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Abstract

Microneurography was used to measure sympathetic outflow
in human muscle nerves (MSA) for up to 90 min after the
ingestion of 100 g D-glucose, 75.8 g D-xylose, intravenous D-
glucose (0.35 g/kg), and 300 ml water. 19 healthy subjects
were examined using a microelectrode positioned in the right
peroneal nerve. MSA increased from 21+0.9 bursts/min at
rest to 36.9+4.3 bursts/min 30 min after ingestion of D-glucose
and from 18.912.9 to 26.3+3.4 bursts/min 30 min after D-xy-
lose. The increase in MSA was already significant by 15 min.
MSA had not returned to the basal level after 90 min. Neither
intravenous D-glucose nor water intake enhanced MSA. MSA
increased in parallel with plasma norepinephrine, and a signifi-
cant correlation (r = 0.55; P < 0.001) was observed between
the plasma insulin concentration and MSA after D-glucose in-
gestion. In three subjects the outflow of sympathetic nerve
activity to the skin was examined after oral D-glucose and no
change was observed, emphasizing the differentiated nature of
the sympathetic nerve response to carbohydrate. Multiple fac-
tors such as insulin alone, hemodynamic adjustment to
splanchnic vasodilation, and gastrointestinal distension are
probably involved in the increased muscle nerve sympathetic
outflow after carbohydrate ingestion.

Introduction

Carbohydrate feeding is accompanied by indices of increased
activity in the sympathetic nervous system, both in experimen-
tal animals (1) and in human beings (2-4), whereas withdrawal
of food causes an inhibition of sympathetic nerve activity, as
assessed by measurements of norepinephrine turnover or
plasma norepinephrine concentration (5-7). Nutrient intake
also causes changes in cardiovascular hemodynamics. In-
creased heart rate and cardiac output were reported early (8)
and have been confirmed in later studies. The precise cause of
these cardiovascular changes is unknown, but an enhanced
splanchnic blood flow with subsequent blood pressure alter-
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ations (9) may be important. On the other hand, the influence
of nutrients on central sympathetic motoneurons (10) may
contribute to the observed effects. Third, the finding of a dose-
dependent increase in plasma norepinephrine after stepwise
increase of plasma insulin, when blood glucose was clamped at
a euglycemic level (11), leads to the suggestion that insulin
alone is responsible for stimulation of the sympathetic nervous
system.

So far, studies on the association between the intake of
nutrients and sympathetic nervous system activity have relied
on measurements of plasma norepinephrine (2-4, 6, 7), which
represents the spillover from sympathetic nerve terminals (12),
or on norepinephrine turnover in the rat heart (2, 5). It is well
recognized that the sympathetic nervous system is a complex
mixture of components, which usually are not activated to-
gether.

Microneurography permits exact mapping of the action of
two subdivisions of the sympathetic nervous system (13).
Muscle nerve sympathetic activity (MSA)' consists of vaso-
constrictor signals governed by baroreflexes occurring in
bursts strictly bound to the cardiac rhythm, and is involved in
cardiovascular homeostasis. Skin nerve sympathetic activity
(SSA) contains sudomotor and vasoconstrictor impulses, also
appearing in bursts, but irregularly, without any overt connec-
tion to the heart rhythm, and is important for body thermoreg-
ulation (14).

In the present study we used microneurography to assess
sympathetic nervous outflow under various conditions of car-
bohydrate intake. The sympathetic response was correlated
with the changes in plasma glucose and serum insulin in
healthy human beings.

Methods

Subjects. 27 microneurographic recordings were carried out after in-
formed consent in 19 healthy nonobese volunteers (12 men and 7
women) aged 21-37 yr (mean 26.2 yr). The study was approved by the
Human Ethics Committee of the Medical Faculty of the University of
Uppsala.

Blood analyses. Plasma glucose was measured with a glucose oxi-
dase technique using a glucose analyzer (model 2; Beckman Instru-
ments, Inc., Palo Alto, CA).

Serum insulin RIA (PhadeSeph technique; Pharmacia Fine Chemi-
cals, Uppsala, Sweden) and blood hematocrit (model S-plus Coulter
counter; Coulter Electronics, Hialeah, FL) were measured by the rou-
tine service at the Department of Clinical Chemistry.

Blood for catecholamine analyses was collected in ice-chilled 10-ml
Vacutainer tubes (Becton-Dickinson Co., Franklin Lakes, NJ) con-

1. Abbreviations used in this paper: ANOVA, analysis of variance;
MSA, muscle nerve sympathetic activity; SSA, skin nerve sympathetic
activity.
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taining 0.2 ml of a solution of EGTA (0.25 mol/liter) and glutathione
(0.20 mol/liter). The plasma catecholamine concentration was mea-
sured with HPLC using electrochemical detection (15).

Nerve recordings. An insulated tungsten microelectrode (tip diame-
ter ~ 5 um) was inserted manually through the skin into the underly-
ing right peroneal nerve below the fibular head, and a low impedance
reference electrode was placed subcutaneously 2 cm away. The nerve
was localized with the aid of electrical impulses through the recording
electrode. When the nerve was encountered an electrode position
within a muscle nerve fascicle was identified by the evoking of muscle
twitches by electrical stimuli and the eliciting of afferent, mechanore-
ceptive activity by the stretching of the appropriate muscle. Corre-
sponding criteria for a skin nerve fascicle position were the evoking of
paresthesia without concomitant muscle twitch and the occurrence of
mechanoreceptive afferent signals after gentle touch or pressure within
the cutaneous receptive field of the nerve. Then minor adjustments of
the electrode position were made until the characteristic pattern of
multiunit MSA or SSA was observed. Briefly, the evidence that the
signals recorded were of sympathetic origin was that (@) the activity was
efferent, as shown by application of local anesthesia proximal and
distal to the recording site; (b) the impulses were conducted with a
velocity of ~ 1 my/s; (c) the activity was reversibly abolished by an
intravenous infusion of the sympathetic ganglion blocking agent tri-
metaphan; and (d) changes of nerve activity correlate closely with
sympathetic effector organ activity (14).

The nerve signal was amplified in two steps (total gain X50,000)
and fed through a 700-2,000-Hz band pass filter and an amplitude
discriminator for improving signal/noise ratio. A resistance-capaci-
tance integrating network (time constant 0.1 s) delivered a mean volt-
age display of the multiunit neural activity. During the experiments all
recorded signals were displayed on a storage oscilloscope and the nerve
signal was fed through a loudspeaker.

An electrocardiogram was recorded by chest electrodes and respira-
tory movements were monitored by a strain gauge strapped around the
chest with a rubber band.

All recorded signals were stored on tape (FM tape recorder San-
gamo Sabre VI; Sangamo Weston-Schlumberger, Sarasota, FL) for
subsequent analysis.

General procedure. The experiments began at 8:00 a.m. and were
carried out in a laboratory with an ambient temperature of 22-24°C.
The subjects were fasting and had not smoked since midnight. After
the insertion of an indwelling Teflon catheter (Venflon; Viggo, Hel-
singborg, Sweden) into an antecubital vein the subjects lay supine on a
comfortable bed. Thereafter the nerve recording procedure was initi-
ated. The search for a suitable recording position lasted from 10 to a
maximum of 60 min. The sympathetic signals were then recorded
throughout the experimental procedure. Before administration of the
various carbohydrates or water the nerve activity was recorded at rest
for 20 min. MSA was then recorded after oral administration of 100 g
D-glucose in 300 ml water in seven subjects after an iso-osmolar load of
75.8 g D-xylose in 300 ml water in seven, and after intravenous D-glu-
cose (0.35 g/kg body wt injected through a second indwelling catheter
in the opposite arm) in seven. In three of the subjects to whom oral
D-glucose had been given a second recording was carried out after
ingestion of 300 ml water. One subject underwent all four procedures
(c.f. Fig. 2). SSA was recorded after oral 100 g D-glucose in three
subjects.

The oral or intravenous administration of carbohydrates or water
took between 2 and 3 min and was carried out in the supine position.
The subjects drank through a bent straw to minimize the risk of body
movements (which can lead to displacement of the recording elec-
trode). Blood samples for the analysis of plasma glucose, serum insulin,
blood hematocrit, and plasma catecholamines were drawn at —15, 0,
15, 30, 45, 60, 75, and 90 min in relation to the oral intake, and at —15,
0, 4, 6, 10, 20, 30, 40, 50, 60, and 75 min in relation to the intravenous
D-glucose.

Blood pressure was monitored noninvasively every third minute by
an automated blood pressure recorder (EME 3200; EME Ltd.,
Brighton, UK).
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The subjects were instructed to relax throughout the experimental
procedure and to report any symptoms. They were questioned about
the presence of symptoms every 15 min.

When SSA was recorded measures were taken to attain maximally
relaxed conditions since SSA is markedly sensitive to emotional stress
(16). Mental arithmetric (fast serial subtraction of two-figure numbers)
was used as a stress test at regular intervals to induce short-lasting
increases in SSA as a check of the recording position.

Analysis procedure. A 2.5 mm/s paper display of the neurogram
and electrocardiogram on an ink-jet recorder (Siemens-Elema, Stock-
holm, Sweden) was used for determination of heart rate and the num-
ber of bursts of MSA per minute. These measurements were restricted
to 6-min periods coinciding with the blood sampling occasions.

The total outflow of MSA/unit time can be defined as the product
of the number and strength of the bursts (i.e., the number of impulses/
burst, corresponding to the burst amplitude in the mean voltage neu-
rogram). Since the recorded burst amplitude is critically dependent on
the intraneural electrode position, it cannot be used for comparing the
level of activity between individuals. However, during a given record-
ing relative burst amplitude is representative of the level of activity
(e.g., when the MSA response to a certain maneuver is compared with
that during a control period), provided the electrode position remains
unchanged. In five of seven experiments with oral D-glucose and six of
seven with D-xylose this prerequisite was fulfilled and the mean burst
strength for the period under analysis was taken as the mean of 50
consecutive bursts during a representative part of the period. A change
of recording position was revealed by changes in signal/noise ratio,
baseline level, and burst amplitude in the mean voltage neurogram;
usually an experienced investigator can also easily detect the change in
signal quality in the loudspeaker. Burst amplitude was measured in
arbitrary units on a digitizing board (Hipad; Houston Instruments,
Austin, TX) connected to a computer (Digital Dec 11/40; Digital
Equipment Corp., Marlboro, MA).

Recordings of SSA were analyzed by inspection only, since a lack of
change after oral glucose was clearly obvious (see Results, Fig. 3).

Statistics. Results are expressed as mean+SEM. The significance of
changes in experimental variables was tested by analysis of variance
(ANOVA) and ¢ test for paired data. In all experiments the tests for
significant changes over time were related to the basal value obtained
immediately after the 15-min baseline period (0-min value). For the
calculation of the correlation coefficient linear regression analysis with
t test was used.

Results

No symptoms were reported during or after the experiments
with D-glucose or water administration, In two subjects inges-
tion of D-xylose was followed by abdominal discomfort and
diarrhea. These symptoms, however, did not occur until after
the experiment was finished.

Sympathetic activity
The oral intake of 100 g D-glucose was followed within 15 min
by an increase in MSA, peaking after 30 min and thereafter
gradually returning toward basal levels, which, however, were
not reached during the period of observation (Fig. 1). An
equimolar load of D-xylose induced a similar but less intense
increase (P < 0.001 for both; ANOVA). In contrast, neither
intravenous glucose nor water elicited any significant increase
of MSA, although there was a trend toward a gradual late
increase.

~ Also, MSA burst amplitude increased in all subjects after
the D-glucose and D-xylose loads, mean increases being 31 and
30%, respectively, from initial rest to the time of maximal
outflow.

Representative samples from the mean voltage neuro-

grams obtained in one individual who was examined under all
four experimental conditions are shown in Fig. 2.
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Figure 1. MSA, expressed as number of bursts per minute, after the
administration of 100 g oral D-glucose, 75.8 g oral D-xylose, 300 ml
water, and intravenous D-glucose (0.35 g/kg body wt). The MSA re-
sponse to D-glucose in the three subjects who received water is in-
cluded in the top left graph (o) Levels of significance with paired ¢
test: *P < 0.05, **P < 0.01.

SSA was recorded in three subjects after oral D-glucose. All
three subjects exhibited a low level of spontaneously occurring
SSA throughout the experiment as shown in Fig. 3.

Catecholamines

The changes in plasma norepinephrine followed those of
MSA, with significant increases after D-glucose and D-xylose
(P < 0.001 for p-glucose and P < 0.05 for D-xylose; ANOVA)
and with minor or no changes after water and intravenous
D-glucose (Fig. 4). Plasma epinephrine did not increase under
any of the experimental conditions.

Plasma glucose and serum insulin

Plasma glucose increased in the expected fashion after the
100-g oral glucose load, reflecting a normal glucose tolerance
in all subjects (Fig. 5). After intravenous D-glucose the plasma
glucose concentration reached its maximum after 4 min, fol-
lowed by an exponential fall. The mean & value for the disap-
pearance rate of glucose was 1.03%/min (k = 100 - “log 2/t,,5;
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t,, = the time required to halve the glucose concentration as
determined from the best fit of the measured values on semi-
logarithmic paper).

D-Xylose and water did not elicit any change in the plasma
glucose concentration.

Oral or intravenous D-glucose resulted in an insulin re-
sponse of the magnitude expected in a group of young healthy
subjects (Fig. 5). D-Xylose caused a minor but significant in-
crease of plasma insulin (from a fasting value of 7.1 mU/liter
to a maximum at 15 min of 12.2 mUy/liter), whereas no insulin
response was observed after water.

There was a positive correlation (r = 0.55; P < 0.001)
between MSA and insulin values in the experiments involving
ingestions of D-glucose (Fig. 6). A weaker but significant cor-
relation was also obtained after D-xylose (r = 0.31; P = 0.02).

Hematocrit

Hematocrit was monitored in all experiments since it repre-
sents an approximate measure of variations in plasma volume
in situations when the erythrocyte mass can be considered
constant (17).

The most profound changes in hematocrit were observed
with intravenous D-glucose (Fig. 7) with a sharp early decrease
reaching a nadir 4 min after termination of the glucose injec-
tion and lasting for ~ 20 min (P < 0.001; ANOVA).

Oral D-glucose caused only minor changes in hematocrit,
whereas an increase was found with D-xylose (P < 0.01;
ANOVA).

Hemodynamic changes

Blood pressure. Ingestion of D-glucose resulted in minor alter-
ations of blood pressure (Fig. 8). In contrast, D-xylose inges-
tion resulted in significant increases in both systolic and dia-
stolic pressures, which became evident 15 min after ingestion
(P <0.001; ANOVA).

Intravenous D-glucose tended to cause a decrease in blood
pressure, whereas no blood pressure changes were noted in the
three subjects given water.

Heart rate. Oral intake of D-glucose was associated with a
minor but significant increase in heart rate (P < 0.01;
ANOVA) (Fig. 9), whereas no such response was observed in
the three subjects who received water. After D-xylose there was
a tendency to a late increase in heart rate, which, however, did
not attain statistical significance.
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Figure 2. Mean voltage
neurograms obtained in
one subject who received
300 ml water, 100 g oral
D-glucose (in 300 ml
water) 75.8 g oral D-xy-

ose, and intravenous D-
glucose (0.35 g/kg body
wt). Recordings of MSA
at rest are depicted in the
upper panel and MSA
after the respective loads
in the lower panel.
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Figure 3. Representative examples from a recording of SSA in one
subject after 100 g oral D-glucose. Examples from the recording at
rest, as well as 30 and 90 min after D-glucose ingestion are shown.
SSA after stress evoked by mental arithmetics is shown on the right.

No change in respiratory pattern was observed during any
of the procedures.

Discussion

The principal finding of this study was that the oral intake of
D-glucose and D-xylose was followed by an early and sustained
increase of sympathetic outflow in peripheral nerves conduct-
ing impulses to limb muscle vasculature. The increase com-
prised both the number of bursts and the strength of individual
bursts. It has been convincingly demonstrated that MSA repre-
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Figure 4. Venous plasma norepinephrine changes after the adminis-
tration of 100 g oral D-glucose, 75.8 g oral D-xylose, 300 ml water,
and intravenous D-glucose (0.35 g/kg body wt). *P < 0.05,
**P < 0.01, ***P < 0.001.
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sents the sympathetic outflow in vasoconstrictor fibers to the
resistance vessels of skeletal muscle involved in cardiovascular
homeostasis (14). In contrast, there was no response of the
sympathetic nerve activity governing sweating or cutaneous
vasoconstriction.

Previous studies of the sympatho-adrenal activity pattern
after nutrient intake have relied on the measurement of
plasma norepinephrine or catecholamine turnover. They have
suggested that intake of carbohydrates, fats, proteins, and
mixed meals acts as a general stimulus to the sympathetic
nervous system with the exception of the adrenal medulla,
since epinephrine does not increase until after several hours (4,
18). Microneurography enables us to analyze separately the
responses of MSA and two modalities of the skin nerve sympa-
thetic activity (SSA), namely, cutaneous vasoconstriction and
sudomotor function, and the present study clearly demon-
strates that oral carbohydrate intake is a stimulus only for
MSA, whereas the other two functions under study remained
uninfluenced. These findings, together with the lack of epi-
nephrine release, suggest that the responses of the other subdi-
visions of the sympathetic nervous system may also react in
differentiated ways to a carbohydrate load.

The absence of SSA could indicate either true lack of sym-
pathetic outflow or loss of the recording position. The latter
possibility was excluded, since all three subjects responded
throughout the experiments with an increase of SSA on per-
forming mental arithmetic (Fig. 3).

MSA increased after oral intake of D-glucose and D-xylose
but not after water and intravenous D-glucose. The last obser-
vation seems surprising in view of the increase after oral glu-
cose, but since this difference is consistent with the norepi-
nephrine changes after the two types of D-glucose administra-
tion, the lack of MSA response to intravenous D-glucose is
regarded as a true observation and not an experimental arti-
fact.

One cannot draw any definite conclusions from the ten-
dency to a late increase in MSA observed after water and
intravenous D-glucose since experience from a long series of
long-term microneurographic recordings with subjects in the
supine position suggests that the experimental conditions
(which require a minimum of bodily movements) will in some
subjects lead to a feeling of discomfort after a couple of hours.
We therefore cannot exclude that this may have contributed to
the minute late increase in sympathetic nervous outflow (19).

MSA has been shown to correlate with venous plasma nor-
epinephrine at rest (20, 21) and during certain maneuvers that
change the outflow (22-25). It has been suggested that <_.l1-
over from sympathetic nerve terminals in the vasculature of
skeletal muscles underlies this relationship (20). The parallel-
ism between the MSA and norepinephrine responses to glu-
cose and xylose intake suggests that we have identified one
important origin of the increase in plasma norepinephrine that
has been reported after oral D-glucose (2-4, 18).

In both primates (9) and dogs (26) ingestion of food leads
to an increase in splanchnic blood flow, a decrease in skeletal
muscle blood flow, and an increase in cardiac output. Since
MSA is mainly involved in stabilizing blood pressure at a given
level (27, 28) the increase in MSA may play a functional role in
this redistribution of blood, possibly as a baroreflex-induced
counteraction of the tendency to a fall in systemic blood pres-
sure secondary to the splanchnic vasodilation. No fall in blood
pressure was detected in the present study. Due to the inter-
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mittent nature of our blood pressure recordings minor fluctua-
tions in blood pressure may have escaped detection, however
(c.f. Fig. 8). Therefore, we cannot completely exclude the pos-
sibility that the increase of MSA after oral D-glucose was pre-
cipitated by a tendency to blood pressure reduction, which has
been reported to be severe in patients with disturbances of
autonomic function (29). If not baroreflex-induced, the in-
crease in MSA might be due to other mechanisms not eluci-
dated by the present study, such as direct effects on central
sympathetic motoneurons or possibly centripetal impulses
from dilating splanchnic vessels (30). Since water ingestion
induced no change of MSA, afferent activity from mere gastro-
intestinal distension (31) is not believed to underlie the ob-
served effect; on the other hand, influences from gastrointesti-
nal glucoreceptors (31) cannot be excluded.

MSA also responds to unloading of intrathoracic volume
receptors at constant blood pressure (32), thereby indicating
that it has a role in the adjustments to plasma volume changes.
Oral D-xylose was accompanied by a 4% increase in hemato-
crit, indicating hemoconcentration, which persisted through-
out the experiment and was not seen with the other loads. The
corresponding fall in plasma volume can be approximated to
150 ml (17). Thus a plasma volume contraction after osmoti-
cally induced water loss to the bowel may have contributed to
the increase of MSA after D-xylose ingestion by unloading
plasma volume receptors.

The D-xylose load was also followed by an increase in
blood pressure, coinciding with the enhanced level of MSA.
This coincidence cannot be explained by baroreflex action (c.f.
above) since MSA should be inhibited by an increase in blood
pressure (22, 27, 28). A separate input to central sympathetic
neurons (e.g., from the splanchnic vasculature) changing the

Figure 6. The relation-
ship between MSA and
serum insulin values in
the experiments with D-
glucose ingestion (repre-
senting individual data
from all time points in
Figs. 1 and 5, with the
exception of the last
four readings in one ex-
periment in which the insulin measurements were lost due to techni-
cal failure). r = 0.55; P < 0.001.
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baroreflex-inhibiting level could be reconciled with a blood
pressure increase as a consequence of sustained increase in
sympathetic outflow to muscle resistance vessels. This would
resemble the mechanisms operating under other experimental
conditions, such as isometric muscle contraction (24), the cold
pressor test (33), and simulated diving (34), in which an in-
crease in MSA is associated with an elevated blood pressure.

Role of insulin. Injection of insulin in insulin-dependent
diabetic patients with autonomic failure can lead to hypoten-
sion (35) even in the absence of hypoglycemia. It has been
suggested that normally this hypotensive action of insulin is
balanced by a sympathetic nerve response leading to vasocon-
striction.

In the present study there was a close parallelism between
serum insulin levels and MSA after oral D-glucose (Fig. 6), an
observation that may suggest that the increase of insulin is
partly the cause of the increase in MSA. If so, the lack of MSA
response during the short-lasting increase in serum insulin
after intravenous D-glucose is unexpected at first sight. How-
ever, the incongruence might be explained by a simultaneous
inhibition by volume receptor stimulation. The rapid drop in
hematocrit after the injection of 100 ml D-glucose (Fig. 7) can
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Figure 7. The changes in blood hematocrit after the administration
of 100 g oral D-glucose, 75.8 g oral D-xylose, 300 ml water, and in-
travenous D-glucose (0.35 g/kg body wt). *P < 0.05, **P < 0.01,
***P < 0.001.
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Figure 8. Blood pressure changes after the administration of 100 g
oral D-glucose, 75.8 g oral D-xylose, 300 ml water, and intravenous
D-glucose (0.35 g/kg body wt). *P < 0.05, **P < 0.01, ***P < 0.001.

be calculated (17) to represent an expansion of the plasma
volume by ~ 210 ml (probably caused by a combination of
the 100-ml injection of the D-glucose solution and the osmoti-
cally mediated movement of water from extravascular to intra-
vascular spaces). Since blood transfusion induces a reduction
of MSA (Wallin, G., personal communication) the plasma
volume expansion may be sufficient to prevent a stimulating
effect of intravenous D-glucose on MSA. Observations with the
euglycemic insulin clamp have indicated that more prolonged
hyperinsulinemia can stimulate the sympathetic nervous sys-
tem (11).

It is unlikely, however, that the small increment of insulin
(from 7.1 to 12.2 mU/liter) after D-xylose is the sole determi-
nant of the increase in MSA. D-Xylose, which was given in a
load iso-osmolar with D-glucose in the present study, has pre-
viously been found to induce a long-lasting increment of
plasma norepinephrine (18). The mere ingestion of carbohy-
drate (but not water only), with its hemodynamic conse-
quences as indicated above, may also contribute to the xylose-
induced effect. Thus the MSA response to oral D-glucose and
D-xylose, although similar at first sight and induced by related
chemical compounds, may well represent quite different un-
derlying mechanisms.

Clinical implications. In elderly patients or in subjects with
autonomic dysfunction or after sympathectomy (29, 36, 37)

3
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food intake is accompanied by blood pressure reductions,
which may sometimes lead to syncope. The observed increase
in MSA probably represents a neurally-mediated counterac-
tion or prevention of any tendency to a fall in blood pressure, a
lack of which would have pathophysiological consequences.
The increase in sympathetic nerve activity after feeding
may also be viewed from the wider perspective of blood pres-
sure regulation, overfeeding, and obesity. When obese subjects
were subjected to caloric restriction there were parallel de-
creases in basal insulin, norepinephrine, and blood pressure (7,
38). This observation, as well as epidemiological data demon-
strating a close association between obesity, hyperinsulinemia,
and hypertension (39), form the basis for a hypothesis linking
these three factors in the pathogenesis of essential hyperten-
sion, particularly in obese people (40). If insulin is an impor-
tant stimulus for the increase in MSA after carbohydrate in-
take, insulin resistance with prolonged hyperinsulinemia
might provoke repeated and sustained nerve commands to
vasoconstriction in the vascular beds of major importance for
blood pressure regulation, eventually leading to hypertension.

Acknowledgments

Financial support was received from the Swedish Medical Research
Council (grant 7468), the Swedish Medical Association, the Research
fund of the Swedish Diabetes Association, the Nordic Insulin Fund,
the Ernfors fund for diabetes research, Hoechst fund for diabetes re-
search, and Novo Industri AB.

References

1. Young, J. B,, and L. Landsberg. 1977. Stimulation of the sympa-
thetic nervous system during sucrose feeding. Nature (Lond.).
269:615-617.

2. Young, J. B, J. W. Rowe, J. A. Pallotta, D. Sparrow, and L.
Landsberg. 1980. Enhanced plasma norepinephrine response to
upright posture and oral glucose administration in elderly human sub-
jects. Metab. Clin. Exp. 29:532-539.

3. Welle, S., U. Lilavivat, and R. G. Campbell. 1981. Thermic
effect of feeding in man: increased plasma norepinephrine levels fol-
lowing glucose but not protein or fat consumption. Metab. Clin. Exp.
30:953-958.

4. Kleinbaum, J., and H. Shamoon. 1982. Selective counterregula-
tory hormone response after oral glucose in man. J. Clin Endocrinol. &
Metab. 55:787-790.

S. Young, J. B, and L. Landsberg. 1977. Suppression of sympa-
thetic nervous system during fasting. Science (Wash. DC). 196:1473-
1475.

6. Jung, R. T., P. S. Shettey, M. Barrand, B. A. Callingham, and
W. P. T. James. 1979. Role of catecholamines in hypotensive response
to dieting. Br. Med. J. 1:12-13.

7. Sowers, J. R., L. A. Whitfield, R. A. Catania, N. Stern, M. L.
Tuck, L. Dornfield, and M. Maxwell. 1982. Role of the sympathetic
nervous system in blood pressure maintenance in obesity. J. Clin.
Endocrinol. & Metab. 54:1181-1186.

8. Grollman, A. 1929. Physiological variations in the cardiac out-
put of man: the effect of ingestion of food on the cardiac output, pulse
rate, blood pressure and oxygen consumption of man. Am. J. Physiol.
89:366-370.

9. Vatner, S. F., T. A. Patrick, C. B. Higgins, and D. Franklin. 1974.
Regional circulatory adjustments to eating and digestion in conscious
unrestrained primates. J. Appl. Physiol. 36:524-529.

10. Sakaguchi, T., and G. A. Bray. 1987. The effect of intrahy-
pothalamic injections of glucose on sympathetic efferent firing rate.
Brain. Res. Bull. 18:591-595.



11. Rowe, J. W_, J. B. Young, K. L. Minaker, A. L. Stevens, J.
Pallotta, and L. Landsberg. 1981. Effect of insulin and glucose infu-
sions on sympathetic nervous system activity in normal man. Dia-
betes. 30:219-225.

12. Hjemdahl, P. 1986. Plasma catecholamine determinations: an-
alytical problems and interpretations. In The Sympathoadrenal Sys-
tem: Physiology and Pathophysiology. N. J. Christensen, O. Henrik-
sen, and N. A. Lassen, editors. Munksgaard, Copenhagen. 17-32.

13. Hagbarth, K. E., and A. Vallbo. 1968. Pulse and respiratory
grouping of sympathetic nerve impulses in human muscle nerves. Acta
Physiol. Scand. 74:96-108.

14. Wallin, B. G., and J. Fagius. 1988. Peripheral sympathetic
neural activity in conscious humans. Annu. Rev. Physiol. 50:565-576.

15. Allenmark, S., L. Hedman, and A. Séderberg. 1980. Microanal-
ysis of catecholamines in human plasma by high-performance liquid
chromatography with amperometric detection compared with a ra-
dioenzymatic method. Microchem. J. 25:567-575.

16. Delius, W., K. E. Hagbarth, A. Hongell, and B. G. Wallin.
1972. Manoeuvres affecting sympathetic outflow in human skin
nerves. Acta Physiol. Scand. 84:177-186.

17. Beaumont, W., J. C. Strand, J. S. Petrofsky, S. G. Hipskind, and
J. E. Greenleaf. 1973. Changes in total plasma content of electrolytes
and proteins with maximal exercise. J. Appl. Physiol. 34:102-106.

18. Tse, T. F., W. E. Clutter, S. D. Shah, J. P. Miller, and P. E.
Cryer. 1983. Neuroendocrine responses to glucose ingestion in man. J.
Clin. Invest. 72:270-2717.

19. Burke, D., G. Sundlof, and B. G. Wallin. 1977. Postural effects
on muscle nerve sympathetic activity in man. J. Physiol. 272:399-414.

20. Wallin, B. G., G. Sundlof, B.-M. Eriksson, P. Dominiak, H.
Grobecker, and L. E. Lindblad. 1981. Plasma noradrenaline correlates
to sympathetic muscle nerve activity in normotensive man. Acta
Physiol. Scand. 11:69-73.

21. Morlin, C., B. G. Wallin, and B.-M. Eriksson. 1983. Muscle
sympathetic activity and plasma noradrenaline in normotensive and
hypertensive man. Acta Physiol. Scand. 119:117-121.

22. Eckberg, D. L., R. F. Rea, O. K. Andersson, T. Hedner, J.
Pernow, J. M. Lundberg, and B. G. Wallin. 1988. Baroreflex modula-
tion of sympathetic activity and neurotransmittors in humans. Acta
Physiol. Scand. 133:221-231.

23. Victor, R. G, D. R. Seals, and A. L. Mark. 1987. Differential
control of heart rate and sympathetic nerve activity during dynamic
exercise. Insights from direct intraneural recordings in humans. J.
Clin. Invest. 79:508-516.

24. Wallin, B. G., C. Morlin, and P. Hjemdahl. 1987. Muscle
sympathetic activity and venous plasma noradrenaline concentrations
during static exercise in normotensive and hypertensive subjects. Acta
Physiol. Scand. 129:489-497.

25. Fagius, J., and C. Berne. 1989. Changes of sympathetic nerve
activity induced by 2-deoxy-D-glucose infusion in man. Am. J. Physiol.
256:E714-E720.

26. Fronek, K., and L. H. Stahlgren. 1968. Systemic and regional
hemodynamic changes during food intake and digestion in nonan-
esthetized dogs. Circ. Res. 23:687-692.

27. Sundlof, G., and B. G. Wallin. 1978. Human muscle nerve
sympathetic activity at rest: relationship to blood pressure and age. J.
Physiol. 274:621-637.

28. Wallin, B. G., and G. Sundléf. 1979. A quantitative study of
muscle nerve sympathetic activity in resting normotensive and hyper-
tensive subjects. Hypertension (Dallas). 1:67-77.

29. Mathias, C. J., D. F. Da Costa, and R. Bannister. 1988. Postci-
bal hypotension in autonomic disorders. /n Autonomic Failure: A
Textbook of Clinical Disorders of the Autonomic Nervous System. R.
Bannister, editor. Oxford University Press, Oxford. 367-380.

30. Donald, D. E. 1983. Splanchnic circulation. /n Handbook of
Physiology. J. T. Shepherd and F. M. Abboud, editors. American
Physiological Society, Bethesda, MD. 219-240.

31. Andrews, P. L. R. 1986. Vagal afferent innervation of the
gastrointestinal tract. In Visceral Sensation. F. Cervero and J. F. B.
Morrison, editors. Elsevier Science Publishing Co., Inc., New York.
65-86.

32. Sundléf, G., and B. G. Wallin. 1978. Effect of lower body
negative pressure on human muscle nerve sympathetic activity. J.
Physiol. (Lond.). 278:525-532.

33. Victor, R. G., W. N. Leimbach, D. R. Seals, B. G. Wallin, and
A. L. Mark. 1987. Effects of the cold pressor test on muscle sympa-
thetic nerve activity: microneurographic recordings in humans. Hy-
pertension (Dallas). 9:429-436.

34. Fagius, J., and G. Sundl6f. 1986. The diving response in man:
effects on sympathetic activity in muscle and skin nerve fascicles. J.
Physiol. (Lond.). 377:429-443,

35. Page, M. M,, and P. J. Watkins. 1976. Provocation of postural
hypotension by insulin in diabetic autonomic neuropathy. Diabetes.
25:90-95.

36. Lipsitz, L., R. P. Nyquist, J. Y. Wei, and J. W. Rowe. 1983.
Postprandial reduction in blood pressure in the elderly. N. Engl. J.
Med. 309:81-83.

37. Robertson, D., D. Wade, and R. M. Robertson. 1981. Post-
prandial alterations in cardiovascular hemodynamics in autonomic
dysfunctional states. Am. J. Cardiol. 48:1048-1052.

38. Reisin, E., E. D. Frohlich, F. H. Messerli, G. R. Dreslinski,
F. G. Dunn, M. M. Jones, and H. M. Matson. 1983. Cardiovascular
changes after weight reduction in obesity hypertension. Ann. Int. Med.
98:315-319.

39. Modan, M., H. Halkin, S. Almog, A. Lusky, A. Eshkol, M.
Shefi, A. Shitrit, and Z. Fuchs. 1985. Hyperinsulinemia: A link be-
tween hypertension, obesity and glucose intolerance. J. Clin. Invest.
75:809-827.

40. Landsberg, L. 1986. Diet, obesity and hypertension: an hy-
pothesis involving insulin, the sympathetic nervous system, and adap-
tive thermogenesis. Q. J. Med. 61:1081-1090.

Sympathetic Nervous Outflow after Oral Carbohydrate 1409



