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1 The mechanism of neurogenic regulation of skeletal muscle circulation was studied in the hindlimb of
anaesthetized rats in vivo. Regional blood ¯ow (RBF) of the hindlimb was recorded with a pulsed
Doppler ¯ow probe positioned in the iliac artery.

2 A short period (1 min) of sciatic nerve stimulation at 10 Hz caused a sustained increase in RBF
(from 2.0+0.2 to 3.7+0.2 kHz at the peak), but no appreciable change in either MBP or HR, suggesting
that the nerve stimulation produced local vasodilatation of the peripheral vasculature. The hyperaemic
response reached a peak within 15 s and characteristically remained above the basal level for more than
5 min after the cessation of nerve stimulation. The response was regarded as a secondary response
brought about by the contraction of skeletal muscles since (+)-tubocurarine (0.73 mmol kg71, i.a.)
almost abolished it.

3 Lignocaine (43 mmol kg71, i.a.) and capsaicin (0.33 mmol kg71, i.a.) signi®cantly suppressed the
hyperaemic response to skeletal muscle contraction, suggesting that capsaicin-sensitive sensory nerves
contribute to the hyperaemia. In contrast, an inhibitor of NO synthase, No-nitro-L-arginine methyl ester
(1 mmol kg71 min71, i.v.), did not a�ect the hyperaemic response.

4 Serum levels of calcitonin gene-related peptide (CGRP) in iliac venous e�uent signi®cantly increased
from 51+4 to 77+5 fmol ml71 during the hyperaemic response to skeletal muscle contraction. A bolus
injection of CGRP (300 pmol kg71, i.a.) induced a long-lasting increase in RBF of the hindlimb.
Moreover, CGRP(8 ± 37) (100 nmol kg71 min71, i.v.), a speci®c CGRP1 receptor antagonist, signi®cantly
suppressed the hyperaemic response, especially the sustained phase of the response which was almost
abolished by this antagonist.

5 These results suggest that CGRP, which is released from peripheral endings of capsaicin-sensitive
sensory nerves, partly mediates the hyperaemia evoked by skeletal muscle contraction of the rat
hindlimb.

Keywords: Calcitonin gene-related peptide; capsaicin; sensory nerve; skeletal muscle; hyperaemia

Introduction

The hyperaemia that occurs when quiescent skeletal muscles
are stimulated to contract represents one of the largest in-
creases in perfusion seen in the tissues of normal mammals
(Gaskell, 1877). A number of studies have proposed a contri-
bution to this response by metabolic mediators such as oxygen,
hydrogen, potassium, osmolality, adenine nucleotides, adeno-
sine and inorganic phosphate (Haddy & Scott, 1975). In ad-
dition to metabolites, a contribution of peripheral nerves to the
hyperaemic response after skeletal muscle contraction has also
been postulated by Hilton (1953) and Honig & Frierson
(1976). These studies provide evidence that the hyperaemic
response is reduced or abolished by local anaesthetic agents
such as procaine or lignocaine in cat gastrocnemius muscles
(Hilton, 1953) and dog gracilis muscles (Honig & Frierson,
1976). However, the precise mechanism for the hyperaemic
response mediated by nerve excitation remains to be elucida-
ted.

Recent immunohistochemical studies have shown extensive
perivascular localization of certain neuropeptides, calcitonin
gene-related peptide (CGRP), substance P (SP) and vasoactive
intestinal peptide (VIP), which are mostly contained in nerve
terminals (Edvinsson et al, 1989). These peptides are known to
be potent vasodilators (Bell & McDermott, 1996). It has also
been demonstrated that peripheral nerve stimulation of sen-
sory C-®bres leads to the release of CGRP and SP, thereby
resulting in local vasodilatation and increased blood ¯ow
(Kawasaki et al., 1988; Gustafsson et al., 1994). Treatment

with capsaicin, which depletes the CGRP and SP content of
sensory nerves (Holzer, 1991; Maggi, 1991), can abolish the
vasodilatation (Kawasaki et al., 1988). Recently, Kurozawa et
al. (1991) showed that treatment with capsaicin largely sup-
pressed the increase in forearm skin blood ¯ow during graded
exercise in man. Although they did not investigate further
characteristics of the response, this ®nding led to the hypoth-
esis that vasodilator neurotransmitters released from capsai-
cin-sensitive sensory nerves may be involved in the mechanism
of hyperaemia after skeletal muscle contraction.

The objective of this study was to elucidate the neuronal
mechanisms of the hyperaemic response associated with ske-
letal muscle contraction in the rat hindlimb. The experiments
sought to clarify the contribution of capsaicin-sensitive sensory
nerves to the hyperaemia and to identify plausible candidates
for the neurotransmitter substance.

Methods

General procedure

Male Wistar rats (260 ± 350 g; Charles River, Kanagawa, Ja-
pan) were used for in vivo experiments. Each animal was an-
aesthetized with urethane (17 mmol kg71, i.p.), placed on a
water-perfused heating pad set at 378C to maintain a constant
body temperature, and arti®cially ventilated at a stroke volume
of 3 ml and a rate of 50 cycles min71 with room air by a
respirator (Harvard Rodent Ventilator Model 683, U.S.A.)
through an endotracheal tube inserted in the airway. Systemic1Author for correspondence.
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blood pressure (BP), mean blood pressure (MBP) and heart
rate (HR) were monitored continuously via a heparin-treated
(100 u ml71) saline-®lled catheter inserted in the right carotid
artery and connected to a pressure transducer (Nihon Kohden
DX-312, Tokyo, Japan). The right femoral vein was cannula-
ted for administration of drugs and saline. A catheter, the tip
of which was located about 2 mm proximal to the aortic origin
of the iliac artery, was retrogradely inserted into the right iliac
artery for intra-arterial injection of drugs into the left iliac
artery.

A Doppler ¯ow probe (0.5 mm in diameter) was positioned
on the trunk of the left iliac artery and appropriately ®xed so
that the basal level of regional blood ¯ow (RBF) did not drift
during the contraction of hindlimb muscles. The probe was
connected to a pulsed Doppler velocimeter (Crystal Biotech
PD-20, Holliston, MA, U.S.A.) to allow continuous recording
of RBF of the left hindlimb as a shift in kHz of Doppler
signals. We compared values of RBF/MBP at the baseline and
the peak of hyperaemia, which re¯ect changes in tension of the
resistance vessels.

Under urethane anaesthesia, the recorded parameters,
especially MBP, were unsteady. We found that treatment with
propranolol, a b-adrenoceptor antagonist, improved this; the
treatment changed MBP, HR and RBF from 105+2 mmHg,
364+5 beats min71 and 5.6+0.4 kHz to 130+3 mmHg,
268+3 beats min71 and 3.0+0.3 kHz (n=23), respectively,
and thereafter the parameters were maintained in a stable state
for several hours. It is thus likely that under urethane anaes-
thesia, the sympathetic tone was considerably elevated, which
made the parameters unstable. All experiments were therefore
performed after treatment with propranolol (4 mmol kg71,
i.v.). Each animal was left for more than 20 min before the
experiments were commenced.

The left sciatic nerve was exposed at the lumbar level,
ligated and sectioned. A pair of platinum electrodes was
placed on the peripheral section of the sciatic nerve. The
stimulating electrode and the sciatic nerve were insulated
with warmed liquid para�n. Electrical nerve stimulation was
conducted with repeated square-wave pulses of 1 ms dura-
tion generated by a stimulator (Nihon Kohden SEN-7103)
with an isolator (Nihon Kohden SS-201J) for 1 min. The
threshold intensity required to produce hindlimb contrac-
tions, which was determined by macroscopic observation,
was around 3 V.

Measurement of PCO2

Partial pressure of CO2 (PCO2) of the venous blood was mea-
sured for the quantitative evaluation of skeletal muscle work
elicited by sciatic nerve stimulation. About 0.2 ml of venous
blood was collected through a catheter inserted in the left iliac
vein, before and 1 min after sciatic nerve stimulation. Imme-
diately after the blood had been collected, PCO2 of the venous
blood was measured with an automatic blood gas analyser
(Ciba Corning 238, Tokyo, Japan).

Radioimmunoassay

Serum levels of neuropeptides (CGRP, VIP and SP) were
measured by radioimmunoassay (RIA). About 0.35 ml of ve-
nous blood was collected through the catheter inserted in the
left iliac vein 1 min after sciatic nerve stimulation. In some
experiments, the same volume of arterial blood was collected
through the catheter inserted in the right iliac artery. The
collected blood was mixed with aprotinin (300 iu ml71) and
EDTA-2Na (2 mg ml71) and centrifuged immediately
(2000 6g, 15 min), and the serum obtained was stored at
7808C until assayed. Only one blood sample was taken from
each rat. Serum neuropeptide-like immunoreactivity (LI) level
was determined by RIA according to the method described
previously (Fujimori et al., 1989). Rabbit antisera against rat
a-CGRP, SP and VIP were purchased from Peninsula (Bel-
mont, CA, U.S.A.).

Statistics

Data are presented as mean+s.e.mean. Comparisons were
made by one-way analysis of variance (ANOVA) followed by
the Bonferroni method or Student's t test for unpaired data. A
probability of P50.05 was accepted as the level of statistical
signi®cance.

Drugs

Adenosine, tetrodotoxin and (+)-tubocurarine chloride were
purchased from Wako Chemicals (Osaka, Japan); atropine
sulphate from Tanabe (Osaka, Japan); rat a-calcitonin gene-
related peptide (CGRP), human a-CGRP(8 ± 37), substance P
(SP) and human vasoactive intestinal peptide (VIP) from
Peptide Institute (Osaka, Japan); lidocaine from Teikoku
Chemicals (Osaka, Japan); and adenosine, capsaicin, No-nitro-
L-arginine methyl ester (L-NAME) and propranolol from
Sigma (St, Louis, MO, U.S.A.).

Capsaicin was dissolved in a solution containing 10%
ethanol, 10% Tween 80, and 80% saline. CGRP(8 ± 37) was
dissolved in 0.05% bovine serum albumin with phosphate-
bu�ered saline. Other drugs were dissolved in saline. L-NAME
and CGRP(8 ± 37) were continuously infused at a rate of
0.3 ml min71 with a syringe pump (Nihon Kohden CFV-
2100). CGRP and SP were administered as bolus injections of
about 30 ml. Other drugs were administered as bolus injections
of about 300 ml. Saline (0.1 ml) was used to ¯ush the catheter.
Appropriate vehicle controls showed no e�ect.

Results

Skeletal muscle contraction and hyperaemia

To produce hindlimb muscle contraction, the sciatic nerve was
stimulated at a voltage of 6 V with square-wave pulses of 1 ms
duration at several frequencies for 1 min. At a frequency of 1
or 2.5 Hz, sciatic nerve stimulation induced twitch contrac-
tions of the hindlimb muscles and only a slight increase in RBF
(data not shown). Electrical stimulation at a frequency of 5 or
10 Hz elicited both hindlimb muscle contractions and a
marked increase in RBF. The hyperaemic response reached a
peak within 15 s and characteristically remained above the
basal level for more than 5 min after the cessation of nerve
stimulation (Figure 1). Sciatic nerve stimulation elicited an
increase in RBF (from 2.0+0.2 to 3.7+0.2 kHz at the peak),
whereas no appreciable change in either MBP or HR
(105+5 mmHg, 281+10 beats min71 before and
104+6 mmHg, 281+10 beats min71 after nerve stimulation)
was observed (n=23, Figure 1). The nerve stimulation also
signi®cantly increased PCO2 of the venous blood in the hind-
limb (Table 1).

Then (+)-tubocurarine (0.73 mmol kg71), a selective an-
tagonist for muscle nicotinic acetylcholine receptors (Jenkin-
son, 1960), was injected intravenously 10 min before sciatic
nerve stimulation, nerve stimulation at 10 Hz for 1 min caused
neither contractions of the hindlimb nor an increase in PCO2 of
venous blood (Figure 1, Table 1). Simultaneously, the hyper-
aemic response to sciatic nerve stimulation was abolished
(Figures 1 and 2). Since (+)-tubocurarine is a speci®c blocker
at the neuromuscular junction (Jenkinson, 1960), the hyper-
aemia was regarded as a secondary response brought about by
skeletal muscle contraction, i.e., active hyperaemia.

Several previous studies, which suggested the contribution
of peripheral nerves to active hyperaemia, showed that the
hyperaemia is reduced or abolished by a local anaesthetic
agent such as procaine or lignocaine (Hilton, 1953; Honig &
Frierson, 1976). We therefore assessed the e�ects of lignocaine
on active hyperaemia in rat hindlimb. Lignocaine
(43 mmol kg71, i.a.) signi®cantly attenuated the hyperaemic
response to 1 min, 10 Hz sciatic nerve stimulation (Figure 2).
That is, at least half of the hyperaemic response produced by
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1 min, 10 Hz sciatic nerve stimulation appeared to result from
a lignocaine-sensitive mechanism. The sciatic nerve stimulation
still caused hindlimb contraction and increased PCO2 of the
venous e�uent (Table 1), suggesting that lignocaine suppres-
sed the hyperaemia without a�ecting motor neurones or ske-
letal muscle. The action of lignocaine on active hyperaemia
seemed to be relatively speci®c, since reactive hyperaemia fol-
lowing occlusion of the abdominal aorta for 1 min was not
a�ected by the same dose of lignocaine; % increase in RBF/
MBP with reactive hyperaemia was 215+13% of the basal
value before and 207+16% after treatment with lignocaine
(n=6). In the following experiments, we used this condition for
sciatic nerve stimulation, i.e., at a frequency of 10 Hz and for a
duration of 1 min, to explore the mechanism of neurogenic
active hyperaemia.

Contribution of sensory nerves to active hyperaemia

Capsaicin at high doses is known to produce degenerative
changes in C- and Ad-primary sensory nerves (Holzer, 1991;
Maggi, 1991). Approximately 20 min after control recording
of the hyperaemic response, capsaicin (0.33 mmol kg71, i.a.)

was injected as a bolus. Capsaicin induced a marked increase
in RBF, which reached the maximum level within 40 ± 50 min,
then gradually decreased, and reached a plateau level, which
was still signi®cantly higher than the basal level, in 70 ± 90 min.
HR and MBP transiently increased and decreased, respec-
tively, after the injection of capsaicin and returned to basal
levels within 5 min. Sciatic nerve stimulation did not cause a
signi®cant increase in RBF/MBP 90 min after the injection of
capsaicin (Figure 2b). In contrast, neither the increase in RBF/
MBP elicited by aortic occlusion for 1 min, i.e., reactive hy-
peraemia, nor that induced by exogenously applied CGRP
(300 pmol kg71) was a�ected by capsaicin (Figure 2b). These
results suggest that the inhibitory e�ects of capsaicin on active
hyperaemia were speci®c and unrelated to the increased basal
level of RBF by capsaicin. An alternative possibility is that
capsaicin inhibited skeletal muscle contractions, which in turn
reduced the hyperaemic response. However, this possibility
was ruled out by the ®nding that the sciatic nerve stimulation-
induced increase in PCO2 of the venous e�uent, which had a
good correlation with the level of muscle work, was not af-
fected by treatment with capsaicin. These results support the
hypothesis that capsaicin-sensitive sensory nerves contribute to
active hyperaemia.

Identi®cation of the mediator of neurogenic active
hyperaemia

Previous studies (Kawasaki et al., 1988; Gustafsson et al.,
1994) have suggested that peripheral nerve stimulation of
sensory C-®bres leads to the release of CGRP and SP, which
are known to be potent vasodilators (Burnstock, 1990; Lund-
berg, 1996). We therefore measured changes in levels of these
neuropeptides in the venous e�uent by RIA. Sciatic nerve
stimulation signi®cantly increased serum CGRP-LI level in
iliac venous blood (Figure 3a), while the level in arterial blood
was not changed (48.0+6.2 fmol ml71 before and
58.8+5.9 fmol ml71 after sciatic nerve stimulation; n=10).
Serum CGRP-LI level in iliac venous blood increased after
bolus administration of capsaicin (0.33 mmol kg71, i.a.), and
the level after 90 min was still above the basal level (Figure 3b).
Sciatic nerve stimulation under these conditions failed to cause
any increase in the serum CGRP-LI level (Figure 3b). Simi-
larly, when (+)-tubocurarine (0.73 mmol kg71, i.v.), which
abolished active hyperaemia, was pre-injected as a bolus,
sciatic nerve stimulation did not cause any change in serum
CGRP-LI level in venous blood (Figure 3b), suggesting that
skeletal muscle contraction initiates the release of CGRP. A
small, but signi®cant, increase in serum SP-LI level in venous
blood was also observed after sciatic nerve stimulation (Figure
3a). In contrast, sciatic nerve stimulation did not cause any
change in serum VIP-LI level (Figure 3a).

We next examined the e�ects of neuropeptides on RBF and
compared the responses with active hyperaemia. As shown in
Figure 4, a bolus intra-arterial injection of CGRP
(300 pmol kg71, i.a.) induced a long-lasting (more than 5 min)
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Figure 1 Typical traces of systemic blood pressure (BP), mean blood
pressure (MBP), heart rate (HR) and regional blood ¯ow (RBF) of
the iliac artery recorded before (a) and after (b) treatment with (+)-
tubocurarine ((+)-TC; 0.73 mmol kg71, i.v.). Electrical stimulation of
the sciatic nerve (SNS) at 10 Hz for 1 min caused hindlimb muscle
contractions (MC) and an increase in RBF without any changes in
MBP and HR. Approximately 20 min after the control recording,
(+)-tubocurarine was injected as a bolus into the femoral vein. After
10 min, SNS was imposed again. Hindlimb muscle contractions were
recorded with a force transducer via a thread tied to the ankle of the
left hindlimb.

Table 1 Sciatic nerve stimulation (SNS)-induced changes in partial pressure of CO2 (PCO2) before and after treatment with various
drugs

Drugs PCO2 (mmHg)
Before SNS After SNS n

(+) -Tubocurarine Before
After

27.2+2.8
32.2+2.1

59.5+4.8*
36.3+4.5{

6

Lignocaine Before
After

31.7+3.7
34.1+2.2

72.6+10.4*
66.7+7.5*

5

Capsaicin Before
After

37.8+3.6
37.2+2.8

59.3+3.8*
64.0+3.8*

5

CGRP(8 ± 37) Before
After

30.5+2.3
34.6+7.0

53.1+3.5*
66.2+5.5*

5

Values are given as mean+s.e.mean. *Signi®cant di�erence at P50.05 compared with value before SNS. {Signi®cant di�erence at
P50.05 compared with value in the absence of drug. Comparisons were made by use of ANOVA followed by the Bonferroni method.
n: Number of rats.
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increase in RBF of the hindlimb with only small changes in
HR or BP, the time course of which was quite similar to that of
active hyperaemia. A similar response was produced by VIP
(300 pmol kg71, i.a.). In contrast, the hyperaemic response to

exogenously applied SP (200 pmol kg71, i.a.) was transient
and lasted for only about 30 s (Figure 4). Similarly, adenosine
(100 nmol kg71, i.a.), which is known to be one of the endo-
genous vasodilators participating in active hyperaemia in
various tissues (Haddy, 1975), caused a transient increase in
RBF (Figure 4). We also found that the hyperaemic response
to CGRP (300 pmol kg71, i.a.) was not a�ected by continuous
infusion of L-NAME (1 mmol kg71 min71, i.v.; Figure 5). Si-
milarly, the hyperaemia elicited by sciatic nerve stimulation
was not a�ected by treatment with L-NAME (Figure 5). In
contrast, the increase in vascular conductance by SP
(200 pmol kg71, i.a.), which has been shown to cause NO-
dependent vasorelaxation (Persson et al., 1991), was signi®-
cantly suppressed by the same dose of L-NAME (Figure 5).

To explore the possible involvement of CGRP in the re-
sponse to sciatic nerve stimulation, the e�ect of CGRP re-
ceptor antagonist, CGRP(8 ± 37), was examined. We found
that continuous infusion of CGRP(8 ± 37) (100 nmol kg71-

min71, i.v.) signi®cantly reduced the hyperaemic response to
sciatic nerve stimulation (Figure 6a). It was of interest that
CGRP(8 ± 37) preferentially attenuated the sustained response
(Figure 6b). Figure 6c illustrates the time course of the
CGRP(8 ± 37)-sensitive hyperaemic response, which was de-
termined by subtracting the response in the presence of
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Figure 2 E�ects of various drugs on active hyperaemia induced by
sciatic nerve stimulation. (a) Sciatic nerves were stimulated before
(Control) and approximately 10 min after a bolus injection of saline
(1 mg kg71, i.v.), (+)-tubocurarine ((+)-TC; 0.73 mmol kg71, i.v.)
or lignocaine (LC; 43 mmol kg71, i.a.). (b) Active hyperaemia (AH),
reactive hyperaemia (RH) or hyperaemic response to CGRP
(300 pmol kg71, i.a.) was induced before (Control) and 90 min after
a bolus injection of capsaicin (Cap; 0.33 mmol kg71, i.a.). Open and
solid columns represent values at the baseline and at the peak of the
hyperaemic response, respectively. Data are expressed as mean+-
s.e.mean of values obtained from six to nine rats. *P50.05 compared
with baseline or respective control (ANOVA followed by the
Bonferroni method).
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Figure 3 Changes in serum levels of neuropeptides in the venous
e�uent. (a) Serum levels of calcitonin gene-related peptide (CGRP)-,
vasoactive intestinal peptide (VIP)-, and substance P (SP)-like
immunoreactivity (LI) before (open columns) and after (solid
columns) sciatic nerve stimulation at 10 Hz for 3 min. (b) Serum
GCRP-LI level before (open columns) and after (solid columns)
sciatic nerve stimulation in rats pretreated with capsaicin
(0.33 mmol kg71, i.a.) or (+)-tubocurarine ((+)-TC;
0.73 mmol kg71, i.v.). Data are expressed as mean+s.e.mean of
values obtained from six to nine rats. *P50.05 compared with
respective control (Student's t test).
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Figure 4 Typical traces of the e�ects of intra-arterial injection of calcitonin gene-related peptide (CGRP; 250, 300 pmol kg71),
vasoactive intestinal peptide (VIP; 250, 300 pmol kg71), substance P (SP; 100, 200 pmol kg71) and adenosine (10, 50,
100 nmol kg71) and sciatic nerve stimulation (SNS; 10 Hz, 1 min) on systemic blood pressure (BP), mean blood pressure
(MBP), heart rate (HR) and regional blood ¯ow (RBF) of the iliac artery.
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CGRP(8 ± 37) from the control, showing a sustained response
to endogenously released CGRP during active hyperaemia.
The same dose of CGRP(8 ± 37) almost abolished the hyper-
aemic response to CGRP (300 pmol kg71, i.a.) (n=6, data not
shown). In contrast, CGRP(8 ± 37) (100 nmol kg71 min71,
i.v.) did not a�ect the hyperaemic response to SP
(200 pmol kg71, i.a.) or VIP (300 pmol kg71, i.a.) (n=3, data
not shown). These observations suggest a direct link between
CGRP and active hyperaemia, especially the sustained re-
sponse.

Discussion

The present study showed that the concentration of rat hind-
limb muscles elicited by sciatic nerve stimulation produced a
long-lasting increase in RBF measured with a pulsed Doppler

¯ow probe, which was due to local vasodilatation of the per-
ipheral vasculature. More than forty years ago, Hilton (1953)
found that active hyperaemia was sensitive to local anaesthetic
agents and postulated a contribution to active hyperaemia of
peripheral nerves other than sympathetic nerves. Although this
®nding has been supported by several investigators (Honig &
Frierson, 1976), the detailed mechanism remains unclear. The
present study con®rmed these ®ndings in rat hindlimb and
provide further evidence that sensory nerves and their neuro-
transmitter CGRP are involved in the mechanisms producing
active hyperaemia after a short period of hindlimb muscle
contraction.

In the present study, we found that the hyperaemia elicited
by sciatic nerve stimulation was partly suppressed by capsai-
cin. Capsaicin has selective neurotoxic e�ects on unmyelinated
C- and small myelinated Ad-primary sensory nerves (Holzer,
1991). Thus, it is likely that capsaicin-sensitive sensory nerves
contribute to active hyperaemia. Recently, Edvinsson et al.
(1989) revealed that VIP-LI, SP-LI and CGRP-LI nerve ®bres
are distributed widely around blood vessels of the rat hindlimb
(Edvinsson et al., 1989). SP and CGRP have been shown to
exist in the peripheral terminals of capsaicin-sensitive sensory
nerves (Burnstock, 1990; Lundberg, 1996). Although the origin
of VIP-LI nerve ®bres in peripheral tissues has not been es-
tablished, there is much evidence that VIP-LI nerves in the
spinal cord are markedly decreased by capsaicin treatment
(Jancso et al., 1981). Since these neuropeptides are known to
be potent vasodilators (Burnstock, 1990; Lundberg, 1996), it is
possible that active hyperaemia results from the release of
CGRP, VIP and/or SP from capsaicin-sensitive nerves. The
present study showed that a bolus intra-arterial injection of
VIP or CGRP induced a relatively long-lasting increase in
RBF of the rat hindlimb, which was similar to the response to
sciatic nerve stimulation. We also found that the hyperaemic
response to sciatic nerve stimulation was associated with a
marked increase in serum CGRP-LI level, a slight increase in
serum SP-LI level, but no appreciable increase in serum VIP-
LI level. Although CGRP has been shown to coexist with
acetylcholine in motor nerve terminals (Takami et al., 1985),
the origin of the elevated serum CGRP-LI is likely to be
capsaicin-sensitive sensory nerves, but not motor nerves, be-
cause the increase in serum CGRP-LI level by sciatic nerve
stimulation disappeared after treatment with capsaicin. These
results led to the hypothesis that CGRP released from cap-
saicin-sensitive sensory nerves makes the greatest contribution
to active hyperaemia in the rat hindlimb. Moreover, the ab-
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Figure 6 E�ect of calcitonin gene-related peptide(8 ± 37) (CGRP(8 ± 37)) on the hyperaemic response to sciatic nerve stimulation
(SNS). (a) Hyperaemic responses to SNS were recorded before (Control) and during continuous infusion of CGRP(8 ± 37)
(100 nmol kg71 min71, i.v.). Open and solid columns represent values at the baseline and at the peak of the hyperaemic response,
respectively. Data are expressed as the mean+s.e.mean of values obtained from six to nine rats. *P50.05 compared with baseline
or respective control (ANOVA followed by the Bonferroni method). (b) E�ect of continuous infusion of CGRP(8 ± 37)
(100 nmol kg71 min71, i.v.) on the time course of active hyperaemia. Vascular conductance was calculated every 30 s and expressed
as % of basal vascular conductance. Note that CGRP(8 ± 37) preferentially attenuated the sustained component of functional
hyperaemia rather than the peak. Data are expressed as mean (n=6); vertical lines show s.e.mean. (c) Time course of CGRP(8 ± 37)-
sensitive hyperaemic response. The amplitude of the component sensitive to CGRP(8 ± 37) was calculated by subtracting the
response in the presence of CGRP(8 ± 37) from the control in (b).
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sence of an apparent change in serum CGRP-LI level after
treatment with (+)-tubocurarine or capsaicin, which both
largely suppressed the hyperaemic response to sciatic nerve
stimulation, also supports the hypothesis. Finally, the CGRP1
receptor antagonist, CGRP(8 ± 37), signi®cantly suppressed
the sustained phase of the hyperaemic response to sciatic nerve
stimulation. We thus concluded that CGRP is a plausible
substance which is released from capsaicin-sensitive sensory
nerves and mediates active hyperaemia. Other metabolic
mediators proposed by a number of investigators (Haddy &
Scott, 1975; Shephard, 1983), such as potassium, inorganic
phosphate and adenosine, may take part in the transient re-
sponse observed in the presence of CGRP(8 ± 37). Although a
slight increase in serum SP-LI level was also observed, the lack
of an inhibitory e�ect of L-NAME on the hyperaemic response
to sciatic nerve stimulation excludes the possibility of the in-
volvement of SP in active hyperaemia under the present con-
ditions. The response to SP was dependent on the release of
NO to produce vasorelaxation, in agreement with previous
work (Persson et al., 1991). Although CGRP often coexists
with SP in the same population of neurones (Gibson et al.,
1984; Lundberg et al., 1985), several immunohistochemical
studies have shown that while most SP-positive neurones are
CGRP-immunoreactive, cell bodies positive for CGRP but
negative for SP are present in considerable numbers (Lund-
berg, 1996).

A number of studies have investigated the possible role of
NO in active hyperaemia. Inhibition of NO synthase reduces
exercise-induced vasodilatation in the rat hindquarter (Hirai
et al., 1994) and human forearm (Gilligan et al., 1994). In
contrast, NO synthase inhibitors have no e�ect on active
hyperaemia in the rabbit tenuissimus muscle (Persson et al.,
1990), the cat gastrocnemium muscle (Ekelund et al., 1992),
and the human forearm (Wilson & Kapoor, 1993; Endo et
al., 1994). In agreement with the latter studies, the present
study showed that L-NAME had no e�ect on active hyper-
aemia in the rat hindlimb. As Haddy and Scott (1975) point
out, it is very likely that the contribution of various factors to
active hyperaemia changes with the duration and the level of
exercise. Therefore, although it was concluded that NO is not
associated with active hyperaemia brought about by 1 min,
10 Hz sciatic nerve stimulation in the rat hindlimb, the pos-
sibility that NO takes part in active hyperaemia under other

conditions cannot be ruled out. Inconsistencies may also arise
depending on the vascular bed studied and the animal species
used.

From the ®ndings obtained in the present study, the likely
mechanism for active hyperaemia emerges as follows; the
skeletal muscle contraction brings about excitation of neigh-
bouring sensory nerves and, in turn, the release of CGRP from
their peripheral endings around small blood vessels, thus
leading to the hyperaemic response in the hindlimb. Immu-
nohistochemical evidence for the extensive perivascular loca-
lization of sensory nerve ®bres containing CGRP in the rat
femoral artery and vein (Edvinsson et al. 1989) supports this
hypothesis. The excitation of capsaicin-sensitive nerves may be
propagated to neighbouring areas via axon re¯ex-like me-
chanisms and release CGRP from the peripheral endings of the
sensory nerves (Holzer, 1988; Lundberg, 1996). Some experi-
mental evidence favouring these arguments has been obtained.
For instance, guinea-pig mesenteric arteries receive capsaicin-
sensitive sensory innervation from the distal colon, and the
sensory nerves are activated during periods of colonic disten-
tion, i.e., a mechanism stimulus, which induces hyperpolari-
zation of arterial smooth muscle (Meehan & Kreulen, 1992).
Metabolic stimuli such as low pH also appear to induce the
release of CGRP from capsaicin-sensitive sensory nerves in the
rat stomach (Geppetti et al., 1991b) and soleus muscle (San-
ticioli et al., 1992) and the guinea-pig heart (Franco-Cereceda
et al., 1993) and urinary bladder (Geppetti et al., 1991a).

In summary, the present study showed that contraction of
the rat hindlimb induced by sciatic nerve stimulation evokes
active hyperaemia in part via neuronal mechanisms. The data
provide the ®rst evidence of a contribution of peripheral sen-
sory nerves to active hyperaemia. We propose that CGRP
released from sensory nerve endings is one of the most feasible
endogenous substances mediating active hyperaemia in the rat
hindlimb.

This study was supported by a grant of the Special Research Project
on the Circulation Biosystem from the University of Tsukuba, the
Fujisawa Foundation, and a grant-in-aid for scienti®c research from
the Ministry of Education, Science and Culture of Japan. We would
like to thank Dr K.D. Keef for critical comments and Dr W.A. Gray
for language editing.

References

BELL, D. & MCDERMOTT, B.J. (1996). Calcitonin gene-related
peptide in the cardiovascular system: Characterization of
receptor population and their (phatho)physiological signi®cance.
Pharmacol. Rev., 48, 253 ± 288.

BURNSTOCK, G. (1990). Local mechanisms of blood ¯ow control by
perivascular nerves and endothelium. J. Hypertens., 8 (Suppl 7),
S95 ± S106.

EDVINSSON, L., GULBENKIAN, S., WHARTON, J., JANSEN, I. &

POLAK, J.M. (1989). Peptide-containing nerves in the rat femoral
artery and vein: An immunocytochemical and vasomotor study.
Blood Vessels, 26, 254 ± 271.

EKELUND, U., BJOÈ RNBERG, J., GRAÈ NDE, P.-O., ALBERT, U. &

MELLANDER, S. (1992). Myogenic vascular regulation in skeletal
muscle in vivo is not dependent on endothelium-derived nitric
oxide. Acta Physiol. Scand., 144, 199 ± 207.

ENDO, T., IMAIZUMI, T., TAGAWA, T., SHIRAMOTO, M., ANDO, S. &

TAKESHITA, A. (1994). Role of nitric oxide in exercise-induced
vasodilation of the forearm. Circulation, 90, 2886 ± 2890.

FRANCO-CERECEDA, A., KAÊ LLNER, G. & LUNDBERG, J.M. (1993).
Capsazepine-sensitive release of calcitonin gene-related peptide
from C-®bre a�erents in the guinea-pig heart by low pH and
lactic acid. Eur. J. Pharmacol., 238, 311 ± 316.

FUJIMORI, A., SAITO, A., KIMURA, S., WATANABE, T., UCHIYAMA,

Y., KAWASAKI, H. & GOTO, K. (1989). Neurogenic vasodilation
and release of calcitonin gene-related peptide (CGRP) from
perivascular nerves in the rat mesenteric artery. Biochem.
Biophys. Res. Commun., 165, 1391 ± 1398.

GASKELL, W.H. (1877). The changes of the blood-stream in muscles
through stimulation of their nerves. J. Anat., 11, 360 ± 402.

GEPPETTI, P., DEL BIANCO, E., PATACCHINI, R., SANTICIOLI, P.,

MAGGI, C.A. & TRAMONTANA, M. (1991a). Low pH-induced
release of calcitonin gene-related peptide from capsaicin-sensitive
sensory nerves: mechanism of action and biological response.
Neuroscience, 41, 295 ± 301.

GEPPETTI, P., TRAMONTANA, M., EVANGELISTA, S., RENZI, D.,

MAGGI, C.A., FUSCO, B.M. & DEL BIANCO, E. (1991b).
Di�erential e�ect on neuropeptide release of di�erent concentra-
tions of hydrogen ions on a�erent and intrinsic neurons of the rat
stomach. Gastroenterology, 101, 1505 ± 1511.

GIBSON, S.J., POLAK, J.M., BLOOM, S.R., SABATE, I.M., MULDER-

RY, P.M., GHATEI, M.A., MORRISON, J.F.B., KELLY, J.S. &

ROSENFELD, M.G (1984). Calcitonin gene-related peptide
(CGRP)-immunoreactivity in the spinal cord of man and of
eight species. J. Neurosci., 4, 3101 ± 3111.

GILLIGAN, D.M., PANZA, J.A., KILCOYNE, C.M., WACLAWIW, M.A.,

CASINO, P.R. & QUYYUMI, A.A. (1994). The contribution of
endothelium-derived nitric oxide to exercise-induced vasodila-
tion. Circulation, 90, 2853 ± 2858.

GUSTAFSSON, L.E., PERSSON, M.G., WEI, S.Z., WIKLUND, N.P. &

ELIAS, Y. (1994). Neurogenic vasodilation in rabbit hindlimb
mediated by tachykinins and nitric oxide. J. Cardiovasc.
Pharmacol., 23, 612 ± 617.

HADDY, F.J. & SCOTT, J.B. (1975). Metabolic factors in peripheral
circulatory regulation. Fed. Proc., 34, 2006 ± 2011.

Skeletal muscle circulation and CGRP708 M. Yamada et al



HILTON, S.M. (1953). Experiments on the post-contraction hyper-
aemia of skeletal muscle. J. Physiol., 120, 230 ± 245.

HIRAI, T., VISNESKI, M.D., KEARNS, K.J., ZELIS, R. & MUSCH, T.I.

(1994). E�ects of NO synthase inhibition on the muscular blood
¯ow response to treadmill exercise in rats. J. Appl. Physiol., 77,
1288 ± 1293.

HOLZER, P. (1988). Local e�ector functions of capsaicin-sensitive
sensory nerve endings: involvement of tachykinins, calcitonin
gene-related peptide and other neuropeptides. Neuroscience, 24,
739 ± 768.

HOLZER, P. (1991). Capsaicin: Cellular targets, mechanisms of
action, and selectivity for thin sensory neurons. Pharmacol. Rev.,
43, 143 ± 201.

HONIG, C.R. & FRIERSON, J.L. (1976). Neurons intrinsic to arterioles
initiate postcontraction vasodilation. Am. J. Physiol., 230, 493 ±
507.

JANCSO, G., HOÈ KFELT, T., LUNDBERG, J.M., KIRALY, E., HALAÂ SZ,

N., NILSSON, G., TERENIUS, L., RAHFELD, J., STEINBUSCH, H.,

VERHOFSTAD, A., ELDE, R., SAID, S. & BROWN, M. (1981).
Immunohistochemical studies on the e�ect of capsaicin on spinal
and medullary peptide and monoamine neurons using antisera to
substance P, gastrin/CCK, somatostatin, VIP, enkephalin,
neurotensin and 5-hydroxytryptamine. J. Neurocytol., 10, 963 ±
980.

JENKINSON, D.H. (1960). The antagonism between tubocurarine
and substances which depolarize the motor-end plate. J. Physiol.,
152, 309 ± 324.

KAWASAKI, H., TAKASAKI, K., SAITO, A. & GOTO, K. (1988).
Calcitonin gene-related peptide acts as a novel vasodilator
neurotransmitter in mesenteric resistance vessels of the rat.
Nature, 335, 164 ± 167.

KUROZAWA, Y., NASU, Y. & NOSE, T. (1991). Response of capsaicin
pretreated skin blood vessels to exercise. Acta Physiol. Scand.,
141, 181 ± 184.

LUNDBERG, J.M. (1996). Pharmacology of cotransmission in the
autonomic nervous system: Integrative aspects on amines,
neuropeptides, adenosine triphosphate, amino acids and nitric
oxide. Pharmacol. Rev., 48, 113 ± 178.

LUNDBERG, J.M., FRANCO-CERECEDA, A., HUA, X., HOÈ KFELT, T.

& FISCHER, J.A. (1985). Co-existence of substance P and
calcitonin gene-related peptide-like immunoreactivities in sen-
sory nerves in relation to cardiovascular and bronchoconstrictor
e�ects of capsaicin. Eur. J. Pharmacol., 108, 315 ± 319.

MAGGI, C.A. (1991). Capsaicin and primary a�erent neurons: from
basic science to human therapy? J. Auton. Nerv. Syst., 33, 1 ± 14.

MEEHAN, A.G. & KREULEN, D.L. (1992). A capsaicin-sensitive
inhibitory re¯ex from the colon to mesenteric arteries in the
guinea-pig. J. Physiol., 448, 153 ± 159.

PERSSON, M.G., GUSTAFSSON, L.E., WIKLUND, N.P., HEDQVIST, P.

& MONCADA, S. (1990). Endogenous nitric oxide as a modulator
of rabbit skeletal muscle microcirculation in vivo. Br. J.
Pharmacol., 100, 463 ± 466.

PERSSON, M.G., HEDQVIST, P. & GUSTAFSSON, L.E. (1991). Nerve-
induced tachykinin-mediated vasodilation in skeletal muscle is
dependent on nitric oxide formation. Eur. J. Pharmacol., 205,
295 ± 301.

SANTICIOLI, P., DEL BIANCO, D., GEPPETTI, P. & MAGGI, C.A.

(1992). Release of calcitonin gene-related peptide-like (CGRP-
LI) immunoreactivity from rat isolated soleus muscle by low pH,
capsaicin and potassium. Neurosci. Lett., 143, 19 ± 22.

SHEPHERD, J.T. (1983). Circulation of skeletal muscle. In Handbook
of Physiology - The Cardiovascular System III. ed. Shepherd, J.T.
& Abboud, F.M. pp. 319 ± 370. Bethesda: American Physiologi-
cal Society.

TAKAMI, K., KAWAI, Y., SHIOSAKA, S., LEE, Y., GIRGIS, S.,

HILLYARD, C.J., MACINTYRE, I., EMSON, P.C. & TOHYAMA,

M. (1985). Immunohistochemical evidence for coexistence of
calcitonin gene-related peptide- and choline acetyltransferase-
like immunoreactivity in neurons of the rat hypoglossal, facial
and ambiguus nuclei. Brain Res., 328, 386 ± 389.

WILSON, J.R. & KAPOOR, S. (1993). Contribution of endothelium-
derived relaxing factor to exercise-induced vasodilatation in
humans. J. Appl. Physiol., 75, 2740 ± 2744.

(Received November 5, 1996
Revised June 23, 1997
Accepted July 7, 1997)

Skeletal muscle circulation and CGRP 709M. Yamada et al


