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Armstrong ML, Dua AK, Murrant CL. Time course of vasodi-
lation at the onset of repetitive skeletal muscle contractions. Am J
Physiol Regul Integr Comp Physiol 292: R505-R515, 2007. First
published August 24, 2006; doi:10.1152/ajpregu.00381.2006.—To
characterize the vasodilatory response in the transition from a single
skeletal contraction to a series of contractions, we measured the
response of hamster cremaster muscle arterioles associated with four
to five skeletal muscle fibers stimulated to contract for one, two, three,
or four contractions (250-ms train duration) at 4-s intervals [15
contractions per minute (CPM)] for up to 12 s, at stimulus frequencies
of 4, 10, 20, 30, 40, 60, and 80 Hz. To investigate the contribution of
contraction frequency, we stimulated muscle fiber bundles at 30 or 60
CPM for 12 s at stimulus frequencies of 4, 20, and 60 Hz. Arteriolar
diameters at the site of overlap with the stimulated muscle fibers were
measured before and after each contraction. At 15 CPM at 4, 20, and
60 Hz, we observed a peak change in diameter following the first
contraction of 1.1 = 0.1, 1.6 = 0.2, and 2.1 £ 0.2 pm that almost
doubled in response to the second contraction (2.0 = 0.1, 3.0 = 0.1,
and 3.8 = 0.1 pm, respectively), but there was no further dilation
following the third or fourth contraction. A similar response occurred
at all stimulus and contraction frequencies tested. At 30 and 60 CPM
at 60 Hz, the plateau after two contractions was followed by a further
increase in diameter to a second plateau at 7-8 s. Therefore, the
vasodilatory response in the transition from single to multiple con-
tractions had components that were stimulation parameter dependent
and independent and showed a plateauing behavior indicative of rapid
changes in either the nature and/or concentration of vasodilators
released or changes in vascular reactivity.

stimulus frequency; arteriole; muscle contraction; contraction fre-
quency

THE PATTERN OF CHANGE IN BLOOD flow in response to skeletal
muscle contractions is a multiphase process with an initial,
rapid increase at the onset of contractions, followed by a
slower change to a steady state over time (for example, Refs.
4, 9, 35, 40, 47, 54, 59). While vascular compression was
thought to be the major process in developing the initial, rapid
hyperemia (for review, see Ref. 55), rapid vasodilation has
been conclusively identified as an important component of this
response (21, 30, 33, 41, 57). The identity of the dilators
responsible for the rapid dilation remain unclear. Since Gaskell
(19), it has been hypothesized that the vasodilation responsible
for the changes in blood flow in response to skeletal muscle
contraction is due, in part, to dilatory products released from
the active skeletal muscle cells themselves. Potential vasodi-
lators released as a result of skeletal muscle activation and
metabolism have been identified (for review, see Refs. 12, 27),
but no single vasoactive substance has emerged as having a

consistent, predominantly large contribution, especially at the
onset of exercise.

The reasons for the lack of identity of a single, prominent
dilator may be twofold. First, the complex nature of the pattern
of changes in flow and vasodilation at the onset of muscle
contraction indicates that there may be multiple vasodilators or
multiple processes involved very early in the hyperemic pro-
cess. Second, these processes may not be constant, changing
with changes in stimulation parameters of the skeletal muscle
cells themselves. Skeletal muscle cell activation and metabo-
lism (processes of ATP utilization and restoration) have been
hypothesized to be the source of the dilators responsible for
active hyperemia; thus, if activation and metabolism change,
by changing muscle stimulation parameters, then the dilators
produced may also change. Thus different experiments that use
different stimulation parameters may indeed identify different
vasodilatory processes responsible for changes in diameter and
changes in flow. Both blood flow patterns and arteriolar vaso-
dilatory patterns have been shown to differ, depending on the
stimulation parameters used to contract the skeletal muscle
cells. After a single contraction, the vasculature dilatory re-
sponse pattern has been observed to change with changes in
stimulus frequency (30) and with longer train durations (20, 30,
57) and has been influenced by the number of fibers recruited
(22, 33) and contraction intensity, a derivative of stimulus
frequency and number of motor units recruited (13, 54). Which
stimulation parameters have primary influences on the dilatory
patterns in the transition from a single contraction to multiple
contractions and what the effects of contraction frequency will
be are unknown. Close observation of the vasculature and the
early dilatory responses at the onset of repetitive muscle
contraction and how they change with changing stimulation
parameters will identify key time points of change and key
stimulation parameters that determine the vasodilation. This is
a necessary first step in identifying the critical dilators and
processes involved in the early stages of active hyperemia.

The goal of this study was to characterize the arteriolar
vasodilatory behavior in response to muscle contraction in the
transition from a single contraction to multiple repetitive con-
tractions and to test whether these early events of dilation
change with changes in stimulation parameters. We tested the
hypothesis that the vasodilation in response to muscle contrac-
tion would be rapid and the pattern of dilation would be
dependent on both stimulus frequency and contraction fre-
quency. We directly stimulated a small bundle of skeletal
muscle fibers (four to five) in an anesthetized hamster cremas-
ter muscle in situ overlying an arteriole (maximum diameter
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~40 pm) for one, two, three, or four contractions (train
duration 250 ms) at 4-s intervals [therefore, a maximum 12-s
contraction bout at a contraction frequency of 15 contractions
per minute (CPM)] over a range of stimulus frequencies (4, 10,
20, 30, 40, 60, and 80 Hz). Only one train duration was used,
as our laboratory has previously observed that short, physio-
logical train durations do not significantly alter the dilatory
pattern, only the magnitude (30). To determine the effects of
contraction frequency, we contracted muscle fibers for 12 s at
30 and 60 CPM at stimulus frequencies of 4, 20, and 60 Hz.
This preparation was used to evaluate the dynamics between
contracting skeletal muscle and the associated vasculature
directly. The advantage of stimulating only a small bundle of
muscle fibers is that only a very small, localized region of a
blood vessel is stimulated; therefore, local dilatory events can
be monitored in the absence of action of vascular compression
and in the absence of interference of conducted dilatory re-
sponses from muscle fibers contracting in other regions of the
tissue (5, 32, 42).

METHODS

All experimental procedures were approved by the institutional
animal care and use committee and were conducted in accordance
with the guidelines of the Canadian Council on Animal Care as set out
in the Guide to the Care and Use of Experimental Animals.

Experimental Model

Adult male Golden hamsters (100—130 g) were anesthetized with
pentobarbital sodium (70 mg/kg ip) and tracheotomized. Catheters
were placed in the left femoral artery and vein to monitor mean
arterial pressure and for supplemental pentobarbital administration,
respectively. Supplemental pentobarbital was given as needed during
surgery and constantly infused throughout the experimental protocol
(10 mg/ml saline, 0.56 ml/h). Hamster esophageal temperature was
maintained at 37°C via convective heat from a coiled water-filled
glass tube (42.0°C) secured under the hamster.

The right cremaster was prepared for in situ microscopy as previ-
ously described (3, 31). The cremaster is a thin muscle consisting of
five to six layers of skeletal muscle fibers and is an extension of the
muscles of the abdominal wall that holds the testes and epididymus in
place. The muscle consists of ~70% fast-oxidative glycolytic fibers,
15% fast glycolytic fibers, and 15% slow oxidative fibers (39) and
would be involved a range of activity states, such as fast, higher force
activities, such as quick retraction of the testes into the abdomen, as
well as lower force, more tonic activities produced by postural
muscle. Briefly, the cremaster was isolated, cut longitudinally, sepa-
rated from the testis and epididymis, and gently spread over a
semicircular lucite platform. The edges of the tissue were secured with
insect pins to maintain tension but not stretch the muscle. Once
exposed, the cremaster muscle was constantly superfused with a
bicarbonate-buffered salt solution containing (in mmol/l) 131.9 NaCl,
4.7 KClI, 2.0 CaCly, 1.2 MgSO4, 30 NaHCO3, and 0.3 mg/l tubarine
(curare), equilibrated with gas containing 5% CO>-95% N, (pH
7.35-7.45). Cremaster muscle temperature was maintained at 34.0°C.
Following the surgery, all preparations were allowed to equilibrate for
45-60 min before data collection.

The cremaster microvasculature was visualized by transillumina-
tion with a tungsten lamp and with an Olympus BX51WI using a X20
long working distance water immersion objective (numerical aperture
0.50) and a X1.6 magnification changer. The microscope image was
displayed via a video camera (Hitachi VK-C370) on a monitor and
recorded with a videotape recorder (Sony, SVO-9600MD). Final
magnification of the site was X2,000. Diameter measurements were
reproducible to within 0.3 wm. Transverse arterioles of ~40-pwm
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maximum diameter were observed. Transverse arterioles were iden-
tified as previously described (30). Our only selection criterion re-
quired that muscle fibers associated with the transverse arteriole run
approximately perpendicular to the vessel. This architecture is com-
mon and can be found in all areas of the preparation.

Muscle fiber bundles (3-5 fibers) were stimulated directly using a
platinum wire microelectrode (tip diameter ~25 wm), which was
placed in close proximity to, but not touching, muscle fibers running
approximately perpendicular to the arteriole (observation site). The
microelectrode was positioned at least 1,000 wm away from the
chosen site of the arteriole/stimulated muscle fiber intersection. Cu-
rare, a nicotinic cholinergic membrane receptor blocker, was added to
the superfusate to block nervous stimulation of the skeletal muscle
cells through the neuromuscular junction and ensure direct stimulation
of the skeletal muscle cells. The ground electrode was placed in the
superfusate around the outer rim of the tissue support pedestal. Each
stimulus was a square-wave pulse of 0.4-ms duration and 8-15 V
(Grass S48 stimulator, Quincy, MA). The voltage was adjusted to
maximally stimulate four to five muscle fibers and then kept constant
throughout the duration of the experiment.

The overall state of vascular responsiveness in each preparation
was assessed. Only the data collected on preparations that clearly
displayed arteriolar constriction to 10% oxygen and dilation to 10~*
M sodium nitroprusside were analyzed. Approximately 4% of all
preparations were discarded. Following each experiment, arteriolar
diameters were recorded after 2 min of superfusion of the preparation
with 10~ M sodium nitroprusside (considered to produce maximal
diameter).

Experimental Protocols

The nervous system stimulates skeletal muscle fibers using a range
of stimulation parameters to produce a wide range of movements.
Physiologically, the nervous system activates skeletal muscle cells
through discrete, short-duration bursts of multiple stimuli (trains),
producing tetanic contractions. Contractile activity is altered by
changing the number of stimuli within a train (stimulus frequency),
duration of a train (train duration), the number of trains per minute
(train frequency or contraction frequency in CPM), and the total
duration of the contraction period over time. Figure 1 illustrates each
of these stimulation variables.

Protocol 1. Muscle fiber bundles were stimulated to contract with
a 250-ms train duration for either one, two, three, or four contractions
at 4-s intervals (15 CPM) for up to 12 s, at stimulus frequencies of 4,
10, 20, 30, 40, 60, and 80 Hz. Fused tetanus and maximal force
generation for hamster cremaster muscle occurs at ~30 Hz (31). For
each experiment, the order of stimulus frequencies was randomized.

Protocol 2. To determine the effects of contraction frequency,
contraction frequencies >15 CPM were used as they are more
relevant to movement. We stimulated muscle fiber bundles with a
250-ms train duration once every 2 s (30 CPM) or once every second
(60 CPM) for 12 s at stimulus frequencies of 4, 20, and 60 Hz. These
stimulus frequencies were chosen as they produce the three distinct
patterns of dilation to a single contraction, a single rapid dilation at 4
Hz, a biphasic dilation at 20 Hz, and a single longer lasting dilation at
60 Hz. For each experiment, the order of stimulus frequencies was
randomized.

For both protocols, arteriolar diameter at the site of overlap with
contracting skeletal muscle fibers was continuously recorded for 1
min before each stimulation bout, during stimulation, and for 2 min
following stimulation. A 5-min rest period was allowed between each
stimulus frequency.

Data Analysis and Statistics

All data are reported as means * SE. Baseline diameter was
defined as the diameter just before muscle stimulation. Only one
arteriole per preparation was used to collect data, and » indicates the
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Fig. 1. Schematic of the multiple stimulation parameters that the nervous system uses to derive a tetanic contraction. A single stimulus (impulse) represents the
generation of a single action potential and would derive a twitch contraction in the associated skeletal muscle. Multiple stimuli (train of stimuli) delivered within
a specified duration (train duration) derive a tetanic contraction. The number of stimuli in a train is the stimulus frequency, whose units are traditionally cycles
(or impulses) per second (Hz). The number of times this train of stimuli is delivered per minute is the train frequency or the contraction frequency, the units being
contractions per minute (CPM). Depicted here is a stimulus frequency of 40 Hz [10 impulses in 250 ms equals 40 impulses in 1 s (Hz)], train duration of 250
ms, and a contraction frequency of one contraction per second or 60 CPM. The total duration of the contraction period is simply the time between the onset of

the contraction bout and when the overall contraction bout stops.

number of arterioles observed. All experiments were videotaped and
analyzed offline. Images were digitized, and arteriolar diameters
measured via Image-Pro Plus software. Arteriolar diameter was mea-
sured each second during stimulation and for 10 s following the last
contraction, after which diameter was measured every 5 s until 1 min
and then at 90 and 120 s. For data collected over time, group means
were compared with a repeated-measures ANOVA. Baseline and
maximal diameter were compared with an ANOVA. When the
ANOVAs identified significant differences, a protected least signifi-
cant difference was used post hoc to determine significant differences
between specific points. Linear and nonlinear (using classical equa-
tions to describe a hyperbola) regression analysis was used to deter-
mine the nature of the relationships between stimulation parameters
and changes in diameter (49). Differences were considered significant
when P < 0.05.

RESULTS

The initial baseline and maximum diameters of the trans-
verse arterioles used in this study are presented in Table 1.
Within protocol 1, the baseline diameters before each stimulus
frequency were not significantly different from each other, thus
diameter before 4-Hz stimulation is shown as representative.
Within both protocols, baseline diameters did not differ signif-
icantly from each other, but the maximum diameters of the
vessels between groups did differ.

Protocol 1

The differences in the pattern of dilation resulting from
changes in stimulus frequency in response to one, two, three,
and four contractions at 4, 20, and 60 Hz are shown in Fig. 2.
Figure 2A shows the magnitude of the dilation (0.7 = 0.2 pm
peak at 2 s) in response to 4 Hz with a train duration of 250 ms,
thus resulting in one impulse delivered. At 20 Hz, five impulses
were delivered, but the resulting dilation (peak diameter 1.5 *
0.2 pm peak at 3 s) was not five times larger than the dilation
resulting from a single impulse. At 60 Hz, 15 impulses were
delivered, but the resulting dilation (2.4 = 0.2 wm peak at 3 s)
was not 15 times larger than dilation, resulting from a single
impulse. Therefore, the magnitude of the dilation did not correlate
directly with the number of impulses delivered per train.

Figure 2, B, C, and D, shows the dilations resulting from
two, three, and four contractions, respectively, delivered at 4-s
intervals (15 CPM). The biphasic nature of the dilation at 20
Hz appears to disappear following multiple contractions, pos-
sibly as the second dilation from the first contraction appears as
the second, third, and fourth contraction are given, making the
peaks less distinct.

Figure 3 shows the peak diameter change within 4 s of each
contraction for experiments involving two, three, and four

Table 1. Baseline arteriolar diameters and sodium nitroprusside-induced maximal arteriolar diameters

for vessels in protocol 1 and protocol 2

Protocol 1

Protocol 2

Contraction frequency 15 CPM 30 CPM 60 CPM
Stimulus frequency 4 Hz* 4 Hz 20 Hz 60 Hz 4 Hz 20 Hz 60 Hz
(n=38) (n=29) (n=238) (n=138) n=29) (n=29)
Contraction number 1 2 3 4
n=15 m=9) n=29) (n=29)
Initial baseline diameter*, pm 16.9+1.7f 16.6+2.3 185+24 15.1*1.0 20.7+0.3 19.5+0.8 19.7+0.3 17.4*04 18.1+*14 16.5%£1.0
Maximal diameter, pm 34619 372%3.0 39.0x2.7% 30.5%x1.7 39.7£22% 40.0£2.0f 41.1%£1.9% 404x2.5% 40.0x2.0% 40.6+1.7%§

n, No. of animals. CPM, contractions per minute. *Baseline diameters were not significantly different across stimulus frequencies within each contraction
number protocol; thus baseline diameter for 4 Hz was used as representative. f Values are average * SE. #Significant difference from 15 CPM, 4 contractions.

§Significant difference from 15 CPM, 1 contraction.
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Fig. 2. The time course of the change in arteriolar diameter following one (A), two (B), three (C), or four contractions (D) at 4 Hz (0), 20 Hz (=), and 60 Hz
() at 4-s intervals (protocol I). The arrows and dashed lines indicate when each skeletal muscle contraction occurred. Significant dilations occurred following
each contraction protocol, and a significant biphasic dilation occurred following one contraction (A) at 20 Hz, where the change in diameter at 3 and 15 s was

significantly different from the change in diameter at 9 s.

contractions. These data show that the dilation after the second
contraction was two times that of the first contraction (Fig. 3A).
With three contractions (Fig. 3B), the dilation resulting from
the second contraction was also two times that of the first, but
there was no significant increase in dilation following the
second contraction. A similar trend occurred for four contrac-
tions, whereby the magnitude of the dilation resulting from the
second contraction was two times the dilatory response of the
first, but there was no significant increase in dilation following
the third or fourth contraction (Fig. 3C).

Protocol 2

The time course of the change in dilation over different
contraction and stimulus frequencies is shown in Fig. 4. Data
from the first 13 s of the series of four contractions (15 CPM)
at 4, 20, and 60 Hz from protocol 1 have been plotted here for
comparison sake. The dilation resulting from contractions with
lower stimulus frequencies (4 and 20 Hz) at both 30 and 60
CPM reached a very early plateau, following two or three
contractions, and did not change significantly over the remain-
ing contractions. At 60 Hz at both 30 and 60 CPM, the change
in diameter reached an apparent plateau early, and then in-
creased significantly and reached a second apparent plateau. A
plateau was defined as a region over time, where the rate of

change in diameter decreased significantly. At 30 CPM, the
rate of change diameter was 2.4 * 0.1 pm/s until the first
plateau was reached at 3 s. From 3 to 6 s, the rate of change in
diameter decreased significantly to 0.4 = 0.2 wm/s. Following
this apparent plateau, there was a second increase in the rate of
change in diameter to 3.8 * 0.4 pm/s up to 8 s. A second
plateau was observed from 8 to 11 s, where the rate of change
in diameter significantly decreased to 0.8 = 0.5 wm/s. There is
another increase in diameter following 11 s, but whether this is
representative of an increase to a third plateau is unknown, as
contractions were stopped at 12 s.

At 60 CPM, the rate of change in diameter was 1.7 = 0.1
pm/s until the first, less well-defined plateau was reached
between 2 and 4 s, where the rate of change of diameter
decreased significantly to 0.4 £ 0.2 wm/s. This was followed
by a second increase in the rate of change of diameter to 3.3 =
0.2 wm/s until 7 s, where a second apparent plateau occurred.
From 7 to 10 s, the rate of change of diameter significantly
decreased to 0.7 = 0.3 pm/s. There is another increase in
diameter after 10 s, but whether this is representative of an
increase to a third plateau is, again, unknown, as contractions
were stopped at 12 s.

The trend observed in Fig. 2, whereby there appears to be no
further dilation following the second contraction at 15 CPM at

AJP-Regul Integr Comp Physiol « VOL 292 « JANUARY 2007 « WWW.ajpregu.org

6002 ‘/z JaquanopN uo Bio°ABojoisAyd-nbaidle woiy papeojumoq



http://ajpregu.physiology.org

TIME COURSE OF VASODILATION DURING REPETITIVE MUSCLE CONTRACTION

71
= first contraction

E - [Isecond contraction
£ E s
= =
§ —

s
[
ES * L

4+ *
S * L
B o
= 0 * *
oG ] *
D m©
E o
§% 7
x @
g [
o<
4Hz 10Hz 20Hz 30Hz 40Hz B0Hz B0Hz

Stimulus Frequency (Hz)

71 == first contraction

[ second contraction
& third contraction

Peak change in diameter within
4 sec of each contraction (um)

20Hz 3DH )
Stimulus Frequency (Hz)

= first contraction
[—Jsecond contraction
54 third contraction
I fourth contraction

Peak change in diameter within (@]

4 sec of each contraction (um)

N\

= I3
% §

35 3 k
30Hz 40Hz B0Hz BOHz

k)
20Hz

Stimulus Frequency (Hz)

Fig. 3. The peak change in arteriolar diameter within 4 s of each contraction
(250-ms train duration) during the two- (A), three- (B), and four-contraction
(C) protocol. Shaded bars indicate the change in diameter following one
contraction; open bars, two contractions; hatched bars, three contractions; solid
bars, four contractions. *Contraction 2 was significantly larger than contrac-
tion 1. *Contraction 3 was significantly larger than contraction 2. In C, the
vasodilation to contraction 4 was not significantly different from dilation at
contractions 2 or 3 at any stimulus frequency.

all stimulus frequencies, is maintained at higher contraction
frequencies. Figure 5 shows the change in diameter following
each of the first four contractions at 30 and 60 CPM. We
observed the same trend toward an early plateau following two
contractions at all stimulus frequencies. Although not signifi-
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cant, the change in diameter at 30 CPM at 4 Hz (Fig. 5A) for
contraction 2 (1.1 = 0.2 pm) was almost double that observed
in contraction 1 (0.6 £ 0.1 pwm). The significant increase in
diameter of the fourth contraction observed at 60 Hz at both 30
and 60 CPM may be the beginning of the further increase to a
second plateau observed in Fig. 4.
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Fig. 4. The time course of the change in arteriolar diameter during muscle
stimulation at 15 CPM (A), 30 CPM (B), and 60 CPM (C), at stimulus
frequencies of 4 Hz (0), 20 Hz (w), and 60 Hz (»). The dashed lines indicate
when each skeletal muscle contraction occurred. *Plateau regions at 60 Hz at
30 and 60 CPM, where the rate of change in diameter is significantly lower
than the rate before it.
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