
Glucose homeostasis is partly due to the metabolic
action of insulin, which exerts its antihyperglycaemic
action mainly in liver, adipose tissue and skeletal
muscle. In the basal state, skeletal muscle utilizes lit-
tle glucose as a fuel for its own needs [1]. In contrast,
during postprandial periods the disposal of glucose is
partly insulin-mediated and occurs mainly in skeletal
muscle [2], where it is largely stored as glycogen. At
this time, skeletal muscle switches from a low glu-

cose-consuming to a major carbohydrate-utilizing
system. Glucose uptake is increased by the combined
effects of the prevailing serum glucose concentration
(mass action effect) and by endogenous insulin eleva-
tion which stimulates glucose extraction by recruiting
and activating specific transporters.

In addition to the metabolic and nervous factors,
blood flow might be another parameter regulating
glycaemia. Under normal daily physiological condi-
tions, plasma levels of glucose and insulin vary con-
siderably, in particular during repeated postprandial
periods. If these substances exert vasoactive effects,
they may consequently play a prominent role in the
optimal regulation of glucose homeostasis [3, 4]. Sev-
eral studies have reported that, in addition to its met-
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Summary The role played by glucose and/or insulin
in local vascular regulation of tissue glucose uptake
is largely unknown. Thus, the aim of this study was
to examine microvascular changes induced either by
hyperinsulinaemia alone or in combination with hy-
perglycaemia. The effects of insulin or glucose on
the diameter and periodic vasomotion of precapillary
arterioles (diameter < 20 mm) were determined by us-
ing the spinotrapezius muscle preparation in fasted,
anaesthetized rats. Ten minutes after s. c. insulin ad-
ministration, the blood insulin level was greatly in-
creased whereas plasma glucose remained un-
changed. This was associated with a marked and du-
rable vasodilation of terminal arterioles without sig-
nificant changes in vasomotion. When similar plasma
insulin levels were attained by glucose infusion, tissue
glucose uptake was increased in spite of a partial con-
striction and increased vasomotion of precapillary ar-
terioles. Importantly, local tissue blood flow was not
reduced despite the diminution in microvascular

diameters. These results indicate that hyperinsulin-
aemia alone produces an increase in the diameter of
terminal arterioles. This effect seems to be offset
when the same level of hyperinsulinaemia is associat-
ed with hyperglycaemia (such as occurs postprandial-
ly), as illustrated by vasoconstriction of the muscle
terminal arterioles. Our data suggest that the vaso-
constriction of precapillary arterioles may be part of
an active regulation for optimal glucose supply to
the tissue in acute hyperglycaemic episodes. These
data provide the first direct evidence that insulin and
glucose can act as regulators of microflow in the skel-
etal muscle, as illustrated by changes in precapillary
haemodynamics. [Diabetologia (1998) 41: 26--33]
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abolic action, insulin also exerts haemodynamic ef-
fects in which the hormone appeared to induce va-
sodilation in skeletal muscle. By combining the eu-
glycaemic clamp with the leg balance technique, stud-
ies demonstrated that insulin-induced vasodilation
was preferentially directed towards skeletal muscle
[5], was dose-dependent and, more importantly, oc-
curred at insulin levels within the physiological range
[6]. In healthy patients, various techniques for blood
flow measurement such as thermodilution [5, 7] or
plethysmography [8--11] have documented that, un-
der euglycaemic conditions, hyperinsulinaemia can
increase skeletal muscle blood flow.

The potential physiological importance of this
phenomenon has been suggested in obese non-dia-
betic [6, 12], as well as in diabetic patients [13], in
which a defect in insulin-induced vasodilation was
shown to be associated with defective peripheral glu-
cose uptake. However, this hypothesis has been chal-
lenged by a series of recent investigations [14--16].

Indeed all these studies concerned haemodynamic
effects on large vessels and/or in whole organs. More-
over, studies investigating the vascular effects of high
insulin levels have mainly been performed using the
clamp procedure, in which normal dynamic changes
are artificially eliminated due to the maintenance of
constant hormone levels. However, macrovascular ef-
fects such as changes in forearm blood flow are only
relevant if they occur in -- or at least if they are trans-
mitted to -- the capillary bed which constitutes the ul-
timate site of exchange between blood and tissues
[17]. That hyperinsulinaemia might also increase mi-
croflow has been suggested by non-invasive measure-
ments in humans, in which it was postulated that the
flow increase observed with insulin was mainly due
to capillary recruitment [18--20].

Physiologically, however, plasma insulin levels in-
crease subsequent to acute elevations of glycaemia.
Currently no study has examined the direct effects of
concomitant hyperinsulinaemia and hyperglycaemia
on microvascular dimensions in situ, although they
represent likely physiological stimuli of the vascula-
ture. It therefore appears of upmost importance to in-
vestigate the vascular effects of insulin on the skeletal
muscle microcirculation in both normo- and hyper-
glycaemia. The elucidation of possible haemodynam-
ic effects of these compounds at the level of nutritive
small vessels in normal animals was therefore the
main objective of this in vivo study; knowledge of
the microvascular reactivity to these physiological
substances should constitute the basis for subsequent
investigations in pathological situations such as insu-
lin resistance and diabetes.

Materials and methods

Experimental protocols. Male Wistar rats (Iffa Credo,
l©Arbresle, France) weighing 200--230 g were used for the ex-
periments. The animals were kept under controlled conditions
of light (07.00--19.00 hours), temperature (22 ± 1 °C) and hu-
midity (50 ± 10 %).

Fasted rats were anaesthetized by intraperitoneal injection
of 60 mg/kg pentobarbital sodium. The body temperature of
animals was kept constant at 37 ± 1 °C with a heating pad.
The trachea was intubated with a polyethylene tube (PE-250,
Guerbet Biomedical, Louvres, France) to facilitate sponta-
neous breathing. Polyethylene catheters (PE-50) were insert-
ed into the jugular vein for drug injections and into the carot-
id artery for blood pressure measurement and blood sam-
pling. Then, the ventral surface of the right spinotrapezius
was surgically prepared for in vivo visualization. After com-
pletion of the surgical procedure, the animals were allowed
to stabilize for 30 min. Precapillary arterioles (smaller than
20 mm) were selected and the value of arteriolar diameter at
this time was considered as basal diameter.

In a first series of experiments, animals were injected sub-
cutaneously with insulin (Actrapid, Novo Nordisk Pharmaceu-
tique S.A., Boulogne, France; 1 IU/kg and repeated injections
of 0.25 mIU/kg every 15 min; n = 6). Rats injected with NaCl
0.9 % (n = 6) were used as controls. Insulinaemia and glycae-
mia were determined just before insulin administration and at
time 12, 27 and 42 min. Twelve minutes after insulin or isotonic
saline injections, rats were injected with U-14C-2-deoxy-glu-
cose (2-DG; 0.1 mCi ⋅ kg--1; i. v.) to determine glucose uptake
during the 45 min of the experiment.

In a second series of experiments, animals were infused in-
travenously with 1.3 ml of glucose during 1 min (1.5 g/kg;
n = 7). Rats infused with 0.9 % NaCl i. v. (n = 6) were used as
controls. Insulinaemia and glycaemia were determined just be-
fore glucose administration and at time 10, 25 and 40 min. Ten
minutes after glucose or 0.9 % NaCl infusions, rats were inject-
ed with U-14C-2-deoxy-glucose (2-DG; 0.1 mCi ⋅ kg--1; i. v.) to
determine glucose uptake during the 45 min of the experiment.
Video recording was performed at 15, 30 and 45 min after in-
jection in order to measure, off-line, the arteriolar diameters
and vasomotion. At the end of the last recording period, the
microvascular blood flow in the spinotrapezius muscle was
measured by injected 125I-isopropyl-iodo-amphetamine
(IAMP; 0.3 mCi ⋅ kg--1; i. v.) and the rats were killed 3 min after
its administration.

In a separate group, plasma osmolality was measured at
time 0, 5, 15, 30 and 45 min after glucose infusion (1.5 g/kg).

Preparation of the spinotrapezius muscle. The right spinotra-
pezius was surgically prepared according to the method de-
scribed by Gray [21]. Briefly, a longitudinal slit was performed
in the skin along the spine from the cervical to the midlumbar
region. The connective tissue which covers the muscle was
carefully removed. A slit was made with iridectomy scissors at
the lateral border of the spinotrapezius and its ventral surface
was exposed; four sutures were tied to the border of the muscle
at 1 cm intervals to keep the spinotrapezius exteriorized, in
situ.

During the preparation and experimental observations, the
skeletal tissue was continuously superfused with a bicarbonate/
HEPES-buffered saline solution containing (in mmol/l) 110
NaCl, 4.7 KCl, 2 CaCl2, 1.2 MgSO4, 18 NaHCO3, 15.39 HEPES
and 14.61 HEPES Na + -salt. The temperature of the solution
was kept at 36 °C and the pH was set at 7.4 by bubbling the so-
lution continuously with 5 % CO2 in 95 % N2. Superfusion flow
rate was maintained at 4--5 ml/min.
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Intravital microscopy. To visualize the microcirculation, the
preparation was placed under an intravital microscope (Axio-
plan, Carl Zeiss, Oberkochen, Germany), and the spinotrapez-
ius muscle was observed by transillumination. Images of the
vessels were examined by a close-circuit video system includ-
ing a black and white camera (4912--5000, Cohu, San Diego,
Calif., USA), a video timer (VTG-33; For. A, Tokyo, Japan),
an S-VHS video cassette recorder (BR-S605E; JVC, Tokyo,
Japan) and a black and white monitor. This equipment, with
a × 10 long distance Epiplar objective (Carl Zeiss, Oberko-
chen, Germany), allowed the observation of microcirculatory
fields of 1 × 0.77 mm. The magnification range was calculated
using a stage micrometer. A Shott BG 12 blue band pass filter
helped to increase the image contrast.

Microcirculatory fields were selected for observation based
on image clarity and branching order. Each field was recorded
for 2 min. The video signal was digitized through an acquisi-
tion board Raptor Bitflow (Imasys, Suresnes, France) placed
in a PC 486 microcomputer.

Arteriolar diameters were determined by measurements of
the red blood column diameters, the median value of at least
five consecutive diameter measurements being considered as
the real diameter. This was realized by a playback analysis of
the video record using a self-developed image processing sys-
tem. The image was coded as 768 by 572 pixels, with 256 grey lev-
els. The isotropic orientation of the vessel was used to increase
the signal/noise ratio, by integration of the segments perpendic-
ular to the user©s defined segment. The diameters were comput-
ed at 50 % of the grey level amplitude of the integrated signal.

The percentage of the selected arterioles presenting vaso-
motion, defined as rhythmic variations of the vessel diameter
(1 to 8 cycles per min), was also determined in each experimen-
tal group. To do this, the film of the experiment was played
back at a speed of ± 4 times normal to perceive more clearly
any variation of the vessel diameter.

Blood pressure measurements. The arterial blood pressure sig-
nal, transmitted to a blood pressure analyser (Harvard Appara-
tus 60--3003, South Natick, Mass., USA), was digitized at 100
samples/s. Each second, mean blood pressure and heart rate
were computed, displayed and stored using a dedicated soft-
ware developed under Labview for Windows (National Instru-
ment, Austin, Texas, USA). All animals with a mean arterial
pressure less than 90 mmHg were excluded. The blood pressure
values at time 0, 15, 30 and 45 min are the average values mea-
sured during 5 min, i. e. during each period of video recording.

Microvascular blood flow. 125I-labeled isopropyl-amphetamine
(C. E. A., Saclay, France) was used as a tracer for microvascu-
lar perfusion. This compound is trapped by the endothelium
on its first passage through the vessels and permits measure-
ments similar to those using the smallest microspheres [22].
The tracer was injected intravenously 3 min before the end of
the experiment and muscle samples were counted in a 125I cali-
brated gamma-counter.

Local skeletal muscle glucose uptake. Glucose uptake was mea-
sured according to the technique described by Sokoloff et al.
[22], using 14C-2-DG (NEN Life Science Products, Les Ulis,
France) as a circulating tracer. Muscle glucose consumption
was calculated after determination of the plasma elimination
kinetics of 2-DG and glycaemia. The radiolabelled tracer was
injected i. v. and blood samples collected at 15, 30 and 45 min.
At the end of this period, skeletal muscle was removed and sol-
ubilized in Soluene-350. Radioactivity was measured in a cali-
brated beta-counter after addition of 10 ml Hionic-Fluor as
liquid scintillation.

Analytical methods. Arterial blood samples (400 ml) were col-
lected in Eppendorf tubes for glycaemia, insulinaemia and os-
molality determinations. Plasma glucose concentrations were
measured by the glucose oxidase method. Serum insulin levels
were determined by an insulin CT radioimmunoassay kit (CIS
Bio International, ORIS Group, Gif/Yvette, France). Plasma
osmolality was measured using a micro-osmometer model
3MO + (Advanced Instruments Inc., Worwood, Mass., USA).

Statistical analysis. Results are expressed as mean ± SEM. Be-
tween-group comparisons of metabolic parameters were per-
formed using the Mann Whitney test. The data for blood pres-
sure and arteriolar diameters were analysed using two-way
analysis of variance (ANOVA) to identify time and drug ef-
fects. When a significant value was demonstrated, one-way
ANOVA was performed, followed by the Scheffe-test, to anal-
yse the time effect in each experimental group and drug effect
for each series of experiment. Between groups, comparisons
of the percentage of arteriolar vasomotion were made using
the chi-square test. p less than 0.05 was considered statistically
significant.

Results

Effects of insulin injection

1. Metabolic parameters. Glycaemia and insulinaemia
were not modified by isotonic saline. Twelve minutes
after the first subcutaneous insulin injection, plasma
insulin was increased (915 ± 74 vs 129 ± 20 pmol/l),
without modification of blood glucose. Insulin inject-
ed animals maintained an elevated insulinaemia
throughout the experiment and showed a moderate
but significant decrease in glycaemia which devel-
oped progressively (Table 1).

2. Blood pressure, arteriolar diameter and vasomo-
tion. Blood pressure, heart rate, arteriolar diameters
and percentage of vasomotion remained unmodified
in the saline group. Insulin did not modify heart rate
but induced a moderate decrease in blood pressure;
the effect being significant at time 30 and 45 min (Ta-
ble 1). Arteriolar diameters in the spinotrapezius
muscle were significantly increased by insulin. This
vasodilation was already present at time 15 min, and
persisted until the end of the experiment (Fig.1). Per-
centage of arteriolar vasomotion was unaffected by
insulin or isotonic saline (data not shown).

3. Glucose uptake. As expected, insulin injection in-
duced a significant increase in muscle glucose uptake
(2.81 ± 0.5 vs 1.63 ± 0.21 mmol ⋅ min--1 ⋅ 100 g muscle--

1, in control group).

Effects of intravenous glucose infusion

1. Metabolic parameters. No modification of glycae-
mia or insulinaemia was observed in the control
group. As expected, 10 min after intravenous infusion
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of glucose, blood glucose and insulin were markedly
increased. At the end of the experiment, insulinaemia
had returned to baseline values whereas blood glu-
cose remained only slightly but significantly in-
creased (Table 2).

2. Blood pressure, arteriolar diameter and vasomo-
tion. As shown in Table 2 and in Figures 2 and 3,

blood pressure, vessel diameters and percentage of
vasomotion remained unchanged after isotonic saline
infusion at any time of the experiment. In contrast,
15 min after glucose administration, the animals ex-
hibited a significant decrease in the arteriolar diame-
ters. This vasoconstriction persisted until the end of
the experiment and was associated with a progressive
increase in the percentage of the vasomotion, the ef-
fect being significant at time 30 and 45 min. However,
no change in the mean blood pressure was observed
in glucose-injected animals.

3. Blood flow and glucose uptake. Measurements of
microvascular blood flow performed at the end of
the experiment showed comparable values in glu-
cose- and saline-injected animals (9.2 ± 2.5 vs
7.1 ± 1.7 ml ⋅ min--1 ⋅ 100 g muscle--1, in control
group). Glucose infusion induced a significant in-
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Table 1. Evolution of glycaemia, insulinaemia, mean arterial
blood pressure and heart rate, following injections of insulin
or isotonic saline in 7-week-old fasted rats

Time after the
first injection
(min)

Isotonic saline
(n = 6)

Insulin
(n = 6)

Blood glucose
(mmol/l)

t = 0
t = 12
t = 27
t = 42

5.2 ± 0.4
5.5 ± 0.5
5.3 ± 0.3
5.1 ± 0.3

5.2 ± 0.3
4.8 ± 0.2
3.9 ± 0.2a, b

3.3 ± 0.3a, b

Plasma insulin
(pmol/l)

t = 0
t = 12
t = 27
t = 42

132 ± 27
116 ± 21
121 ± 19
139 ± 28

129 ± 20
915 ± 74a, b

903 ± 52a, b

873 ± 49a, b

Mean arterial
blood pressure
(mmHg)

t = 0
t = 15
t = 30
t = 45

118 ± 5
113 ± 5
110 ± 4
107 ± 4

129 ± 5
123 ± 5
114 ± 8a

112 ± 3a

Heart rate
(beats/min)

t = 0
t = 15
t = 30
t = 45

432 ± 10
404 ± 11
398 ± 11
408 ± 11

432 ± 10
432 ± 13
423 ± 11
438 ± 9

Data are means ± SEM
Insulin was administered subcutaneously at a dose of 1 UI/kg
(time 0) and 0.25 IU/kg (time 15 and 30 min)
ap < 0.05 vs time 0, bp < 0.05 vs controls

Fig.1. Effects of insulin ( ) or isotonic saline (A) on the skel-
etal muscle precapillary arteriolar diameters in 7-week-old
fasted rats. Insulin was administered subcutaneously at a dose
of 1 IU/kg (time 0) and 0.25 IU/kg (time 15 and 30 min).
*p < 0.05 vs controls, { p < 0.05 vs time 0

Table 2. Evolution of glycaemia, insulinaemia, mean arterial
blood pressure and heart rate following intravenous infusions
of glucose 1.5 g/kg and isotonic saline in 7-week-old fasted an-
aesthetized rats

Time after
infusion (min)

Isotonic saline
(n = 6)

Glucose
(n = 7)

Blood glucose
(mmol/l)

t = 0
t = 10
t = 27
t = 40

5.8 ± 0.2
5.8 ± 0.2
6.1 ± 0.2
6.0 ± 0.2

5.7 ± 0.4
16.9 ± 0.5a, b

8.1 ± 0.3a, b

6.9 ± 0.3a

Plasma insulin
(pmol/l)

t = 0
t = 10
t = 27
t = 40

119 ± 16
119 ± 8
--
126 ± 10

121 ± 11
816 ± 58a, b

--
150 ± 34

Mean arterial
blood pressure
(mmHg)

t = 0
t = 15
t = 30
t = 45

118 ± 7
119 ± 7
117 ± 7
118 ± 7

119 ± 4
115 ± 5
115 ± 4
116 ± 4

Heart rate
(beats/min)

t = 0
t = 15
t = 30
t = 45

398 ± 11
397 ± 14
418 ± 15
399 ± 10

385 ± 12
391 ± 10
392 ± 8
400 ± 10

Data are means ± SEM
a p < 0.05 vs time 0, b p < 0.05 vs controls

Fig.2. Effects of intravenous infusion of glucose (1.5 g/kg; )
or isotonic saline (A) on skeletal muscle precapillary arteri-
olar diameters in 7-week-old fasted rats. *p < 0.05 vs controls,
{ p < 0.05 vs time 0



crease in muscle glucose uptake (3.9 ± 1.2 vs
2.2 ± 0.5 mmol ⋅ min--1 ⋅ 100 g muscle--1, in control
group).

4. Osmolality. Lastly, as indicated in Figure 4, glucose
administration induced an initial rise in osmolality
which, however, returned to normal at 15 min post-
infusion and was not different from controls for the
duration of the experiment.

Discussion

Skeletal muscle is a main target tissue for insulin ac-
tion to promote glucose uptake. During the postpran-
dial period, this action is strongly stimulated to build
up glycogen stores. Blood flow has been suggested
to participate in this process [24] but the role of in-
creased flow per se in determining peripheral glucose
uptake remains controversial [14--16, 25]. Moreover,

most clinical techniques for measuring blood flow
are limited to an estimation of the global organ flow
because of their non-invasive nature. However, nutri-
ent delivery depends on the blood flowing through
the terminal feeding vessels which branch into capil-
lary units. Differences in the techniques used to mea-
sure blood flow can induce misinterpretations since
the determining factor is where blood is ultimately
flowing through [17, 26]. It is therefore important to
investigate whether insulin and glucose influence the
dynamics of small blood vessels in vivo, since those
substances fluctuate to large extent several times dai-
ly.

We first determined whether the vasodilation in
large vessels with insulin observed in many studies
was also manifested at the microcirculatory level. In-
deed, we found that, in the physiological range, the
hormone induced a clear increase in the diameter of
the precapillary arterioles. Our data are in good
agreement with clinical observations [5, 7--11] as
well as with studies on isolated small vessels in vitro
[27] or in the cremaster muscle in vivo [28]. This ef-
fect was seen both during normoglycaemia and dur-
ing the moderate hypoglycaemia which followed in-
sulin administration.

Most investigations on the haemodynamic effects
of insulin have been performed by using the clamp
procedure. However, the latter presents at least two
drawbacks in relation with this type of study: a) hy-
perinsulinaemia, in addition to likely exceeding phys-
iological levels, is usually induced in the presence of
euglycaemia and b) the physiological dynamics of
glycaemia and insulinaemia are lost. This context
does not correspond to the daily profile of these com-
pounds in blood and therefore we were interested in
looking at the haemodynamic effects of acute hyper-
glycaemia. Intravenous infusion was selected as the
method of glucose administration in order to ensure
homogeneity in plasma glucose kinetics. The proto-
col was adjusted so that the resulting plasma insulin
levels were similar to those attained with insulin
alone. Our data clearly show that in this situation,
where high insulin concentrations, coexist with high
glucose (as occurs during postprandial periods), the
diameter of terminal arterioles decreases in the ab-
sence of any significant modification in mean arterial
blood pressure. Our data demonstrate that, at similar
plasma insulin concentrations, the vasodilation ob-
served with insulin alone does not occur when con-
comitant hyperglycaemia exists. The suggestion that
acute hyperglycaemia can induce vasoconstriction is
corroborated by several observations: in vitro, glu-
cose favours vasoconstriction [29, 30] and, in vivo,
glucose impairs the endothelium dependent vasodila-
tion in rat intestinal or cerebral arterioles [31, 32] as
well as in human forearm [33].

Although clarification of these hypotheses was be-
yond the scope of our present investigations, several
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Fig.3. Effects of intravenous infusion of glucose (1.5 g/kg; )
or isotonic saline (A) on percentage of precapillary arteriolar
vasomotion in 7-week-old fasted rats. *p < 0.05 vs controls,
{ p < 0.05 vs time 0

Fig.4. Evolution of osmolality after intravenous infusion of
glucose (1.5 g/kg; U) or isotonic saline (k) in 7-week-old fast-
ed rats. *p < 0.05 vs controls



explanations can be proposed. First, the level of
glycaemia achieved shortly after infusion induces an
early increase in plasma osmolality, but arteriolar
constriction was still observed at times when osmola-
lity had returned to normal long before. The haemo-
dynamic effects of osmolality are largely unknown
but, if anything, are rather characterized by vasodila-
tion [34, 35]. Second, a direct constrictive effect of
glucose could also result from enhanced production
of some prostanoïds [36, 37], endothelin [38] or a
stimulation of protein kinase C [39--41]. Third, since
vessel caliber is also largely influenced by metabolites
in the surrounding tissue, products of local glucose
utilization in the muscle may have induced local vaso-
constriction. However, we and others did not observe
any change in small vessel diameter when the exteri-
orized muscle was superfused with high glucose,
thereby making this hypothesis unlikely [Michoud
E., unpublished results; 42]. Finally, terminal arteri-
olar constriction may also be driven by nervous in-
puts since both insulin and glucose are known to stim-
ulate different components of the sympathetic ner-
vous system [43, 44]. Future studies will be imple-
mented to identify the precise mechanisms.

Our data also show that increased glucose con-
sumption was achieved in spite of a partial constriction
of terminal supplying arterioles in the anaesthetized
preparation of the skeletal muscle. In contrast to the
exercising muscle in which flow increases to adapt to
the metabolic needs of the tissue, there is less evidence
for a coupling between both parameters in the resting
state. This disagrees with the initial proposal by Baron
et al. [24] but is in line with several recent reports sug-
gesting that muscle flow and glucose uptake are not
necessarily linked [14--16, 25]. On the other hand, it is
worth noting that, at 45 min post-infusion, local blood
flow in our preparation was not reduced despite par-
tial reduction in arteriolar diameter. This situation,
which might appear paradoxical at first can be ex-
plained by the concomitant increase in arteriolar vaso-
motion which is seen in a large number of arteriolar
branches. This phenomenon is well documented in
the microcirculation research area, and appears as a
cyclic contraction/relaxation observable in most vas-
cular beds at the level of the small feeding vessels
[45]. Vasomotion is a regulatory process that ensures
an optimal time-related distribution of blood through
vicinal capillary units, so that more microvessels are
perfused per unit time with the same amount of blood
[46, 47] and is considered to be linked to an increase
in microvascular tone [48--50]. Our results therefore
suggest that, whereas flow must be decreased in indi-
vidual capillary units supplied by arterioles with re-
duced caliber, global tissue perfusion is not reduced
but maintained at a constant level. This is what is ex-
pected from the initiation of vasomotion as a physio-
logical regulatory phenomenon optimizing the deliv-
ery of blood in an "economic"" fashion. Thus, when

investigating blood flow at the terminal level of the
vascular bed, we have no evidence to support an in-
crease in flow in the spinotrapezius muscle under con-
ditions of physiological, i. e. glucose mediated, hyper-
insulinaemia. This finding agrees with a lack of fore-
arm blood flow modification after a mixed meal in hu-
mans [51]. One might hypothesize that the reduction
in arteriolar diameter prevents capillaries from in-
creased pressure and/or redistributes blood through
the microvascular bed in a most efficient way, in order
to supply more muscle fibers for glucose storage.

In conclusion, our data provide the first demon-
stration that, under conditions of dynamic changes,
characterized by combined hyperinsulinaemia and
hyperglycaemia such as occurs after meals, major mi-
crovascular modifications can be seen. In particular,
hyperinsulinaemia is no longer vasodilating in such
conditions either because this property is lost or is
blunted by a marked vasoconstrictive effect of glu-
cose. However, local blood flow was not reduced but
in contrast was kept constant, probably reflecting a
redistribution of blood in an optimized fashion. Arte-
riolar constriction is known to be a key mechanism in
microcirculatory physiology as exemplified by the
myogenic reflex [52]. Impaired arteriolar vasocon-
striction has been demonstrated in various studies in
diabetic animals and patients, when microvessels
were challenged by various tests [53--55]. This defect
has led to the Áhaemodynamic hypothesis© of diabetic
microvascular complications [56]. A disorder of pe-
ripheral vasomotion has also been found in diabetic
microangiopathy [57--59]. It will therefore be inter-
esting to extend these studies towards states of exper-
imental insulin resistance and diabetes, in order to
determine whether microvascular defects are in-
volved in the reduced muscle glucose utilization un-
der such circumstances.
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