients in terms of infection and diet
unless specified otherwise. One minute recordings of the leukocytes (light microscopy)
followed by 1 min recordings of the platelets (fluorescent microscopy) were made of the
first 100 µm of every 300 µm along the length of the unstimulated vessel, beginning as near
to the source of the venule as possible. A leukocyte was considered adherent if it remained
stationary for ≥30 s (#/mm2 vessel wall surface) and was measured throughout the
observation period. Leukocyte emigration was measured online at the end of each 1 min
observation period. Emigrated leukocytes were expressed as the number of interstitial
leukocytes per mm2 of view adjacent to the segment under observation (#/mm2). Platelets
were considered saltating if they paused transiently (for ≥2 s but <30s) on the vessel wall,
and firmly adherent if they arrested for ≥30 s. Total adhesion was calculated as the sum of
saltation and firm adhesion, and all platelet parameters were expressed as # platelets/mm2

vessel wall surface. The mean value of each variable within a single venule was calculated
and comparisons were made between the experimental groups.

Once the venular data had been collected, the animals were allowed to stabilize for 20–30
min, and arterioles with diameters between 15–40 µm and WSR of ≥500/s were chosen for
study. Diameter and Vrbc were measured in the chosen sections before and after superfusion
with 10−5 M of the endothelium-dependent vasodilator, acetylcholine (ACh), for 5 min.
Arteriolar vasorelaxation responses to ACh were expressed as the percentage diameter
change versus baseline. Arteriolar diameters were allowed to return to baseline with
bicarbonate-buffered saline superfusion, before papaverine was applied to test for maximal
endothelium-independent vasodilation. Arterioles that were not responsive to papaverine
were excluded from the study. In separate groups (n=3–5/group) of WT-Mock-ND, WT-
mCMV-ND and WT-mCMV-HC mice, we performed experiments on arterioles only, in
which responses to ACh were measured, vessels were allowed to return to baseline diameter,
and then the preparation was superfused with the NOS inhibitor, NG-nitro-L-arginine (L-
NNA; 10−3 M) for 30 min before L-NNA+ACh was superfused for 5 min. Diameters were
measured before the vessel was once again allowed to return to baseline before final
stimulation with papaverine.

Plasma Cholesterol Levels
Plasma was frozen for subsequent measurement of cholesterol levels using a
spectrophotometric assay (Cholesterol LiquiColor® Test from Stanbio Laboratory, Boerne,
Tx).

Blood Cell Counts
Blood was drawn from the heart at the end of the experiment for leukocyte (using crystal
violet stain) and platelet counts (using the unopette system) with the aid of a
hemocytometer.

BH4 Levels
These were quantified by HPLC with electrochemical detection as previously described
[42], and concentrations were normalized to the respective protein content of tissue samples.
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Briefly, the cremaster muscles were harvested at the end of the experiment, and snap-frozen.
Tissue was homogenized in 50 mM phosphate buffer pH 2.6 containing 0.2 mM
diethylenetriaminepentaacetic acid and freshly added 1 mM dithiothreitol. Samples were
spun down at 12,500 rpm for 10 min at 4°C, and supernatants were analyzed on an HPLC
system (ESA Biosciences CoulArray® system Model 582 and 542) using a Synergi Polar-
RP column (Phenomenex, 4 µm, 250×4.6 mm) eluted with argon saturated 50 mM
phosphate buffer pH 2.6.

Statistical Analysis
All values are reported as mean±SEM. ANOVA with Bonferroni/Dunn post-hoc test was
used for statistical comparison of experimental groups.

Results
mCMV Infection leads to Impaired Endothelium-Dependent Vasodilation

ACh-induced dilation was not altered at 4 wks of HC in Mock-inoculated mice, when
compared to normocholesterolemic counterparts. In contrast, endothelium-dependent
dilation was significantly impaired in mCMV-ND mice versus mock-ND controls (Figure
1A). The addition of HC to mCMV-infected mice did not worsen this. As we have found
previously, papaverine-induced (endothelium-independent) dilation was similar in all groups
(data not shown).

A role for NAD(P)H oxidase in mCMV-Induced Arteriolar Dysfunction
In order to elucidate the role of NAD(P)H oxidase in mCMV-induced arteriolar dysfunction,
we used mice deficient in the gp91phox subunit of this enzyme. Normal vasodilation
responses to ACh in Mock-ND mice were not altered by the mutation (Figure 1A). Mice
deficient in gp91phox exhibited complete protection against mCMV-induced arteriolar
dysfunction. Similar protection was also noted in arterioles of gp91phox−/− mCMV-HC mice.
Apocynin also restored normal vasodilation responses in both mCMV-ND and mCMV-HC
groups.

In order to determine whether the NAD(P)H oxidase activation that led to arteriolar
dysfunction in the mCMV-infected mice occurred primarily in the vessel wall or the
circulating blood cells, we generated bone marrow chimeras that had gp91phox-deficient
blood cells but intact vessel wall NAD(P)H oxidase, or vice versa. As would be expected the
control WT→WT mCMV groups exhibited arteriolar dilation responses to ACh that were
comparable to WT-mCMV groups, regardless of dietary regimen (Figure 1B). This
impairment of endothelium-dependent vasodilation was not altered by the absence of
gp91phox−/− in circulating cells in the gp91phox−/− →WT chimeric groups infected with
mCMV. Similarly, deficiency of vessel wall gp91phox in the WT→gp91phox−/− chimeras did
not confer any protection against mCMV-induced arteriolar impairment.

No Role for NAD(P)H oxidase in mCMV-HC-Induced Leukocyte Recruitment in
Postcapillary Venules

Leukocyte adhesion (Figure 2A) or emigration (Figure 2B) were not altered by either HC or
mCMV alone. In contrast, exposure to both risk factors led to an approximately 4.5-fold
increase in leukocyte adhesion (Figure 2A) and more than 3-fold enhancement of leukocyte
emigration (Figure 2B). In gp91phox−/− mice, basal (mock-ND) levels of leukocyte
recruitment were comparable to WT mice. The lack of gp91phox failed to protect against
mCMV-HC-induced inflammation (Figure 2). Administration of apocynin for 1 week prior
to observation, which was effective at reversing arteriolar dysfunction, also failed to confer

Leskov et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2012 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



protection against leukocyte recruitment in postcapillary venules of mCMV-HC mice
(Figure 2).

NAD(P)H oxidase Contributes to Platelet Adhesion in Postcapillary Venules of mCMV-HC
Mice

Similar to the leukocytes, the combination of mCMV infection and a cholesterol-enriched
diet, but neither alone, led to elevated adhesion of matched exogenous platelets, due to both
transient (saltation) and firm adhesion (Figure 3). In gp91phox−/− mice, platelet saltation
(Figure 3A) was reduced to Mock-ND levels, and firm adhesion (Figure 3B) was moderately
decreased. This translated into a significant attenuation of total platelet recruitment, when
compared to WT counterparts (Figure 3C). Apocynin offered slightly better protection
against the mCMV-HC-induced thrombogenic phenotype. When gp91phox−/− platelets were
observed in WT recipients, both exposed to mCMV-HC, firm platelet adhesion was
completely abrogated, although saltation was only partially reduced (Figure 3). Total
adhesion of platelets derived from gp91phox−/− mice in WT recipients was comparable to
that observed in gp91phox−/− recipients. When the role of vascular wall gp91phox was tested
by assessing platelet adhesion in WT→gp91phox−/− chimeras using matched donors, it was
shown that deficiency of vessel wall gp91phox was similar to lack of platelet gp91phox in
reducing platelet recruitment (Figure 3). This was not a manifestation of the chimeric
process as WT→WT mCMV-HC mice exhibited platelet recruitment responses that were
comparable to WT counterparts.

Sepiapterin Failed to Protect Against mCMV-Induced Arteriolar Dysfunction
To test the possibility that eNOS dysfunction mediates the microvascular dysfunction
induced by mCMV, we treated mice with sepiapterin, the BH4 precursor. For arteriolar
vasodilation, mCMV-infected mice receiving sepiapterin responded to ACh at levels similar
to saline-treated or untreated mCMV-ND mice (these control groups were comparable, and
were combined for presentation) (Figure 4A). This suggests that eNOS does not become
dysfunctional/uncoupled in arterioles in response to mCMV. A similar lack of protection
was seen in sepiapterin-treated mCMV-HC mice. In a subset of WT mice (n=3–5/group) we
performed experiments to determine if mCMV altered NO bioavailability as measured by
arteriolar reactivity in the presence of a NOS inhibitor, L-NNA (Figure 4B). When arterioles
of Mock-ND mice were exposed to L-NNA alone, a 67% reduction in resting diameter was
observed. Basal diameter was similarly decreased following L-NNA treatment in mCMV-
ND mice. Vasodilation responses to ACh were partly reduced by L-NNA in Mock-ND mice,
indicating that NO contributed to ~33% of the ACh response. The absolute reduction of
ACh-induced vasodilation in the mCMV-ND group by L-NNA was comparable (Figure
4B). Additional exposure of mCMV-infected mice to HC did not significantly alter any of
these responses when compared to mCMV alone.

Sepiapterin Provides Protection against Venular Blood Cell Recruitment
As before, leukocyte recruitment was elevated in mCMV-HC mice when compared with
Mock-ND controls (Figure 5). In mCMV-HC mice that received the BH4 precursor,
sepiapterin, both leukocyte adhesion (Figure 5A) and emigration (Figure 5B) were
significantly reduced, although they remained above baseline. The increased platelet
adhesion in postcapillary venules that was noted in mCMV-HC mice (Figure 6) was also
significantly attenuated by treatment of the mice with sepiapterin (Figure 6C), with the
sepiapterin being similarly effective against saltation (Figure 6A) and firm adhesion (Figure
6B). When platelets from sepiapterin-treated mCMV-HC donors were observed in untreated
mCMV-HC recipients, platelet accumulation was attenuated to levels comparable to that
seen when both donor and recipient were treated with sepiapterin.
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BH4 Levels
BH4 levels in the cremaster were not significantly altered by mCMV or mCMV-HC (Table
1). Sepiapterin increased the BH4 levels in the mCMV-ND cremaster by 49-fold, while
elevating BH4 in the mCMV-HC cremaster by 36-fold, when compared with corresponding
untreated groups.

Plasma Cholesterol, Venular Wall Shear Rate and Circulating Blood Counts
Plasma cholesterol levels in all HC groups were approximately 2-fold higher than
corresponding normocholesterolemic controls (Mock-ND: 70±3.7 mg/dL; Mock-HC:
142±12.4 mg/dL (P<0.05)). mCMV, genetic mutation or the chimeric process did not alter
the cholesterol levels when compared to WT counterparts (data not shown). The venular
wall shear rates in all groups in which blood cell adhesion was measured were comparable,
and did not explain the differences in venular leukocyte and platelet recruitment between
mCMV-HC and mock-ND groups (data not shown). Circulating blood counts of leukocytes
and platelets were also similar between groups.

Discussion
Cytomegalovirus has long been recognized as a risk factor in transplantation, and more
recently evidence is growing for its role in CVD [3–6]. One hypothesis for how this virus
contributes to CVD is that it activates inflammatory pathways important for the
pathogenesis of the disease. In fact, primary CMV infection of isolated endothelial cells
leads to oxidative stress, adhesion molecule upregulation and leukocyte and platelet
adhesion [13–19, 35]. Less is known about the impact of persistent CMV on the vasculature,
which is important because although a majority of the population becomes infected with
CMV in childhood, this is a lifelong infection and CVD develops over decades. We have
previously shown that, like other cardiovascular risk factors, persistent CMV infection can
induce arteriolar dysfunction, and can synergize with another risk factor,
hypercholesterolemia, to promote an inflammatory and thrombogenic phenotype in
postcapillary venules [20]. There is some evidence that primary CMV infection can induce
oxidative stress, which is one of the first events leading to such microvascular responses to
HC, diabetes and other risk factors [22, 26], and here we show that activation of NAD(P)H
oxidase in blood cells and the vessel wall, and impaired function of eNOS have distinct roles
in arteriolar dysfunction, and venular inflammation, but that both share a common pro-
thrombogenic impact in venules exposed to both mCMV and HC.

There are several pathways through which CMV infection may lead to impaired
endothelium-dependent dilation. One such pathway is through the O2

·−-generating enzyme,
NAD(P)H oxidase, which is present in many cell types and has been shown to mediate the
arteriolar dysfunction that occurs after 2 wks of high cholesterol feeding [26]. To test this
possibility, we used mice deficient in gp91phox (also known as NOX-2), which is a
membrane subunit of NAD(P)H oxidase. Our findings that gp91phox-deficient mice were
completely protected against the impaired arteriolar dilation in both mCMV and mCMV-HC
mice supports a role for a gp91phox-containing NAD(P)H oxidase in these responses.
Apocynin has been widely used as a pharmacological inhibitor of NAD(P)H oxidase,
although this compound acts as an antioxidant in non-leukocytic cell types [43].
Nonetheless, the conclusion derived from our mutant mice experiments that NAD(P)H
oxidase is responsible for the arteriolar dysfunction was further corroborated by our
experiments using apocynin, in which comparable protection was noted.

gp91phox is present in the dominant NAD(P)H oxidase responsible for O2
·− generation in

leukocytes [44] and platelets [45, 46], and is present in vascular endothelium [47], and in
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vascular smooth muscle cells from resistance vessels but not large arteries [48, 49]. We
sought to determine whether circulating cells or cells of the vessel wall may be the primary
cellular source of NAD(P)H oxidase that contributes to arteriolar dysfunction in our model
by generating bone marrow chimeras with circulating cells deficient in gp91phox but with
intact vascular gp91phox, or vice versa. Our results indicate that both cells of the vessel wall
and circulating cells are responsible for the NAD(P)H oxidase-mediated arteriolar
dysfunction during mCMV infection. In contrast to the gp91phox−/− mice, deficiency of
gp91phox in only one or other of the vessel wall or blood cells did not prevent the impaired
dilation responses, suggesting that NAD(P)H oxidase activation in either compartment was
sufficient to induce the dysfunctional phenotype. These findings also support the possibility
that apocynin targeted both the blood cells and the vessel wall.

Primary infection of endothelial cells with CMV leads to leukocyte and platelet adhesion
[12, 16, 19], and we have previously shown that persistent mCMV infection can induce mild
leukocyte and platelet adhesion responses in postcapillary venules that are transient in
nature, whereas it prolongs and exacerbates HC-induced blood cell recruitment [20]. We
focused on the latter and confirmed that mCMV-HC, but not either risk factor alone,
promotes significant leukocyte and platelet accumulation at 9 wks post-infection, 4 wks HC.
Lack of gp91phox offered no protection against the inflammatory response. This was
somewhat surprising in that both gp91phox [26] and p47phox [22] deficiency attenuate the
HC-induced leukocyte adhesion at 2 wks of diet, and here we are assessing the prolongation
of this response by mCMV [20]. Whether mCMV alters the underlying mechanisms of
leukocyte recruitment even at 2 wks HC, or whether the gp91phox-mediated phase of
inflammation has passed and it does not govern the later leukocyte recruitment at 4 wks diet
in mCMV-infected mice remains unclear. However, the fact that similar findings were
obtained with apocynin further emphasize that there are distinct pathways leading to
arteriolar dysfunction and venular inflammation in response to mCMV-HC.

It is now well accepted that platelets not only mediate thrombus formation but also are
important components of the inflammatory cascade in CVD and other diseases. Similar to
the platelet recruitment in response to 2wk HC alone [26], we found that deficiency of
gp91phox or treatment with apocynin also reduced the platelet adhesion in mCMV-HC mice.
By observing gp91phox-deficient platelets in WT mice, we were able to show that platelet
gp91phox played a major role in this thrombogenic response. This could have important
implications in hypercholesterolemic patients in whom platelet NAD(P)H oxidase is
activated and mediates the associated upregulation of CD40L [50], because persistent CMV
infection may enhance or prolong these platelet responses. Furthermore, experiments with
chimeras implicated a role for vascular wall NAD(P)H oxidase in the thrombogenic
phenotype in mCMV-HC mice, which is also in agreement with previous findings for
hypercholesterolemia [26]. CMV can increase O2

·− generation in microvascular endothelial
cells [35], and increases NAD(P)H oxidase activity in arterial vascular smooth muscle cells
[36] during primary infection. Whether the vascular NAD(P)H oxidase is located in the
endothelial and/or smooth muscle cells in our model remains to be elucidated. The fact that
both platelet and vascular wall NAD(P)H oxidase contributed to platelet adhesion, but that
leukocyte recruitment was not mediated by this enzyme, suggests that if platelets contribute
to the inflammatory phenotype during mCMV infection, this must be via a pathway other
than NAD(P)H oxidase.

The disassociation of leukocyte and platelet recruitment, despite vascular NAD(P)H oxidase
activation, is somewhat surprising, because vascular NAD(P)H oxidase has been previously
shown to mediate both in venules of hypercholesterolemic mice [27]. However, perhaps
mCMV-HC leads to levels of vascular NAD(P)H oxidase-derived ROS that are sufficient to
induce platelet, but not leukocyte, adhesion, or mCMV-HC activates other pathways that
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overcome any anti-inflammatory effect of gp91phox deficiency or apocynin treatment. There
are conflicting reports about the induction of ROS by CMV in leukocytes [30–32], albeit
these data were obtained during primary infection, and our data would suggest that if ROS
are generated by leukocytes in response to mCMV-HC, NAD(P)H oxidase is not the
primary source. The possibility remains that other oxidant-generating enzymes or
dysregulation of antioxidant defenses in the vessel wall and/or circulating blood cells may
mediate the venular inflammation in mCMV-HC mice. Under inflammatory conditions
associated with oxidative stress, the levels of the essential co-factor for eNOS, BH4, can be
decreased through both oxidation and reduced de novo generation, leading to uncoupling of
eNOS. This results in O2

·− generation from the oxygenase domain of the enzyme.
Sepiapterin, a BH4 precursor, has proven protective in models of atherosclerosis and
hypercholesterolemia [51, 52]. Our finding that arteriolar dysfunction was not altered by
sepiapterin, but was by gp91phox-deficiency, was somewhat surprising in light of previous
findings that have shown a link between NAD(P)H oxidase and uncoupling of eNOS [53].
This did not appear to be due to a lack of sepiapterin reduction to BH4, because BH4 levels
were elevated 49- and 36-fold in mCMV-ND and mCMV-HC mice respectively by
sepiapterin, although we appreciate this may not specifically reflect what is occurring in
arterioles. Superfusion of sepiapterin directly onto the cremaster muscle (an approach that is
effective in other models [52]), also failed to offer protection (data not shown). Although it
is plausible this is tissue-specific because ACh only partly acts through nitric oxide to
stimulate smooth muscle cell relaxation in cremasteric arterioles [54], we were able to show
that ~30% of the vasodilation was due to NO, and this remained unaltered by mCMV,
indicating normal eNOS function. This is also in agreement with observations in humans
where L-NMMA-induced responses in the forearm were similar in uninfected and CMV-
infected individuals [55]. Taken together with our NAD(P)H oxidase data, it is likely
mCMV is impairing endothelium-dependent arteriolar vasodilation through an NAD(P)H
oxidase-mediated alteration of non-eNOS pathways such as cyclooxygenase or endothelium-
derived hyperpolarizing factors.

Despite the lack of effect of sepiapterin in arterioles, this treatment conferred protection
against both the leukocyte and platelet recruitment that were observed in mCMV-HC mice.
Although it is well-established that reduced NO and increased ROS promote blood cell
adhesion, and that eNOS becomes uncoupled in inflammatory conditions, much of the focus
of the impact of sepiapterin has been on arterial function and there are only a limited number
of studies showing a beneficial effect of sepiapterin on leukocyte and platelet recruitment
[38, 56], one of which was used as a basis for our dosing regimen [38]. This has been
attributed not only to recoupling of NOS [38], but also to immune modulation via reduction
of IL-2 levels [56]. Our findings that BH4 levels in the cremaster were greatly enhanced by
sepiapterin would suggest BH4 may at least be partly involved in the protection. Although
BH4 levels were not attenuated by CMV infection, regardless of diet, BH4 levels in the
mCMV-HC+sepiapterin group only rose to less than one third of the levels achieved in the
mCMV-ND+sepiap group. This would suggest that oxidative stress may be higher in the
mCMV-HC group, which could cause oxidation of BH4 to BH2. Such a scenario would also
be consistent with leukocyte and platelet adhesion occurring in the mCMV-HC group, but
not the mCMV-ND mice, and with our findings from platelet experiments that implicate
activation of both platelet and vessel wall NAD(P)H oxidase in the thrombogenic
phenotype. There is evidence that the BH4:BH2 ratio is more important than absolute BH4
levels [57, 58], and we have preliminary evidence supporting this possibility in that
sepiapterin enhanced the BH4:BH2 ratio in mCMV-HC mice from 0.2±0.01 to 4.0±3.6.
Nonetheless, we cannot exclude other alternatives including that sepiapterin reductase is less
functional in the mCMV-HC mice versus the mCMV-ND group, or that sepiapterin has
other targets such as the immune system, and this warrants further investigation. Treatment
of the platelet donor, but not recipient, with sepiapterin was also sufficient to reduce platelet
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adhesion, which suggests that uncoupling of eNOS in the platelets may play an important
role in the thrombogenic phenotype we observed in these venules. While very little is known
about such a response in platelets, a study by Dixon et al. supports such a possibility [59].
Alternatively, sepiapterin may have had an indirect anti-thrombogenic effect on the platelets
within the donor, resulting in lower recruitment in the non-treated recipient. These
possibilities require further clarification.

There is some evidence from primary infection of isolated cells that CMV can activate
NAD(P)H oxidase in vascular smooth muscle cells from coronary arteries [36], and
dysregulate eNOS in endothelial cells [34, 60]. We have extended these findings to show
different functional roles for these enzymes during persistent infection in the intact
microvasculature. A gp91phox-containing NAD(P)H oxidase contributed to endothelium-
dependent arteriolar vasodilation during persistent mCMV infection and, in the presence of
hypercholesterolemia, platelet adhesion. In addtion, eNOS mediated venular inflammatory
and thrombogenic responses induced by mCMV-HC. Although it is possible that these
responses are specific to the cremaster muscle, primary CMV infection invokes an
inflammatory phenotype in endothelial cells from several vascular sources [61].
Furthermore, hypercholesterolemia has been shown to have similar effects in other tissues
such as the brain [62] and small bowel [63] as are observed in the cremaster [26, 27, 40],
therefore such an explanation appears unlikely, but requires confirmation. Further study will
also determine whether these findings are gender-related. Unlike much of the data on
hypercholesterolemia alone, in which the arteriolar and venular leukocyte recruitment share
most of the same underlying mechanisms, these appear to be somewhat (but not completely
[21]) disconnected during the prolongation of venular inflammation by CMV, which is an
important consideration in the translation of findings from animal studies of cardiovascular
risk factors to the clinic, where many patients are CMV-positive. This may be particularly
important in individuals at risk for stroke or heart attack in which events in the
microvasculature determine the level of tissue damage, and patient outcome.

Highlights

> Cytomegalovirus (CMV) infection impairs arteriolar dilation. > This is mediated by
blood cell- and vessel wall- associated NAD(P)H oxidases. > CMV and
hypercholesterolemia synergize to induce venular blood cell recruitment. > Platelet and
vascular NAD(P)H oxidases mediate the thrombogenic phenotype. > eNOS dysfunction
underlies both the leukocyte and platelet adhesion in these venules.
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Figure 1.
Arteriolar vasodilation responses to ACh in untreated and apocynin (Apo)-treated WT mice,
and gp91phox-deficient (gp91phox−/−) mice (Panel A) and in chimeric mice
(donor→recipient) (Panel B) at 9 wks following mock-inoculation or infection with mCMV.
Mice were placed on either a normal diet (ND) or a cholesterol-enriched diet (HC) for the
final 4 weeks before observation. * P<0.0005 vs. Mock-ND; ** P<0.0001 vs. WT Mock-
ND; # P<0.0001 vs. WT Mock-HC; ^ P<0.0001 vs. corresponding WT.
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Figure 2.
Leukocyte adhesion in postcapillary venules (Panel A) and emigration into the interstitum
(Panel B) in untreated and apocynin (Apo)-treated WT mice and in gp91phox-deficient mice
(gp91phox−/−) at 9 wks following mock-inoculation or infection with mCMV. Mice were fed
either normal diet (ND) or high cholesterol diet (HC) for the final 4 weeks before
measurement. * P<0.001 vs. all other mock groups; # P≤0.0005 vs. WT Mock-ND; ^
P<0.0001 vs. gp91phox−/− Mock-ND.
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Figure 3.
Recruitment of exogenous platelets in postcapillary venules of WT mice receiving normal or
apocynin water (Apo), gp91phox-deficient (gp91phox−/−) mice and bone marrow chimeras
(WT BM→recipient) at 9 wks post-injection with mock-inoculum or mCMV. Mice were
placed on either a normal diet (ND) or a high cholesterol diet (HC) for the final 4 weeks
before observation. The platelets were obtained from matched donors, except where
indicated by gp91 Pl→WT, in which gp91phox−/− platelets were observed in WT recipients
(both mCMV-HC). Platelet interactions were divided into the following categories: A)
saltating (stationary for ≥2 s, but <30 s); B) firmly adherent (stationary for ≥30 s); C) total
adhesion (derived from the sum of saltation and firm adhesion). “0” denotes no firm
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adhesion observed. * P≤0.001 vs. all groups except corresponding WT; # P≤0.0001 vs.
Mock-ND, Mock-HC, and mCMV-ND WTs; ^ P<0.001 vs. WT mCMV-HC and WT
BM→WT mCMV-HC; † P<0.001 vs. gp91phox−/− mCMV-HC.
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Figure 4.
Arteriolar vasodilation responses to ACh in WT mice at 9 wks following mock inoculation
or infection with mCMV (Panel A). Mice were placed on either a normal diet (ND) or a
cholesterol-enriched diet (HC) for the final 4 weeks before observation. A group of mCMV-
HC mice received sepiapterin (sepiap) for 3 days prior to observation. * P<0.0005 vs. Mock-
ND. Panel B shows arteriolar responses to ACh, L-NNA, ACh+L-NNA, and papaverine in
WT mice exposed to mock or mCMV, and ND or HC. * P<0.05 vs. WT Mock-ND; #
P<0.005 vs. WT Mock-HC; ^ P<0.0005 vs. WT CMV-ND; ^^ P<0.0001 vs. WT CMV-ND;
† P<0.01 vs. WT CMV-HC; § P<0.05 vs. corresponding ACh treatment.
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Figure 5.
Leukocyte adhesion in postcapillary venules (Panel A) and emigration (Panel B) into the
tissue of WT mice, some of which received sepiapterin (sepiap). Mice were observed at 9
wks post-injection with mock-inoculum or mCMV. HC was given for 4 wks prior to
experimentation. * P<0.05 vs. WT Mock-ND; ** P<0.0001 vs. Mock-ND; # P<0.0001 vs.
WT Mock-HC.
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Figure 6.
Saltation, firm adhesion and total adhesion of exogenous platelets from matched donors in
postcapillary venules of recipients at 9 wks post-injection with mock-inoculum or mCMV.
Mice were maintained on ND or placed on HC 5 wks later. Some mCMV-HC mice also
received sepiapterin for 3 days prior to observation. In the final group, platelets from sepiap-
treated donors were monitored in untreated recipients (both mCMV-HC). * P<0.0001 vs.
WT Mock-ND; # P<0.0005 vs. mCMV-HC.
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Table 1

BH4 levels in cremaster muscles of mice 9 wks following injection with mock inoculum or mCMV. Mice
were either maintained on normal diet (ND) or placed on a high cholesterol diet (HC) at 5 wks post-injection.
Groups of mCMV mice were treated with sepiapterin for 3 days prior to harvesting (+sepiap).

Group Cremaster BH4 (pmol/mg protein)

Mock-ND 6.6±2.26

mCMV-ND 12.4±1.05

mCMV-HC 5.3±4.71

mCMV-ND+sepiap 611.4±127.88*

mCMV-HC+sepiap 190.3±45.12

*
P<0.0005 vs. other groups.
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