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Abstract
Objective—Arginine used for nitric oxide formation can be from intracellular stores or
transported into cells. The study evaluated the rapidity and primary site of NO and vascular
resistance responses to arginine at near physiological concentrations (100–400 μM).

Methods—Arginine was applied to a single arteriole through a micropipette to determine the
fastest possible responses. For vascular blood flow and [NO] responses, arginine was added to the
bathing media.

Results—Dilation of single arterioles to arginine began in 10–15 seconds and application over
the entire vasculature increased [NO] in ~60–90 seconds and flow increased within 120–300
seconds. Resting periarteriolar [NO] for arterioles was 493.6±30.5 nM and increased to
696.1±68.2 and 820.1±110.5 nM at 200 and 400 μM L-arginine. The blood flow increased 50% at
400–1200 μM L-arginine. The reducd arterial resistance during topical arginine was significantly
greater than microvascular resistance at 100 and 200 μM arginine. All responses were blocked by
L-NAME.

Conclusions—This study demonstrated arterial resistance responses are as or more responsive
to arginine induced NO formation as arterioles at near physiological concentrations of arginine.
The vascular NO and resistance responses occurred rapidly at L-arginine concentrations at and
below 400 μM, which predict arginine transport processes were involved.
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Introduction
Arginine used by endothelial nitric oxide synthase (eNOS) has two potential sources,
intracellular stores and extracellular arginine provided by the amino acid transporters.
Multiple arginine transporters have been found for endothelial cells, as reviewed by Mann et
al. (45), including the highly expressed cationic amino acid transporter-1 colocalized with
eNOS within caveolar regions of endothelial cells (46). As would be expected for a transport
system, in vivo and in vitro vascular studies (9;14;18;22;37;40;54–56) have shown that
extracellular L-arginine administration in excess of 1 mM caused either increased NO
formation or vascular relaxation attributable to NO within minutes. However, given the very
high arginine concentrations used in these studies, the physiological relevance of such high
extracellular arginine concentrations is debatable. The most common arginine transporter for
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endothelial cells is cationic amino acid transporter 1 (CAT-1) and reviews by Closs et al.
(17) and Mann et al. (45) summarized that the half maximal transport rates for arginine by
endothelial cells are generally reported in the 100–160 μM range. Consequently, transport of
arginine would be saturated at concentrations below 1 mM arginine. Furthermore, there is
evidence that arginine concentrations of 1 mM and higher are capable of releasing histamine
from mast cells (26;51) and histamine is an established NO dependent vasodilator (1;21).
Fortunately, dietary supplementation to raise plasma l-arginine to 100–400 μM is known to
cause vasodilation or facilitate endothelial dependent dilation in the humans (4;38;40;49). In
animal studies, Frame and colleagues (23;24) found local application of 100 μM L-arginine
caused very fast dilation of arterioles that was suppressed by inhibition of endothelial nitric
oxide synthase (eNOS). Therefore, both clinical and animal studies indicate relatively low
arginine concentrations are potentially useful to influence endothelial nitric oxide
physiology.

We evaluated our hypotheses by monitoring in vivo production of NO by direct
measurement with NO sensitive microelectrodes and vasodilation of microvessels and small
arteries. The majority of these responses were evaluated during acute arginine exposure at
near physiological concentrations (100–400), although concentrations up to 1200 μM were
evaluated. The 100–400 μM range has been achieved by dietary supplementation and is
known to favorably influence endothelial function in humans (4;40;49). Our first hypothesis
is that for low concentrations of arginine to be physiologically relevant, the increased
perivascular NO concentration and vasodilation must both occur rapidly. Rapid vascular
responses would support a transport mechanism. To confirm the vascular responses are
linked to NO production, both increased nitric oxide concentrations ([NO]) and vasodilation
must be suppressed by L-nitroarginine-methyl ester (L-NAME). We chose L-NAME
because it is known to not influence CAT-1 transport of arginine (5). The second hypothesis
was that arginine in the physiological concentration range should cause meaningful
increases in blood flow through dilation of both arterioles and small arteries. This hypothesis
was evaluated because in conditions where the systemic arginine concentration is elevated,
both resistance arteries and arterioles might contribute to increased blood flow. This
potential interaction of macro- and microvessels has not been investigated. In the majority of
vascular beds, including the small intestine (7;29), resistance arteries control about 40% of
the total resistance. Furthermore, intestinal resistance arteries strongly contribute to blood
flow regulation through flow mediated responses (7) and their NO dependent regulation
could be influenced by the availability of arginine. Therefore, the resistance arteries of the
intestine were evaluated as a model of how supplemental low concentrations of arginine
might influence a significant resistance region of the vasculature.

Methods
Animal Setup

The protocols were reviewed and approved by the Institutional Animal Care and Use
Committee of the Indiana University Medical School. Male Sprague Dawley rats (Harlan,
Indianapolis, IN) in the weight range of 300–400 grams were used for all studies. The rat
was anesthetized with sodium thiopental (200 mg/kg, 50 mg/ml) given subcutaneously at
four sites. The trachea was cannulated for positive pressure ventilation at 70 breathes per
minute and sufficient tidal volume to cause 95–97% oxygen saturation of hemoglobin in the
ear vasculature. The right femoral artery was cannulated to monitor the arterial blood
pressure and give physiological saline (~0.5 ml/hr/100 gm). The animals were heated with
an underbody temperature heating mat perfused with 35°C water. If underbody heating was
not sufficient to maintain a core temperature (esophagus) of 37–37.5°C, the rat was covered
with a polyethylene insulating blanket. The jejunal region of the small intestine was
exteriorized through a midline incision and prepared for transillumination by slitting the
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bowel along the antimesenteric border with a small thermal cautery. Cut edges were secured
with thread ties in a temperature (37.5 °C) controlled bath support. The mesenteric arteries
preceding the intestinal microcirculation consistently have one side of the vessel that is only
partially covered by adipocytes. This anatomy was exploited to allow access of the bath
media chemicals to the small arteries. The “exposed” side of the arteries always faced the
bath and the side substantially covered with adipocytes was placed down on the bath
support. The bath volume over the tissue was 5 ml and perfused at ~5 ml/minute with
bicarbonate buffered physiological saline equilibrated with 5% oxygen and carbon dioxide
and balance nitrogen(6). The bath oxygen tension over the tissue was 40–50 mmHg. The
incoming bath heater and tissue support were perfused with ~900 ml/min of heated distilled
water to insure precise thermal stability necessary for NO sensitive microelectrodes.

Nitric Oxide Measurement
Carbon fiber microelectrodes (~ 7 μm, od) were sealed into borosilicate glass tubing
(Frederick Hare, Bowdoinham, ME) during pulling of the electrode, filled with heat cured
epoxy cement (Graphpoxy-PX, Dylon Industries, Cleveland, OH) that also conducted
electricity to a copper wire advanced into the cement plug. The finished electrode was baked
overnight at 100° C to harden the epoxy. This carbon fiber microelectrode is based on that of
Freidemann et al (25) as well as design characteristics of a recessed tip microelectrode used
by Buerk et al. (11). Carbon fiber microelectrodes do not require a specialized coating to be
sensitive to nitric oxide (13;25;41), although appropriate coatings have been shown to
increase the current generation for a given NO concentration (25;43). Polarization voltage
was maintained at +0.9 V. We only use microelectrodes that generated >2.5 picoamperes per
1000 nM of NO and most electrodes generated ~4 picoamperes per 1000 nM of NO. The
increase in electrode current translated to a change in output voltage of a Keithley 6517A
Electrometer of 250–400 mv/1000 nM NO in the 0–20 picoampere range. Microelectrodes
that generated > 15 picoamperes in nitrogen equilibrated media at +0.9 V were excluded
because they likely have a defect in the glass envelope and could respond to NO at sites
other than the open tip.

The carbon in the electrode tip was electrolitically etched out to form a 3–5 μm recess after
sharpening to a 10–12 μm outer diameter glass-carbon fiber tip. The recess was used to form
a mechanically protected site for Nafion. Nafion was used as a membrane to exclude
negatively charged inorganic and organic ions from inappropriately influencing the
electrode(11;25;31;44). To apply Nafion, the tip recess was electroplated with Nafion
(Sigma Chemical) at +0.7 V for 20–30 minutes. We did not use heating to apply Nafion
because the Nafion became very fragile when wet and peeled away during tissue
penetration. Electroplating Nafion into the 3–5 μm tip recess provided a membrane covering
that was visually intact after many tissue penetrations and basal electrode current remained
nearly constant in the tissue bath after repeated tissue penetrations. Had the membrane been
damaged or removed during tissue penetrations, basal current would have increased during
the experiment.

Prior to penetration of the tissue to record the [NO], the microelectrode tip was placed about
200 μm above the tissue surface to obtain an electrical current reference equivalent to a “0”
concentration of NO. There are only trivial differences in the microelectrode current in the
distance range of 100–300 μm above the tissue. In recording [NO], the tip of the
microelectrode was gently placed against the side of a vessel and moved as needed to
maintain contact as the vessel dilated or contracted. In general, the micropipette was held in
place about 10 minutes before making a perturbation to ensure that a stable [NO] was
present. There is some slow fluctuation of the [NO] about the average concentration. After a
perturbation that did not permanently alter the regulation of the vessel, the [NO] consistently
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returned to about the prior control [NO]. This can be seen for tracings (5 second interval
data display) in Panels C–D of Figure 1.

Microvascular Pressure, Blood Flow, and Resistance
To measure the resistance of arterial and microvascular sections of the small intestine, the
pressure drop from the aorta to the origin of the largest arterioles was needed: pressure in the
portal venous system was assumed to be 6 mm Hg based on past experience (8). The
pressure was measured with the servo-null technique (36)(Instrumentation for Physiology
and Medicine, San Diego, CA) using glass microelectrodes sharpened to a ~ 10 μm outer
diameter to penetrate the largest arterioles. The individual microelectrode-servo null
combinations were calibrated at 0–100 mmHg prior to measurements. Blood flow was
monitored with the optical Doppler flow velocimetry technique (10;19) in which flow
velocity in a large arteriole (50–70 μm) was measured along with inner vessel diameter
during the protocols and simultaneously with the pressure recordings. During velocity
measurements, the transillumination light intensity was increased to be sure that the velocity
signal did not increase with light intensity. This precaution is necessary as the optical
Doppler system is known to be sensitive to low light intensity(10;19). The velocity system
was calibrated against red blood cells dried onto the surface of a rotating clear plastic wheel
at velocities both below, equal to, and far higher than encountered in the current study.
Images of the vessels were displayed with a closed circuit video system (Hamamatsu Model
XC-77, Tokyo, Japan) coupled with Metamorph image analysis software (Molecular
Devices Corp., Sunnyvale, CA) calibrated with a stage micrometer marked in 10 and 100
μm units.

Amino Acid Exposure Methods
To evaluate global responses of arteries and arterioles to a given amino acid concentration,
the amino acid was added to the bathing media by pumping very small amounts of
concentrated (4 mM) amino acid-physiological saline solution into the known flow (5 ml/
min) of bath media. This approach avoided appreciable changes in bath ionic composition or
gas tension. There was a 12 second delay from the mixing point of bath media and amino
acid media to the entrance of the tissue bath. This time was taken into account when
“setting” the time of onset of amino acid exposure in the overall media. The chamber
volume over the tissue was ~5 ml and the bath flow rate was 5 ml/min. The media flowed
over the tissue and was immediately drained away, which allowed media changes in about
one minute without temperature fluctuations that would compromise NO measurements. The
time required for media exchange was verified by observing pumping of water soluble dye
(Fast Green) rather than amino acid solutions.

The media containing amino acids could only reach the outer surface of the intestinal wall
and was excluded from the mucosa in contact with the transillumination pedestal. The
arterioles observed were about 20–30 μm beneath the surface of the bowel wall due to the
overlying visceral smooth muscle layers of the bowel wall. The typical time for a vascular
and [NO] response to develop was approximately one minute after the start of adding
arginine to the bath. Full recovery of blood flow during washout required about 10 minutes,
but most of the recovery will be shown to occur in slightly less than three minutes.
Simultaneous measurements during this protocol included blood flow velocity, vessel
diameter, and either [NO] or microvascular pressure. Resistance calculations shown in
Figure 5 were made from simultaneous measurements of blood flow, arterial pressure, and
the pressure in the largest arterioles as they enter the bowel wall.

As will be shown in Results, the arterial response to arginine required about 5 minutes to be
fully developed. However, arteriolar responses to arginine were nearly fully developed
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within one minute using the media change protocol just described. To determine just how
rapidly arteriolar responses to exogenous arginine and lysine could occur, the desired
concentration of an amino acid in buffered physiological solution was pumped onto the
vessel wall from a micropipette. A WPI nanoliter pump was used to have essentially instant
on or off perfusion through a 10–15 μm (od) sharpened glass micropipette. The flow of
media was set at 10 nl/sec for <30 μm inner diameter arterioles and at 50 nl/sec for larger
vessels. The micropipette tip was advanced through the tissue to nearly touch the outer wall
of the vessel of interest. Perfusion of media without amino acid caused at most a slight and
transient constriction for about 30 seconds. The diameter of the vessel of interest was
recorded at 5 second intervals by the Metamorph software and stored as digital images for
later analysis.

Statistics
Significant differences in responses relative to the control value were computed with
Statistica (StatSoft, Tulsa, OK) using repeated measures one way analysis of variance with a
least significant difference post-hoc test for simple control/response events and repeated two
way analysis of variance with a least significant difference post-hoc test for conditions
where arginine and L-NAME were used. Significant events were accepted at p≤0.05.

Results
Tests of interference by L-NAME and L-Arginine on NO microelectrode function

Even though NO sensitive microelectrodes were coated with Nafion to minimize
electrochemical interference, there was a concern that L-arginine or L-nitro-methyl-ester
arginine (L-NAME) might influence the microelectrode. We have previously shown that
lysine at 200 μM did not change the NO sensitivity of the electrodes (61). To test for
arginine effects, the response of the Nafion coated microelectrode to NO was measured in
physiological saline and then in the same solution after addition of concentrated arginine
solution to make a final arginine concentration of 400 μM. The saline NO calibration was
4.5±1.7 picoamps/1000 nM NO compared to 4.4±1.1 picoamps with 400 μM arginine for 6
randomly selected microelectrodes. The variability was due to inherent differences of
sensitivity by individual microelectrodes. When individual electrodes were compared on the
basis of NO sensitivity before and after addition of arginine, the ratio of sensitivities was
0.98±0.04. The same type of test was done for 1 mM L-NAME and the ratio of sensitivities
was 0.96±0.07 for 4 electrodes chosen at random. During experiments, not a single electrode
coated with Nafion responded to addition or removal of 400 μM arginine or 1 mM L-NAME
while the microelectrode tip was in the tissue bath.

Response times of the vasculature to L-Arginine and post-stimulation effects of L-arginine
In pilot studies, we measured [NO] both at the vessel wall and at equivalent depths in the
intestinal submucosa as far as possible from arterioles and venules to evaluate “tissue” NO
responses. The intestinal wall contains a neural network that expresses nNOS, but these sites
are away from most of the microvessels(12;48). The major reservoir of NOS is reported in
the form eNOS in the endothelial cells of the vessel walls(12;48). The tissue parenchyma
away from vessels generated an [NO] of less than 100 nM compared to ~300–500 nM for
most arterioles. Unlike the large increases in [NO] on the vessel wall during exposure to L-
arginine, tissue [NO] only increased slightly when vascular NO increased, such as during
≥400 μM L-arginine.

The panel A of Figure 1 presents the averaged time response of the perivascular [NO] to
adding 400 μM L-arginine to the bath and panels C–D are representative tracings of the
events used to obtain the data from individual vessels. The average time to reach ~90% of
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the stable arteriolar wall [NO] response to 400 μM L-arginine added to the bath was
59.5±3.9 seconds, and a time of 172.3±15.5 seconds was required to recover ~90% of the
post-arginine resting [NO] after L-arginine solution was stopped (Fig. 1, Panel A). The 90%
events were chosen because defining when a stable increase or decrease had occurred was
difficult, but finding the time when 90% of the average change had occurred was
straightforward. The right side panel A of Figure 1 also presents the ratio of the stable post-
arginine resting [NO] relative to the resting [NO] prior to arginine exposure for 9 vessels in
9 rats. At that time of 5–10 minutes after arginine infusion stopped, the percent of original
control [NO] was 103.2±2.9% and was not significantly different from the control [NO].
The overall recovery time and [NO] data are presented to demonstrate that arginine exposure
for up to 20–30 minutes did not cause a sustained shift in the resting [NO], which was an
important issue for later experiments using L-NAME both after and during ongoing
exposure to arginine. Panel B of Figure 1 is a presentation of the times required for steady
state increases in blood flow to occur at L-arginine concentrations of 200–1200 μM. The
flow responses represent resistance changes by the microvessels at different depths in the
intestinal wall and responses of the mesenteric arteries covered to a large extent by fatty
tissues. Consequently, the flow response times likely reflect a large component due to
diffusion time rather than vascular reaction times. The time to steady state blood flow
responses required about 300 seconds to be fully developed at arginine concentrations of
200 and 400 μM. Much faster responses occurred in 120–150 seconds at 800 and 1200 μM
L-arginine.

Having established that the onset of arteriolar [NO] responses to arginine likely were faster
than we could change the entire bathing media, we used a microperfusion technique similar
to that of Frame et al. (23;24) to initiate the fastest possible vascular response to arginine.
Examples of the diameter responses to L-arginine and L-lysine are shown in Figure 2. L-
lysine competes with arginine for transport and is the preferred amino acid of the cationic
transporters (2;15). We have recently shown that topical 200 μM L-lysine effectively and
quickly lowered perivascular [NO] and strongly suppressed increased [NO] and vasodilation
to increased flow shear, locally reduced oxygen tension and NaCl hyperosmolarity, all of
which are highly NO dependent in the small intestine vasculature (7;9;47;59;60). The
dilatory response to arginine and constrictor response to lysine began consistently within 15
seconds and generally within 10 seconds and reached a stable diameter in 45–60 seconds.
Sustained perfusion for 5–10 minutes maintained the arginine induced dilation or lysine
associated constriction. We attempted NO measurement during the point source release of
both arginine and lysine. We consistently found that the increase or decrease in [NO] was
highly localized to the site of release and very difficult to follow as the vessel responded. As
Frame et al. (23;24) found, the vessels dilated or constricted over hundreds of microns
distance by a vessel wall conducted mechanism. At distal sites along the arterioles, the [NO]
invariably decreased with dilation and constriction presumably because shear stress
decreased with both situations.

Nitric Oxide and Vasodilatory Responses to L-Arginine and blockade by L-NAME
Figure 3 presents two representative experiments for both diameter and [NO] time events for
bath addition of 400 μM arginine followed by L-NAME exposure as 400 μM arginine
continued. The minimum time of arginine exposure was 10 minutes and often extended to
20 minutes or longer if the increases in [NO] and diameter developed a cycling pattern about
a new increased mean. Although the increase in both [NO] did occur rapidly as described in
Figure 1, the vessels invariably had some degree of vasomotion about the elevated [NO] and
diameter. Figure 4 presents the averaged diameter and [NO] for 6 arterioles of 6 rats using
this protocol. The average resting [NO] shown in Figure 4 was 493.6±30.5 nM and 200 and
400 μM L-arginine increased the concentration to 696.1±68.2 and 820.1±110.5 nM,
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respectively. We did use 100 μM L-arginine in pilot studies and found the [NO] and
diameter responses were small and variable. L-NAME in the presence of 400 μM L-arginine
reduced the [NO] to 468.2±53.4 nM, which was similar to the resting concentration and
about half the concentration during 400 μM L-arginine. In addition, the L-NAME
suppressed the dilation caused by L-arginine. When arginine infusion was stopped with
ongoing infusion of L-NAME, intestinal wall motility became too rapid to reliably measure
[NO] for 30–45 minutes. In a past studies, the [NO] was decreased ~ 40%(14) by 1 mM L-
NAME and a similar amount by both L-N-nitroarginine (7) and embolization of an arteriole
to stun the endothelial cells (47).

Comparison of Arterial and Microvascular Resistance Responses to L-Arginine
During the preceding experiments, we noticed that not only did all sizes of arterioles dilate
during topical arginine exposure, but the small arteries of the mesentery also were dilated.
To evaluate arterial versus microvascular responses in relative terms, the resistances of both
sections were measured from simultaneous blood flow and arterial pressure dissipation
measurements. The blood flow to the entire intestinal wall, including muscular, submucosal,
and mucosal layers, was measured in the largest arterioles and the data are shown in the
upper panel of Figure 5. The intestinal vasculature was exposed to 100–1200 μM L-arginine
with a recovery between each concentration. The data are presented in percent of control
format because the randomly selected vessels for flow measurement in each animal perfused
somewhat different amounts of intestinal tissue. Unlike the vasomotion that usually
accompanied both [NO] and diameter responses of individual arterioles to arginine, flow
was quite stable for a given status of arginine exposure. A significant increase in blood flow
of 17% was found with 100 μM arginine and 400 μM arginine increased flow about 50%. L-
arginine at 800 and 1200 μM did not significantly increase blood flow above that found with
400 μM. To determine if any amino acid would perhaps cause dilation, the L-alanine, a
neutral amino acid that enters cells by a different carrier than L-arginine, was used. 1200 μM
L-alanine for thirty minutes of exposure did not change the blood flow (101.8±3.7% of
control). After all amino acids were tested, all vascular tone was abolished with100 μM
sodium nitroprusside and blood flow increased to 265±16.1% of control.

The lower panel of Figure 5 presents percent of control resistance of arterial and
microvascular regions during arginine exposure. Given that 400 μM L-arginine provided
near maximal flow response, resistance calculations for arterial and microvascular responses
were only measured for 100–400 μM L-arginine. The arterial resistance, which is composed
of the mesenteric arteries and their major branches outside the intestinal wall, decreased
significantly more at 100 and 200 μM arginine concentrations than did the microvascular
resistance. These large vessels contributed 32.9% of the total intestinal vascular resistance
based on the percentage of the total pressure dropped across the small arteries. During
maximal dilation with 100 μM sodium nitroprusside, the resistances of the macro- and
microvessel regions declined to 40.9±4.6 and 34.1±3.1 % of control.

Discussion
This study evaluated the hypothesis that for low concentrations of arginine to
physiologically relevant, the increased in vivo perivascular NO concentration and
vasodilation must both occur rapidly to reflect a transport mechanism and these responses
must be blocked by suppression of eNOS by L-NAME. Physiological concentrations of
arginine in the 100–400 μM range caused rapid dilation of both intestinal arterioles within
one minute when applied through a topical bath and within 15 seconds when applied directly
to individual small through large arterioles (Figs. 1–3). Furthermore, direct measurements of
perivascular nitric oxide before and after blockade of eNOS with L-NAME indicated that
the [NO] rapidly increased with topical exposure of L-arginine and both the dilation and
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increased [NO] were reversed by L-NAME during continued L-arginine exposure(Figs. 3
and 4). The rapid responses of both the [NO] and vasodilation to L-arginine were interpreted
to indicate transport of the amino acid to NOS had immediate effects on generation of NO
and vascular regulation. While arterioles dilated rapidly, the small arteries of the mesentery
were much slower to respond, as shown by the increased time for total organ flow responses
in Figure 1. This “slowness” may be diffusion limitations imposed by the overburden of
mesenteric fatty tissue around the small arteries. However, the decrease in resistance by
arterial vessels was actually larger than for microvessels at low arginine concentrations and
similar at near maximal concentration, as shown in Figure 5, Panel B. The second
hypothesis tested was that arginine in the physiological concentration range should cause
meaningful increases in blood flow through dilation of both arterioles and small arteries. We
found that a significant small increase in blood flow occurred at 100 μM topical L-arginine
and for our preparation, near maximal responses of a ~50% increase in flow occurred at 400
μM topical L-arginine (Fig. 5). By comparison, Vukosavljevic et al. (56) found a similar
increase in intestinal blood flow at ~2 millimolar L-arginine. This would support our
findings that maximal flow responses to L-arginine occurred at much lower concentrations
than previously suspected.

Most studies (9;14;18;22;37;40;54–56) of the acute effects of arginine on endothelial
production of nitric oxide in vivo or in vitro have used topical concentrations more than ten
times the plasma concentration of 50–75 μM (32;33;42;53;57;58). Part of the rationale for
using high concentrations of arginine for testing is that the intracellular L-arginine
concentration range is 100 μM to 800 μM (2;3;28;34) and even higher in freshly isolated
endothelial cells (34). From the very high intracellular concentration, it would seem eNOS
should, but does not, operate under a saturating intracellular arginine concentration. The
basis for this comment is that the half saturating arginine concentration for eNOS is 1–10
μM (50;52). Kurz and Harrison (39) have termed this situation as the arginine paradox.
While studies using high concentrations of arginine do illustrate extracellular arginine can
induce a nitric oxide related vasodilation in the in vivo microvasculature, such high
concentrations of arginine are not realistic for long term clinical use of arginine and may be
causing non-physiological effects of high concentrations of arginine, such as release of
histamine from mast cells(26;51). We chose to primarily use arginine concentrations at and
below 400 μM that require transport by amino acid transporters (45) and not some indirect
form of cell entry that is known to occur at mM concentrations (5;16;30). Our results for
both increases in [NO], vasodilation, and blood flow are as large or larger than in earlier
studies using much higher arginine concentrations(7;56). The majority of in vivo studies of
humans using physiologically attainable concentrations of 100–400 μM generated by dietary
supplementation have shown enhanced microvascular perfusion and endothelial dependent
dilation in the in vivo state(20) (18;27;35;49) (4;38;40). The in vivo microvascular efficacy
of low concentrations of arginine was shown in animal studies by Frame and colleagues
(23;24). They reported skeletal muscle arterioles of the rat rapidly dilated to local
application of 100 μM L-arginine, which is just slightly higher or very near plasma
concentrations of 50–100 μM generally reported for adult rats(32;33;42;53;57;58) and the
dilation was suppressed by inhibition of eNOS. In the current study with the small intestinal
vasculature of rats, 200 and 400 μM L-arginine increased blood flow within three minutes
and the increased [NO] and diameter of arterioles generally approached 90% of the new and
larger steady state within about 60 seconds of adding 400 μM L-arginine to the topical bath
(Fig. 1). A concentration dependent increase in organ blood flow was found for the 100–400
μM L-arginine concentration range with maximal responses beginning at about 400 μM
(Figs. 5). The blood flow responses were not trivial because 400 μM L-arginine increased
intestinal blood flow by 50%(Fig. 5), which is comparable to the increased intestinal blood
flow of ~35% found by Vukosavljevic et al (56) using a bolus ejection of 100 millimolar
arginine in a volume that would dilute to ~2 mM arginine in the ~50 ml tissue bath.
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Furthermore, 400 μM L-arginine in our experience increased the perivascular [NO] (Fig. 4)
by about 400 nM, or nearly double the resting concentration. Virtually identical responses
were found by Vukosavljevic et al (56) at 2 millimolar L-arginine and are comparable to our
earlier observations of NO responses at 1 mM L-arginine (7). In both the current study and a
more preliminary earlier study (7), 1 mM L-NAME during the ongoing exposure to L-
arginine rapidly diminished the increased [NO] and vasodilation to below resting values
within 5–10 minutes(Figs. 3 and 4). These observations indicate that in the near
physiological range of arginine, most of the vasodilation was linked to increased NO
generation rather than some non-specific effect of arginine on smooth muscle function.

The past in vivo studies by both Frame and colleagues (23;24) and Vukosavljevic et al. (56)
have shown that arteriolar responses to L-arginine are fast, within tens of seconds. Our
results in Figures 1 and 3 confirm the rapidity and stability of the NO response to arginine
both in terms of vasodilation and increased generation of NO. In a prior study (54), we used
an entirely different approach to study arginine effects by restricting transport of native
arginine by providing additional L-lysine to compete for transport. Our results indicated
lysine competition for transport quickly diminished NO and dilatory responses to increased
flow, decreased oxygen tension, and NaCl hyperosmolarity, each of which is dependent on
the NO mechanism (7;9;47;59;60). The evidence from past studies and the new data predict
that ongoing transport of cationic amino acids (45) is used to support NO production and the
availability of extracellular arginine can quickly and substantially impact NO generation by
eNOS.

In the earlier studies of arginine effects (23:24:56), the period of exposure to arginine was of
the order of 3–5 minutes. We questioned whether the prolonged exposure to arginine for 15–
20 minutes and longer in many cases might cause a fast initial rise in [NO] followed by a
gradual lowering of the response as eNOS regulatory feedback mechanisms were activated.
As shown in Figure 3, exposure of arginine for 15–20 minutes was not associated with a
significant decline in either [NO] or vasodilation. Sustained l-arginine exposure did increase
vasomotion of the arteriole about a larger average diameter and a corresponding cycling of
the [NO] about a higher average concentration (Fig. 3). For these time periods studied, it
appears that excess arginine even at relatively low concentrations can force a sustained
increase in NO production. What was particularly interesting is that even with prolonged
arginine exposure, the vessels recovered most of their basal diameter and [NO] in about
three minutes, as shown in Figures 1 and 3. The current observations of persistent elevation
of [NO] and diameter during arginine exposure yet rapid recovery of response during
arginine withdrawal indicate relatively small changes in extracellular arginine availability
modulated NO production much more than is currently appreciated.

The intestinal preparation allowed us to evaluate to what extent the arterial and
microvascular sections of the intestinal vasculature caused the reduction of resistance and
the increase in blood flow during arginine exposure. This information is not currently
available for any vascular bed. The data in Figure 5 indicate that mesenteric arteries reduced
their resistance proportionately and significantly more than did the microvessels at 100 and
200 μM arginine. However, in following the blood flow responses, the arterioles had
completed their responses while flow continued to increase for about 60–90 seconds (Fig. 1,
Panel B). The delay in flow response is due to gradual dilation of the small arteries in the
mesentery. Based on the fraction of arterial pressure dissipated, the small arteries regulated
about one-third of the arterial pressure prior to the entry of the largest arterioles into the
bowel wall(Results), which is in agreement with our earlier observations(6;8). Therefore,
dilation of the resistance arteries to arginine can and did make a significant contribution to
increased blood flow. However, the arteriolar response is the dominant cause of decreased
resistance and increased blood flow for the overall vasculature. Our measurement of
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microvascular resistance in Figure 5 included the nearly fixed resistance of the capillary bed
and venular vasculature(6). Assuming capillary and venular resistance is about 30% of the
microvascular resistance based on our past measurements(6;29), the arterioles would have
had to decrease their resistance by nearly twice that of arteries to achieve the reductions in
total microvascular resistance shown in Figure 5 for each arginine concentration tested.
Therefore, from a functional stand point, both arteries and arterioles were very responsive to
arginine for the physiological concentration range tested, but arterioles were the dominant
resistance site of the arginine induced NO response. However, the data and the associated
conclusions on resistance reductions by arteries and microvessels in Figures 4 and 5 may
somewhat underestimate vascular responses to arginine because topical arginine was used to
avoid systemic vascular effects. Consequently, the endothelial cells are exposed to both the
plasma concentration of arginine and the extravascular arginine concentration such that the
net arginine concentration influencing the cells would be lower than the bath concentration.
However, even with this caveat, the results did indicate a functionally important vasodilation
of macro- and microscopic resistance vessels in response to excess arginine at realistic
physiological concentrations.
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Figure 1.
Panel A. The averaged time to reach ~90% of the stable arteriolar wall [NO] response to 400
μM L-arginine added to the bath and the time to recover ~90% of the post-arginine resting
[NO] after L-arginine solution was stopped are shown on the left side of the panel. On the
right side of Panel A, the ratio of the post-arginine resting [NO] to that at control prior to
arginine exposure is shown. The data in Panel A are based on studies of 9 arterioles in 9 rats.
Panel B presents the time to stably increased blood flow for topical arginine concentrations
of 200–1200 μM. These data are based on measurements in 12 rats. The flow responses
represent combined resistance responses of small arteries in the mesentery as well as the
microvasculature. Panels C and D are representative NO responses to the wash in and wash
out of 400 μM L-arginine added to the bath. The overall data indicate a rapid rise in [NO]
with arginine exposure, but a much slower decay with washout to near the original resting
[NO].
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Figure 2.
Responses of large to small intestinal arterioles to locally applied 400 μM arginine or 200
μM lysine to individual microvessels from a pump perfused micropipette (10 nl/sec for <30
μm inner diameter arterioles and at 50 nl/sec for larger vessels) nearly touching the vessel
wall. The purpose of these studies was to determine how rapidly vasodilation to arginine or
constriction to lysine could be achieved. Vasodilation to arginine and constriction to lysine
could often be detected at 5 seconds after release began and consistently occurred by 15
seconds of exposure. These results are based on observations from 14 vessels in 10 rats (8
vessels arginine; 6 vessels lysine).
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Figure 3.
Panels A and B present typical examples of [NO] and inner arteriolar diameter responses to
the onset and sustained exposure to 400 μM arginine in the bath media. Once the responses
to arginine were stable, 1 mM L-NAME was concurrently added to the bath media and the
progressive suppression of responses was followed. Experiments of this type were the
source for the data presented in Figure 4.
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Figure 4.
The inner arteriolar diameter and vessel wall [NO] responses to 200 and 400 μM L-arginine
and the suppression of these responses by L-NAME while 400 μM L-arginine continued to
be present. Both 200 and 400 μM arginine elevated [NO] and a concomitant dilation
occurred. L-NAME reduced increased [NO] and arteriolar diameter in the presence 400 μM
L-arginine to values significantly below the original resting states. The results are based on 6
vessels from 6 rats.
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Figure 5.
The upper panel presents the blood flow responses to 100–1200 μM topically applied L-
arginine. These data represent steady state responses of the intestinal vasculature in 10 rats
that were developed within 5 minutes of global application of arginine, as was shown in
Figure 1, Panel B. To determine vascular responses to a neutral amino acid, 1200 μM L-
alanine was suffused over the tissue, but no responses occurred. To maximally dilate the
local vasculature and illustrate the very good vascular tone, 100 μM sodium nitroprusside
was used to increase blood flow above ~250% of control. The flow results indicate 400 μM
L-arginine was a near maximum effective dosage for blood flow responses. The relative
vascular resistances of the arterial and microvascular regions of the small intestine at 100–
400 μM were calculated from the changes in blood flow and intravascular blood pressures
within the smallest arteries about to enter the bowel wall. The study revealed that the arterial
component of the intestinal vasculature proved to be as responsive to exogenous arginine, on
a relative basis, as the microvascular component of resistance. The relative resistance data
are based on individual observations in 8 rats.
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