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Abstract
Abstract We tested the hypothesis that
sympathetic nerve activity can influence the
conduction of vasodilation along the arteriolar
wall. Arterioles in the superfused cremaster
http://circres.ahajournals.org/cgi/content/full/76/5/885
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muscle of anesthetized male hamsters (n=21,

References

109±4 g) were studied. Microelectrodes were
positioned adjacent to the distal end of primary arterioles to stimulate
sympathetic nerves throughout arteriolar networks (perivascular nerve
stimulation [PNS]). Microiontophoresis micropipettes (tip outer
diameter, 1 to 2 µm) filled with acetylcholine (ACh, 1 mol/L) were
positioned adjacent to the wall of second-order (2A) or third-order (3A)
arterioles 1 mm distal to their origin to induce local and conducted
vasodilation; diameter responses were recorded at the micropipette tip
and at vessel origins, respectively. For 2A and 3A arterioles (resting
diameters, 15 to 54 and 9 to 30 µm, respectively), vasoconstriction with
PNS was frequency dependent (0.5 to 32 Hz); this was attenuated by
65% (P<.05) with -adrenoceptor blockade (phentolamine, 1 µmol/L).
Conducted vasodilation was attenuated by >40% during 16-Hz PNS
(P<.05); this effect was reversed by phentolamine. In a reciprocal
fashion, conducted vasodilation diminished PNS-induced
vasoconstriction by 50% (P<.05). Elevating oxygen (from 0% to 10%)
in the superfusion solution induced vasoconstriction similar to that with
16-Hz PNS yet had no effect on conduction. Neural blockade with
tetrodotoxin (1 µmol/L) eliminated PNS-induced vasoconstriction and
enhanced (P<.05) conducted vasodilation. These findings indicate that
perivascular nerves in striated muscle can influence cell-to-cell
communication along the arteriolar wall both at rest and during enhanced
sympathetic activity. The attenuation of sympathetic vasoconstriction by
conducted vasodilation suggests a novel explanation for functional
sympatholysis.
Key Words: microcirculation • perivascular nerve stimulation •
microiontophoresis • acetylcholine • adrenoceptors
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The control of arteriolar diameter reflects the
sum of multiple inputs to vascular smooth
muscle cells. In skeletal muscle, activation of
sympathetic nerves results in
vasoconstriction.

123

In contrast, increasing

the metabolic activity of muscle fibers induces vasodilation.

45

Arteriolar

diameter also reflects changes in transmural pressure and luminal blood
flow.

67

The interaction between central (ie, neural) and local

mechanisms of blood flow control is a long-standing question in
cardiovascular and exercise physiology. Of particular interest in the
present study is the apparent "competition" between sympathetic
vasoconstriction and the vasodilation that occurs during muscular
activity.

5 8 9 10 11

Sympathetic outflow increases with exercise, yet there

is a preferential increase in blood flow to active muscle. In effect,
functional vasodilation "overrides" sympathetic vasoconstriction, giving
rise to the concept of "functional sympatholysis."

59

Nevertheless,

sympathetic nerve activity can limit muscle blood flow by constricting
resistance vessels.

11 12 13

The mechanisms of interaction between sympathetic vasoconstriction
and peripheral vasodilation have been studied in some detail. For
1

example, substances released by muscle fibers and motor nerves

14

can

inhibit norepinephrine (NE) release and dilate arterioles. Vasomotor
responses can also result from stimuli delivered to sites well removed
from a particular branch of the arteriolar network. For example,
acetylcholine (ACh) microiontophoresis induces a dilation that is
conducted rapidly from cell to cell along the arteriolar wall over
distances encompassing several millimeters and multiple branch
orders.

15 16 17

However, the influence of sympathetic nerve activity on
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cell-to-cell conduction in arteriolar networks has not been determined. In
the present study, we tested the hypothesis that sympathetic nerve
activity can influence the conduction of vasodilation along the arteriolar
wall. Our findings in striated muscle show that stimulation of
sympathetic nerves substantially depressed conducted vasodilation via
activation of -adrenoceptors. Furthermore, the conduction of
vasodilation significantly attenuated sympathetic vasoconstriction of
arterioles, suggesting a novel explanation for functional sympatholysis.

5

9

Materials and Methods
Animal Care and Preliminary Surgery
All procedures were approved by the
Institutional Animal Care and Use Committee
of the John B. Pierce Laboratory. Male golden
hamsters (n=21, 109±4 g, Charles River) were
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maintained at 24°C on a 14-h/10-h (light/dark)
cycle and provided food (Purina rodent chow) and water ad libitum.
Hamsters were anesthetized with pentobarbital sodium (60 mg/kg IP)
and tracheotomized to maintain a patent airway. The right carotid artery
was cannulated for monitoring arterial pressure (CDX III transducer,
Cobe Laboratories). Another cannula was secured in the left femoral vein
to replace fluids and maintain anesthesia during experiments (10 mg
pentobarbital per milliliter isotonic saline, infused at 0.41 mL/h).
Cremaster Preparation
The right hamster cremaster muscle was prepared as recently described
in detail.

16

Briefly, by use of a stereo microscope (model DRC, Zeiss),

the muscle was exposed and positioned onto a transparent acrylic
pedestal. The cremaster muscle was opened from the apex to the inguinal
http://circres.ahajournals.org/cgi/content/full/76/5/885
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canal along the ventral surface. The spermatic artery and vein were
ligated, and then the testis and epididymis were carefully separated from
the muscle and removed. Eight to 12 sutures (6-0 silk, Ethicon) were
secured around the edge of the muscle and used to spread the tissue
radially.
The cremaster preparation was superfused continuously (5 mL/min) with
a bicarbonate-buffered physiological saline solution (PSS) (34±1°C, pH
7.4) of the following composition (mmol/L): NaCl 131.9, KCl 4.7,
MgSO 1.2, CaCl 2, NaHCO 18 (Sigma Chemical Co). Superfusion
4

2

3

solutions were gassed continuously with 5% CO /95% N unless noted
2

2

otherwise; in three experiments, a Clark-type electrode (model PHM
7/MK2, Radiometer Copenhagen) was used to measure PO of the PSS
2

on the surface of the preparation. Esophageal temperature was
maintained at 38±1°C by positioning the hamster on a copper coil
through which warm water (43°C) was circulated. When all experimental
procedures for the day were complete, the hamster was given an
overdose of pentobarbital through the venous cannula.
Video Microscopy
The preparation was transferred to the stage of an intravital microscope
(model ACM, Zeiss) and equilibrated for 45 minutes. Second-order (2A;
resting diameter, 15 to 54 µm) and third-order (3A; resting diameter, 9 to
30 µm) arterioles were selected for study on the basis of optical clarity
and resting tone, as demonstrated by a brisk and reversible dilation in
response to topical application of adenosine (0.1 mmol/L). Microvessels
were observed with bright-field microscopy using Köhler illumination
(ACH/APL condenser [numerical aperture, 0.32]; objectives, Zeiss
UD40 [numerical aperture, 0.41] or Leitz L25 [numerical aperture,
0.35]). A video camera (CCD model C2400, Hamamatsu) was positioned
http://circres.ahajournals.org/cgi/content/full/76/5/885
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on a trinocular imaging tube and coupled to a video monitor (model
PVM 1343MD, Sony). Final magnification on the monitor was x1400
when either objective was used.
Internal vessel diameters were recorded from the video monitor by using
a video caliper. A stage micrometer (100x0.01=1 mm, Graticules Ltd)
was used for calibration; spatial resolution was 1 µm. The direct effect
of ACh was assessed at the micropipette tip (referred to as "local"), and
conducted vasodilation was evaluated at the origin of the stimulated
branch, which was typically 1 mm upstream from the ACh
micropipette

16 17

(Fig 1 ). Control experiments eliminated the

possibility of ACh diffusion to the upstream site or of nonspecific effects
of iontophoretic current on arteriolar diameter.

15 16

Data were acquired

at 100 Hz by using a MacLab system (AD Instruments) coupled to a
Macintosh IIVX computer.

View larger version
(16K):
[in this window]
[in a new window]

Figure 1. Top, Diagram of arteriolar
networks studied. PNS indicates
perivascular nerve stimulation; ACh,
acetylcholine. The break in the first-order
(1A) arteriole accounts for the distance
between the PNS microelectrode and the
sites where PNS and ACh responses were
assessed (see "Materials and Methods"
for details). The ACh micropipette was
positioned 1 mm downstream from the
vessel origin (*), where conducted
responses were measured. Bottom, Two
representative tracings of conducted
responses at the origin of second-order
arterioles to ACh microiontophoresis (1
mA, 500 ms; given at arrowheads), 16Hz PNS, and 10% O or tetrodotoxin
2

(TTX , 1 µmol/L) in the superfusion
solution. Solid bars below each tracing
http://circres.ahajournals.org/cgi/content/full/76/5/885
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indicate the duration of corresponding
manipulation (for TTX, application was
begun 30 minutes before); the 10 sec
calibration bar pertains to both tracings.
In the upper tracing, note
vasoconstriction and suppression of
conducted vasodilation during 16-Hz
PNS; TTX augmented conducted
vasodilation above the control level and
eliminated both vasoconstriction and
suppression of conduction induced by
PNS. In the lower tracing, whereas 16-Hz
PNS suppressed conducted vasodilation,
equivalent vasoconstriction with 10% O
2

had no effect on the magnitude of
conduction.
Micropipettes and Microelectrodes
Borosilicate glass capillary tubes (Corning No. 7740; outer diameter, 1.2
mm; inner diameter, 0.68 mm; Warner Instrument Corp) were pulled
(model P-87, Sutter Instruments) to produce micropipettes with tips
(outer diameter) of 1 to 2 µm (for microiontophoresis) or 2 to 3 µm (for
perivascular nerve stimulation [PNS]); tip dimensions were measured at
x630 optical magnification with bright-field microscopy. Micropipettes
were backfilled with 1 mol/L ACh (Sigma) or 0.9% NaCl after filtering
to remove particles >0.2 µm (Acrodisc, Gelman Sciences).
Microiontophoresis
Micropipettes containing ACh were secured in a holder and connected to
an iontophoresis programmer (model 160, World Precision Instruments)
via a Ag/AgCl wire; the programmer was gated externally by the
MacLab system. A second Ag/AgCl wire secured at the edge of the
preparation served as the reference electrode. Micropipettes were
positioned 1 mm distal to the vessel origin (Fig 1 ) with a
micromanipulator (model M, Leitz); a large movable stage enabled the
http://circres.ahajournals.org/cgi/content/full/76/5/885
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entire preparation and micromanipulators to be moved as a unit without
disturbing the spatial relation between arterioles, micropipettes, and
microelectrodes.

16

The retaining current (0.1 to 0.2 mA) was adjusted to

just prevent leakage (indicated by vasodilation) from the micropipette
tip. Based on dose-response curves to ACh microiontophoresis (data not
shown), the amplitude of ejection current was held at 1 mA; stimulus
durations were selected to elicit maximal and half-maximal conducted
responses (500 and 200 ms, respectively). To quantify the effect of ACh
on arteriolar diameter, the magnitudes of local and conducted responses
to microiontophoresis were calculated as follows: peak response
diameter (in micrometers) minus preceding baseline diameter (in
micrometers).
Perivascular Nerve Stimulation
A distal segment of the first-order (1A) arteriole was exposed by
microdissection of adjacent striated muscle fibers. A stimulating
microelectrode was prepared by using a micropipette filled with 0.9%
NaCl; this was secured in a Leitz micromanipulator and positioned
adjacent to the exposed 1A segment (Fig 1 ). The microelectrode was
connected via a Ag/AgCl wire to the negative terminal of a stimulator
(model S48, Grass Instruments Co); the positive terminal of the
stimulator was connected to the Ag/AgCl reference wire. With constant
pulse duration (1 ms) and stimulation frequency (8 Hz), voltage for PNS
was adjusted (average, 120 V) until maximal constriction was observed
in an arteriolar branch located 5 mm proximal to the microelectrode;
observations at such remote sites ensured that vasoconstriction was not
due to direct depolarization of smooth muscle cells at the microelectrode
tip.
To determine the frequency-response characteristics of arterioles to PNS,
diameter responses were characterized at seven stimulation frequencies
http://circres.ahajournals.org/cgi/content/full/76/5/885
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(0.5, 1, 2, 4, 8, 16, and 32 Hz)

18

in five hamsters. The train durations for

stimulation were selected to provide stable diameter responses and varied
inversely with stimulation frequency: 30 s for 0.5 and 1 Hz; 20 s for 2, 4,
and 8 Hz; 16 s for 16 Hz; and 8 s for 32 Hz. At 16 Hz, for example,
constriction began 3 s after initiating PNS and peaked within 16 s. To
test for activation of sympathetic nerves, the above procedures were
repeated after 30 minutes of exposure to phentolamine (1 µmol/L,
Research Biochemicals Inc), an -adrenoceptor antagonist, added to the
superfusion solution.
For summary frequency-response curves, changes in arteriolar diameter
(peak diameter response [in micrometers] minus resting diameter [in
micrometers]) at a given frequency of PNS were divided by the maximal
diameter change and expressed as percentage of maximum for each
arteriole. These summary data were used to ascertain the stimulus
frequencies required to elicit 50% and 100% of the maximal PNS
responses (4 and 16 Hz, respectively), which were used in subsequent
experiments. Although 32 Hz was often the stimulus giving maximum
response, preliminary experiments revealed sympathetic "escape" (ie,
dilation after constriction during nerve stimulation) in 3A arterioles
1

during stimulation at this frequency. Thus, responses to 16-Hz PNS
were taken as maximal without escape.
Interaction Between PNS and ACh
For these experiments, eight hamsters were used to test whether PNS (ie,
sympathetic vasoconstriction) would alter conducted vasodilation in
arterioles. After positioning the ACh micropipette as shown in Fig 1 ,
ACh was applied (1 mA, 500 and 200 ms) under control conditions; each
ACh stimulus was then tested during 4- and 16-Hz PNS. Because PNS
results in arteriolar constriction, control experiments were necessary to
account for the change in diameter per se. Therefore, responses to
http://circres.ahajournals.org/cgi/content/full/76/5/885
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identical ACh stimuli were also evaluated during vasoconstriction
induced by elevating superfusate O concentration from 0% to 10%. For
2

all experiments, diameter values were quantified at resting baseline and
when responses to experimental manipulations (eg, PNS or 10% O ) had
2

stabilized. Local and conducted responses to ACh microiontophoresis
were recorded at the peak of the diameter response at rest and during
PNS or 10% O . Representative diameter tracings for individual 2A
2

arterioles are presented in Fig 1 to illustrate experimental protocols.
Conduction and PNS With Sympathetic Blockade
These experiments tested whether inhibition of -adrenoceptors with
phentolamine (1 µmol/L) or blockade of nerve action potentials with
tetrodotoxin (TTX, 1 µmol/L; Sigma) would alter the influence of PNS
on conducted vasodilation. On the basis of the similarity of results
between 2A and 3A branches in the above experiments (see "Results"),
only 2A arterioles were studied with these protocols. Micropipettes
containing ACh were positioned as in Fig 1 . Responses to PNS (16 Hz)
and ACh (1 mA, 500 ms) were studied before and after 30 minutes of
exposure to either phentolamine or TTX in the superfusion solution (Fig
1 ). Eight hamsters were studied with these protocols (phentolamine,
n=3; TTX, n=5). Arteriolar diameters at rest and in response to PNS
were measured under control conditions and in the presence of
phentolamine or TTX (Table ). Responses to ACh microiontophoresis at
rest and during PNS were recorded locally and at upstream (conducted)
sites in the absence and presence of phentolamine or TTX as described
above.
View this table: Table 1. Influence of Tetrodotoxin and
[in this window] Phentolamine on Baseline Diameter and
[in a new window] Response to 16-Hz Perivascular Nerve
http://circres.ahajournals.org/cgi/content/full/76/5/885
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Stimulation in Second-Order Arterioles of
Hamster Cremaster Muscle
Statistics
One to three arterioles were studied in each preparation; each vessel was
treated as a separate experiment.

16 17

Experimental treatments affecting

the entire preparation (eg, PNS, 10% O , TTX, and phentolamine) are
2

referred to as "global." Unpaired t tests were performed to determine
whether responses to PNS or to ACh varied between 2A and 3A
arterioles. Repeated-measures ANOVA was used to compare the effect
of global treatments on resting diameter and on vasomotor responses to
ACh. Post hoc comparisons of cell means were performed by multiple
linear comparisons with the family-wide error rate adjusted to P .05.
Thus, critical P values for individual comparisons were determined by
dividing .05 by the number of comparisons of interest as determined a
priori for each analysis. All statistical comparisons were performed with
SUPERANOVA (Abacus Concepts Inc). Summary data are presented as

mean±SEM.

Results
Preparations were stable throughout each
day's experiments (duration, 3 to 5 hours) as
assessed by the maintenance of vasomotor
tone (2A and 3A arterioles typically increased
diameter 50% to 100% with adenosine) and
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the stability of mean arterial pressure from the beginning (96±3 mm Hg,
n=20) to the end (98±4 mm Hg) of the experiments. Mean arterial
pressure during PNS (95±1 mm Hg) was not different from control
pressure. Responses to 200-ms ACh and 4-Hz PNS were similar in
direction yet reduced in magnitude when compared with 500-ms ACh
http://circres.ahajournals.org/cgi/content/full/76/5/885
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and 16-Hz PNS; therefore, only the latter data are presented for clarity.
Perivascular Nerve Stimulation
The magnitude of vasoconstriction increased with the frequency of
stimulation in both 2A and 3A arterioles (Fig 2 ); there were no
differences between responses (percentage of maximal response) of 2A
or 3A arterioles at either 4 or 16 Hz. The greatest vasoconstrictions
occurred at 16 or 32 Hz, irrespective of vessel order.
Figure 2. Frequency-response curves of
arteriolar diameter to perivascular nerve
stimulation (PNS). Responses to PNS were
evaluated in second-order (2A, n=8, top panel)
and third-order (3A, n=9, bottom panel)
arterioles under control conditions and in the
presence of 1 µmol/L phentolamine. Diameter
change (% MAX) is defined in "Materials and
Methods." Resting diameters of these arterioles
were 40.6±5.5 µm (2A) and 20.4±2.9 µm (3A);
View larger
version (20K): corresponding diameters with topical adenosine
[in this window] (0.1 mmol/L) were 61.2±5.8 and 30.7±4.4 µm,
[in a new window] respectively.
Responses to Global Stimuli
The PO of control PSS (gassed with 5% CO /95% N ) averaged 30
2

2

2

mm Hg on the surface of the preparation and increased to 100 mm Hg
when gassed with 10% O /5% CO /85% N . The vasoconstriction
2

2

2

induced by 10% O was not different from that elicited with 16-Hz PNS
2

in either 2A or 3A branches (Fig 3 ). Whereas phentolamine did not
affect baseline diameter, arterioles stabilized at smaller (P<.05)
diameters in the presence of TTX (Table ). Arteriolar constriction to
PNS was reduced by 65% in the presence of phentolamine (Fig 2 ) and
eliminated completely during TTX exposure (P<.05). Vasoconstrictor
http://circres.ahajournals.org/cgi/content/full/76/5/885
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responses to PNS returned after washout (45 minutes) of phentolamine
or TTX with control PSS (data not shown).

View larger version
(23K):
[in this window]
[in a new window]

Figure 3. Bar graph showing the
diameter of second-order (2A, open bars,
n=12) and third-order (3A, hatched bars,
n=10) arterioles adjacent to
acetylcholine-filled micropipette tip
(local) under control conditions (CNTL),
during 16-Hz perivascular nerve
stimulation, and during 10% O in the
2

superfusion solution. These data were
recorded 1028±45 and 998±37 µm distal
to the origin of 2A and 3A arterioles,
respectively; corresponding responses at
the vessel origins were not different.
Maximal diameters during dilation with
adenosine were 50.2±2.9 and 33.0±2.5
µm for 2A and 3A branches,
respectively, and did not differ from local
responses to acetylcholine (1 mA, 500
ms). *Significantly different from CNTL
(P<.05).

Local Responses to Vasomotor Stimuli
At the tip of the ACh micropipette, diameter increased significantly in
response to ACh in both 2A and 3A arterioles (Fig 4 ). During
vasoconstriction with 16-Hz PNS or elevated O , ACh elicited greater
2

dilation of 2A arterioles than was elicited during control conditions.
Figure 4. Bar graphs showing local and
conducted vasodilation to acetylcholine
microiontophoresis (1 mA, 500 ms) in secondorder (2A, open bars) and third-order (3A,
hatched bars) arterioles. Corresponding
diameters and n values are reported in Fig 3 .
http://circres.ahajournals.org/cgi/content/full/76/5/885
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Top, Local diameter changes under control
conditions (CNTL), during 16-Hz perivascular
nerve stimulation, and during 10% O in the
2

View larger
version (26K):
[in this window]
[in a new window]

superfusion solution. Each diameter increase
was statistically significant (P<.05).
*Significantly different from CNTL (P<.05).
Bottom, Magnitude of conducted vasodilation
(ie, diameter change) at the origin of arterioles.
Each diameter increase was significant (P<.05).
*Significantly different from CNTL and from
10% O (P<.05).
2

Conducted Responses
Representative tracings of conducted vasodilation in 2A arterioles are
presented in Fig 1 . As shown previously,

15 16

a 2- to 3-s delay preceded

dilation, which peaked 10 s thereafter. Conduction increased arteriolar
diameter at the vessel origin under all conditions (P<.05); the amplitude
of conducted responses did not differ between 2A and 3A branches (Fig
4 ). Conducted vasodilation was significantly less during 16-Hz PNS
than during control conditions or equivalent vasoconstriction with 10%
O (Fig 4 ); this effect of PNS on conduction was not different between
2

branch orders. In four arterioles, vasoconstriction was not observed
during PNS; nevertheless, PNS attenuated conducted vasodilation in
each case.
Phentolamine had no affect on conducted vasodilation under control
conditions (Fig 5 ), yet it eliminated the PNS-induced depression of
conducted responses. In the presence of TTX, conducted vasodilation
was enhanced by 25% at rest and was more than twofold greater during
PNS (Fig 5 ).

http://circres.ahajournals.org/cgi/content/full/76/5/885
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View larger version
(31K):
[in this window]
[in a new window]

Figure 5. Bar graph showing the
magnitude of conducted vasodilation at
the origin of second-order (2A) arterioles
under control conditions (CNTL) and in
the presence and absence of tetrodotoxin
(TTX, 1 µmol/L) or phentolamine
(PHEN, 1 µmol/L); local responses to
acetylcholine were not affected by these
treatments (data not shown).
Acetylcholine-filled micropipettes were
positioned 956±38 and 1024±47 µm
from the vessel origin for PHEN and
TTX experiments, respectively.
Corresponding n values and diameters at
rest (baseline) and during perivascular
nerve stimulation (PNS) are shown in the
Table . *Significantly different between
rest and PNS (P<.05). #Significantly
different between TTX or PHEN and
corresponding CNTL response (P<.05).

Discussion
We have investigated the interaction between
perivascular nerve activity and conducted
vasodilation in arterioles of striated muscle. In
response to PNS, frequency-dependent
vasoconstriction occurred in 2A and 3A
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arterioles, which was suppressed by phentolamine and abolished with
TTX. Whereas local vasodilation to ACh (ie, at the site of direct action)
increased during PNS, the corresponding conducted responses were
diminished by nearly half (Fig 4 ). The suppression of conduction by
PNS was eliminated with TTX or phentolamine; TTX also enhanced
conduction at rest. The present data are the first to demonstrate an
interaction between sympathetic nerve activity and the conduction of
vasomotor responses along arterioles. Our findings indicate the presence
http://circres.ahajournals.org/cgi/content/full/76/5/885
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of neural modulation of cell-to-cell communication in arterioles of
striated muscle both at rest and during elevated sympathetic outflow.
Perivascular Nerve Stimulation
Previous studies in the rat have activated sympathetic nerves by
stimulating paravertebral ganglia.

2 18

In the hamster, we have found

these ganglia to be extremely difficult to isolate. Therefore, an
alternative approach was taken. Because sympathetic nerves run as a
plexus around the arteriolar network of striated muscle

23

(S.S. Segal and

B.D. Walker, unpublished data, 1994), we reasoned that action potentials
triggered distally in the network should propagate in a retrograde
direction. Thus, a segment of the primary arteriole was exposed near the
distal edge of the tissue and the stimulating microelectrode positioned
adjacent to the exposed vessel. In response to PNS, vasoconstriction
propagated into arterioles located in the central region of the muscle,
which confirmed our reasoning.
Arterioles constricted in response to PNS over the range of 0.5 to 32 Hz,
which is consistent with previous functional studies
of sympathetic activity from peripheral nerves.

19

2 18

and recordings

The attenuation of

PNS-induced vasoconstriction by phentolamine confirmed the activation
of sympathetic nerves. The slight dilation observed at the lowest PNS
frequencies in the presence of phentolamine (Fig 2 ) may have reflected
activation of ß-adrenoceptors.

14

Alternatively, this vasodilation may

have resulted from other substances released by perivascular nerves.

20 21

Nevertheless, the effects of PNS observed in the present study primarily
involved the release of NE (Figs 2 and 5 ).
The frequency-response characteristics of rat cremaster arterioles to
sympathetic stimulation were found to vary with network location: 2A
branches were less sensitive to low-frequency stimulation (0.2 to 4 Hz)
http://circres.ahajournals.org/cgi/content/full/76/5/885
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than 3A branches.

18

These differences have been explained by

corresponding variation in the distribution of -adrenoceptors within the
arteriolar network (1A and 2A,

1

and

2

; 3A and 4A,

18 22

2

)

and

provided a rationale for our studying both 2A and 3A arterioles in the
hamster cremaster muscle. Although the direct effect of ACh on 2A
arterioles was enhanced by vasoconstriction (Fig 4 ), we found no
difference between branch orders in sensitivity to PNS (Fig 2 ) or to the
interaction between conduction and PNS (Fig 4 ). Hamster arterioles
may have more uniform -adrenoceptor distribution than observed in the
rat

18 22

; however, this remains to be ascertained.

Responses to ACh
Local responses to ACh were either maintained or increased by global
treatments (eg, PNS and elevated O ); in no case was the direct effect of
2

ACh attenuated. In contrast, PNS attenuated conducted vasodilation
(Figs 4 and 5 ). This reduction was not dependent on vasoconstriction
per se because equivalent constriction with 10% O did not affect
2

conduction. Because phentolamine eliminated the attenuation of
conduction during PNS, we conclude that the effect of PNS on
conducted vasodilation is mediated via NE activation of -adrenoceptors.
In a reciprocal fashion, ACh-induced vasodilation overcame the PNSinduced vasoconstriction both directly and at sites of conduction. In
addition to its direct action as a vasodilator, ACh could attenuate
14

sympathetic vasoconstriction via presynaptic inhibition of NE release.
However, this effect would occur only at the site of ACh release.
Because NE is released throughout the perivascular nerve plexus,

2 3 23

conducted vasodilation must interact with sympathetic vasoconstriction
by a mechanism other than presynaptic inhibition.
The conduction of vasodilation occurs via coupling between endothelial
http://circres.ahajournals.org/cgi/content/full/76/5/885
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cells and smooth muscle cells along the arteriolar wall; a key component
appears to involve the spread of hyperpolarization triggered locally by
ACh.

17 24

In the hamster cheek pouch, micropipette application of

depolarizing KCl solution (137 mmol/L) or the microiontophoresis of
NE onto arterioles was found to induce vasoconstriction that conducted
along arterioles and attenuated conducted vasodilation.

15 17

Nevertheless, the cheek pouch microcirculation is devoid of sympathetic
nerves,

25

and the influence of sympathetic nerve activity on conduction

in arterioles has not previously been investigated. Arteriolar smooth
muscle cells depolarize in response to sympathetic nerve stimulation or
exposure to NE.

23 26

Therefore, the present findings lead us to

hypothesize that depolarization of arteriolar smooth muscle cells induced
by NE release during PNS may underlie the attenuation of
hyperpolarization and conducted vasodilation triggered by ACh.
Alternatively, NE may alter cell-to-cell coupling in the arteriolar wall
and thereby reduce the amplitude of conduction. In support of this
argument are the findings that NE increases intracellular Ca
muscle cells through binding to -adrenoceptors,
gap junctional conductance.

28

27

2+

in smooth

which may reduce

Whereas the present results are the first to

indicate that PNS depresses conducted vasodilation via -adrenoceptor
activation in vivo, further experiments are required to identify the
subsequent event(s) that influence conduction.
Tetrodotoxin
+

TTX blocks the fast voltage-sensitive Na channels and thereby inhibits
the propagation of action potentials. In previous studies, administration
of TTX to cheek pouch arterioles had no affect on conduction.

16 17

This

finding argued against a role for nerves in conduction and contributed to
the conclusion that cell-to-cell coupling was the basis of conduction in
arterioles.

17 24

In contrast to the cheek pouch,

http://circres.ahajournals.org/cgi/content/full/76/5/885
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cremaster muscle are richly invested with perivascular nerve fibers

18 21

(S.S. Segal and B.D. Walker, unpublished data, 1994); therefore, TTX
should inhibit neurotransmitter release. In the presence of TTX, the
elimination of PNS-induced vasoconstriction and augmented conducted
responses (Fig 5 ) are consistent with this interpretation.
Arterioles developed sustained constriction during exposure to TTX. In
fact, the magnitude of constriction to TTX was not different from that
obtained with PNS (Table ). Although the cause of this response is
unclear, vasoconstriction by itself (eg, with 10% O ) does not influence
2

conduction (Fig 4 ). In addition, TTX does not directly affect the
membrane potential of vascular smooth muscle cells.

29

Therefore,

whereas enhanced conduction during TTX exposure may be explained
by elimination of perivascular nerve activity, the inability of
phentolamine to alter conduction at rest suggests than neuromodulators
in addition to NE could influence cell-to-cell coupling in arterioles.
Significance
Functional hyperemia occurs in the cremaster muscle in response to
electrical stimulation

30

31

and during physical exercise

; cremaster

preparations have proven highly useful in studies of blood flow control
in the microcirculation of striated muscle.

2 7 16 18 21 22 30

Muscular
5

exercise also increases the activity of the sympathetic nervous system.
11

The mechanism by which active muscle overrides this vasoconstrictor

stimulus is unclear in spite of the volume of research on this topic
10 12 13

1589

; the products of muscle metabolism cannot completely account

for this phenomenon. ACh release at neuromuscular junctions increases
greatly during exercise. As shown in the present study and in previous
studies,

15 16

this molecule is highly effective in triggering conducted

vasodilation. Recent work suggests that neuromuscular junctions in
http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

Interaction Between Conducted Vasodilation and Sympathetic Nerve Activation i... Page 20 of 28

striated muscle could provide a vasomotor stimulus to arterioles.

32

Therefore, we speculate that conducted vasodilation triggered at
neuromuscular junctions may contribute to functional sympatholysis.
Although the present findings demonstrate that the direct effects of ACh
are not impaired in the presence of increased sympathetic activity,
conduction is clearly suppressed. Nevertheless, the persistence of
conducted vasodilation during PNS indicates that it may still contribute
to the rapid increase in capillary surface area that occurs with the onset
of muscular exercise.

9 16

Summary and Conclusion
Perivascular nerve stimulation at the distal end of primary arterioles
activated sympathetic nerves throughout arteriolar networks in hamster
striated muscle. During PNS, ACh microiontophoresis reversed
vasoconstriction in 2A and 3A arterioles locally and by triggering
conducted vasodilation. The magnitude of conducted vasodilation was
diminished similarly by PNS in both vessel orders, and this effect was
reversed with phentolamine. In the presence of TTX, responses to PNS
were eliminated, and the magnitude of conducted vasodilation was
increased. These findings indicate that sympathetic nerves can influence
cell-to-cell communication along the arteriolar wall, both at rest and
during enhanced sympathetic activity. The attenuation of sympathetic
vasoconstriction by conducted vasodilation suggests a novel explanation
for functional sympatholysis.

Acknowledgments
This study was supported by National Institutes of Health grant R29-HL41026 (Dr Segal) and by predoctoral and postdoctoral fellowships (Dr
Kurjiaka) from the American Heart Association, Pennsylvania and
Connecticut Affiliates, Inc, and was performed during the tenure of an
http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

Interaction Between Conducted Vasodilation and Sympathetic Nerve Activation i... Page 21 of 28

Established Investigatorship Award (Dr Segal) from the American Heart
Association and Genentech, Inc.
Received August 10, 1994; accepted January 23, 1995.

References
Top
Abstract
Introduction
Materials and Methods
Results
Discussion
References

1. Boegehold MA, Johnson PC. Response
of arteriolar network of skeletal muscle to
sympathetic nerve stimulation. Am J
Physiol. 1988;254:H919-H928.
[Abstract/Free Full Text]
2. Fleming BP, Barron KW, Howes TW,
Smith JK. Response of the microcirculation in rat cremaster muscle
to peripheral and central sympathetic stimulation. Circ Res. 1987;61
(suppl II):II-26-II-31.
3. Marshall JM. The influence of the sympathetic nervous system on
individual vessels of the microcirculation of skeletal muscle of the
rat. J Physiol (Lond). 1982;332:169-186. [Medline] [Order article
via Infotrieve]
4. Haddy FJ, Scott JB. Metabolic factors in peripheral circulatory
regulation. Fed Proc. 1975;34:2006-2011. [Medline] [Order article
via Infotrieve]
5. Remensnyder JP, Mitchell JH, Sarnoff SJ. Functional sympatholysis
during muscular activity. Circ Res. 1962;11:370-380. [Medline]
[Order article via Infotrieve]
6. Kuo L, Chilian WM, Davis MJ. Interaction of pressure- and flowinduced responses in porcine coronary resistance vessels. Am J
Physiol. 1991;261:H1706-H1715. [Abstract/Free Full Text]
7. Koller A, Kaley G. Endothelial regulation of wall shear stress and
blood flow in skeletal muscle microcirculation. Am J Physiol. 1991;
260:H862-H868.
8. Costin JC, Skinner NS Jr. Competition between vasoconstrictor and
vasodilator mechanisms in skeletal muscle. Am J Physiol. 1971;
220:462-466.
9. Kjellmer I. On the competition between metabolic vasodilatation
and neurogenic vasoconstriction in skeletal muscle. Acta Physiol
Scand. 1965;63:450-459. [Medline] [Order article via Infotrieve]
10. Folkow B, Sonnenschein RR, Wright DL. Loci of neurogenic and
http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

Interaction Between Conducted Vasodilation and Sympathetic Nerve Activation i... Page 22 of 28

11.
12.
13.
14.
15.
16.
17.
18.

metabolic effects on precapillary vessels of skeletal muscle. Acta
Physiol Scand. 1971;81:459-471. [Medline] [Order article via
Infotrieve]
Rowell LB. Human Circulation: Regulation During Physical Stress.
New York, NY: Oxford University Press Inc; 1986:213-256.
Thompson LP, Mohrman DE. Blood flow and oxygen consumption
in skeletal muscle during sympathetic stimulation. Am J Physiol.
1983;245:H66-H71. [Abstract/Free Full Text]
Klabunde RE. Attenuation of reactive and active hyperemia by
sympathetic stimulation in dog gracilis muscle. Am J Physiol. 1986;
251:H1183-H1187.
Vanhoutte PM, Verbeuren TJ, Webb RC. Local modulation of
adrenergic neuroeffector interaction in the blood vessel well.
Physiol Rev. 1981;61:151-247. [Free Full Text]
Segal SS, Damon DN, Duling BR. Propagation of vasomotor
responses coordinates arteriolar resistances. Am J Physiol. 1989;
256:H832-H837.
Segal SS. Microvascular recruitment in hamster striated muscle:
role for conducted vasodilation. Am J Physiol. 1991;261:H181H189. [Abstract/Free Full Text]
Segal SS, Duling BR. Conduction of vasomotor responses in
arterioles: a role for cell-to-cell coupling? Am J Physiol.
1989;256:H838-H845. [Abstract/Free Full Text]
Ohyanagi M, Faber JE, Nishigaki K. Differential activation of 1

and

19.
20.
21.

22.
23.

2

-adrenoceptors on microvascular smooth muscle during

sympathetic nerve stimulation. Circ Res. 1991;68:232-244.
[Abstract]
Wallin BG, Fagius J. The sympathetic nervous system in man:
aspects derived from microelectrode recordings. Trends Neurosci.
1986;15:63-67.
Lundberg JM, Franco-Cereceda A, Lacroix JS, Pernow J. Release of
vasoactive peptides from autonomic and sensory nerves. Blood
Vessels. 1991;28:27-34.
Fleming BP, Gibbins IL, Morris JL, Gannon BJ. Noradrenergic and
peptidergic innervation of the extrinsic vessels and microcirculation
of the rat cremaster muscle. Microvasc Res. 1989;38:255-268.
[Medline] [Order article via Infotrieve]
Faber JE. In situ analysis of alpha-adrenoceptors on arteriolar and
venular smooth muscle in rat skeletal muscle microcirculation. Circ
Res. 1988;62:37-50. [Abstract]
Hirst GD, Edwards FR. Sympathetic neuroeffector transmission in

http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

Interaction Between Conducted Vasodilation and Sympathetic Nerve Activation i... Page 23 of 28

24.
25.

26.
27.

arteries and arterioles. Physiol Rev. 1989;69:546-604.
[Free Full Text]
Segal SS, Bény JL. Intracellular recording and dye transfer in
arterioles during blood flow control. Am J Physiol. 1992;263:H1H7. [Abstract/Free Full Text]
Joyner W, Campbell GT, Peterson C, Wagoner J. Adrenergic
neurons: are they present on microvessels in cheek pouches of
hamsters? Microvasc Res. 1983;26:27-35. [Medline] [Order article
via Infotrieve]
Morgan KG. Electrophysiological differentiation of -receptors on
arteriolar smooth muscle. Am J Physiol. 1983;244:H540-H545.
[Medline] [Order article via Infotrieve]
Minneman KP. -Adrenergic receptor subtypes, inositol
1

2+

28.
29.

30.
31.

32.

phosphates, and sources of cell Ca . Pharmacol Rev. 1988;40:87119. [Medline] [Order article via Infotrieve]
Spray DC, Burt JM. Structure-activity relations of the cardiac gap
junction channel. Am J Physiol. 1990;258:C195-C205.
[Abstract/Free Full Text]
Lombard JH, Burke MJ, Contney SJ, Willems WJ, Stekiel WJ.
Effect of tetrodotoxin on membrane potentials and active tone in
vascular smooth muscle. Am J Physiol. 1982;242:H967-H972.
[Medline] [Order article via Infotrieve]
Klitzman B, Duling BR. Microvascular hematocrit and red cell flow
in resting and contracting striated muscle. Am J Physiol.
1979;237:H481-H490. [Abstract/Free Full Text]
Laughlin MH, Korthius RJ, Sexton WL, Armstrong RB. Regional
muscle blood flow capacity and exercise hyperemia in highintensity trained rats. J Appl Physiol. 1988;64:2420-2427.
[Abstract/Free Full Text]
Pierzga JM, Segal SS. Spatial relationships between neuromuscular
junctions and microvessels in hamster cremaster muscle. Microvasc
Res. 1994;48:50-67.[Medline] [Order article via Infotrieve]

This article has been cited by other articles:
S. J Haug and S. S Segal
Sympathetic neural inhibition of conducted
http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

Interaction Between Conducted Vasodilation and Sympathetic Nerve Activation i... Page 24 of 28

vasodilatation along hamster feed arteries:
complementary effects of {alpha}1- and
{alpha}2-adrenoreceptor activation
J. Physiol., March 1, 2005; 563(2): 541 - 555.
[Abstract] [Full Text] [PDF]

G. D. Thomas and S. S. Segal
Neural control of muscle blood flow during
exercise
J Appl Physiol, August 1, 2004; 97(2): 731 - 738.
[Abstract] [Full Text] [PDF]

S. J. Haug, D. G. Welsh, and S. S. Segal
Sympathetic nerves inhibit conducted
vasodilatation along feed arteries during
passive stretch of hamster skeletal muscle
J. Physiol., October 1, 2003; 552(1): 273 - 282.
[Abstract] [Full Text] [PDF]

J. W. G. E. VanTeeffelen and S. S. Segal
Interaction between sympathetic nerve
activation and muscle fibre contraction in
resistance vessels of hamster retractor muscle
J. Physiol., July 15, 2003; 550(2): 563 - 574.
[Abstract] [Full Text] [PDF]

S. Budel, I. S. Bartlett, and S. S. Segal
Homocellular Conduction Along Endothelium
and Smooth Muscle of Arterioles in Hamster
Cheek Pouch: Unmasking an NO Wave
Circ. Res., July 11, 2003; 93(1): 61 - 68.
[Abstract] [Full Text] [PDF]

M. Salomonsson, F. Gustafsson, D. Andreasen, B. L.
Jensen, and N.-H. Holstein-Rathlou
http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

Interaction Between Conducted Vasodilation and Sympathetic Nerve Activation i... Page 25 of 28

Local electric stimulation causes conducted
calcium response in rat interlobular arteries
Am J Physiol Renal Physiol, September 1, 2002; 283
(3): F473 - 480.
[Abstract] [Full Text] [PDF]

T. Nagaoka, F. Mori, and A. Yoshida
Retinal Artery Response to Acute Systemic
Blood Pressure Increase during Cold Pressor
Test in Humans
Invest. Ophthalmol. Vis. Sci., June 1, 2002; 43(6):
1941 - 1945.
[Abstract] [Full Text] [PDF]

B. J. A. Janssen, E. V. Lukoshkova, and G. A. Head
Sympathetic modulation of renal blood flow by
rilmenidine and captopril: central vs.
peripheral effects
Am J Physiol Renal Physiol, January 1, 2002; 282
(1): F113 - 123.
[Abstract] [Full Text] [PDF]

F. Gustafsson, D. Andreasen, M. Salomonsson, B. L.
Jensen, and N.-H. Holstein-Rathlou
Conducted vasoconstriction in rat mesenteric
arterioles: role for dihydropyridine-insensitive
Ca2+ channels
Am J Physiol Heart Circ Physiol, February 1, 2001;
280(2): H582 - 590.
[Abstract] [Full Text]

G. G. Emerson and S. S. Segal
Electrical activation of endothelium evokes
vasodilation and hyperpolarization along
hamster feed arteries
Am J Physiol Heart Circ Physiol, January 1, 2001;
280(1): H160 - 167.
http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

Interaction Between Conducted Vasodilation and Sympathetic Nerve Activation i... Page 26 of 28

[Abstract] [Full Text]

D. G. Welsh, M. T. Nelson, D. M. Eckman, and J. E.
Brayden
Swelling-activated cation channels mediate
depolarization of rat cerebrovascular smooth
muscle by hyposmolarity and intravascular
pressure
J. Physiol., August 15, 2000; 527(1): 139 - 148.
[Abstract] [Full Text]

F. Lee, J. K. Shoemaker, P. M. McQuillan, A. R.
Kunselman, M. B. Smith, Q. X. Yang, H. Smith, K.
Gray, and L. I. Sinoway
Effects of forearm bier block with bretylium on
the hemodynamic and metabolic responses to
handgrip
Am J Physiol Heart Circ Physiol, August 1, 2000; 279
(2): H586 - 593.
[Abstract] [Full Text] [PDF]

D. G. Welsh and S. S. Segal
Role of EDHF in conduction of vasodilation
along hamster cheek pouch arterioles in vivo
Am J Physiol Heart Circ Physiol, June 1, 2000; 278
(6): H1832 - 1839.
[Abstract] [Full Text]

J. E. HUNGERFORD, W. C. SESSA, and S. S. SEGAL
Vasomotor control in arterioles of the mouse
cremaster muscle
FASEB J, January 1, 2000; 14(1): 197 - 207.
[Abstract] [Full Text]

S. S. Segal, D. G. Welsh, and D. T. Kurjiaka
http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

Interaction Between Conducted Vasodilation and Sympathetic Nerve Activation i... Page 27 of 28

Spread of vasodilatation and vasoconstriction
along feed arteries and arterioles of hamster
skeletal muscle
J. Physiol., April 1, 1999; 516(1): 283 - 291.
[Abstract] [Full Text]

D. G. Welsh and S. S. Segal
Muscle Length Directs Sympathetic Nerve
Activity and Vasomotor Tone in Resistance
Vessels of Hamster Retractor
Circ. Res., September 1, 1996; 79(3): 551 - 559.
[Abstract] [Full Text]

D. G. Welsh and S. S. Segal
Endothelial and smooth muscle cell conduction
in arterioles controlling blood flow
Am J Physiol Heart Circ Physiol, January 1, 1998;
274(1): H178 - 186.
[Abstract] [Full Text]

This Article
Abstract
Alert me when this article is cited
Alert me if a correction is posted
Citation Map

Services
Email this article to a friend
Similar articles in this journal
Similar articles in PubMed
Alert me to new issues of the journal
Download to citation manager
Request Permissions

PubMed
PubMed Citation
Articles by Kurjiaka, D. T.
Articles by Segal, S. S.

http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

Interaction Between Conducted Vasodilation and Sympathetic Nerve Activation i... Page 28 of 28
HOME HELP FEEDBACK SUBSCRIPTIONS ARCHIVE SEARCH TABLE OF CONTENTS
CIRCULATION RESEARCH ART, THRO, VASC BIO ALL AHA JOURNALS
CIRCULATION
HYPERTENSION
STROKE

http://circres.ahajournals.org/cgi/content/full/76/5/885

7/20/2005

