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Sakurai, Terumi, and Naohito Terui. Effects of sympathetically
induced vasomotion on tissue-capillary fluid exchange. Am J Physiol
Heart Circ Physiol 291: H1761–H1767, 2006. First published May
26, 2006; doi:10.1152/ajpheart.00280.2006.—The spontaneous and
rhythmic constriction of peripheral arterioles, which is not associated
with the cardiac or respiratory cycles, is called vasomotion. Vasomo-
tion is observed in various tissues of various species, but the physi-
ological role of vasomotion has not been clarified because of the
difficulty in controlling the appearance of vasomotion in in vivo
preparations. We developed a method of controlling vasomotion in in
vivo experiments. The electrical stimulation of the cervical sympa-
thetic nerve could reproducibly evoke vasomotion in rabbit ear skin.
The frequencies of the evoked vasomotion were 0.04–0.07 Hz, which
corresponded to spontaneously occurring vasomotion that has been
reported before. Vasomotion was always evoked between 25 and
35°C. At lower than 17°C or higher than 37°C, vasomotion was not
evoked. With the use of this method of evoking vasomotion in vivo,
the role of vasomotion in tissue perfusion was examined. A tracer
(Cr-EDTA) was injected into the ear tissue, and tracer fading was then
measured by using a camera. The rates of fading (clearance) of the
tracer with vasomotion were significantly greater (1.7 to 8.1 times)
than those without vasomotion. These results provided evidence that
vasomotion enhanced tissue perfusion.

flow motion; microcirculation

A SPONTANEOUS RHYTHMIC CHANGE in vascular diameter, termed
vasomotion, is a typical feature of arteriolar networks. Vaso-
motion has been observed in various tissues of mammals,
including humans (1, 5, 8, 18, 21, 33). It is not correlated with
other physiological rhythms, such as breathing movements or
heartbeat (13). Vasomotion causes a rhythmic variation in
blood flow (flow motion) (2, 7), which can be detected by
laser-Doppler flowmetry (3, 14, 19, 25, 29).

The main function of the microvasculature is the transport of
materials. Water and solutes in blood are carried through
microvessels and exchanged, through vessel walls, with those
in surrounding tissues. It has been suggested in theoretical
models that oscillatory perfusion may confer specific advan-
tages over steady-state flow (12, 16, 24, 28), but the physio-
logical significance of vasomotion in microcirculatory flow
remains the subject of investigations and considerable debate
(3, 26, 27). Because vasomotion disappears readily upon an-
esthesia (6) and the appearance of vasomotion cannot be
controlled, the examination of vasomotion in in vivo prepara-
tions has been difficult.

The temperature of a preparation was reported to affect the
frequency of vasomotion. As temperature increases, the fre-
quency of vasomotion increases (4, 5), until disappearing at a
certain temperature (17, 25, 29). Vasomotion is also abolished
by decreasing temperature to a certain level (5). Vasomotion
occurs in response to the application of �-receptor agonists in
vitro (22). It seems that vasomotion is evoked by sympathetic
nerve stimulation and controlled by temperature in in vivo
preparations. To our knowledge, however, no experimental
trials have been carried out.

The effects of muscle capillary blood flow in the steady state
on the permeability of water-soluble substances are examined
by the microscopic tissue clearance method (30). In this
method, a muscle tissue is stained with a test tracer by suffus-
ing the tracer solution around the tissue, and then subsequent
changes in tissue concentration attributable to tracer washout
by capillary flow are recorded. With the use of this clearance
method, the effects of vasomotion on tissue-fluid material
exchanges can be evaluated.

To clarify the physiological significance of vasomotion, we
1) developed a method for the reproducible induction of
vasomotion in anesthetized rabbits in vivo and 2) examined the
effects of vasomotion on material exchanges between tissue
and blood.

METHODS

Preparation

Experiments were performed on Japanese White rabbits (3.35 �
0.11 kg) of both sexes. All experiments were approved by the Animal
Experiment Committee of the University of Tsukuba. Animals were
initially anesthetized with 3% halothane (Takeda), administered
through a face mask. After the administration of halothane, hair was
shaved from the ear, and the right femoral vein and artery were then
exposed for the insertion of polyethylene catheters with local anes-
thesia using xylocaine (80 mg/1 ml lidocaine hydrochloride, Astra).
Urethane (1 g/kg body wt, Tokyo Kasei) was administered intrave-
nously through the catheter of the femoral vein. By monitoring the
fluctuation of arterial pressure and heart rate, the level of anesthesia
was checked at all stages, and an additional dose of the anesthetic was
given when necessary. After the injection of urethane, the right
femoral artery was cannulated for the measurement of systemic
arterial pressure (AP). The arterial line was filled with heparin
(heparin sodium salt, 200 units/ml in 0.9% saline, Wako). After the
trachea was cannulated, the animal was immobilized with gallamine
triethiodide (Sigma), initially at 30 mg and thereafter at 20 mg/h iv
with an infusion pump (STC-521, Terumo). Animals were ventilated
artificially with a gas mixture of 20% O2-80% room air using a
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respiratory pump (model 661E, Harvard Apparatus). End-expiratory
CO2 concentration was monitored continuously (RespinaIH26, Sanei-
NEC) and maintained at between 3.8 and 4.2% by adjusting ventila-
tion volume. Rectal temperature was maintained at 39–40°C with a
thermostatically regulated heating pad and an infrared lamp connected
to a thermocouple inserted into the rectum. Room temperature was
maintained at 26 � 3°C. To change the temperature solely of an ear,
the ear was covered with a thermally insulated box in which temper-
ature-controlled air was circulated. Temperature in the box was
measured with a thermocouple thermometer. At the end of the
experiment, the animal was euthanized by the administration of an
overdose of the anesthetic.

Stimulation of Cervical Sympathetic Nerve

The cervical sympathetic nerve was exposed unilaterally by a flank
incision of the neck and isolated from the surrounding tissue. The
distal cut end of the nerve was placed across a pair of silver-wire
electrodes spaced 2–3 mm apart. Electrical stimuli were square-wave
pulses of 0.5-ms duration. For monitoring ear blood flow (EBF)
decrease using a laser-Doppler flowmeter, stimulus intensity (4.5–
16.5 V) was adjusted to be 1.5 times the maximal strength as
determined by continuous electrical stimulation at 20 Hz for 10 s.
Response thresholds ranged between 0.38 and 2.00 V. All these
stimulus pulses were delivered from a pulse generator (SEN-7103,
Nihon Kohden) through an isolation unit (SS-201J, Nihon Kohden).
The exposed cervical sympathetic nerve was covered with mineral oil
to prevent drying.

Data Recordings

AP, end-expiratory CO2 concentration, EBF, ambient temperature
of the ear, and rectal temperature were recorded online (the sampling
rate of AP was at 140 Hz, whereas other parameters were at 12 Hz)
using the CED 1401 plus interface and Spike2 software (Cambridge
Electronic Design, Cambridge, UK).

Recordings of Vasomotion and Flow Motion

Changes in the diameter of an arteriole (vasomotion) were ob-
served through the dorsal skin of the ear under a video microscope
(TW-CM10, Sony). Hair was removed from the ear with a hair
remover (thioglycolic acid, Kanebo), and the observed area of the ear
was transilluminated with a halogen lamp. To determine the associ-
ation of diameter changes of a vessel with blood flow changes, time
marks at 1-s intervals were generated as sounds (for videotape
recordings) and as pulses (for flowmeter recordings). The videos were
converted to audio video interleaving (AVI) files using a digital video
(DV) converter (ADVC100, Canopus). The diameter changes of an
arteriole were measured every 1 s from frame pictures of the AVI
files.

To measure changes in blood flow (flow motion), a probe of a
laser-Doppler flowmeter (1-s time constant, ALF21D, Advance) was
placed on the skin over an arteriole. We selected arteries from first-,
second-, or third-order branches, so that the diameter of arterioles was
in the range of 30 to 100 �m.

Recordings of Tissue Perfusion

Tissue perfusion was measured by the clearance method (30). As
the indicator for clearance, we employed Cr-EDTA, which is often
used to examine capillary permeability (23, 32). Cr-EDTA is an inert
blue dye with a molecular weight of 341, approximately equal to
sucrose (342 mol wt), and does not bind to albumin. Cr-EDTA (0.1 M,
20 �l) was injected into the skin of the rabbit ear. As previously noted
(30), the tracer was washed out by capillary flow, and then the blue
color of the tissue faded gradually. The fading of the blue color of the
tissue indicates a concentration change of Cr-EDTA in the tissue.
Therefore, we recorded color fading with a color CCD digital camera

(DXC-S500, Sony), which took an image (640 � 480 pixels) of the
injected part of the ear every 30 s. The exposure and white balance of
the digital camera were set manually and remained fixed throughout
the experiment. The injected part of the ear was transilluminated with
a halogen lamp. The color images were converted to an eight-bit gray
scale (0–255) using Photoshop (Adobe systems), and the gray-scale
images were then analyzed using Scion Image (Scion). Tracer con-
centration was estimated as the mean value of the gray scale within
the region of interest.

Experimental Procedure

Vasomotion and flow motion. To establish the relationship between
vasomotion and flow motion, a simultaneous recording was per-
formed. A probe of the laser-Doppler flowmeter was placed on the
skin of the ear on the ventral side, and changes in the diameter of the
arteriole onto which the probe was attached were observed from the
dorsal side under the video microscope. Because of the low resolution,
no movements of arterioles with a diameter of �30 �m could be
observed by this video microscopy method.

Experiment 1: frequency of stimulation and flow motion. To estab-
lish the relationship between the frequency of electrical stimulation
and induced flow motion, stimuli of various frequencies (a burst of 5
pulses at 20 Hz every 0.5–20 s or a continuous stimulation with pulses
of 2–25 Hz) were applied to the cervical sympathetic nerve.

Experiment 2: temperature and flow motion. To establish the
relationship between temperature and the frequency of induced flow
motion, the ambient temperature of the ear was decreased in a
stepwise manner from room temperature to �10°C, then increased to
42°C, and decreased again to room temperature. The temperature
inside the box was kept constant (�0.5°C) during the electrical
stimulation of the cervical sympathetic nerve.

Experiment 3: effects of flow motion on tissue perfusion. Before the
electrical stimulation, Cr-EDTA (0.1 M, 20 �l) was injected into the
skin of the rabbit ear. The ear was placed in the box for the control of
ambient temperature. Measurements were carried out at low or high
ambient temperatures at which flow motion could be induced and at
lower or higher temperatures at which flow motion could not be
induced.

Statistical Analysis

The results of experiment 2 were statistically analyzed using
Pearson’s correlation coefficient. The Wilcoxon signed-ranks test was
used to determine the significance of differences in experiment 3. The
level of significance was P � 0.05. Results were expressed as
means � SE.

RESULTS

Vasomotion and Flow Motion

The electrical stimulation of the cervical sympathetic nerve
induced vasomotion in most arterioles at the center, medial
edge, lateral edge, and tip of the ear. Vasomotion was observed
from the first to fourth branched arterioles (�30 �m in diam-
eter) (Fig. 1 and supplemental video 1, A and B; note: all
supplemental videos cited in this article are available online at
the American Journal of Physiology-Heart and Circulatory
Physiology web site). The contraction of the vessel seemed to
start and spread (1–4 mm/s) from one branching point to the
next. The direction of propagation was not necessarily toward
the periphery.

As shown in Fig. 2, the electrical stimulation of the cervical
sympathetic nerve immediately decreased the diameter of the
arteriole and EBF. The decrease in EBF was maintained
throughout the stimulation. Rhythmical changes in the diame-
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ter of the arteriole and EBF started after the onset of the
stimulation. After the cessation of stimulation, these rhythmi-
cal changes disappeared, and the diameter of the arteriole and
EBF returned to the prestimulus level (supplemental video 2).
Simultaneous recordings showed that a decrease in diameter
always corresponded to a decrease in EBF; that is, the fre-
quency of diameter changes was always consistent with that of
EBF changes. However, there was a poor correlation between
the amplitude of diameter changes and that of EBF changes
(one out of three showed a correlation; data not shown).

Experiment 1

To examine the effects of stimulus frequency, a burst of 5
pulses at 20 Hz every 0.5–20 s (burst stimulation) or a contin-
uous stimulation with pulses of 2–25 Hz for 500 s was applied
to the cervical sympathetic nerve at room temperature in three
rabbits. Two-hundred seconds before the end of stimulation
was taken as the period of analysis, because sometimes flow

Fig. 2. Simultaneous recording of vasomotion and flow motion. Simultaneous
recording with a video microscope and using laser-Doppler flowmeter. A:
samples of pictures from video microscope: constricted state (left) and dilated
state (right). To measure changes in ear blood flow (EBF), a flowmeter probe
(bright areas in video pictures) was placed on the skin of the ear on ventral
side. B: electrical stimulation (9 V, 10 Hz continuous) of cervical sympathetic
nerve induced vasomotion (top) and flow motion (bottom).

Fig. 3. Relationship between frequency of stimulation and that of flow motion.
A: EBF responses to electrical stimulation (9 V) of cervical sympathetic nerve.
Five pulses at 20 Hz every 0.5 s (top) and continuous 20 Hz (bottom) were
applied, respectively. B: various frequencies of stimuli (abscissa) were applied
to cervical sympathetic nerve: a burst of 5 pulses at 20 Hz every 0.5–20 s (the
reciprocal of the burst interval was taken as the frequency, open symbols) or
a continuous stimulation of 2–25 Hz (solid symbols). Because continuous
stimulation with pulses of 2 Hz did not evoke flow motion, those data were
eliminated. Different symbols represent different rabbits (n � 3).

Fig. 1. Stimulation-induced vasomotion. Electrical stimulation of cervical sympa-
thetic nerve elicited vasomotion of arterioles. A: dorsal surface of rabbit ear. Squares
[third bifurcated arterioles (a) and first bifurcated arterioles (b)] indicate regions shown
in B.
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motion was not stable at the initial period of stimulation.
Typical results are shown in Fig. 3A.

At frequencies �0.25 Hz (reciprocal of burst interval) of
burst stimulation, EBF fluctuated at the same frequency of
stimulation in two rabbits, whereas EBF fluctuation, which was
independent of stimulus frequency, was observed in one rabbit.
Burst stimulation at �0.30 Hz always induced flow motion
with a frequency that was independent of stimulus frequency.
Continuous stimulation at frequencies �4 Hz induced flow
motion with a frequency that did not correlate with electrical
stimulus frequency (Fig. 3B). Because the frequencies of
evoked flow motion did not differ between stimulation meth-
ods (burst or continuous stimulation), we pooled them. The
frequencies of flow motion ranged between 0.04 and 0.07 Hz
[mean, 0.055 � 0.001 Hz, number of experiments (n) � 29].

Experiment 2

The effects of temperature on flow motion were examined in
three rabbits. The stimuli (continuous stimulation with pulses
of 2–16 Hz) were applied for 500 s. The ear was covered with
a box to keep ambient temperature constant. The frequency of
flow motion induced by electrical stimulation was measured.
Typical results are shown in Fig. 4A.

Flow motion was always induced at ambient temperatures
between 25° and 35°C after electrical stimulation. Between 17°
and 25°C or between 35° and 37°C, the induction of flow
motion after electrical stimulation depended on the rabbit. At
�17°C or �37°C, electrical stimulation decreased EBF, but
flow motion was not evoked (Fig. 4B). The frequency of
evoked flow motion significantly correlated with ambient tem-
perature in two out of the three [Pearson’s correlation coeffi-
cients: 0.705 (P � 0.05), 0.288 (P � 0.30), and 0.934 (P �
0.05), respectively].

Experiment 3

To examine the effects of vasomotion on tissue perfusion,
Cr-EDTA was injected into the ear skin of eight rabbits, and
tracer fading was measured. One of the examples is shown in
Fig. 5. In this experiment, ambient temperatures were main-
tained at 37°C (with flow motion) and at 47°C (without flow

Fig. 5. Tracer fading and EBF with or without flow motion. Time courses of
EBF (A) and tracer fading (B) from same animal are shown. Stimulation (9 V,
10 Hz continuous) was applied for 20 min. Black curves represent EBF or
tracer fading with flow motion at an ambient temperature of 37°C. Gray curves
represent EBF or tracer fading without flow motion at ambient temperature of
47°C. Dotted lines in B represent the linear regression lines during analysis
period. Rates of tracer fading were calculated at 0.65 (37°C) and at 0.37
(47°C), respectively. In this experiment, very slow fluctuation of EBF was
observed before stimulation.

Fig. 4. Relationship between ambient temperature and frequency of flow
motion. A: left ordinate (ambient temperature; E) and right ordinate (frequency
of flow motion; F). If flow motion was not induced, the result was plotted at
0 Hz. Abscissa represents trial order. Each trial (measurement) was separated
by �20 min. B: different symbols represent different rabbits (n � 3).
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motion). Four rabbits were subjected to this warm protocol
(41–47°C), and the other four rabbits were subjected to a cold
protocol (20–12°C) to prevent the generation of flow motion.
The stimuli were applied for 20 min. The rate of tracer fading
was estimated as the slope of the linear regression line (per
min), applied to the time course of the tracer fading. Ten
minutes before the end of the stimulation was taken as the
period of analysis, because the mean EBF was sometimes not
stable at the initial period of stimulation. During the analysis
period, the mean EBF with flow motion was not different from
that without flow motion (Fig. 5A). However, tracer fading
with flow motion decreased faster than that without flow
motion (decrease slope, 	0.65 vs. 	0.37 in Fig. 5B).

Although ambient temperature was decreased or increased to
prevent the generation of flow motion, the fading rates with
flow motion were higher (1.7 to 8.1 times) than those without
flow motion (P � 0.05, one-tailed test, Fig. 6B). There were
no significant differences between mean EBFs with flow
motion and those without flow motion (P � 0.78, two-tailed
test, Fig. 6A).

DISCUSSION

The most significant contribution made by this study is to
prove that vasomotion promoted material exchange between
tissue and blood in in vivo preparations.

We could reproducibly evoke vasomotion in arterioles of an
anesthetized rabbit ear by electrical stimulation of the cervical
sympathetic nerve. The cervical sympathetic nerve contains
preganglionic fibers projecting to the superior cervical gan-
glion and postganglionic fibers from the stellate ganglion (10,
11). Because of the mixture of myelinated preganglionic and
unmyelinated postganglionic fibers, stimulus intensities (3.0 to
11.0 V) of more than five times higher the threshold intensities
(0.38 to 2.00 V) were required to elicit maximal responses.
Although there are selective projections from the superior
cervical and stellate ganglia to different regions of the ear (20),
in our experiments postganglionic fibers in both ganglia were
activated after the stimulation of the cervical sympathetic

nerve, with the result that the evoked vasomotion was observed
in a wide area of the ear.

Bertgulia et al. (2) attempted simultaneous recordings of
spontaneous vasomotion and flow motion, but a probe of the
laser-Doppler flowmeter was not positioned at the microscope
objective to avoid the interference of fluorescence microscopy.
Ours is the first study to carry out the simultaneous recordings
of vasomotion and flow motion from the same point of an
arteriole. The frequency of flow motion coincided with that of
vasomotion. From this result, we also concluded that the
rhythmical fluctuation of blood flow (flow motion), measured
by using a laser-Doppler flowmeter, was the result of the
rhythmical contraction of the arteriole (vasomotion) (2, 7).
Consequently, we hereinafter refer to flow motion that was
measured with a laser-Doppler flowmeter as vasomotion.

In general, the continuous electrical stimulation of sympa-
thetic nerves generates a tonic vasoconstriction (31). However,
it has been reported that a prolonged in vivo electrical stimu-
lation of the lumbar sympathetic chain often produces a rhyth-
mic (0.03 Hz) constriction in the cat tenuissimus muscle (9). In
the present study, we also observed that electrical stimulation
induced vasomotion at a frequency of �0.06 Hz despite the
wide range of frequencies of stimulation. This observed fre-
quency agreed with the frequency of spontaneous vasomotion
of the rabbit ear (13). The frequency of vasomotion is inversely
related to the diameter of the vessel (8, 12). Because the
diameter was not exactly measured in each experiment, we
could not confirm the relationship between arteriole diameter
and flow-motion frequency. However, the diameters of the
arterioles used in our experiments ranged from 30 to 100 �m,
and the observed frequencies of flow motion ranged between
0.04 and 0.07 Hz. These values corresponded to the relation-
ship between arteriole diameter and vasomotion frequency in
hamster skin preparation (8). Although the continuous stimu-
lation at low frequencies (�2 Hz) did not induce vasomotion,
the continuous stimulation at higher frequencies (�2 Hz) and
burst stimulation did. The �1-receptor agonist induces rhyth-
mical vasomotion, such as the constriction of arterioles in in

Fig. 6. Comparison of mean EBF and rate of tracer
fading. Each plot represents different animals (n � 8).
Solid line and solid symbols show experiments in
which temperature was raised to stop flow motion.
Broken line and open symbols show experiments in
which temperature was reduced to stop flow motion. A:
mean EBF with and without flow motion. B: slope of
tracer fading with and without flow motion.
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vitro preparations (22). In in vivo preparations, vasomotion
was sometimes observed during hemorrhagic shock (3); in this
case, the sympathetic nerve was activated greatly by the
baroreceptor reflex. Therefore, it is not surprising that the
activation of the sympathetic nerve, as observed in this exper-
iment, evokes vasomotion.

The induction of vasomotion was affected by ambient tem-
perature. Electrical stimulation always induced vasomotion at
ambient temperatures between 25° and 35°C. To avoid inter-
ference in the observation and to prevent tissue damage, we did
not directly measure the temperature of the skin in the area of
interest using a plate-type or a needle-type thermosensor.
Instead of direct measurements, we measured ambient temper-
ature. The observed area was always the edge or tip of the ear,
which is thin, and the stimulation reduced blood flow contin-
uously. Therefore, the temperature of the observed area of the
skin must be very close to ambient temperature. At ambient
temperatures �17°C or �37°C, electrical stimulation de-
creased EBF but did not evoke vasomotion. It has been re-
ported that the frequency of spontaneous vasomotion in the
human skin (25) or bat wing (4) depends on temperature.
Spontaneous vasomotion in the hamster cheek pouch was
abolished when the superfusing solution temperature was de-
creased from 36.5° to 15°C (5). Vasomotion induced by elec-
trical stimulation had the same features as those of responses to
temperature.

As described above, vasomotion evoked by electrical stim-
ulation was almost the same as spontaneously occurring vaso-
motion with respect to frequency and temperature dependen-
cies. Therefore, we concluded that the vasomotion induced in
this study by electrical stimulation was the same as the spon-
taneous vasomotion observed in nature. The method of vaso-
motion induction used in this study is concluded to be valuable
for in vivo experiments because of its reproducibility, a low
physical burden to animals, and easier control with tempera-
ture.

Some theoretical models have been constructed regarding
the role of vasomotion in capillary function, particularly in
tissue-fluid exchange. Tissue-fluid motion attributable to vaso-
motion is the motion propelling tissue fluid into terminal
lymphatics (16). Vasomotion results in less tissue dehydration
when flow rate is decreased by steady-state contraction (24).
Iida (15) found that the net capillary-tissue fluid fluxes under
vasomotion flow are higher than those under a steady flow and
that the capillary fluid exchange is almost constant regardless
of vasomotion frequency. Although the physiological roles of
vasomotion have been speculated in theoretical models as
mentioned above, there have been very few experimental
approaches. We showed that the fading rate (clearance) with
vasomotion was significantly larger than that without vasomo-
tion. We measured EBF on a single arteriole that did not
always perfuse the tissue where Cr-EDTA was injected. How-
ever, the electrical stimulation of the cervical sympathetic
nerve induced vasomotion in almost all of the ear arterioles.
Therefore, it was reasonable to postulate that the electrical
stimulation also reduced blood flow and evoked vasomotion in
the area of interest to us. Clearance of Cr-EDTA is affected not
only by blood flow but also by the microvascular permeability
and area of the effective microvascular wall. At present, there
is no information about the sympathetic effects on the latter
two factors. Because vasomotion at arterioles must periodically

move blood at the peripheral capillaries, this movement must
enhance the material exchange. Small solutes, such as Cr-
EDTA, can cross the microvascular wall mainly by diffusion.
Therefore the clearance is dependent on temperature: the
higher the temperature, the larger the clearance. As shown in
our experiments on temperature effects, the clearance was
larger at lower temperatures (with vasomotion) than at higher
temperatures (without vasomotion). This result indicates vaso-
motion must exert a greater effect on clearance than tempera-
ture does.

In summary, we developed a method of controlling vaso-
motion in in vivo preparations. With the use of this method, it
is possible to clarify further the physiological significance of
vasomotion. We have shown here that vasomotion enhanced
the tissue-capillary exchange of small water-soluble solutes.
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