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Endothelium-independent constriction of isolated,
pressurized arterioles by N”-nitro-L-arginine
methyl ester (.-NAME)

TV Murphy', N Kotecha®™ and MA Hill'*

! Department of Physiology and Pharmacology, School of Medical Sciences, University of New South Wales, Sydney, New South Wales,
Australia; *Microvascular Biology Group, School of Medical Sciences, RMIT University, Bundoora, Victoria, Australia and 3Dalton
Cardiovascular Research Center, University of Missouri, Columbia, MO, USA

Background and purpose: Nitric oxide synthase (NOS) inhibitors cause vasoconstriction in pressurized arterioles with
myogenic tone. This suggests either tonic production of NO modulates myogenic tone or a direct, NOS-independent effect
of the NOS inhibitors. The nature of the contractile effect of the nitric oxide synthase inhibitor N®-nitro-L-arginine methyl ester
(L-NAME, 100 uM) on pressurised arterioles was investigated.

Experimental approach: Segments of rat cremaster muscle first-order arteriole were cannulated on glass micropipettes and
maintained at an intraluminal pressure of 50, 70 or 120 mmHg.

Key results: L-NAME and the related compound L-NA (100 pM) constricted pressurized vessels with myogenic tone. Removal
of the endothelium did not cause constriction or alter myogenic tone, however the constrictor effect of L-NAME persisted.
The constrictor effect of L-NAME was abolished by L-arginine (1 mM). Other NO and cGMP pathway inhibitors, including
the nNOS inhibitor 7-nitroindazole (100 puM), the NO scavenger carboxy-PTIO (100 uM), the guanylate cyclase inhibitor ODQ
(10 uM) and the cGMP inhibitor Rp-8CPT-cGMPS (10 pM) did not cause constriction of the arterioles. L-NAME caused a small
(3-4 mV) but not statistically significant depolarization of the arteriolar smooth muscle at both pressures. The constrictor effect
was not prevented by the K*-channel antagonist tetraethyl ammonium (TEA, T mM) or the Karp channel antagonist
glibenclamide (1 uM).

Conclusions and implications: These observations demonstrate that L-NAME causes an endothelium- and NOS-independent
contraction of vascular smooth muscle in isolated skeletal muscle arterioles. It is suggested that the underlying mechanism
relates to an arginine binding interaction.
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Introduction

Nitrosylated L-arginine derivatives are used commonly as
inhibitors of nitric oxide synthase (NOS; Rees et al., 1989).
The arginine derivatives act as competitive inhibitors
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of the substrate L-arginine at the active site of NOS (Rees
et al., 1989, 1990; Moore et al., 1990). Effects of the NOS
inhibitors alone in a test system (i.e. in the absence of a
coexisting stimulus for NO production) are usually inter-
preted as indicating endogenous NOS activity and basal
production of NO. In studies of blood vessels, this inter-
pretation is often used to suggest the tonic release of the
vasodilator (Huang et al., 1997; Nguyen et al., 1999; Wang
et al., 1999; Geary et al., 2000; Jarajapu et al., 2004; Szekeres
et al., 2004).



Arginine-based NOS inhibitors, including N“-nitro-L-argi-
nine (commonly abbreviated as L-NOARG or L-NA) and N”-
nitro-L-arginine methyl ester (L-NAME), have been shown to
constrict isolated, pressurized blood vessels possessing
spontaneous myogenic tone in the absence of intraluminal
flow (Huang et al., 1997; Nguyen et al., 1999; Wang et al.,
1999; Geary et al., 2000; Undavia et al., 2003; Bai et al., 2004;
Jarajapu et al., 2004; Szekeres et al., 2004). As mentioned
above, such an effect is often ascribed to inhibition of
spontaneous NO production in the preparation, thus
suggesting a role for endothelium-derived NO in modulating
myogenic tone. This is, however, problematic as myogenic
tone was shown to be unaltered by damage to or removal of
the endothelium (Falcone et al., 1991; Kuo et al.,, 1991;
Undavia et al., 2003; for reviews see Meininger and Davis,
1992; Davis and Hill, 1999) suggesting no direct contribution
of endothelial NO. Some investigators have ascribed this
apparent disparity to a combination of constricting and
dilating factors being released by the endothelium, with no
net effect of endothelium removal upon myogenic tone
(Nguyen et al., 1999; Undavia et al., 2003; Bai et al., 2004).
Alternatively, the mechanisms underlying myogenic activity
may compensate for the loss of the endothelium such
that the same pressure-diameter relationship is maintained
(Scotland et al., 2001). Vessel wall tension (by the Law of
Laplace, the product of transmural pressure and lumen
radius) is thought to be the physiological regulator of
myogenic tone (Johnson, 1980; Zou et al., 1995). Removal
of an inherent vasodilator component, such as the endothe-
lium, would result in a reduction of lumen radius for a given
transmural pressure, leading to a decreased wall tension and
a resultant stimulus for myogenic dilation. Conceivably this
would tend to restore the pressure-diameter relationship to
the state before endothelium removal.

On the basis of above studies, the hypothesis of the present
study was that the constrictor effect of the NOS inhibitor
L-NAME on isolated, pressurized arterioles is independent
of the vascular endothelium and NOS inhibition. The data
obtained supported the hypothesis and further showed the
effect to be a property of the arginine-based NOS inhibitors.

Materials and methods

Animals

Sprague-Dawley rats aged 6-9 weeks and weighing 160-300g
were housed in a dedicated facility maintained at 21+3°C
and a relative humidity between 45% and 65%, with a 12:12-h
light-dark cycle. Rats were provided with standard rat chow
and drinking water ad libitum. The protocols and procedures
were approved by the UNSW and RMIT Animal Experimen-
tation and Ethics Committees.

Isolated arteriole preparation

Rats were anesthetized with pentothal sodium (100 mgkg ™",
intraperitoneally), after which the cremaster muscles were
excised and placed in a cooled (4°C) chamber containing
dissection buffer (all concentrations in mM): 3-N-morpholi-
no propanesulfonic acid, 145 NaCl, 5KCI, 2.5 CacCl,,
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1 MgSQOy, 1 Na,HPOy, 0.02 ethylenediamine tetraacetic acid,
2 pyruvate, 5 glucose and 1% (wv~ ') bovine serum albumin
(see Duling et al., 1981). Segments of the main intramuscular
arteriole were dissected as described previously (Potocnik
et al., 2000). Vessel segments were cannulated with glass
micropipettes, secured with 10-0 suture and mounted in a
tissue superfusion chamber. The cannulated arterioles were
continuously superfused (4 mlmin~') with a physiological
salt solution (PSS, all concentrations in mm: 111 NacCl, 25.7
NaHCOs3, 4.9KCl, 2.5 CaCl,, 1.2 MgSQOy, 1.2 KH,POy, 11.5
glucose and 10 HEPES (4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid). Vessel segments were gradually pressurized
to 70mm Hg and warmed to 34°C over a 60-min equilibra-
tion period. During this time, the vessels were checked for
pressure leaks and allowed to develop spontaneous myo-
genic tone. Vessels without spontaneous tone were dis-
carded. The superfusion chamber containing the vessel was
positioned on the stage of an inverted microscope and
measurement of internal diameter was accomplished using
an electronic video caliper.

Membrane potential measurements

Intracellular recordings of smooth muscle cell membrane
potential were made in pressurized, cannulated arteriole
preparations. Recordings were made using glass microelec-
trodes filled with 2M KCI and tip resistances of 100-200 MQ
(Potocnik et al., 2000).

Protocols

Studies in arterioles with intact endothelium. As myogenic
tone may be a stimulus for NO production, it was reasoned
that the magnitude of any constrictor effect of L-NAME
would vary corresponding to the level of myogenic tone.
Different levels of myogenic tone were generated by varying
transmural pressure. Arterioles were equilibrated at 70 mm
Hg and the function of the endothelium assessed by
responsiveness to 10 uM acetylcholine. After washout and
recovery of baseline myogenic tone, the intraluminal
pressure was either maintained at 70 mm Hg or adjusted to
either 50 or 120mm Hg, and the arteriole was allowed to
equilibrate at this ‘test’ pressure for 20min. The vessel
was then superfused with L-NAME (100 uM) until a maxi-
mum constriction was observed (approximately 20min).
Experiments examined the effect of L-arginine (1 mM) on the
L-NAME-induced constriction; in these studies, L-arginine
was added to the superfusate 20 min before the addition of
L-NAME. The effects of the non-selective K*-channel inhi-
bitor tetraethyl ammonium (TEA, 1 mM) or the ATP-sensitive
potassium channel (K,rp) inhibitor glibenclamide (1 uM) on
responses to L-NAME were also examined. Adequate inhibi-
tion of Karp channels was established by examining the
dilator response to the Ksrp channel activator pinacidil
(1 uMm) before and 20 min after the addition of glibenclamide.
In studies with another arginine-based NOS inhibitor, L-NA,
the inhibitor of neuronal NOS (nNOS), 7-NI, the soluble
guanylate cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]
quinoxalin-1-one (ODQ) and the guanosine-cyclic 3’,
5’-monophosphate (cGMP) antagonist Rp-8-[(4-chlorophe-
nyl)thio]guanosine-cyclic 3’,5'-hydrogen phosphorothioate
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triethylammonium salt (Rp-8CPT-cGMPS), these were added
to the arteriole 20 min before diameter being measured.

In a further series of experiments, concentration-response
curves to the endothelium-dependent vasodilator acetyl-
choline (1 nM-1 uM) were performed in the arterioles, in the
presence and absence of 2-(4-carboxyphenyl)-4,4,5,5-tetra-
methylimidazoline-1-oxyl-3-oxide potassium salt (carboxy-
PTIO) (100 uM) to establish the effectiveness of carboxy-PTIO
in inhibiting NO.

At the conclusion of the protocols, arterioles were
rendered passive by superfusion with a nominally Ca®*-free
PSS (containing OmM CaCl, and 2mM ethylene glycol bis
(p-aminoethylether)-N,N,N’,N’,-tetraacetic acid (EGTA)) for
20 min. Passive diameters at 50, 70 and 120mm Hg were
measured to allow normalization of diameter data.

Studies in arterioles with the endothelium removed. Arterioles
were equilibrated at 70 mm Hg and the functional integrity
of the endothelium determined as described above; a dilator
response to adenosine (10uM) was also established. The
endothelium was removed by passage of an air bolus through
the lumen of the vessel. Passage of the air bolus was followed
by washing of the lumen with PSS to remove cellular debris.
Abolition of the dilator response to acetylcholine (1 uM) and
retention of responsiveness to adenosine was taken as
functional evidence of selective endothelium removal while
not compromising smooth muscle function. L-NAME was
then added to the vessels and observations made as described
above. In experiments utilizing carboxy-PTIO (100 M),
performed at 70 mm Hg, this was added 15min before the
addition of L-NAME.

Effect of L-NAME on smooth muscle membrane potential. ~Art-
erioles were equilibrated at 70 mm Hg and the functional
integrity of the endothelium tested as described above. The
intraluminal pressure of the vessel was then altered to either
50 or 120mm Hg, and the vessel was allowed to equilibrate
at this test pressure for 20 min. Simultaneous recordings of
diameter and smooth muscle cell membrane potential were
made before and after superfusion of the vessel with 100 uM
L-NAME for 20 min.

Statistical analysis

Diameter values (in uM) for each arteriole were expressed as a
percentage of the passive diameter at the relevant test
pressure (S0 or 120mm Hg). Data are expressed as mean-
s+s.e.m. Simple comparisons of means+s.e.m. were per-
formed with the use of Student’s t-test. Multiple comparisons
were determined by using analysis of variance with the
Bonferroni post hoc test. Values of P<0.05 were considered to
be significant.

Drugs and chemicals

Acetylcholine hydrochloride, L-NA, L-NAME, L-arginine,
adenosine, pinacidil hydrochloride, 7-nitroindazole (7-NI),
carboxy-PTIO, tetraethyl ammonium, ODQ, Rp-8CPT-
cGMPS and glibenclamide were all obtained from Sigma-
Aldrich (St Louis, MO, USA). Carboxy-PTIO was dissolved
initially in dimethyl sulfoxide and further diluted in PSS. All
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other drugs were initially dissolved in de-ionized water and
diluted further in PSS.

Results

Arterioles maintained at intraluminal pressures of 50, 70 or
120mm Hg developed spontaneous myogenic tone to
823+2.6um (54.5+£1.9% of passive diameter, n=31),
83.3+28um (52.8+2.9%, n=18) and 71.9+2.8um
(43.2+1.6%, n=30), respectively. Corresponding passive
diameters, obtained after superfusion in Ca®"-depleted
buffer containing 2mM EGTA, were 152+4, 158+4 and
167 +4 um.

Effect of L-NAME and other agents interacting with the NOS,
guanylate cyclase and cGMP system on arteriolar diameter

The NOS inhibitor L-NAME (100 zM) caused a significant,
slowly developing constriction of arterioles maintained at
either at 50 or 120 mm Hg (Figure 1), peaking approximately
20 min after the addition of L-NAME. The magnitude of the
constriction was similar at either pressure, 23.24+6.0 um or
15.9+2.8% of passive diameter at SOmm Hg (n=6) and
23.44+7.2um or 14.84+2.6% of passive diameter at 120 mm
Hg (n=6; Figure 1). L-NAME did not cause constriction of
arterioles in the presence of L-arginine (1mM), at either
pressure (Figure 2). L-arginine alone did not alter arteriolar
diameter (Figure 2).

Another arginine-based NOS inhibitor, L-NA, also caused
significant constriction of arterioles maintained at 50 or
120 mm Hg (Figure 1). A series of other (non-arginine-based)
agents interacting with the NO, guanylate cyclase and cyclic
GMP system did not cause constriction of the vessels. These
included the relatively selective inhibitor of nNOS, 7-NI
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Figure 1 Effect of L-NAME (100 um), L-NA (100 um), 7-NI (100 um),

OoDQ (10 um), Rp-8CPT-cGMPS (10 um) and cPTIO (100 um) on the
diameter of isolated, pressurized arterioles from rat cremaster
muscle. Experiments were performed in vessels maintained at
intraluminal pressures of 50, 70 or 120 mm Hg. Columns represent
the mean+s.e.m. Open columns show the diameter of the vessel
pre-drug (control) and hatched columns the diameter post-drug.
Drug concentrations are shown in uM. 7-NI, 7-nitroindazole; cPTIO,
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
potassium salt; L-NA, N“”-nitro-L-arginine; L-NAME, N“”-nitro-L-argi-
nine methyl ester; ODQ, 1H-[1,2,4]Joxadiazolo[4,3-a]quinoxalin-1-
one; Rp-8CPT-cGMPS, Rp-8-[(4-chlorophenyl)thio]guanosine-cyclic
3',5’-hydrogen phosphorothioate triethylammonium salt.



(100 uM), which caused dilation of pressurized arterioles; the
guanylate cyclase inhibitor ODQ (10 uM), the cyclic GMP
inhibitor Rp-8CPT-cGMPS (10 uM) and the NO scavenger
compound carboxy-PTIO (100 uM), all of which had no effect
of arteriolar diameter (see Figure 1).

In studies measuring arteriolar smooth muscle cell mem-
brane potential (Table 1), the constriction caused by L-NAME
was not accompanied by significant alteration of smooth
muscle cell membrane potential, in arterioles maintained at
S0mm Hg (n=35; P>0.05, paired t-test). When arterioles
were maintained at 120 mm Hg, the corresponding E,,, values
were more depolarized; however, the NOS inhibitor did not
significantly alter E,, (n=4, P>0.05, paired f-test).

Removal of vascular endothelium and responses to L-NAME

Responses to L-NAME were examined in arterioles from
which the endothelium had been removed by passage of an
air bolus through the lumen of the vessel. At intraluminal
pressures of either 50, 70 or 120 mm Hg, disruption of the
endothelium was confirmed by abolition of the dilator
response to acetylcholine (0.01 or 1puM; Figure 3a and b)
while maintained smooth muscle function was verified by a
maintained dilator response to adenosine (10 uM; Figure 3a
and b). Removal of the endothelium did not alter vessel
diameter (i.e. myogenic tone) at any pressure examined; in
these paired experiments, at S0mm Hg, the diameter was
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Figure 2 Effect of L-arginine (L-Arg, 1 mMm) on arteriolar diameter
and responses to L-NAME (100 uM) in isolated, pressurized arterioles
from rat cremaster muscle. Columns represent the mean+s.e.m.
Open columns show the diameter of the vessel pre-drug (control),
left-hatched columns the effect of L-NAME on diameter, closed
columns the effect of L-arginine on diameter and right-hatched
columns the effect of L-Arg plus L-NAME. Drug concentrations are
shown in uM. L-NAME, N“-nitro-L-arginine methyl ester.

Table 1
120 mm Hg
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84.8+7.1um (54.4+4.5% of passive diameter) in endothe-
lium-intact arterioles and 89.2+5.5um (57.2+3.4%) after
removal of the endothelium (n=4, P>0.05, paired t-test); at
70mm Hg, the corresponding values were 95.6+4.0 um
(56.9+1.2%) and 94.5+3.3 um (56.3+1.1%; n=35, P>0.05,
paired t-test) and at 120 mm Hg, diameter was 60.1+7.5 yum
(39.54+£5.1%) in  endothelium-intact  vessels and
60.245.8 um (39.7 +4.6%) after removal of the endothelium
(n=4, P>0.05, paired t-test; see also Figure 3a and b).

The constrictor effect of L-NAME was not altered by
endothelium removal, and was of similar magnitude to that
observed in endothelium-intact vessels (Figure 3a). At 50 mm
Hg, L-NAME caused a constriction of 28.7+4.2um or
18.3+2.3% of passive diameter (n=4); in arterioles main-
tained at 120 mm Hg, the L-NAME-induced constriction was
28.3+1.7 um or 18.6+1.5% of passive diameter (n=4).

Further studies in endothelium-denuded vessels utilized
the NO scavenger carboxy-PTIO (100uM) to investigate a
possible contribution of any NOS activity or NO remaining
after the removal of the endothelium. These experiments
were performed using arterioles pressurized to 70mm Hg.
Carboxy-PTIO did not prevent the L-NAME-induced con-
striction, nor did it significantly alter the baseline diameter
of the vessels (Figure 3b). Similarly, in endothelium-intact
vessels, carboxy-PTIO did not, itself, alter baseline diameter
(see Figure 1). In endothelium-intact vessels, carboxy-PTIO
did cause a modest but significant rightward shift of the
concentration—dilation curve to acetylcholine (P <0.05, two-
way analysis of variance followed by Bonferroni post hoc test,
n=7; Figure 3c¢).

Effect of Karp blockade on responses to L-NAME

The role of Karp channels in the response to L-NAME was
examined using the Karp channel inhibitor glibenclamide
(1 u™Mm), in endothelium-intact arterioles. Glibenclamide
alone had no effect on arteriolar diameter, at either pressure
(Figure 4a). At 50 mm Hg, control diameter was 79.0+ 3.4 um
(51.3+3.8% of passive diameter) and 71.7+7.4um
(45.4+5.6%) in the presence of glibenclamide (n=S35,
P>0.05, paired t-test). At 120mm Hg, control diameter was
73.2+4.6 ym (41.94+0.9%) and 64.7+5.6 um (38.1+5.6%)
after addition of glibenclamide (n=4, P>0.05, paired t-test).
The effectiveness of glibenclamide in blocking Katp channels
was, however, established by inhibition of dilator responses
to the Karp channel activator pinacidil (100nM and 1 uM;
Figure 4a). In the presence of glibenclamide, L-NAME
continued to cause significant constriction of arterioles
(Figure 4b) suggesting that the arginine analogue was not

Effect of L-NAME (100 M) on MP and diameter of isolated arterioles from rat cremaster muscle maintained at an intraluminal pressure of 50 or

Pressure (mm Hg) MP (mV) — control MP (mV) — .-NAME (100 um)

Diameter( % passive) — control

Diameter (% passive) — L-NAME (100 um)

50 38.8+2.4
120 28.3+0.9

34.8+2.7
25.34+1.8

55.8+6.4
48.34+3.0

40.8+7.7*
38.3+3.7*

Abbreviations: L-NAME, N“-nitro-L-arginine methyl ester; MP, membrane potential.

*P<0.05 vs control.

Values shown in the table are the mean +s.e.m. L-NAME did not cause a significant alteration of membrane potential at either pressure (P>0.05, paired t-test).
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Figure 3 (a) Effect of endothelium removal on dilator responses to
acetylcholine (ACh) and adenosine (Ado) and the constrictor effect
of L-NAME in isolated, pressurized arterioles from rat cremaster
muscle. The endothelium was removed by passage of an air bolus
through the arteriole lumen. Experiments were performed in vessels
maintained at intraluminal pressures of 50 or 120 mm Hg. (b) Effect
of carboxy-PTIO (cPTIO, 100 um) on responses to L-NAME (100 um)
in isolated, pressurized (70mm Hg), endothelium-denuded arter-
ioles from the rat cremaster muscle. Columns in (a and b) represent
the mean +s.e.m. Open columns show experiments in vessels with
an intact endothelium and hatched columns endothelium-denuded
vessels. Drug concentrations are shown in uM. (c) Effect of carboxy-
PTIO (100 um) on responses to ACh in isolated, pressurized (70 mm
Hg), endothelium-intact arterioles from the rat cremaster muscle.
Points represent the meanzts.e.m. cPTIO, carboxy-2-(4-carboxy-
phenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide  potassium
salt; L-NAME, N“-nitro-L-arginine methyl ester.
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Figure 4 (a) Effect of the Karp channel antagonist glibenclamide
(1 uMm) on dilator responses to pinacidil (Pin) in isolated, pressurized
arterioles from rat cremaster muscle. (b) Effect of glibenclamide
(1 um) on constrictor responses to L-NAME (100 uMm) in isolated,
pressurized arterioles from rat cremaster muscle. In (a and b),
experiments were performed in vessels maintained at intraluminal
pressures of 50 or 120 mm Hg. Columns represent the mean +s.e.m.
L-NAME, N“-nitro-L-arginine methyl ester.

exerting an effect through inhibition of Karp channels. At
50mm Hg, the constriction caused by L-NAME was
18.5+4.4um or 12.0+2.7% of passive diameter (n=35); in
arterioles maintained at 120mm Hg, the L-NAME-induced
constriction was 11.8+1.7um or 6.8+0.9% of passive
diameter (n=4).

The wider role of K* channels in the constrictor effect of L-
NAME was investigated using the non-selective K" channel
inhibitor TEA (1mM), in endothelium-intact arterioles
maintained at 70mm Hg. TEA alone caused a significant
constriction of the arterioles, from 78.54+3.6 to 62.9+3.1 yum
(n=6, P<0.05, paired t-test; Figure 5). Following TEA,
L-NAME caused a further significant constriction of arterioles
to 53.5+3.8um (n=6, P<0.05, paired t-test; Figure 5). In
experiments in endothelium-denuded vessels, the constric-
tor effect of L-NAME persisted in the presence of TEA (n=2,
data not shown).

Discussion

Pressure-induced myogenic tone in arterioles is generally
regarded as being endothelium-independent (for reviews see



* P<0.05 vs.Control
** P<0.05 vs.TEA

[o2]
o
T

Hot

*k

Diameter (% passive)
iy
o
T

n
o
T

0 ! !
Control TEA 1 mM

TEA + L-NAME

Figure 5 Effect of tetraethyl ammonium (TEA, 1 mM) on constrictor
responses to L-NAME (100 uM) in isolated, pressurized (70 mm Hg)
arterioles from rat cremaster muscle. Columns represent the
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Meininger and Davis, 1992; Davis and Hill, 1999). Despite
this, previous studies have demonstrated a constrictor effect
of arginine-based NOS inhibitors on isolated, pressurized
arterioles with myogenic tone (Huang et al., 1997; Nguyen
et al., 1999; Wang et al., 1999; Geary et al., 2000; Jarajapu
et al., 2004; Szekeres et al., 2004), implying a role for
endothelium-derived NO in regulating pressure-induced
constriction. In the present study, the arginine analogues
and NOS inhibitors, L-NA and L-NAME, caused significant
constriction of arterioles, decreasing vessel diameter by
approximately 20% of its passive value. The L-NAME-
induced constriction persisted in endothelium-denuded
vessels, including those in the presence of the NO scavenger
carboxy-PTIO suggesting no specific role for NO from either
endothelial or other vascular wall cells in this effect.
Removal of the endothelium itself did not alter arteriolar
diameter.

In contrast with L-NAME, a number of other agents
inhibiting various segments of the NO, guanylate cyclase
and cyclic GMP signaling pathway did not cause constriction
of the arterioles. These agents included the selective
inhibitor of nNOS 7-NI, the NO scavenger carboxy-PTIO,
the guanylate cyclase inhibitor ODQ and the cGMP
antagonist Rp-8CPT-cGMPS. Taken together, these findings
imply a constrictor action of L-NAME or other arginine-based
NOS inhibitors in isolated, pressurized vessels should not be
automatically interpreted as indicating a role for endogenous
NO production in regulating myogenic tone. That this
action of the inhibitors relates to their arginine analogue
structure was confirmed by the action of exogenous
L-arginine preventing the L-NAME-induced constriction.

Experiments were conducted in arterioles with differing
levels of pressure-induced myogenic tone, the reasoning
being if increased intraluminal pressure in arterioles stimu-
lated endothelial NOS, or the constrictor effect of L-NAME
involved interaction with a pressure-dependent mechanism
in the arterioles, this would be reflected in pressure-
dependence of the effects of the inhibitor. Conceivably, this
could result from myogenic tone increasing smooth intra-
cellular [Ca®"] with subsequent communication to the
endothelial cells via myo-endothelial gap junctions known
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to be present in this arteriolar preparation (McSherry et al.,
2006). Consistent with these findings Dora et al. (1997)
demonstrated such an interaction between smooth muscle
and endothelial cells in preparations exposed to phenylephr-
ine. However, in the present study, the constrictor effect of
L-NAME was similar in magnitude at all of the pressures
tested (50, 70 or 120 mm Hg), suggesting no pressure- or
tone-dependent variable was involved. Further, this parallel
shift in the pressure-diameter relation occurred in both
endothelium-intact and denuded preparations.

Earlier studies have shown that in vivo dilation of feline
cerebral arterioles mediated by Karp channel activators
required L-arginine or L-lysine (Kontos and Wei, 1998).
Under conditions in which the channels were activated,
such as hypercapnia, the arginine-based NOS inhibitor L-NA
or L-NOARG caused constriction of these arterioles and
inhibited dilator responses to Karp activators (Kontos and
Wei, 1996). The effect was prevented by superfusion of
the arterioles with L-arginine and was not observed in the
presence of the Kyrp channel inhibitor glyburide (glibencla-
mide). In the present study, however, the Kjrp antagonist
glibenclamide did not prevent the constrictor effect of
L-NAME at either 50 or 120 mm Hg. The presence of functional
Karp channels in the preparation was confirmed by demon-
strating dilator responses to pinacidil, which were inhibited
by glibenclamide (see also Hill and Meininger, 1994).
Glibenclamide itself did not have any effect on arteriolar
diameter, at either pressure, suggesting Karp channels were
not active in this preparation under basal conditions;
indeed, Kxrp channels in many blood vessels are commonly
active only under conditions of metabolic stress, typically
hypoxia or ischemia (Quayle et al., 1997; Brayden, 2002).

Voltage-sensitive K* and Ca®* channels are known to be
active in arterioles possessing myogenic tone (Brayden and
Nelson, 1992; Knot and Nelson, 1998; Davis and Hill, 1999).
In the present study L-NAME-induced constriction of the
cremaster muscle arterioles was not associated with a
significant change in smooth muscle membrane potential,
suggesting K*-channel inhibition or enhancement of vol-
tage-sensitive Ca®*-channel activity was unlikely to be
involved in the effect. In further support of this hypothesis,
the non-selective K*-channel antagonist TEA caused con-
striction of the arterioles, supporting a role for K™ channels
(presumably smooth muscle large-conductance, Ca®™* -sensi-
tive potassium channel (BKc,); Brayden and Nelson, 1992;
Knot and Nelson, 1998; Kotecha and Hill, 2005) in
modulating myogenic tone, without altering the constrictor
effect of L-NAME. It may be argued that the degree
of depolarization induced by L-NAME in the arterioles
(3-4mV), although not statistically significant, may be
sufficient to cause a constriction of the magnitude observed.
This seems wunlikely, however, given the relationship
between membrane potential and arteriolar diameter ob-
served in the preparation (Kotecha and Hill, 2005). From this
previously established relationship, a 3mV depolarization
(at an intraluminal pressure of 50 mm Hg) would result in a
contraction of about 20um, similar to that caused by
L-NAME at this pressure. At 120mm Hg, however, where
owing to the sigmoidal shape of the E,,-myogenic tone
relationship a change of 3mV would only be predicted to
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result in a diameter change of 1 or 2 um, L-NAME still caused
a constriction of about 20 um (Kotecha and Hill, 2005).

Importantly, the findings of this study are not to suggest
that constrictor effects of arginine-based NOS inhibitors
always occur independently of NOS inhibition in isolated,
pressurized arterioles, rather that such an observation alone
is not conclusive evidence of endogenous NOS activity and
NO production contributing to the observed level of
myogenic tone. In rabbit mesenteric arterioles, a large
constrictor effect of L-NOARG was significantly attenuated
(although not abolished) by removal of the endothelium
(Nguyen et al., 1999). In some disease models such as chronic
hypoxia (Earley and Walker, 2002) or aged rats (Shipley and
Muller-Delp, 2005), both L-NAME and removal of the
endothelium increased myogenic tone; interestingly, in the
latter study, L-NAME constricted mesenteric arterioles from
young and old rats, whereas removal of the endothelium was
effective only in aged rats, in which an increase in
endothelial nitric oxide synthase (eNOS) enzyme expression
was also demonstrated. Similarly, constrictor effects of both
endothelium removal and L-NAME in wild-type mouse
mesenteric arteries were not observed in an eNOS-knockout
model (Scotland et al., 2001). These studies clearly associated
a constrictor effect of L-NAME or L-NOARG with inhibition
of NOS.

Other investigators have reconciled the seemingly contra-
dictory observations of a constrictor effect of L-NNA or
L-NAME on isolated, pressurized arterioles with no effect
of endothelium removal by suggesting the endothelium
releases a combination of constricting and dilating factors,
such that there is no net effect of endothelium removal
(Undavia et al., 2003). There is some support for this idea; in
the studies of Nguyen et al. (1999) and Bai et al. (2004), in
mouse-isolated cerebral arterioles, L-NOARG and L-NAME,
respectively, constricted the vessels while the endothelin-1
antagonist bosentan caused dilation, suggesting simulta-
neous release of vasodilatory NO and constricting endothe-
lin-1. It seems unlikely the contribution of constricting and
dilating factors to myogenic tone would always balance in
response to different intraluminal pressures. Alternatively,
heterogeneity may exist between vessels from different
tissues in the overall importance of NO as a mediator of
vasodilation; indeed, the modest effects of carboxy-PTIO
(shown in this study) and L-NAME on acetylcholine-induced
dilation in the cremaster muscle arteriole suggest that NO
plays a minor role as a dilator in this vessel (Murphy et al.,
2002; McSherry et al., 2006), although earlier studies did
implicate a more significant role for NO in this vessel (Kaley
et al., 1992; Koller et al., 1993). A key finding of this study,
however, is that L-NAME-induced constriction of the cre-
master muscle arterioles occurred in the absence of the
endothelium, clearly demonstrating its effect does not
involve inhibition of eNOS.

The mechanism underlying the observed constrictor effect
of L-NAME is unclear. While the evidence from the present
study suggests an L-arginine binding site is involved, there
did not appear to be an interaction with a pressure-sensitive
mechanism related to the generation of myogenic tone, but
rather an effect on a parallel mechanism capable of
constricting vascular smooth muscle. For example, increased
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intracellular arginine causes inhibition of the plasma
membrane Na*t, K" exchange pump in neuronal tissue (da
Silva et al., 1999). In some studies, in blood vessels with
pressure-induced myogenic tone the Na*, K* pump in-
hibitor ouabain has been reported to cause constriction
(Aalkjaer and Mulvany, 1985; Zhang et al., 2005).

In summary, this study demonstrates an endothelium-
independent constrictor effect of the arginine-based NOS
inhibitor L-NAME on isolated, pressurized arterioles from rat
cremaster muscle. Caution should, therefore, be taken
against assuming that a constrictor effect of arginine-based
NOS inhibitors automatically implies a role for NOS or NO in
regulating arteriolar myogenic tone, and that there is a tonic
release of NO in the absence of physiological stimuli such as
shear stress. Further, the data support earlier studies
demonstrating that the myogenic response occurs indepen-
dently of the endothelium (Falcone et al., 1991; Kuo et al.,
1991; Undavia et al., 2003).
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