
Abstract

Aims/hypothesis. Insulin has nitric-oxide-dependent
vasodilatory effects in muscle, including capillary re-
cruitment, that enhance access for itself and glucose.
However, nitric-oxide-dependent vasodilators other
than methacholine do not enhance insulin action. Our
hypothesis is that methacholine, unlike bradykinin,
enhances insulin-mediated glucose uptake in muscle
by augmenting capillary recruitment.
Methods. Local infusion of either methacholine or
bradykinin into one leg of the anaesthetised rat was
made during physiological insulin (3 mU·kg−1·min−1)
infusion under euglycaemic conditions and without af-
fecting systemic blood pressure. Whole-body glucose
infusion was determined, as was femoral blood flow,
2-deoxyglucose uptake into calf muscles and the me-
tabolism of infused 1-methylxanthine, a measure of
capillary recruitment for each leg.
Results. Methacholine alone (0.3 µmol·l–1) increased
femoral arterial blood flow, increased capillary re-
cruitment but had no effect on 2-deoxyglucose uptake

of the test leg relative to the contra-lateral control leg.
Insulin alone (systemically) required a glucose infu-
sion rate of 8.7 mg·kg−1·min−1 to maintain eugly-
caemia, increased 2-deoxyglucose uptake and capil-
lary recruitment, but was without effect on femoral
blood flow in either leg. Local methacholine with sys-
temic insulin infusion increased femoral blood flow,
2-deoxyglucose uptake and capillary recruitment in
the test leg only. Bradykinin (0.07 µmol·l–1), alone or
with insulin, administered in a manner that increased
femoral blood flow similarly to methacholine, did not
affect 2-deoxyglucose uptake or capillary recruitment.
Conclusions/interpretation. Methacholine but not bra-
dykinin enhances insulin-mediated muscle glucose
uptake in vivo. We conclude that methacholine acts at
specific sites in the vasculature of muscle to stimulate
capillary recruitment and thereby enhance insulin ac-
cess.

Keywords Global vasodilatation in muscle · Insulin
and glucose delivery to muscle · Muscle blood flow ·
Specific regional vasodilatation in muscle.
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Introduction

There is evidence that a rate-limiting step for insulin-
mediated glucose uptake by muscle in vivo is at the
level of insulin and glucose delivery [1]. In addition,
there is circumstantial evidence that this step may be-
come even further limiting in insulin-resistant states
[1, 2]. Under normal conditions in vivo insulin exerts
a number of haemodynamic effects within skeletal
muscle including an increase in bulk blood flow (usu-
ally determined as limb blood flow [3]) and capillary
recruitment [4]. While each of these is nitric-oxide
(NO)-dependent [5, 6, 7] and has been proposed to en-



hance delivery of glucose and insulin to the muscle
cells [8], recent evidence shows that capillary recruit-
ment correlates more closely than bulk flow with glu-
cose uptake [9]. For physiological insulin, moreover,
capillary recruitment is an early [10] and highly sensi-
tive process [11]. In contrast, bulk flow is slow to re-
spond at physiological insulin levels and only rapid
when doses are raised above physiological levels [12].
When vasodilators such as bradykinin [13], nitroprus-
side [14], or adenosine [15] are infused, bulk flow is
markedly augmented without an effect on insulin ac-
tion. These results suggest that bulk blood flow
changes are not necessary for insulin’s metabolic ac-
tions in muscle. One exception is the vasodilator
methacholine, which increases total flow, and has
been reported by two groups to enhance insulin ac-
tion. Thus in 1994 methacholine was reported to aug-
ment insulin-mediated glucose uptake across the leg
of young healthy subjects [3]. Similarly, five years lat-
er methacholine was found to increase forearm glu-
cose uptake of hypertensive insulin-resistant subjects
[16]. Thus it is puzzling why various vasoactive
agents that act via NO-dependent vasodilatation have
such different metabolic outcomes when the haemo-
dynamic actions of insulin are also NO-dependent. It
has been proposed [3] that the difference in vasodila-
tor metabolic action may relate to the specific sites af-
fected within the vasculature. Accordingly, in the
present study and using a novel approach of local in-
fusion in the rat leg in vivo, we compare the metabolic
effects of methacholine and bradykinin on physiologi-
cal insulin in terms of macro- and micro vascular
haemodynamic changes.

Materials and methods

Animals. All procedures adopted and experiments undertaken
were approved by the University of Tasmania Animal Ethics
Committee. Male hooded Wistar rats weighing 281±6 g were
bred in house at the University of Tasmania Animal House
(Hobart, Tasmania, Australia) and raised on a commercial diet
(Pivot, Launceston, Australia) containing 21.4% protein, 4.6%
lipid, 68% carbohydrate, and 6% crude fibre with added vita-
mins and minerals, together with free access to water. Until the
day of surgery, rats were housed at a constant temperature of
21±1°C with a 12-h/12-h light/dark cycle. Food and water
were freely available until the animals were anaesthetised.

Surgical preparation. The intention was to conduct a hyperin-
sulinaemic–euglycaemic clamp in rats so that the effects of a
local muscle infusion of the vasodilators methacholine and
bradykinin could be assessed in the absence of systemic pertur-
bations. Particular focus was on effects imposed on the haemo-
dynamic effects of insulin. Details for the clamp were essen-
tially as described previously [4] with some modifications; a
schematic drawing showing the positioning of cannulae and
flow probes is given in Figure 1a. The rats were anaesthetised
using Nembutal (50 mg·kg−1 body weight) and had polyethyl-
ene cannulas (PE-50; Intramedic, Becton Dickinson, Parsippa-
ny, N.J., USA) surgically implanted into the carotid artery for

arterial sampling and measurement of blood pressure (pressure
transducer Transpac IV; Abbott Critical Care Systems, Morgan
Hill, Calif., USA) and into both jugular veins for continuous
administration of anaesthetic and other intravenous infusions.
A tracheotomy tube was inserted, and the animal was allowed
to spontaneously breathe room air throughout the course of the
experiment. Small incisions (1.5 cm) were made in the skin
overlaying the femoral vessels of both legs, and the femoral ar-
tery was separated from the femoral vein and saphenous nerve.
In one leg (test leg), the epigastric artery was cannulated and
an ultrasonic flow probe (VB series 0.5 mm; Transonic Sys-
tems, Ithaca, N.Y., USA) was positioned around the femoral
artery just distal to the rectus abdominis muscle prior to the
point where the epigastric artery leaves the femoral artery
(Fig. 1a). In the contralateral leg (control leg) the epigastric
vessels were ligated and a second ultrasonic flow probe was
positioned around the femoral artery as above. The probes
were connected to flow meters (T106 ultrasonic volume flow
meter; Transonic Systems). These were in turn interfaced with
an IBM-compatible PC computer, which received the data (at a
sampling frequency of 100 Hz) for femoral blood flow, heart
rate, and blood pressure using WINDAQ data acquisition soft-
ware (DATAQ Instruments, Akron, Ohio, USA). The animals
were maintained under anaesthesia for the duration of the ex-
periment using a continual infusion of Nembutal (0.6 mg·kg−1·
min−1) via the left jugular cannula. The body temperature was
maintained using a water-jacketed platform and a heating lamp
positioned above the rat.

Euglycaemic–hyperinsulinaemic clamps. Once the surgery was
completed, a 45 to 60-min equilibration period was allowed so
leg blood flow and blood pressure could become stable and
constant. Rats were then subjected to the protocol (Fig. 1b),
during which they were infused systemically with saline or in-
sulin (as a euglycaemic insulin clamp with 3 mU·kg−1·min−1)
(Humulin R; Eli Lilly, Indianapolis, Ind., USA) from t=0 for
2 h. This rate of insulin infusion was chosen as it has little or
no effect on femoral arterial blood flow (FBF) [11]. Local in-
fusion of methacholine or bradykinin into the epigastric artery
of the test leg was made for the last 45 min. Preliminary exper-
iments were conducted to determine which infusion rate of
methacholine or bradykinin would produce maximal increase
in FBF without effects on mean arterial blood pressure or heart
rate. Some experiments involved systemic infusions of metha-
choline intra-arterially for the final 20 min of either saline
(n=5) or insulin clamp (3 mU·kg−1·min−1; n=5).

Blood samples. Arterial samples were taken at the times indi-
cated (Fig. 1) for blood glucose (all) and insulin (−5 and 120-
min) measurements. The femoral vein of each leg was used for
venous sampling, using a 29G insulin syringe (Becton Dickin-
son). Duplicate venous samples (300 µl) were taken only on
completion of the experiment (total time 120 min) to prevent
alteration of the blood flow from the hindlimb due to sam-
pling, and to minimise the effects of blood loss. The blood
samples were placed on ice, immediately centrifuged and the
plasma stored at −20°C until assayed. The total blood volume
withdrawn from the animals before the final arterial and ve-
nous samples did not exceed 1.5 ml and was easily compensat-
ed for by the volume of fluid infused.

Capillary recruitment. Capillary recruitment was determined by
measuring the metabolism of infused 1-methylxanthine (1-MX),
a substrate targeted for xanthine oxidase, which in the hindlimb
muscle is located predominantly in capillary endothelium [17].
We infused 1-MX (Sigma Aldrich, St. Louis, Mo., USA) at a
constant rate (0.5 mg·kg−1·min−1) to maintain a steady-state arte-
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rial level of approximately 20 µmol/l. As noted previously [4, 9],
this was achieved by partly inhibiting the activity of xanthine
oxidase with allopurinol [18] (10 µmol·kg−1), administered as a
bolus dose 5 minutes prior to commencing the 1-MX infusion
(Fig. 1). This not only allowed constant arterial concentrations
of 1-MX to be maintained throughout the experiment, but low-
ered the Km of the enzyme sufficiently so that 20 µmol·l–1 1-MX
was well above saturation (unpublished observations).

Plasma (20 µl) from arterial and leg venous blood samples
taken at the end of the experiment was mixed with 8 µl of
0.42 mol·l–1 perchloric acid and centrifuged for 10 min. The
supernatant was used to determine 1-MX, allopurinol and oxy-
purinol concentrations by reverse-phase HPLC as previously
described [4]. Capillary recruitment, expressed as 1-MX me-
tabolism was calculated from the difference between arterial
and venous plasma 1-MX concentrations and multiplied by
femoral blood flow. The concentration in plasma was corrected
for the volume accessible to 1-MX, determined from plasma
concentrations obtained after additions of standard 1-MX to
whole rat blood to be 87.1%. The rate of 1-MX metabolism
across the hindlimb (expressed as nmol·min−1) reflects conver-
sion by capillary endothelial xanthine oxidase to the sole prod-
uct, 1-methyl urate [19].

Muscle glucose uptake. At 45 min prior to the completion of
each experiment (Fig. 1b), a 1.85 MBq bolus of 2-deoxy-D-
[2,6-3H]glucose (2DG) (specific activity = 1.92 TBq·mmol−1)
(Amersham Life Science, Castle Hill, NSW, Australia) in sa-
line was administered. Plasma samples (25 µl) were collected
at 5, 10, 15, 30 and 45 min after 2DG to determine plasma
clearance of the radioactivity. At the conclusion of the experi-
ment, the soleus, plantaris, gastrocnemius white, gastrocne-
mius red, EDL and tibialis muscles were removed, clamp-
frozen in liquid nitrogen and stored at −20°C.

Individual frozen muscles were ground under liquid nitro-
gen and homogenised with 10 volumes of water using an Ultra
Turrax. Free and phosphorylated [3H]2DG were separated by
ion exchange chromatography using an anion exchange resin
(AG1-X8) [20, 21]. Biodegradable Counting Scintillant-BCA
(Amersham) was added to each radioactive sample and radio-
activity determined using a scintillation counter (LS3801;
Beckman Instruments, Fullerton, Calif., USA). From this mea-
surement and a knowledge of plasma glucose and the time
course of plasma 2DG disappearance, muscle 2DG uptake
(R′g), which reflects glucose uptake into the muscle, was cal-
culated as previously described by others [20, 21].

Other assays. A glucose analyser (2300 Stat plus; Yellow
Springs Instruments, Yellow Springs, Ohio, USA) was used to
determine whole blood glucose (by the glucose oxidase meth-
od) during the insulin clamp. A blood sample of 25 µl was re-
quired for each measurement. Insulin assays were conducted
on arterial plasma samples taken at −5 min (pre-insulin) and at
120 min (post-insulin) using an ELISA method (Mercodia, Up-
psala, Sweden).

Expression of results. All data are expressed as means ± SE.
Mean femoral blood flow, mean heart rate and mean arterial
blood pressure were calculated from 5-second sub-samples of
the data, representing approximately 500 flow and pressure
measurements every 15 minutes. Vascular resistance in the
hind leg was calculated as mean arterial blood pressure in mil-
limetres of mercury divided by femoral blood flow in millil-
itres per minute and expressed as resistance units.

Statistical analysis. In order to ascertain differences between
treatment groups, repeated-measures ANOVA was used. When
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Fig. 1 a. Schematic drawing showing the positioning of cannu-
lae and flow probes. Cannulae were inserted in a carotid artery
(BP measurements), each jugular vein and one epigastric artery
(test leg; methacholine [MC] or bradykinin [BK] infusions).
Other infusions were anaesthetic (jugular vein), insulin/saline
(jugular vein), and glucose (jugular vein). Double infusions
into a jugular vein were achieved by a four-way tap. Transonic
flow probes were positioned around each femoral artery.
b. Study design involved the euglycaemic clamp at 3 mU·kg−1·
min−1 insulin or saline commencing at time = 0 min and con-
tinuing for 120 min. MC (1 µg·kg−1·min−1) or BK (2 µg·kg−1·
min−1) was infused into the epigastric artery of the test leg for
the last 45 min. Systemic venous infusions are indicated by the
bars. Duplicate arterial and femoral venous plasma samples
(indicated by A-V) were collected from each hind leg (test and
contralateral control) at 120 min, for HPLC analysis, and plas-
ma glucose determinations. Bolus systemic injections of allo-
purinol or 2-DG were made as indicated (arrows). Arterial
samples for glucose (all) and insulin (−5 and 120 min) deter-
minations are indicated by *. Muscle samples were taken at
120 min for 2-DG. The numbers of animals in each group
were: MC, n=5; MC + insulin, n=6; BK, n=6; BK + insulin,
n=6
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a significant difference (p<0.05) was found, pair-wise compar-
isons by the Student–Newman–Keuls test were used to deter-
mine at which individual time points differences were signifi-
cant. This was used for femoral blood flow, arterial blood pres-
sure, femoral vascular resistance, and whole-body glucose in-
fusion rate (GIR). For R′g and 1-MX metabolism, one-way

ANOVA was applied, followed by pairwise comparisons using
the Student–Newman–Keuls test. All tests were performed us-
ing the SigmaStat statistical program (Jandel Software, San
Rafael, Calif., USA).

Results

Haemodynamic effects. Figure 2 shows that values for
BP before commencement of methacholine infusion
were 110±3 (saline) and 112±2 mmHg (insulin). At
45 min after methacholine infusion there were no sig-
nificant changes (Fig. 2). Figure 3 shows the change
in FBF and vascular resistance (VR) for two different
combinations based on details of Figure 1, where
methacholine or bradykinin was infused locally via
the epigastric artery of the test leg and measurements
were made in both legs, while animals were receiving
saline infusion systemically or were under hyperin-
sulinaemic–euglycaemic clamps at 3 mU·kg−1·min−1.
Data for Figure 3 have been normalised relative to the
flow at t=0 min. Thus, absolute values for FBF
(ml·min−1) at t=0 min were: saline (control leg
1.07±0.05; methacholine leg 1.01±0.02); insulin (con-
trol leg 0.88±0.07; methacholine leg 0.91±0.07); sa-
line (control leg 1.32±0.08; bradykinin leg
1.28±0.08); and insulin (control leg 1.06±0.13; brady-
kinin leg 1.19±0.12).

The rate of local infusion of methacholine was pre-
viously determined to maximally increase FBF in the
test leg without changes in FBF in the contra-lateral
control leg, BP (Fig. 2), or heart rate. Methacholine
increased FBF with or without insulin only in the test
leg (Fig. 3a) and the concentration attained, as esti-
mated from femoral arterial flow and infusion rate,

Fig. 2. Change in FBF and VR as a result of local infusion 
of methacholine (a, b) or bradykinin (c, d) via the epigastric
artery into one leg with or without systemic infusion of insulin
(details, see in Fig. 1). Open circles, control leg saline-treated;
filled circles, test leg saline-treated; open triangles, control leg
insulin-treated; filled triangles, test leg insulin-treated. 
* p<0.05 for difference from control leg

Fig. 3. Effect of local one-leg infusion of methacholine or bra-
dykinin on mean arterial blood pressure. Methacholine or bra-
dykinin were infused via the epigastric artery into one leg with
or without systemic infusion of insulin. BP was measured by a
cannula in the carotid artery (details, see Fig. 1). Open circles:
insulin (control and MC leg); filled circles, saline (control and
MC leg); open triangles: insulin (control and BK leg); filled
triangle: saline (control and BK leg)
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Fig. 4. Effect of local one-leg infusion of methacholine (a, b)
or bradykinin (c, d) on 2-deoxyglucose uptake (R′g) by lower
leg muscles. R′g for soleus (Sol), plantaris (Plan), red gastroc-
nemius (RG), white gastrocnemius (WG), extensor digitorum
longus (EDL) and tibialis (Tib) muscles are shown (a, c). R′g
for the combined muscles above are shown in b and d. Metha-
choline or bradykinin was infused in the test leg only; saline or
insulin was infused systemically. Control leg saline-treated
(con, Sal) test leg saline-treated (MC or BK, Sal) control leg
insulin-treated (Con, Ins); test leg insulin-treated (MC or BK,
Ins). Other details, see Figure 1. * p<0.05 for difference from
the corresponding control leg (saline); # p<0.001 for difference
from the corresponding control leg (insulin)

was approximately 0.3 µmol·l–1. Consequently, the
calculated VR in the leg receiving methacholine was
found to decrease whether or not insulin was infused
(Fig. 3). Bradykinin infusion, like that for methacho-
line, was also previously tested to produce maximal
increase in FBF without systemic effects of changes in
BP (Fig. 2) or heart rate (not shown). The concentra-
tion attained was estimated to be approximately
0.07 µmol·l–1 and the increase in FBF slightly lower
than that produced by methacholine; higher infusion

rates had systemic effects and thus were unsuitable. At
this infusion rate, bradykinin increased FBF only in
the test leg (Fig. 3). This occurred whether or not in-
sulin was infused systemically. The values for BP be-
fore commencement of bradykinin infusion were
106±4 (saline) and 109±3 mmHg (insulin). At 45 min
after bradykinin infusion these were only slightly
higher (Fig. 2). Thus, the calculated VR in the leg re-
ceiving bradykinin was found to decrease whether or
not insulin was infused (Fig. 3).

Systemic infusion of methacholine also led to an
increase in FBF, but even a modest increase of
0.42±0.9 ml·min−1 in FBF was accompanied by a de-
crease in BP from 105±5 to 82±3 mmHg (p<0.05) and
an increase in blood glucose as well as a decrease in
GIR (data not shown).

Glucose metabolism. Blood glucose levels for the four
groups involving local methacholine or bradykinin in-
fusion with saline or insulin infused systemically were
constant. For methacholine the blood glucose values
at 0 min were 4.5±0.2 (saline) and 4.4±0.1 mmol·l–1

(insulin) and at 120 min 5.3±0.2 (saline) and



Figure 4 shows data for R′g of individual muscles
of the lower leg. Methacholine had no effect on R′g of
any of the muscles from the leg into which it was in-
fused. However, methacholine, when infused locally
on a background of systemically infused insulin, aug-
mented the insulin-mediated increase in R′g for
soleus, plantaris, red gastrocnemius, extensor digito-
rum longus and tibialis muscles (Fig. 4a). For the
muscle combination, insulin increased R′g approxi-
mately 3-fold from 3.0±0.2 to 9.8±0.8 µg·g−1·min−1

and this was further increased to 12.5±0.8 µg·g−1·min−1

by methacholine (p<0.001) (Fig. 4b). Bradykinin
alone (saline background) had no effect on R′g of any
of the muscles from the leg into which it was infused
(Fig. 4c). Bradykinin (insulin clamp background), un-
like methacholine, did not affect the insulin-mediated
increase in R′g of any of the individual muscles
(Fig. 4c) or of the combined group (Fig. 4d) of the leg
into which it was infused.

Capillary recruitment. Since capillary recruitment is
calculated from arterio-venous difference of 1-MX and
flow, it is essential for comparisons that the arterial
concentrations of 1-MX and the xanthine oxidase inhib-
itor, oxypurinol, are similar between experimental
groups. For the two groups ‘saline + local methacho-
line’ and ‘insulin + local methacholine’ there was no
significant difference in either arterial plasma concen-
trations of 1-MX (16±1.4 and 20±3 µmol·l–1 respective-
ly) or oxypurinol (3.5±0.5 and 4.0±1.2 µmol·l–1 respec-
tively). Local infusion of methacholine increased capil-
lary recruitment from 5.3±0.7 to 8.4±0.8 nmol·min−1

(p<0.05) in the test leg, as judged from 1-MX metabo-
lism. This increase was significant when compared to
the contra-lateral control leg (p<0.05). Systemic insulin
infusion also increased 1-MX metabolism. This was
significant when control legs were compared (p<0.05;
Fig. 5a). Further increases in 1-MX from 8.8±0.9 to
15.5±1.2 nmol·min−1 (p<0.008) were seen in the test
leg when methacholine was infused locally on a back-
ground of insulin clamp (Fig. 5a). Bradykinin alone
(saline background) did not increase 1-MX metabolism
and did not further modify the stimulation due to sys-
temic insulin infusion (Fig. 5b).

Discussion

The striking finding from this study was that of the
two vasodilators, methacholine and bradykinin, only
methacholine enhanced insulin-mediated glucose up-
take by muscle in vivo and that this effect of metha-
choline was associated with a marked augmentation of
capillary recruitment. Thus each vasodilator when in-
fused locally into one leg markedly enhanced bulk
flow, but despite this increase, only one of these va-
sodilators enhanced both capillary recruitment and
muscle glucose uptake in the presence of physiologi-
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5.6±0.3 mmol·l–1 (insulin). The glucose infusion rate
to maintain euglycaemia during insulin reached a pla-
teau at 8.7±0.9 mg·kg−1·min−1. For bradykinin the
blood glucose values at 0 min were 4.4±0.2 (saline)
and 4.0±0.2 mmol·l–1 (insulin) and at 120 min 4.7±0.2
(saline) and 4.8±0.3 mmol·l–1 (insulin). The glucose
infusion rate to maintain euglycaemia when clamps
were conducted during local bradykinin infusions
reached a plateau at 9.4±0.6 mg·kg−1·min−1. Local in-
fusions of either methacholine or bradykinin had no
effect on systemic plasma insulin. Thus, plasma insu-
lin concentrations at −5 and 120 min were 382±117
and 428±37 pmol·l–1 (methacholine), 325±134 and
819±104 pmol·l–1 (insulin + methacholine), 352±59
and 393±87 pmol/l (bradykinin), and 312±51 and
756±69 pmol·l–1 (insulin + bradykinin).

Fig. 5. Effect of local one-leg infusion of methacholine (MC)
or bradykinin (BK) on 1-MX metabolism. MC (a) or BK (b)
was infused only in the test leg; saline or insulin was infused
systemically. From left to right: control leg saline-treated (Con,
Sal); test leg saline-treated (MC or BK, Sal); control leg insu-
lin-treated (Con, Ins); test leg insulin-treated (MC or BK, Ins).
Other details, see Figure 1. * p<0.05 for difference from con-
trol leg (saline); # p<0.01 for difference from the correspond-
ing control leg (insulin); $ p<0.05 for difference from test leg
without insulin



cal insulin. Neither vasodilator was able to increase
muscle glucose uptake when infused alone. Thus three
important issues emerge from this study. First, it
would seem unlikely that bulk flow (FBF) with or
without added insulin controls muscle glucose uptake.
Second, enhancement of capillary recruitment by
methacholine alone without an accompanying increase
in glucose uptake would suggest that capillary recruit-
ment alone is not itself a stimulator of glucose uptake
(a corollary herein is that methacholine itself is not a
stimulator of muscle glucose uptake). Third, augmen-
tation of capillary recruitment and muscle glucose up-
take by methacholine, when added with systemic insu-
lin, suggests that capillary recruitment is rate-limiting
even for physiological insulin. Thus any intervention
that augments capillary recruitment in the presence of
elevated insulin (i.e. above basal) will enhance insu-
lin-mediated glucose uptake. Such interventions may
include exercise.

There is considerable evidence that the increase in
limb blood flow due to insulin is NO-dependent in hu-
man subjects [5, 6]. However, attempts to stimulate
muscle glucose uptake by increasing limb blood flow
with NO-dependent and -independent vasodilators
have been notably unsuccessful. Thus sodium nitro-
prusside [14], adenosine [15], and bradykinin [13],
which markedly increase limb blood flow, do not in-
crease muscle glucose uptake when infused locally in
humans [14]. Similarly when epinephrine [4] is in-
fused systemically in rats [4] in vivo, there is no in-
crease in glucose uptake despite increased total flow.
In addition, sodium nitroprusside [14] and adenosine
[15] fail to ameliorate insulin resistance in insulin-re-
sistant patients, even though many of these patients
show a marked loss of NO-dependent insulin- [22]
and cholinergic-mediated [23] vasodilation. An excep-
tion to the general rule that nitro-vasodilators do not
increase muscle glucose uptake appears to be the ace-
tylcholine congener, methacholine. Two laboratories
have now reported that this agent increases muscle
glucose uptake; in one study it augmented insulin in a
range of variably responsive individuals [24], in the
other it increased glucose uptake in insulin-resistant
hypertensive patients [16], even though nitroprusside
in the same patients did not [16]. An explanation for
this apparent contradiction may lie in the effect that
each vasodilator has on the muscle microvascular
blood flow pattern [3]. In rats, insulin and exercise
have each been shown to increase capillary recruit-
ment [25], a process that is independent of changes in
limb blood flow [11]. Capillary recruitment increases
insulin and glucose access to muscle fibres by increas-
ing the proportion of nutritive blood flow. The present
study shows that of the two vasodilators, methacho-
line and bradykinin, only methacholine increases cap-
illary recruitment and augments insulin-mediated glu-
cose uptake. It is also important to note that in the
present study there was no difference in FBF when

methacholine was infused into the test leg of the rats
receiving either systemic insulin or saline. This might
imply that insulin and methacholine are not additive,
although findings by others [26] suggesting an addi-
tive effect between insulin and acetylcholine on hu-
man forearm blood flow may indicate otherwise.

The findings reported in the present study have
only been possible by the use of a novel procedure in
the rat, whereby local infusion of the vasodilator was
made via a catheter placed in the epigastric artery of
the test leg (Fig. 1a). To our knowledge this approach
has not been used before in rats and has allowed as-
sessment of local effects of the vasodilator either on a
background of saline or a hyperinsulinaemic–eugly-
caemic clamp. The particular advantage of this tech-
nique is that systemic effects of each vasodilator were
kept to a minimum as a result of the infusion being lo-
cal and the relatively short half-life of the agents. Evi-
dence that systemic effects were minimal can be seen
from the unchanged blood pressure and the absence of
an increased FBF in the contra-lateral leg. In contrast,
systemic infusion of methacholine at a dose that
achieved a lower increase in FBF than that from local
infusion caused BP to fall and blood glucose to rise,
resulting in a lower GIR. Thus systemic effects of
methacholine interacted with homeostatic processes
and overrode the local metabolic and haemodynamic
effects of methacholine in the muscle.

Clearly an explanation as to why methacholine and
not bradykinin increased capillary recruitment and
glucose uptake must focus on the specific site(s) in the
microvasculature at which each substance acts to de-
crease hindlimb vascular resistance. As already point-
ed out by others [3], the vasodilatory action of metha-
choline occurs in large part through release of the en-
dogenous vasodilator NO from arterial endothelial
cells [27] and its effects are likely to occur at the level
of the high-resistance small precapillary arteries. This
is presumably because of the specific location of re-
ceptors for methacholine and the local action of the
NO released. The failure of bradykinin to achieve the
same outcome as methacholine suggests that the re-
ceptors for bradykinin are not located at the level of
the high-resistance small precapillary arteries, but
rather at levels where flow that is essentially non-nu-
tritive can be accommodated. There is already evi-
dence that vasodilators such as bradykinin, acetylcho-
line, histamine and isoproterenol can depress the con-
tractile force of exercising muscle perfused at constant
flow [28]. The authors of that study concluded that the
vasodilators diverted blood flow to connective tissue
away from the contracting fibres [28]. The fact that
acetylcholine was one of the vasodilators that reduced
contractile force suggests that despite the close struc-
tural properties with methacholine, the latter reacts
with a specific subset of receptors controlling nutritive
capillary recruitment and is therefore in this respect
similar to insulin [4].
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In the present study methacholine alone increased
capillary recruitment with a trend, which may have
proved significant with further experiments, to in-
crease R′g by approximately 29% or 0.95 µg·g−1·min−1.
However, the increment induced by methacholine in
the presence of infused insulin, although of the same
proportion as that under basal conditions, was larger
in absolute terms at 2.7 µg·g−1·min−1. This suggests
that capillary recruitment may enhance insulin gener-
ally with relatively small effects at basal levels and
larger effects when insulin levels rise. This is consis-
tent with our recent data, where we report that capil-
lary recruitment is markedly more sensitive than R′g
to insulin [11]. Thus infusion of physiological insulin
at 3 mU·kg−1·min−1 increased insulin from 337±31 to
638±84 pmol·l–1 (p<0.05) in fed rats and maximally
increased capillary recruitment with only about a 20%
of maximal stimulation of R′g [11]. However, in the
present study, when methacholine was infused on a
background of the insulin clamp, the increase in R′g
due to insulin was augmented. More importantly,
methacholine further increased capillary recruitment
due to insulin. These findings suggest that the stimula-
tion of capillary recruitment by methacholine is inde-
pendent of and additive to that of insulin, but as point-
ed out above, likely to be engaging receptors in the
same locality of the microvasculature. It is perhaps
pertinent to note that voluntary exercise-training of
our rats also augmented insulin-mediated capillary re-
cruitment and insulin-mediated glucose uptake by
muscle [29].

Finally, the present findings separate limb blood
flow from muscle glucose uptake. Thus both of the
vasodilators increased FBF, but only methacholine
augmented insulin-mediated increase in R′g. This to
some degree clarifies the on-going controversy where
the role of bulk blood flow as an independent modula-
tor of glucose uptake has been disputed [12, 30, 31],
particularly in relation to vasodilators [14]. Clearly
then, the key haemodynamic aspect that controls insu-
lin-mediated glucose uptake by muscle is capillary
surface area. Only vasodilators that act to recruit nu-
tritive capillaries can potentiate insulin action to in-
crease glucose uptake. It remains to be further investi-
gated whether flow can independently increase glu-
cose uptake once capillary recruitment is maximal as
predicted elsewhere [32].
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