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Neuronal nitric oxide synthase (NOS) regulates leukocyte-
endothelial cell interactions in endothelial NOS deficient mice
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1 The present study was designed to examine the possible role of neuronal nitric oxide synthase
(nNOS) in regulation of leukocyte—endothelial cell interactions in the absence of endothelial nitric
oxide synthase (eNOS), using intravital microscopy of the cremasteric microcirculation of eNOS™/~
mice.

2 Baseline leukocyte rolling and adhesion revealed no differences between wild-type and eNOS~/~
mice in either the cremasteric or intestinal microcirculations.

3 Superfusion with L-NAME (100 uM) caused a progressive and significant increase in leukocyte
adhesion in both wild-type and eNOS~/~ mice, without detecting differences between the two strains
of mice.

4 Superfusion with 7-nitroindazole (100 uM), a selective inhibitor of nNOS, had no effect on
leukocyte adhesion in wild-type animals. However, it increased leukocyte adhesion significantly in
eNOS '~ mice, which was reversed by systemic L-arginine pre-administration.

5 Stimulation of the microvasculature with H,O, (100 uM) induced a transient elevation in
leukocyte rolling in wild-type mice. Conversely, the effect persisted during the entire 60 min of
experimental protocol in eNOS~/~ mice either with or without 7-nitroindazole.

6 Semi-quantitative analysis by RT—PCR of the mRNA for nNOS levels in eNOS~/~ and wild-
type animals, showed increased expression of nNOS in both brain and skeletal muscle of eNOS~/~
mice.

7 In conclusion, we have demonstrated that leukocyte-endothelial cell interactions are
predominantly modulated by eNOS isoform in postcapillary venules of normal mice, whereas
nNOS appears to assume the same role in eNOS~/~ mice. Interestingly, unlike eNOS there was
insufficient NO produced by nNOS to overcome leukocyte recruitment elicited by oxidative stress,

suggesting that nNOS cannot completely compensate for eNOS.
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Introduction

Nitric oxide (NO) can be synthesized by three different
isoforms of NO synthase (NOS), namely, neuronal NOS
(nNOS or NOSI), inducible NOS (iNOS or NOS2) and
endothelial NOS (eNOS or NOS3). nNOS and eNOS are
constitutively expressed and respond to calcium-calmodulin
signalling. Constitutive production and release of NO plays a
major role in vascular homeostasis, being central to the
regulation of blood pressure, blood flow, platelet aggregation
and leukocyte adhesion (Moncada et al., 1991, Radomski et
al., 1987, Kubes et al., 1991). In 1991, it was demonstrated
that inhibition of NO production with a non-specific
inhibitor of NOS induced an increase in leukocyte adhesion
in postcapillary venules that was unrelated to reduction in
shear rates but dependent upon the adhesion molecule CD11/
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CD18 (Kubes et al., 1991). Davenpeck et al. (1994) showed
that inhibition of endogenous NO production results in the
upregulation of the adhesion molecule P-selectin on the
endothelial surface of mesenteric venules. In addition,
subsequent work both in vitro and in vivo revealed that the
increased adhesion associated with reduced nitric oxide
production was related to an increase in oxidative stress
(Niu et al., 1996, Kubes et al., 1993). Indeed, delivery of
exogenous NO could reduce superoxide as well as H,O,-
dependent leukocyte adhesion (Gaboury et al, 1993,
Johnston et al., 1996). Although it was always assumed that
the isoform of NOS responsible for these effects was
endothelial in origin, this has never been confirmed.

Recent studies with eNOS-deficient (eNOS~/~) mice have
revealed that there is an increase in systemic blood pressure
and some increase in baseline leukocyte rolling and adhesion,
particularly in response to acute inflammatory mediators, as
well as increased neutrophil recruitment at sites of myocardial
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ischemia/reperfusion injury (Huang et al., 1995, Lefer et al.,
1999, Jones et al., 1999). These observations suggest that
functions mediated by NO produced by eNOS are not
replaced by an alternative NOS isoform in these mice. In
contrast, evidence from several studies suggests that in mice
which are genetically deficient in one of the constitutive NOS
isoforms, the remaining constitutive isoform assumes some of
the functions normally attributable to the deleted enzyme.
For example, inhibition of eNOS in nNOS-deficient
(nNOS~/~) mice results in a larger infarction size after
cerebral ischemia, suggesting some interplay between the two
isoforms (Huang et al., 1994). Moreover, arterioles from the
pial circulation of eNOS~/~ mice respond normally to
endothelial-dependent vasodilators vie NO produced by
nNOS (Meng et al., 1996). Similarly, penile erection, which
is thought to be dependent on nNOS-derived NO, is not
compromised in nNOS ™/~ mice, but is mediated by eNOS-
derived NO (Burnett et al., 1996). These observations suggest
that for vasodilation, NO from both nNOS and eNOS
provide mutually compensating pathways. Therefore, it is
conceivable that modulation of leukocyte-endothelial cell
interactions by NO could be subjected to the same
compensating mechanisms in mice lacking eNOS.

Thus, the aim of the present study was to examine the
relative importance of eNOS and nNOS in the regulation of
leukocyte-endothelial cell interactions in vivo, specifically in
eNOS~/~ mice. To achieve this aim we used intravital
microscopy to visualize these interactions in the microvascu-
latures of the cremaster muscle and the small intestinal
submucosa of wild-type and eNOS~/~ mice. In initial
experiments we compared baseline leukocyte trafficking in
the two strains of mice. To further define the relative roles of
each NOS isoform in regulation of these interactions we
performed additional experiments with L-NAME, a non-
selective  NOS inhibitor, and 7-nitroindazole, a selective
inhibitor of nNOS. In a final series of experiments we
compared the alterations in leukocyte rolling in wild-type and
eNOS~/~ mice induced by exposure to the oxidant hydrogen
peroxide. The findings indicate that in wild-type mice, eNOS
has a dominant role in ongoing modulation of leukocyte-
endothelial cell interactions, whereas in eNOS~/— mice,
nNOS assumes this function.

Methods
Animals

Male eNOS-deficient mice were generated on a background
of mixed C57BL/6 x 129/Sv as described previously (Huang
et al., 1995). Wild-type mice of the same background
(C57BL/6/129Sv) were used as controls. All animals were
employed between 6—10 weeks of age.

Intravital microscopy

The mouse cremaster preparation used in this study was
similar to that described previously (Hickey et al., 1999).
Mice were anaesthetized by i.p. injection with a mixture of
xylazine hydrochloride (10 mg kg~') and ketamine hydro-
chloride (200 mg kg~'). A polyethylene catheter was placed
in the jugular vein to permit the intravenous administration

of additional anaesthetic. The cremaster muscle was dissected
free of tissues and exteriorized onto an optical clear viewing
pedestal. The muscle was cut longitudinally with a cautery
and held flat against the pedestal by attaching silk sutures to
the corners of the tissue. The muscle was then perfused
continuously at a rate of 1 mlmin~' with warmed
bicarbonate-buffered saline (pH 7.4).

The cremasteric microcirculation was then observed by
using an intravital microscope (Optiphot-2; Nikon, Mis-
sissauga, Canada) equipped with a 25xobjective lens
(Wetzlar L25/0.35; E. Leitz, Munich, Germany) and a
10 x eyepiece. A video camera (Panasonic 5100 HS, Osaka,
Japan) mounted on the microscope projected the image onto
a colour monitor and the images were video recorded for
playback analysis. Single unbranched cremasteric venules
(20—40 pum in diameter) were selected for study and the
diameter was measured on-line by using a video caliper
(Microcirculation Research Institute, Texas A&M University,
College Station, Texas). Centreline red blood cell velocity
(Vibe) Was also measured on-line by using an optical Doppler
velocimeter (Microcirculation Research Institute). Venular
blood flow was calculated from the product of mean red
blood cell velocity (Viean= Vibe 1.67') and cross sectional
area, assuming cylindrical geometry. Venular wall shear rate
(y) was calculated based on the Newtonian definition:
=8 X (Vimean Dy~ ') s~!, in which D, is venular diameter
(House & Lipowsky, 1987).

The number of rolling, adherent and emigrated leukocytes
was determined off-line during playback of videotaped
images. Rolling leukocytes were defined as those white blood
cells moving at a velocity less than that of erythrocytes in the
same vessel. Leukocyte rolling velocity (Vype) Was determined
from the time required for a leukocyte to move along 100 um
length of the microvessel and is expressed as um s~'. Flux of
rolling leukocytes was measured as those cells that could be
seen moving past a defined reference point in the vessel. The
same reference point was used throughout the experiment
because leukocytes may roll for only a section of the vessel
before rejoining the blood flow or becoming firmly adherent.
A leukocyte was defined as adherent to venular endothelium
if it was stationary for at least 30 s. Leukocyte adhesion was
expressed as the number per 100 um length of venule.

The mouse small intestinal preparation was carried out as
previously performed (Massberg et al., 1998). Briefly,
following anaesthesia and cannulation of the jugular vein as
already described, the animals were placed in a supine
position on a heating pad (TR-100 temperature controller,
Fine Science Tools Inc., Vancouver, Canada) for main-
tenance of body temperature at 37°C. The abdomen was then
opened transversely and a segment of the jejunum, close to
the ileo-cecal valve, was gently exteriorized and placed on a
specially designed adjustable stage. The exposed segment was
then covered with a glass coverslip and constantly superfused
with warmed bicarbonate-buffered saline (pH 7.4).

The submucosal microcirculation was visualized after
intravenous injection of 0.05 ml 5% fluorescein isothiocya-
nate (FITC)-labelled dextran. Leukocytes were stained in vivo
by intravenous injection of 0.1 ml 0.05% rhodamine-6G per
animal. Then the exposed segment of the intestine was
analysed by epi-illumination technique using an intravital
microscope (Optiphot-2; Nikon, Mississauga, Canada) with a
20 x water immersion objective lens (Nikon SLDW, Tokyo,
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Japan) and a 10 xeyepiece. A CCD video camera (Pieper
GMBH, FK 6990, Schwarte, Germany) mounted on the
microscope projected the image onto a colour monitor, and
images were recorded for playback analysis using a
videocassette recorder. Rhodamine-6G-associated fluores-
cence was visualized by epi-illumination at 510—560 nm,
using a 590 nm emission filter. FITC-dextran-associated
fluorescence was also detected by epi-illumination with an
excitation wavelength: 450 -490 nm and emission wavelength
of 520 nm. The diameter of the vessel was measured on-line
by using a video caliper (Microcirculation Research In-
stitute). The number of rolling and adherent leukocytes were
determined off-line during playback of videotaped images
and expressed as previously described for the cremasteric
preparation.

Experimental protocol

To determine basal differences in haemodynamic and
leukocyte parameters between wild-type and eNOS~/~ mice,
both the cremaster muscle and the small intestine submucosa
were examined. Separate groups of mice were examined for
each tissue. In each experiment, data were collected at 0, 30
and 60 min, recording for 5 min at each time point.

For the remainder of the experiments the cremaster muscle
preparation was used. Firstly, the effect of L-NAME
treatment was examined. After an initial 30 min stabilization
period, the superfusion buffer was changed to one containing
L-NAME (100 uMm). Previous studies have demonstrated that
this dose causes a consistent increase in leukocyte rolling and
adhesion over a 60 min time course (Arndt et al., 1993).
Recordings were performed at 15 min intervals over a 60 min
period and leukocyte and haemodynamic parameters were
measured at each time point.

To determine the role of nNOS in wild-type and eNOS~/~
mice, an additional series of experiments were performed
using the nNOS inhibitor, 7-nitroindazole, prepared as
previously described (Alabadi er al., 1999) and administered
at the same dose as L-NAME (100 um in superfusion
buffer). To demonstrate that this effect was NOS-dependent,
another group of animals were pretreated with L-arginine
(1 mg kg~', i.v.) 10 min prior to 7-nitroindazole superfusion.
The dose of L-arginine used was the same employed by
Davenpeck et al. (1994) to inhibit L-NAME-induced
leukocyte-endothelial cell interactions in the rat mesenteric
microcirculation.

H,0, is an agonist known to induce NO release from
endothelial cells. Therefore in a final series of experiments, we
investigated the effect of H,O, (100 uM) superfusion in both
wild-type and eNOS~/~ animals. H,O, at this dose has been
previously shown to cause a transient increase in leukocyte
rolling in the rat mesenteric microcirculation (Johnston et al.,
1996). Finally, another group of eNOS '/~ animals were
superfused with both H,O, and 7-nitroindazole. Responses
were determined at 15 min intervals over a 60 min period.

RT— PCR for nNOS gene expression

Brain and quadriceps muscle samples (200 mg) from
eNOS/~ or from wild-type mice were taken and RNA
extracted with TRIzol according to product instructions.
Reverse transcription and polymerase chain reaction (RT-

PCR) was performed using OneStep RT—PCR. The primer
pairs were as follows: nNOS (Sense 5 —-3") GTCTTCCAC-
CAGGAGATG and (Antisense 5-3) AAAGGCACA-
GAAGTGGGGGTA (Takimoto et al., 2000); and p-actin
(Sense 5'—3") CATGGATGATGATATCGCCG and (Anti-
sense 5'—3') ACAGCCTGGATAGCAACGTA. PCR pro-
ducts were at the size of 618 bp and 417 bp. The RT-PCR
condition was optimized so that both nNOS and f-actin were
expanding linearly, as follows: 50 ng total RNA, 0.4 uM of
each nNOS primers, 0.2 uM of each f-actin primers and 35
cycles of PCR. PCR products were electrophoresed through a
2% agarose gel containing 0.5 pug/ml ethidium bromide.
Bands were visualized and analysed using a Fluor-S MAX
Multilmager and Quantity One software (Bio-Rad Labora-
tories, CA, USA).

Statistical analysis

All data are expressed as mean+s.e.mean. The data within
groups were compared using an analysis of variance (one
way-ANOVA) with a Bonferroni post hoc correction for
multiple comparisons. A P value <0.05 was considered to be
statistically significant.

Materials

L-NAME, 7-nitroindazole, fluorescein isothiocyanate (FITC)-
labeled dextran (MW 150,000), L-arginine and rhodamine-6G
were purchased from Sigma Chemical Co., St. Louis, MO,
U.S.A. Xylazine hydrochloride was from MTC Pharmaceu-
ticals, Cambridge, Ontario, Canada and ketamine hydro-
chloride was from Rogar/STB, London, Ontario, Canada.
TRIzol was from GibcoBRL, NY, U.S.A. and OneStep RT -
PCR kit was from Qiagen Inc., CA, U.S.A.

Results

Table 1 shows the different haemodynamic parameters in
untreated wild-type and eNOS~/~ mice at 0, 30 and 60 min
after buffer superfusion. No significant differences in venular
diameter, V. or venular shear rate data were detected either
between values obtained within the same group of animals at
the different time periods of measurement or between the
wild-type and the eNOS~/~ mice. Figure 1 illustrates the
changes in leukocyte rolling flux and the leukocyte adhesion
in the cremaster muscle preparation at different time points

Table 1 Haemodynamic parameters 0, 30 and 60 min after

buffer superfusion in wild-type and eNOS™/~ mice
0 min 30 min 60 min
Wild-type
Venular diameter (um) 29.8+1.6 30.6+1.6 30.3+1.6
Vibe (mm s™') 4.240.6 4.140.8 3.940.7

Shear rate (s~ ') 773.9+140.0 708.94+157.9 668.0+138.5
eNOS ™/~

Venular diameter (um) 29.7+2.0 28.8+1.9 29.7+1.3
Vipe (mm s~ 1) 3.440.7 3.340.7 29403

Shear rate (s~ ') 565.6+119.9 548.4+120.1 493.7+51.3

All values are mean+s.e.mean (n=6 wild-type animals and
n=10 eNOS™/~ mice).
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Figure 1 Baseline leukocyte rolling flux (A) and leukocyte adhesion
(B) in the mouse cremasteric postcapillary venules in wild-type and
eNOS~/~ mice. The cremaster muscle was superfused with
bicarbonate-buffered saline. Parameters were measured at 0, 30 and
60 min during buffer superfusion in wild-type (n=6) and eNOS~/~
animals (n=10). Results are presented as mean+s.e.mean. *P <0.05
or **P<0.01 relative to the respective control value (0 min).

under untreated conditions. No significant differences were
observed between wild-type and eNOS~/~ mice in both
parameters at the different time points of measurement. As
previously reported, a significant decrease in leukocyte rolling
flux was detected in both animal groups with time. Although
it appears that there may have been some subtle increase in
spontaneous adhesion in eNOS~/~ mice, the values are within
acceptable levels for basal adhesion.

As others have reported baseline leukocyte differences in
other organs, we examined baseline leukocyte rolling and
adhesion under control conditions in another tissue, the
submucosal microvasculature of the small intestine. The
values obtained in this preparation followed a similar profile
to that obtained in the cremasteric postcapillary venules, in
that leukocyte rolling underwent a significant reduction over
the course of the experiments. However, there were no
significant differences in the number of rolling or adherent
leukocytes between wild-type and eNOS~/~ animals at 0, 30
and 60 min of buffer superfusion (Figure 2). On the basis of
these preliminary results, all remaining experiments were
performed in the cremaster muscle preparation and a 30 min
stabilization period was allowed before determining basal
measurements.
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Figure 2 Baseline leukocyte rolling flux (A) and leukocyte adhesion
(B) in the venules of the mouse small intestine submucosa in wild-
type and eNOS™/~ mice. After i.v. injection of FITC-dextran and
rhodamine-6G, the small intestine submucosa was examined using
epifluorescence microscopy. Parameters were measured at 0, 30 and
60 min in wild-type and eNOS ™/~ mice (7= 5 per group). Results are
presented as mean+s.e.mean. *P<0.05 or **P<0.01 relative to the
respective control value (0 min).

Figure 3 shows the time course of changes in leukocyte
rolling flux and adhesion induced by L-NAME treatment of
the cremaster in wild-type and eNOS~/~ mice. Leukocyte
rolling flux was unaltered by 60 min L-NAME treatment in
both strains of mice. In contrast, L-NAME caused significant
increases in leukocyte adhesion at 30 and 60 min in wild-type
mice when compared with respective baseline values
(10.9+1.3 vs 2.64+1.0 cells 100 um™ at 60 min). In eNOS~/
~ mice, leukocyte adhesion was also increased by L-NAME
treatment (14.0+3.7 vs 1.940.4 cells 100 um~"' at 60 min),
such that no significant differences were observed between
wild-type and mutant mice at any point after L-NAME
superfusion.

To examine a role for nNOS in regulation of leukocyte
rolling and adhesion, we next examined the effect of the
nNOS selective inhibitor 7-nitroindazole in wild-type and
eNOS~/~ animals (Figure 4). 7-Nitroindazole had no effect
on leukocyte rolling in either strain of mice. In wild-type mice
leukocyte adhesion was also unaltered by this treatment.
However in contrast, 7-nitroindazole significantly increased
leukocyte adhesion in eNOS™/~ mice within 15 min of
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Figure 3 Effect of L-NAME on leukocyte rolling flux (A) and
leukocyte adhesion (B) in the mouse cremasteric postcapillary venules
in wild-type and eNOS™'~ mice. The cremaster muscle was
superfused with bicarbonate-buffered saline. After the 30 min
stabilization period, the baseline parameters (0 min) were determined.
Then superfusion buffer was supplemented with L-NAME (100 um).
Parameters were measured 0, 15, 30 and 60 min after superfusion
with L-NAME in wild-type and eNOS~/~ animals (n=35 in both
groups). Results are presented as mean+s.e.mean. *P<0.05 or
**P<0.01 relative to the respective control value (0 min).

beginning the treatment, with adhesion remaining signifi-
cantly elevated out to 60 min (13.0+1.0 vs 3.84+0.4 cells
100 um~"' venule at 60 min vs buffer alone). Pretreatment
with L-arginine prevented the increase in leukocyte adhesion
caused by 7-nitroindazole superfusion in eNOS~/~ mice. In
these animals, superfusion of the cremaster muscle with
buffer for the same period as 7-nitroindazole caused no
increases in leukocyte rolling flux and adhesion versus time 0
at the different time points determined.

To determine the effect of eNOS deficiency on leukocyte
rolling, direct application of H,O, (100 uM) to the cremaster
muscle of wild-type and eNOS~/~ mice was also performed
(Figure 5). Figure SA and B demonstrate typical responses to
H,O, administration in a wild-type and eNOS~/~ mice
respectively. Figure 5C shows the grouped data showing that
H,O, caused a significant and transient elevation in the
leukocyte rolling flux in wild-type mice, returning to baseline
levels by 30 min. In contrast, in eNOS~/~ mice the H,O,
response persisted during the 60 min of experimental
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Figure 4 Effect of 7-nitroindazole on leukocyte rolling flux (A) and
leukocyte adhesion (B) in the mouse cremasteric postcapillary venules
in wild-type and eNOS~/~ mice. Parameters were determined at 0,
15, 30 and 60 min after 7-nitroindazole (100 uM) superfusion in both
wild-type and eNOS™/~ mice (n=4 in both groups). In one group of
eNOS™/~ animals, L-arginine (1 mgkg™', i.v.) was administered
15 min prior 7-nitroindazole superfusion (n=4). Another group of
eNOS™/~ mice was superfused with buffer for the same period of
time as 7-nitroindazole (n=4). Results are presented as mean+
s.e.mean. *P<0.05 or **P<0.01 relative to the respective control
value (0 min). #P<0.01 relative to values detected in wild-type
animals.

protocol. Furthermore, when the cremaster muscle was
superfused with both H,O, and 7-nitroindazole in eNOS~/~
mice, responses at 15 min were also maintained throughout
the entire experiment, indicating a prominent role for
endothelial derived NO in the leukocyte rolling elicited by
H,O, superfusion. Leukocyte adhesion was unaffected by this
treatment (data not shown). H,O, caused no changes in
venular diameter, V. or venular shear rate throughout the
entire experiment in either wild-type or eNOS~/~ animals
(Table 2).

Finally, as shown in figure 6, the semi-quantitative analysis
of nNOS mRNA levels by RT-PCR showed that the
expression of this enzyme was increased about 2 fold in the
brain tissue of eNOS~/~ mice compared with wild-type
animals (the ratio nNOS/f Actin was 1.545 in wild-type mice
and 3.154 in eNOS~/~ mice) and 4 fold in the skeletal muscle
of eNOS ™/~ mice compared with wild-type animals (the ratio
nNOS/f Actin was 0.143 in wild-type mice and 0.621
eNOS /= mice).
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Figure 5 Effect of H,O, on leukocyte rolling flux in the mouse
cremasteric postcapillary venules in wild-type and eNOS™'~ mice.
Representative example of alterations in leukocyte rolling flux after
H,>O, superfusion in a wild-type animal (A). Representative example
of alterations in leukocyte rolling flux after H,O, superfusion in
eNOS ™/~ animal with or without 7-nitroindazole (B). After the
30 min stabilization period, the baseline values were determined
(0 min). Parameters were measured 0, 15, 30, 45 and 60 min after
superfusion with H,O, (100 um) in both wild-type and eNOS ™/~
mice and H,0, and 7-nitroindazole (100 um) in eNOS ™/~ mice (n=6
in all groups) (C). Results represents mean +s.e.mean of the numbers
obtained after subtracting respective basal values. *P<0.05 relative
wild-type animal value at each time point.

Discussion

In the present study, to determine the specific contribution of
endothelial and neuronal NOS isoforms in the modulation of
leukocyte-endothelial cell interactions in the cremasteric
microcirculation, we have used mice with targeted deletion
of the former isoform. Surprisingly in light of previous
studies, we observed no differences in baseline leukocyte
rolling or adhesion between wild-type and eNOS~/~ mice.
Moreover we observed that inhibition of constitutive nitric
oxide production with L-NAME, a non-selective NOS
inhibitor, increased adhesion in eNOS~/~ mice as well as
wild-type mice. These findings suggested that an alternative
NOS isoform was active in eNOS~/~ mice. Therefore, to
assess a role for nNOS, we examined the effect of the nNOS-
selective inhibitor, 7-nitroindazole. In wild-type mice, this
inhibitor had no effect on leukocyte adhesion. Taken together
with the L-NAME data, this indicated that eNOS is the
predominant isoform responsible for constitutive NO-
mediated anti-adhesive activity in wild-type mice. However,
7-nitroindazole treatment dramatically increased adhesion in
eNOS~/~ mice, indicating a role for nNOS in modulation of
leukocyte trafficking in the absence of eNOS. Furthermore,
RT—-PCR analysis in brain and skeletal muscle samples from
both strains of mice, revealed increased RNAm of nNOS
levels in brain and skeletal muscle of eNOS~/~ animals.
These experiments provide the first evidence that NO
produced by nNOS is capable of substituting for the anti-
leukocyte adhesion effects of eNOS-derived NO.

In this regard, our data do not agree with the recent
findings of Lefer ez al. (1999) who demonstrated significant
differences in baseline leukocyte rolling and adhesion between
the strains of mice in the mesenteric microcirculation. The
lack of differences in both parameters in the mouse
cremasteric microcirculation between wild-type and eNOS~/
~ animals prompted us to choose another vascular territory,
the submucosal microvasculature of the small intestine.
Indeed, recent studies have shown different behaviour for
vasodilator responses in eNOS~/~ mice depending on the
vessel under investigation (Meng et al., 1996; 1998, Huang et
al., 1995, Faraci et al., 1998). Given these observations, it is
conceivable that the control of leukocyte-endothelial cell
interactions may also differ between different tissues.
However, in our study, the intestinal submucosa also
displayed no significant alterations of leukocyte trafficking
in the absence of eNOS, consistent with the cremaster data.

Our work reveals that the lack of a different phenotype in
eNOS~/~ mice under basal conditions is due to nNOS. In
this context, although the main NOS isoform in the
endothelium is eNOS, recent studies have found that nNOS
isoform can also be found in endothelial cells of different
vascular territories and in the perivascular fibres surrounding
these organs and that both are functionally important
(Rosenblum & Murata, 1996; Loesch & Burnstock, 1995;
1998; Sosunov et al., 1995). Hence, it might be possible that
the mesenteric microcirculation in eNOS~/~ mice has lower
levels of nNOS than the cremasteric and small intestine
submucosal vasculature and may explain the discrepant
results in the two studies. Indeed, it has recently been found
that other vasodilatory pathways in the mesentery were
potassium-induced rather than NO-induced in eNOS™/—
animals (Ding et al., 2000).
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Table 2 Haeodynamic parameters 15, 30, 45 and 60 min after HO, (100 um) superfusion in wild-type and eNOS ™/~

15 min

Wild-type

Venular diameter (um) 32.7+14
Vipe (mm s~ 3.440.5
Shear rate (s 1) 517.7+77.5
eNOS—/~

Venular diameter (um) 37.7+2.5
Vipe (mm s~ 1) 3.5+0.6
Shear rate (s~ ") 479.8 £80.1

All values are mean+s.e.mean (n=6 animals).

BRAIN MUSCLE
WT e-KO WT e-KO

- — -+ n-NOS

Figure 6 RT-PCR of nNOS and f Actin in brain and skeletal
muscle tissue of wild-type animals and eNOS~/~ mice. The ratio
nNOS/f Actin was 1.545 in wild-type mice and 3.154 in eNOS~/~
mice in brain tissue and 0.143 in wild-type mice and 0.621 eNOS ™/~
mice in the skeletal muscle tissue. Results presented are representative
of n=4 experiments.

— —— —

We were surprised to see that L-NAME induced a
significant time-dependent increase in leukocyte adhesion
regardless of the presence or absence of eNOS. This
interesting finding led us to suspect that a compensating
mechanism might be involved in these leukocyte responses.
To test the hypothesis that neuronally derived NO plays a
compensatory role in leukocyte responses in eNOS~/~ mice,
we evaluated the response to 7-nitroindazole. When 7-
nitroindazole was superfused at the same dose as L-NAME,
it had no effect on leukocyte rolling and adhesion in wild-
type animals, but induced a marked increase in leukocyte
adhesion in eNOS null mice. Interestingly, when animals were
pretreated with L-arginine, leukocyte adhesion induced by 7-
nitroindazole was abolished, indicating a NOS-dependent
mechanism. Furthermore, nNOS expression was significantly
enhanced in the brain and skeletal muscle of eNOS~/~ mice.

After selective deletion of a gene, it is not uncommon for
these mutant mice to display no or minimal differences in
phenotype (Steinman, 1997). Indeed, recent studies suggest that,
in the absence of eNOS, compensatory mechanisms may
regulate vascular tone. In this context, mice that are deficient
for the eNOS gene, NO-dependent-acetylcholine-induced
dilatation of cerebral arterioles has been reported to be
unaltered from that observed in wild-type mice (Meng et al.,
1998; 1996), implying a role for an alternative NOS isoform.
Similarly, penile vasodilatation due to NO from inhibitory
nerves was initially thought to be the main factor in penile
erection. However, penile erection was not affected in nNOS~/~
mice, yet the erection in nNOS ™/~ mice was sensitive to NOS
inhibition (Burnett et al., 1996). Our results further demonstrate
a crucial role for nNOS in the modulation of leukocyte
responses when eNOS is absent and, the possible contribution
of inducible NOS (iNOS) seems quite unlikely, since it requires
hours to be up-regulated (Morris & Billiar, 1994). In addition, a

30 min 45 min 60 min
33.7+14 33.7+1.5 33.7+1.6
2.9+40.3 2.7+0.4 3.1+04
434.4450.6 404.5+55.6 449.9+46.3
39.5+3.3 38.8+3.2 39.7+3.2
4.6+1.6 3.0+0.7 2.84+0.6
648.7+260.4 399.1+84.4 346.5+59.1

nNOS selective inhibitor entirely reproduced the effects of a non
specific NOS inhibitor. This is of interest since often these
compensatory pathways reveal novel functions for proteins in
the normal (non-mutated) systems.

Despite these findings, nNOS was unable to fully
compensate for eNOS. When H,0O, was superfused in the
cremasteric preparation, it elicited a rapid and transient
increase in leukocyte rolling flux in wild-type animals,
however, this increase was maintained during the whole
experimental period in eNOS~/~ mice either with or without
7-nitroindazole. These results suggest that endothelial derived
NO is necessary to scavenge oxidants and protect the cells
from H,O,-induced damage. In support of this view,
Johnston et al. (1996) demonstrated a similar effect in the
rat mesenteric microcirculation upon H,O, superfusion and
NOS inhibition with L-NAME. H,0O, stimulates endothelial
cells to release NO (Zembowicz et al., 1993), and thus it
explains the transient increase in leukocyte rolling observed in
the rat mesenteric microcirculation or in the cremasteric
microcirculation of wild-type animals in our study. Further-
more, it is estimated that neutrophils that have emigrated out
of the blood vessels can generate local concentrations of
200-500 umM H,O, within 60 min of stimulation (Grisham et
al., 1990). These findings indicate that the concentration of
H,0,; used both in the present and by Johnston et al. (1996)
is physiologically relevant in the context of an inflammatory
response. Nevertheless, whether NO released by H,0, was
from neuronal or endothelial origin remained undetermined
in that study due to the lack of selective eNOS inhibitors
available at that time. In the present study and using eNOS
null mice, we have demonstrated that NO released upon
H,0, stimulation is predominantly from endothelial origin.

In conclusion, the present study is the first to demonstrate
that under baseline conditions, leukocyte-endothelial cell
interactions in postcapillary venules are predominantly
modulated by eNOS in normal (wild-type) mice. However,
in eNOS~/~ mice this function is mediated exclusively by
nNOS. Interestingly, unlike eNOS there was insufficient NO
produced by nNOS to overcome leukocyte recruitment
elicited by oxidative stress, suggesting that nNOS cannot
completely compensate for eNOS.
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