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Summary. Sympathetic nervous system activation by insulin
has been suggested as a mechanism explaining the associ-
ation between insulin resistance and hypertension. We fur-
ther examined the effect of insulin by direct microneuro-
graphic muscle and skin nerve sympathetic activity
recordings during euglycaemic insulin clamps in healthy sub-
jects. The mean plasma insulin level was elevated from
5.320.7t0 922 £ 2.2 mU/ in seven subjects during a 90-min
one-step clamp. In six other subjects plasma insulin was fur-
ther raised from 85.7 £4.0 mU/1 to 747 + 53 mU/l between
45-90 min (two-step clamp). Four of the latter subjects re-
ceived a sham clamp with NaCl infusions only on a second
recording session. At the low dose of insulin muscle nerve
sympathetic activity increased from a resting level of
22.7 =5.0bursts per min to 27.7 £ 5.0 bursts per min at 15 min
(p <0.05). The increases in muscle nerve sympathetic activ-
ity were significant (p < 0.001; ANOVA) throughout insulin

infusion, with a slight further increase (from 29.2+1.6 to
32.3+1.9 bursts per min) at the supraphysiological insulin
concentration. During sham clamps muscle nerve sympa-
thetic activity did not increase. Both insulin clamps induced
minor, but significant, increases in forearm venous plasma
noradrenaline concentrations. Skin nerve sympathetic activ-
ity (n =3) did not change during insulin infusions. Heart rate
increased slightly but significantly (p < 0.005), during the in-
sulin clamps. Blood pressure was not notably affected. In
conclusion, hyperinsulinaemia was associated with increased
vasoconstrictor nerve activity to skeletal muscle and with no
change of sympathetic outflow to skin.
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Insulin resistance and compensatory hyperinsulinaemia
are frequently found with essential hypertension [1, 2].
These associations have suggested that insulin is involved
in the pathogenesis of hypertension. Among mechanisms
which may play a causative role for the blood pressure
elevation is the ability of insulin to stimulate renal sodium
retention [3], affect transmembrane ionic fluxes [4] and to
stimulate the activity of the sympathetic nervous system
[5]. Acute studies have suggested that euglycaemic ele-
vation of plasma insulin increases sympathetic nervous
system activity [6,7]. These studies relied on measure-
ments of forearm venous plasma noradrenaline concen-
trations, which represent a crude assessment of activity in
the sympathetic nervous system [8]. However, the sym-
pathetic nervous system is complex and is composed of
many functionally different subdivisions, which are not
necessarily activated simultaneously [9].

With microneurography baroreflex-governed vaso-
constrictor nerve signals to the resistance vessels of the
muscles can be assessed in human beings [10, 11]. Using

this method we have recently observed that glucose feed-
ing is associated with a substantial enhancement of muscle
nerve sympathetic activity (MSA) [12]. There was also a
significant association between MSA and serum insulin
concentrations after glucose ingestion, which suggested
that insulin per se may, at least partly, mediate this re-
sponse. Skin nerve sympathetic activity (SSA), involved
in body temperature homeostasis and not under barore-
ceptor influence [11], was not changed by glucose intake
[12].

Given this background we wanted to examine further if
insulin alone might stimulate sympathetic outflow and
whether such a stimulation, if detected, is a direct effect or
a consequence of a baroreflex compensation of primary
blood pressure changes. The study was carried out in
healthy subjects, who were subjected to a euglycaemic in-
sulin clamp, with concomitant recordings of MSA or SSA.
Some of the present results have been presentedin prelimi-
nary form [13]. During the preparation of this manuscript a
similar study of MSA hasbeen published [14].
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Subjects and methods

Subjects. Sixteen non-obese, mean body mass index 21.8 (18.8-
24.6) kg/m?, healthy volunteers (10 men and 6 women) aged 22-44
(mean 29) years participated in the studies after giving their in-
formed consent. The study was approved by the Human Ethics
Committee of the Medical Faculty of Uppsala University. In the sub-
jects altogether 20 microneurography registrations were performed.

Euglycaemic insulin clamp. The clamp was carried out according to
DeFronzo [15] and has recently been described in detail [16]. After
an initial infusion of a logarithmically falling priming dose of in-
sulin given over 10 min, the constant insulin infusion rate was
56 mU-m~%-min~! (Actrapid Human; Novo Nordisk, Bagsvaerd,
Denmark). This infusion rate was maintained for 90 min in ten ex-
periments (seven recordings of MSA and three of SSA). In another
six two-step clamps with MSA recordings only, the infusion rate was
increased from 56 to 312 mU -m~2-min ' between 45 and 90 min. In
four subjects, who had previously been subjected to the two-step in-
sulin clamp, we performed sham clamps with MSA recordings,
whereby the insulin and glucose infusions were substituted by 0.9 %
NaCl. The rate of NaCl infusion was adjusted to exactly the same
flow rate as in the preceding insulin clamp in the same subject and
the blood sampling procedure was identical. The subjects were not
informed of this substitution. In two further subjects in whom sham
clamps were planned, the attempts to identify sympathetic nerve ac-
tivity failed on the second occasion.

The target level for plasma glucose during the clamp was slightly
above the fasting level, since it was important to avoid hypogly-
caemia, which would have increased MSA and SSA [17,18]. The
plasma glucose threshold for MSA increase is less than 4.0 mmol/l,
which was not reached during any of the clamps. The mean coeffi-
cient of variation for blood glucose in the euglycaemic clamps was
6.6%.

Blood analyses. Plasma glucose was measured with a glucose oxidase
method using a Beckman 2 glucose analyzer (Beckman Instruments
Inc., Palo Alto, Calif., USA). Serum insulin was measured by
radioimmunoassay (PhadeSeph; Pharmacia Fine Chemicals, Upp-
sala, Sweden). Haematocrit was measured by the Department of
Clinical Chemistry (model S-plus Coulter counter; Coulter Electro-
nics, Hialeah, Fla., USA). Blood for catecholamine analysis was col-
lected in ice-chilled 10 ml Vacutainer tubes containing 0.2 ml of a
solution of EGTA (0.25 mol/l) and glutathione (0.20 mol/l). The
plasma catecholamine concentrations were measured by high-per-
formance cation exchange liquid chromatography with electro-
chemical detection. The method is well validated and has inter- and
intra-assay coefficients of variation of 2-3 % in the nanomolar range
[19]. The analyses were performed without knowledge of the results
from the nerve recordings.

Nerve recordings. An insulated tungsten microelectrode with an un-
insulated tip of about 5 um diameter was inserted through the skin at
the right fibular head into the underlying peroneal nerve. A low im-
pedance reference electrode was placed subcutaneously 2 cm away.
The nerve was localized by means of electrical stimuli delivered
through the recording electrode. An electrode position within a
muscle nerve fascicle was identified by muscle twitches without con-
comitant skin paraesthesiae following electrical stimuli, and by af-
ferent muscle spindle and tendon organ activity elicited by stretching
or tapping the appropriate muscle. Correspondingly, a recording po-
sition within a skin nerve fascicle was defined when electrical stimuli
evoked skin paraesthesiae without any twitches, and gentle touch
within the skin area subserved by the nerve elicited mechanorecep-
tor afferent activity.

When a muscle or skin nerve fascicle was found, minute adjust-
ments of the electrode position were made until the characteristic
multi-unit bursts of MSA or SSA, respectively, were encountered.
The criteria for the sympathetic origin of the signal recorded have
been summarized previously [11]. Only the peroneal nerve was ex-

plored, but thisnerve is representative of the overall outflow of MSA
and SSA to glabrous skin areas in all four extremities [11].

Minor discomfort may be experienced by the subject during the
search for a recording position, but once this is found nothing is felt
during continued recording. Transient slight paraesthesiae in the in-
nervation zone of the nerve may occur a few days after the experi-
ment. This was reported by one subject at follow-up by letter.

The nerve signal was amplified in two steps, with a total gain of
50,000 x, and fed through a 700-2000 Hz band pass filter and an am-
plitude discriminator for optimal signal-to-noise ratio. A resistance-
capacitance integrating network with time constant 0.1 s delivered a
mean voltage neurogram, which was used for display and analysis of
the nerve activity.

Electrocardiograms (ECG) were recorded by chest surface elec-
trodes.

Allrecorded signals were displayed on astorage oscilloscope and
the nerve signal was also fed through a loudspeaker. The signals were
stored on tape (FM tape recorder; Sangamo Weston-Schlumberger,
Sarasota, Fla., USA) for subsequent analysis.

Blood pressure was measured at 3-min intervals by an automatic
blood pressure recorder with a cuff applied to the right upper arm
(EME 3200; EME Ltd, Brighton, Sussex, UK).

General procedure

The subjects came to hospital after an overnight fast and were asked
torefrain from smoking in the morning. Two indwelling teflon cathe-
ters (Venflon; Viggo, Helsingborg, Sweden) for infusions and blood
sampling were inserted. One was placed in an antecubital vein of the
right arm and used for infusion and the other was placed in an ante-
grade position in a vein on the dorsum of the left hand for blood
sampling. The hand was warmed by an electrical blanket-type
heater.

When a suitable nerve recording electrode position was found
(probing time 2-30 min), sympathetic activity, ECG and blood
pressure were recorded during a resting period of about 20 min.
After this control period the euglycaemic insulin clamp was started
by giving the priming dose of insulin. The subjects were instructed to
relax during the entire experiment. During recordings of SSA the re-
sponse to mental arithmetic (rapid serial subtraction of two-figure
numbers) was tested at regular intervals throughout the experiment
in order to check the recording site, since SSA (in contrast to MSA)
is very sensitive to mental stress {11, 12].

Analysis procedure

The mean voltage neurogram and ECG were recorded on paper,
2.5 mm/s, with an ink-jet recorder (Mingograph; Siemens-Elema,
Stockholm, Sweden). Bursts of MSA, time-locked in the cardiac
rhythm, were counted during 6-min periods: at -15, 0, 15, 30, 45, 60,
75 and 90 min in relation to the start of insulin infusion. For each sub-
ject the outflow of MSA was expressed as bursts per min for the peri-
od in question. Heart rate was obtained from the same paper display.

The burst amplitude in the mean voltage neurogram, reflecting
the strength of individual bursts of MSA, cannot be compared be-
tween different recordings, since it is critically dependent on the in-
traneural electrode recording position. With an unchanged elec-
trode position within a given recording, however, burst amplitude
can be compared between different parts of the recording. There-
fore, to further assess the change in MSA during the experiment,
mean burst amplitude for the period of initial rest, at 45 min of in-
sulin infusion, and at 90 min in subjects who were exposed to twolev-
els of plasma insulin, was calculated as the mean of 50 consecutive
bursts during that period for each subject. An unchanged electrode
position throughout the experiment, being the prerequisite for this
assessment, was achieved in five subjects undergoing the one-step
insulin clamp and in five receiving the two-step clamp. (A change in
electrode position is easily detected by the experienced microneuro-
grapher by a change in the recorded baseline and by a different
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Fig.1A,B. Plasma insulin and blood glucose levels during the eu-
glycaemic insulin clamps with one (A) and two (B) insulin infusion
rates (56 and 312 mU-m~?-min~?)
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Fig.2 A-C. Muscle nerve sympathetic activity (MSA) expressed as
number of bursts per min during the course of the one-step (A) and
two-step (B) euglycaemic insulin clamps and the mean of four ex-
periments with the two-step clamp (@) in comparison with sham
clamps (O) with 0.9% NaCl infusion in the same four subjects (C).
* p < 0.05; ** p <0.01 compared to 0 min

sound from the loudspeaker. The amplitudes were measured on a
digitizing board (Hipad; Houston Instruments, Austin, Tex., USA)
connected to a computer (Digital MicroVAX 11; Digital Equipment,
Maynard, Mass., USA) and were expressed in arbitrary units.

Statistical analysis

Recordings of SSA were analysed by inspection only, since it was ob-
vious that no change was induced by insulin infusion. Blood pressure
was calculated as the mean of three consecutive individual measure-
ments during each period of analysis.

Results are expressed as mean + SEM. For statistical evaluation
analysis of variance (ANOVA) with Dunnett’s ¢-test for multiple

comparisons, or Student’s ¢-test for paired and unpaired observa-
tions were applied.

Results
Euglycaemic insulin clamp

All subjects were normoglycaemic at rest with fasting glu-
cose concentrations of 4.8 + 0.1 mmol/l and basal plasma
insulin concentrations of 53 +0.7 mU/l. The one-step
clamp, with a constant insulin infusion rate during MSA
recordings, resulted in a mean plasma insulin level of
92.2+2.2 mU/l (15-90 min) (Fig.1A). During the two-
step clamp the mean insulin level was 85.7 £ 4.0 mU/1 dur-
ing the low-dose infusion and 747 £ 53 mU/1 during the
high-dose infusion (Fig.1B). During the sham experi-
ments plasma insulin remained at the fasting level of
7.6 mU/t (range 6.5-8.7 mU/1).

During the one-step clamp whole body glucose uptake
was 7.5+ 1.8 mg-kg~'-min~! between 0 and 45 min and
93+2.0 mg-kg~'-min~! between 45 and 90 min.

During the two-step clamp the glucose uptake was
72+09mg kg ' min~' between 0 and 45min and
13.3+1.7 mg-kg ' -min~! between 45 and 90 min.

Muscle nerve sympathetic activity (MSA)

The time courses of MSA changes are depicted in Fig-
ure 2.

During the one-step clamp (Fig.2 A), the elevation of
plasma insulin was rapidly followed by an increase in
MSA from a resting level of 22.7 £ 5.0 bursts per min to
27.7+5.0 bursts per min (at 15 min) with a maximum of
29.0 £ 4.6 bursts per min at 30 min (p <0.001; ANOVA).
The elevation of burst activity persisted throughout the
experiment (26.9 & 3.6 bursts per min at 90 min).

Control

One-step eugiycaemic clamp

ROV

Mol

Sham experiment

Fig.3. Arepresentativesample of muscle nerve sympathetic activity
(MSA) original neurograms and electrocardiogram (ECG) re-
corded in one subject during resting conditions and after exposure
either to the euglycaemic insulin clamp or to a sham infusion. Same
time-scale in all panels
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Fig.4. Samples from recordings of skin nerve sympathetic activity
(SSA) in one subject initially at rest and after 30-min exposure to a
one-step euglycaemic insulin clamp. Stress induced by mental arith-
metic is indicated by a horizontal bar
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Fig.5. Mean plasma noradrenaline concentrations during the one-
step (O) and two-step (®) euglycaemic insulin clamps. * p <0.05
compared to 0 min

When the insulin levels were elevated in two steps
(Fig.2B), MSA increased from22.1 +2.7 bursts per min to
29.2+ 1.6 bursts per min at the lower level. The further
nine-fold increase of steady-state plasma insulin after
45 min was accompanied by a minor further enhancement
of MSA t0 32.3 + 1.9 bursts per min at 90 min (p <0.0001;
ANOVA).

In the four subjects who also received sham clamps,
MSA remained at the resting level throughout the experi-
ment when 0.9 % NaCl was infused (Fig.2 C).

Mean burst amplitude increased by 18 % from the ini-
tial period of rest to 45 min after start of the low-dose in-
sulin infusion (z = 10). At the high insulin level a further
20% increase in mean burst amplitude occurred (n =5).

In Figure 3 the original neurograms are shown from
recordings in one subject exposed to a one-step clamp and
a sham experiment.

Skin nerve sympathetic activity (§SA)

We also performed three experiments in which SSA was
identified and followed throughout the course of an eugly-

caemic insulin clamp. SSA was found not to respond to the
elevated insulin level. A typical experiment is shown in
Figure 4. To ascertain that the low level of activity was real
and not due to loss of the position of the recording elec-
trode, the subjects were asked to perform mental arith-
metic during the experiment. It was found that this proce-
dure elicited a brisk response of SSA throughout the
experiment (Fig.4) in each of the three subjects, indicat-
ing that the low-grade activity was not artifactual.

Plasma noradrenaline

Both clamps were followed by minor, but significant in-
creases in forearm venous plasma noradrenaline concen-
trations (significance levels for the changes over time
were for the one-step clamp, p < 0.05 and for the two-step
clamp, p <0.01; ANOVA) (Fig.5). In the sham clamp
plasma noradrenaline remained stable, with no significant
changes over time (1.39+0.51 nmoll at Omin and
1.65 £ 0.41 nmol/l at 90 min).

Cardiovascular changes

Blood pressure was affected slightly by the insulin clamps.
During the one-step clamp there were no significant
changes in systolic or diastolic blood pressure (Fig.6 A).
The high insulin infusion rate was accompanied by a
minor but significant late elevation of systolic blood
pressure at 90 min (from 127.7 to 133.5 mm Hg). During
the sham clamp there were no significant changes in
blood pressure (at Omin, 127/70 mmHg and 90 min,
131/77 mm Hg).

Both euglycaemic insulin clamps elevated the heart
rate slightly but significantly (one-step, p <0.0001 and
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Fig.6A,B. Courses of supine systolic and diastolic blood pressure
(A) and pulse rate (B) throughout the one-step (O) and two-step (®)
cuglycaemic insulin clamps. * p <0.05, **p <001 compared to
0 min
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two-step, p < 0.005; ANOVA) (Fig. 6 B). The increase was
slightly larger at the end of the high-dose insulin infusions
as compared to at the end of the one-step clamp (8.9 vs
6.8 %, NS). During the sham clamp the mean heart rate at
each time point was 53--56 beats per min throughout the
experiment.

During the one-step clamp haematocrit decreased
from 38.0+1.4% to 37.6+1.2% after 90 min {p <0.01;
ANOVA). The corresponding values for the two-step
clamp were 420%10% and 408+£1.1% (p <0.001;
ANOVA), respectively.

Discussion

The present study has demonstrated that an elevation of
the plasma insulin under euglycaemic conditions in-
creases the impulse traffic in sympathetic nerve fascicles
conducting vasoconstrictor signals to the resistance ves-
sels of skeletal muscle in healthy humans.

The plasma insulin concentration attained during the
low dose of insulin was in the high physiological range,
whereas the high dose of insulin resulted in a supraphysio-
logical plasma insulin concentration. Most of the increase
in MSA was, however, already observed at the low dose,
indicating that the reaction occurs at physiological plasma
insulin concentrations.

The oral administration of D-glucose was recently
shown to invoke a strong and sustained increase in MSA,
which was correlated with the rise in plasma insulin [12].
Under these experimental conditions, factors such as
splanchnic vasodilation and gastric distension may have
contributed to the sympathetic stimulation. Such factors
are excluded by the use of the euglycaemic insulin clamp
technique and the present increase in MSA should be an
isolated effect of hyperinsulinaemia. The increase in MSA
was less prominent in the present study than that observed
following the oral glucose load [12] — maximal increase
was 17.4 + 4.4 bursts per min after oral glucose intake and
6.3 £ 0.4 bursts per min in the seven subjects given the low
dose of insulin in the present study (p = 0.025, ¢-test of
non-paired observations). This difference indicates that a
direct effect of insulin is only one mechanism underlying
the response to oral glucose.

There were two major reasons to perform sham clamps
in order to substantiate the observation of a response of
MSA to insulin. First, even if MSA is weakly sensitive to
environmental stress [20] such an effect caused by the ex-
perimental situation had to be excluded. Secondly, MSA
may also increase in response to unloading of volume re-
ceptors [21]. Even if blood sampling was reasonably well-
balanced by the glucose administered, minor plasma vol-
ume changes might have occurred and stimulated MSA.
The observed minor decrease in haematocrit is most likely
related to the glucose and NaCl infusions. This change in-
dicates volume expansion, which would have attenuated
rather than enhanced the MSA response [11, 12]. It seems
safe to conclude that the major cause of the increase in
MSA observed in this study was hyperinsulinaemia.

Hyperinsulinaemic euglycaemic clamps in humans
have not given consistent changes of circulating catechol-

amines. Elevation of plasma insulin to a mean steady-
state level of 46 mU/1 [22] or 100-200 mU/] failed to ele-
vate plasma catecholamines [23, 24], whereas other inves-
tigations have found minor but significant elevations of
plasma noradrenaline at plasma insulin concentrations
ranging from a level corresponding to postprandial hyper-
insulinaemia in normal and insulin-resistant subjects, i.e.
less than 100 mU/1 [25] to supraphysiological levels [6, 7,
26}. The occasional failure to observe increases in plasma
noradrenaline may be methodological, as moderate
hyperinsulinaemia is apparently a weak sympathetic
stimulus.

The MSA recordings, however, provide direct evi-
dence that hyperinsulinaemia stimulates the part of the
sympathetic nervous system that conveys vasoconstrictor
impulses to the muscle vessels. In a recent study of MSA
during euglycaemic hyperinsulinaemia [14] an increase
similar to the present one was observed, with concomitant
vasodilation in the arm and without major changes in
blood pressure. This latter study [14] also displayed a
moderate but significant increase in plasma noradrenaline
mote pronounced than that in the present study. Under
resting conditions and some manoeuvres affecting blood
pressure andits regulation, MSA hasbeen shown to corre-
late to plasma noradrenaline levels [27-29]. The relation-
ship between MSA and noradrenaline is best displayed
when the two variables are observed in the same region,
but even so it is weakened during complex manoeuvres
such as mental stress {20]. Also during adrenaline infu-
sions MSA increases more than plasma noradrenaline
[30]. Thus, the unequivocal increase of MSA in response
to insulin is not incompatible with the small elevations of
plasma noradrenaline. It is notable that hyperinsulin-
aemia failed to affect the outflow of skin nerve sympa-
thetic impulses, thus emphasizing that the sympathetic
nervous system is complex with subdivisions not necessar-
ily activated together [8, 11, 20]. The absence of an SSA
response is also compatible with the recent observation
that cutaneous blood flow was unaffected by the elevated
insulin concentrations during a euglycaemic clamp [31].

The insulin-induced increase in MSA may be related to
either direct stimulation of the central nervous system or a
baroreflex-mediated response to circulatory changes.

Insulin has been shown to cause vasodilation [32] and
attenuates noradrenaline- and angiotensin II-induced va-
soconstriction in vitro [33]. Studies with the euglycaemic
clamp have yielded conflicting results in humans. A num-
ber of studies have reported an increased blood flow in
skeletal muscles of the limbs [14, 26, 34-36], whereas
others have reported unchanged blood flow [37-39]. Re-
cently, a dose-response relationship between the plasma
mnsulin concentration and enhanced leg blood flow has
been established and insulin resistance was associated
with a blunted vasodilatory response [36].

A vascular site of action for insulin is also substantiated
by a number of studies which have shown that insulin pro-
duces hypotension in patients with severe autonomic
failure, whether caused by diabetic autonomic neuro-
pathy [40] or primary dysautonomia [41-43]. Thus, in
clinical states in which noradrenaline release is likely to be
seriously impaired or absent, insulin may induce a precipi-
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tous fall in blood pressure, independent of its hypogly-
caemic action. This suggests that the MSA response is of
importance for the maintenance of blood pressure.

The quoted vascular effects of insulin suggest that the
MSA response might be reflexogenic, since MSA is under
baroreceptor inhibitory control and is increased by inter-
mittent decrements of diastolic blood pressure or persis-
tent reductions of central venous pressures [11]. If re-
flexogenic, the MSA response should be expected to be
preceded by a reduction in blood pressure. Neither in the
present study nor after glucose ingestion [12], have we ob-
served any fall in blood pressure indicating that the in-
crease in MSA might be caused by unloading of barocep-
tors. Blood pressure was measured only intermittently
(3-min intervals) and minor fluctuations of the blood
pressure may have escaped detection, but one should not
expect such fluctuations to evoke a sustained increase in
MSA. The recently published related study [14] also did
not suggest a fall in blood pressure to be a major determi-
nant of the MSA response.

Thus, a direct action of insulin on central sympathetic
motor neurons may underlie the increase in MSA, if so
eliciting a resetting of the baroreflex working level. Very
few experimental data have been produced to support a
central mechanism of action. Administration of insulin di-
rectly into the carotid artery raises blood pressure in dogs
[44]. Insulin receptors are widely distributed in the brain,
and are primarily located on neurons [45, 46]. Insulin has
also been shown to alter the neuronal firing rate [47] and
interfere with catecholamine uptake in cultured neurons
[48], but the exact role for insulin-induced central neuro-
modulation of the sympathetic nervous system activity is
largely unknown.

Whether stimulation of sympathetic nervous system
activity by insulin plays a role in the development of
hypertension in insulin resistant subjects is still an open
question. Neither the present study nor that by Anderson
et al. [14] displayed any convincing evidence for a rise in
blood pressure during experimental hyperinsulinaemia.
Furthermore, long-term elevation of insulin (from 8.5 to
35-40 mU/1) in mongrel dogs failed to increase plasma
catecholamines or blood pressure [49].
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