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In vivo microdialysis was applied to study the effects of ventromedial hypothalamus (VMH) stimulation on liver glycogenolysis 
under anesthesia. We examined glucose output and norepinephrine (NE) outflow from the liver through analysis of glucose 
and NE in the liver dialyzate. Stimulation of the VMH increased glucose output and NE outflow from the liver and increased the 
plasma glucose level. Similar results were obtained on hepatic nerve stimulation. Bilateral adrenalectomy did not abolish the 
glycogenolysis induced by VNIH stimulation. NE outflow increased to a much greater extent in adrenalectomized rats. These 
data show that VMH stimulation causes glycogenolysis and glucose output from the liver mainly via the hepatic nerves, and 
that microdialysis is a simple and useful method for the study of liver metabolism in vivo. 
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T HE HYPOTHALAMUS is regarded as a critical locus for 

regulation and integration of peripheral intermediary 

metabolism, and the ventromedial hypothalamus (VMH) is 

believed to be one of the most effective regions in energy 

substrate metabolism. 14 Electrical stimulation of the VMH 

increased blood glucose? ,4 and similar results have been 

obtained after stimulation of the peripheral sympathetic nerves 

innervating the liver. 5 The VMH-sympathetic nerve pathway 

can mediate efferent neuronal effects on peripheral glucose 

metabolism because the VMH is intimately involved in sympa- 

thetic facilitation. 6 The role of the sympathetic nervous system 

in VMH-induced hyperglycemia has been reported, including 

its partial dependence on the adrenal glands 7 and pancreas. 7,8 So 

far. the glycogenolytic effect of VMH stimulation has been 

indicated by the increase of liver glycogen phosphorylase 

activity, the increase of blood glucose, and the decrease of liver 

glycogen after a prolonged VMH stimulation for many hours. 3.4 

Also. the increase of liver glyc0neogenesis has been indicated 

in VMH stimulation 3-4 and in hyperglycemia induced by 

neostigmine injection into the third ventricle. 9 

None of the studies of hypothalamic stimulation directly and 

simultaneously analyzed glucose output and norepinephrine 

(NE) outflow from the liver in vivo to examine the effect of 

neural innervation of the liver. The isolated or in situ liver 

perfusion system is an important experimental model for the 

study of sympathetic nerve function in liver metabolism. Using 

the perfusion system, it has been clarified that hepatic nerve 

stimulation induces glycogenolysis from the analysis of glucose 

output into an artificial perfusion medium, m,H However. the 

perfusion system does not allow investigation of the metabolic 
effects induced by hypothalamic stimulation, although the 

system does allow investigation of the chronic effects such as 
changes in VMH lesions.12 

On the basis of these facts and circumstances, we investi- 
gated the effects of VMH stimulation on liver glucose output 

and NE outflow using in vivo microdialvsis in addition to the 

plasma glucose level. In this study, we analyzed glucose and NE 
concentrations in the liver microdialysis dialyzate. Microdialy- 
sis is a technique for sampling the extracellular space/3,H that is 
being applied to many studies due to its potential for experimen- 

tal ana!ysis under physiological conditions and simplicity of 
application. This system allows monitoring of the whole 
time-concentration relation and allows direct in vivo analysis of 
glucose output and activity of the sympathetic nerves innervat- 
ing the liver. 

MATERIALS AND METHODS 

Male Wistar rats weighing 260 tO 320 g were used. They were kept at 
24°C with a 12-hour light-dark cycle (lights on from 7 AM). The animals 
were fed ad Iibitum with laboratory food and water. One week before 
the experiment, excepting the hepatic nerve group, the rats were 
stereotaxically implanted with a bipolar electrode into the VMH under 
pentobarbital anesthesia as described previously.~5 

On the day of the experiment, a silicone heart catheter was inserted 
through the right jugular vein under pentobarbital anesthesia (55 mg/kg 
intraperitoneally) for blood sampling, t5 Bilateral adrenalectomy was 
performed in half of the VMH rat group directly after implantation of 
the heart catheter. Following implantation of the heart catheter, two 
microdialysis probes with a dialysis membrane 10 mm in length and 0.5 
mm outer diameter (CMA 20: Carnegie Medicine, Stockholm. Sweden) 
were implanted into the left lateral lobe of the liver, and the wings of the 
probe were glued to the liver surface with a bonding agent. The probe 
was perfused with Ringer solution (in mmol/L: Na 147. K 4.0 and CaC12 
3.0) at 2 uL/min using a microinfusion pump. Perfusates from the two 
probes were collected together and used for analysis of glucose output 
and NE overflow from the liver. All experiments were made with fed 
rats and were started between 10 and 11 AM. After an equilibration 
period of 2 hours, the liver dialysate was collected every 10 minutes for 
30 minutes, and then the VMH was stimulated electronically ~monopha- 
sic square pulses. 50 Hz. 10 V amplitude. 0.3 millisecond duration. 
20-second periods every minute for 10 minutes). In the hepatic nerve rat 
group, the hepatic nerve was stimulated unonophasic square pulses. 20 
Hz. 20 V amplitude. 2 millisecond duration. 20-second periods every 
mmme for 10 minutes) with a bipolar platinum wire electrode placed 
around the hepatic artery. Body temperature was kept stable at 37.5°C 
by a body temperamre controller. To keep the anesthesia stable. 
pentobarbital (10 mg/kg) was administered intraperitoneally twice 
during the experiment. Measurement of in vitro recovery was per- 
formed at 37.5°C. and a Ringer solution containing glucose (2 mg/mL) 
and NE (40 pmol/mL) was used as the medium surrounding the dialysis 
probe. Recovery was determined as the ratio of the dialysate concentra- 
non to the concentration in the medium surrounding the probe. The 
recovery of glucose and NE at a flow rate of 2 aL/min was 42% and 
51%. respectively. The recovery of glucose in the blood was similar to 
the results for the Ringer solution. 

NE in the dialyzate (25 ~L) was analyzed using high-performance 
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liquid chromatography with an electrochemical detector as reported 
previously.16,17 Simultaneously, approximately 0.1 -mL samples of blood 
were withdrawn from the heart catheter at 10-minute intervals for the 
purPose of measuring plasma glucose levels. After each sample was 
taken, 0.1 mL isotonic saline was injected through the catheter. Blood 
samples were transferred to microcentrifuge tubes containing trace 
amounts of heparin, and the plasma was separated by centrifugation. 
The glucose level in the dialyzate (10 ~L) and plasma was determined 
by the glucose oxidase method. All values are presented as the mea n _+ 
SE. The data were evaluated by ANOVA with Tukey's post hoc analysis. 

RESULTS 

Effects of VMH Stimulation on Plasma Glucose Level and NE 
Outflow and Glucose Output From the Liver 

After an equilibration period of 2 hours, basal glucose output 
and NE outflow were measured from an average of three 
samples collected over a period of 30 minutes. Basal levels 
were not changed significantly at least for the following 1 hour. 
Electrical stimulation of the VMH increased plasma glucose 
and NE and glucose concentrations in the liver dialyzate (Fig 1). 
The basal plasma glucose level was 1.68 ~ 0.04 mg/mL. 
Plasma glucose increased to 0.86 mg/mL at the end of 10 
minutes of intermittent stimulation, and the peak value for 
plasma glucose was equivalent to 1.51 times the basal level. 
Basal concentrations of NE and glucose in the dialyzate were 
2.38 = 0.45 pmol/25 pL perfusate and 0.307 ~ 0.024 mg/mL, 
respectively, without correction for recovery across the probe 
membrane. NE outflow was increased rapidly by VMH stimula- 
tion and decreased after cessation of stimulation. The peak 
value for NE outflow was obtained in the dialyzate during (0 to 
10 minutes) stimulation, and the peak for glucose output was 
obtained during the 10- to 20-rain period after the beginning of 
stimulation. The peak value for liver dialyzate glucose reached 
1.61 times the basal level. The increase in plasma glucose was 
in proportion to the increased rate of liver glucose output by 
measuring the dialyzate glucose concentration. 

Effects of Adrenalectomy on VMH-Induced Glucose Output 
and NE Outflow 

The increase of glucose output and NE outflow from the liver 
induced by VMH stimulation was not abolished in adrenalecto- 
mized rats (Fig 2), although the increase in plasma glucose was 
reduced. The increase in plasma glucose at 10 and 20 minutes 
was 0.51 and 0.52 mg/mL, respectively. The basal plasma 
glucose level was 1.44 _+ 0.06 mg/mL, and basal concentrations 
of NE and glucose in the dialyzate were 3.41 + 0.40 pmol/25 
ILL perfusate and 0.323 + 0.016 mg/mL, respectively. The peak 
value for dialyzate glucose was 1.53 times the basal level. VMH 
stimulation-induced NE outflow in adrenalectomized rats was 
increased by about three times the NE outflow in intact rats. The 
rapid decrease in NE outflow immediately after cessation of the 
stimulation was not observed in this group of rats. and the peak 
value was obtained in the dialyzate during the 10- to 20-minute 
period. 

Effects of  Hepatic Nerve Stimulation on Glucose Output 
and NE Outflow From the Liver 

Electrical stimulation of the hepatic nerve increased glucose 
output and NE outflow (Fig 3). The basal plasma glucose level 
was 1.81 ~ 0.07 mg/mL. The increase of plasma glucose 
reached approximately 1.10 mg/mL at the end of a 10-minute 
intermittent stimulation. Basal concentrations of glucose and 
NE in the dialyzate were 0.386 -+ 0.035 mg/mL and 2.36 ~ 0.09 
pmol/25 ~tL perfusate, respectively. NE outflow was increased 
rapidly by hepatic nerve stimulation and decreased rapidly after 
cessation of the stimulation. The peak value for NE outflow was 
obtained in the dialyzate during stimulation. The increase in NE 
outflow preceded the increase in glucose output. The peak for 
glucose output was obtained in the dialyzate during the 10- to 
20-minute period after beginning the stimulation. Similarly in 
VMH stimulation, the increase of plasma glucose was m 
proportion to the increased rate of liver glucose output. 
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Fig 1. Effects of VMH stimulation on plasma glucose (A) and dialyzate NE and glucose concentrations (B) in intact rats. Values are the mean -+ 
SE for 7 rats. Values for the increase of plasma glucose (A) and the increase of dialyzate glucose (B) during and after nerve stimulation (10 to 40 
minutes) are significantly different from initial basal levels at P < .05. The increase of dialyzate NE during nerve stimulation (10 minutes) is 
Significantly different from initial basal levels at P < .05, 
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Fig 2. Effects of  VMH stimulation on plasma glucose (A) and dialyzate glucose and NE concentrations (B) in adrenalectomized rats. Values are 
the mean ± SE for  6 rats. Values for the increase of plasma glucose at 10 to  30 minu tes  (A) and the increase of dialyzate glucose and NE (B) during 
and after nerve stimulation (10 to 20 minutes) are significantly different from initial basal levels at P < .05. 

D I S C U S S I O N  

In this study, we confirm and extend the role of the VMH in 
the regulation of liver glycogenolysis through direct analysis of 
glucose output and NE outflow using in vivo liver microdialy- 
sis. The present approach provides new experimental data in the 
study of metabolic regulation in the liver. VMH stimulation 
rapidly increased NE and glucose concentrations in the liver 
dialyzate and simultaneously increased the plasma glucose level 
(Fig 1). Similar results were obtained with hepatic nerve 
stimulation (Fig 3), and adrenalectomy did not abolish the 
glycogenolytic effects induced by VMH stimulation (Fig 2). 

Our data clearly show that VMH stimulation caused glycogen- 
olysis and glucose output mainly via activation of the sympa- 

thetic nerves innervating the liver. These nerve actions were 
assumed to be transmitted predominantly via c~-adrenergic 
receptors, since an c~-antagonist reduced the glycogenolytic 
effects induced by hepatic nerve stimulation in isolated rat liver 
perfused in situ. 1°,18 Using this system, the role of eicosanoids, 

in addition to NE, in the action of the hepatic nerves has been 
suggested. 19,2° The hemodynamic changes are also induced by 

VMH or hepatic nerve stimulation. However, VMH stimulation 
did not produce a significant change in blood flow to the liver. 21 
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Fig 3. Effects of hepatic nerve stimulation on plasma glucose (A) and dialyzate glucose and NE concentrations (B) in intact rats. Values are the 
mean -+ SE for  6 rats. Values for the increase of plasma and dialyzate glucose during and after nerve stimulation (10 to  40 minutes) are 
significantly different from initial basal levels at P < .05. The increase of dialyzate NE during nerve stimulation (10 minutes) is significantly 
different from initial basal levels at P < .05, 
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It is probable that the hemodynamic changes cannot be a 
primary cause of the glycogenolytic effects of hepatic nerve 
stimulation, because the stimulation still caused the effects in 
the presence of the smooth muscle relaxant, l° Besides, it has 
been reported that VMH 7 or splanchnic nerve 22 stimulation 
increases glucagon output. In the hepatic nerve stimulation, 
epinephrine and pancreatic glucagon may account for the 
increased dialyzate glucose even after NE outflow appears to 
return to the basal level (Fig 3B). 

This microdialysis system allows in vivo analysis of glucose 
output and activity of sympathetic nerves innervating the liver 
as outflow of NE; this cannot be easily accomplished with other 
methods. However, it is necessary to consider that microdialysis 
has a lag time with which to detect changes in concentration of 
the dialyzate. The time course study of dialyzate glucose after 
insertion of the dialysis probe into the liver shows that the 
changes in glucose concentration obtained in the dialyzate have 
a time lag of about five minutes or more (not shown). In our 
microdialysis data, it is assumed that an increase of NE outflow 
and glucose output occurred immediately after beginning the 
VMH or hepatic nerve stimulation. Several minutes may be 
required to realize the full effect of released NE on glucose 
outflow from the liver. Basal concentrations of glucose in the 
liver dialyzate, after corrections according to the recovery and 
hematocrit, were 75% to 90% of the basal plasma glucose 
levels. It seems that the rate of recovery of dialysis probe within 
the liver and perhaps other tissues is lower than the recovery in 
the blood and Ringer solution. Basal plasma glucose levels were 
high to some degree in this experimental condition, because our 
experiments were made with fed rats and the acute surgery 
affects the blood glucose level. The basal glucose level in the 
adrenalectomized rat was lower than in the intact rats. This 
indicates that an increase of adrenal epinephrine secretion 
increased the basal plasma glucose level in intact rats during 
and after the acute surgery. 

In adrenalectomized rats, VMH stimulation-induced NE 
outflow was increased by about three times versus NE outflow 
in intact rats, and continued after cessation of the nerve 
stimulation (Fig 2). This increase may be one counterregulatory 
response to the lack of adrenal epinephrine to retain the supply 

of glucose to the blood. It is known that the physiological 
response to a variety of stresses is controlled in a redundant 
manner. We previously showed a compensation between sympa- 
thetic nerves and adrenal medullary activity. 23 Our system also 
makes it possible to analyze the relation of liver glycogenolysis 
and/or glyconeogenesis to blood glucose level. It becomes 
possible to investigate the interrelationships between the he- 
patic nerve and other organs such as the adrenals in the 
regulation of glycogenolysis using our microdialysis system. 
Practically, the liver is the only glucose-supplying organ; and 
except for the glucose absorption and supply from digested 
food, the increase of plasma glucose depends on glucose output 
originating from liver glycogenolysis, especially in fed rats. 9 
The increase of plasma glucose was in proportion to the 
increased rate of liver glucose output in the intact rats (Figs 1 
and 3). The hyperglycemia caused by VMH stimulation may 
include the influences of adrenal epinephrine, since the increase 
of plasma glucose in adrenalectomized rats was reduced to 
about two thirds of that in intact rats (Fig 2A). However, 
glucose output from the liver scarcely changed (Fig 2B). The 
ratio of the increase of plasma glucose to the increase of liver 
dialyzate glucose in the adrenalectomized rats was lower than in 
intact rats. Perhaps a lack of adrenal epinephrine increases 
insulin secretion from the pancreas, and this increase of insulin 
reduces the increment of glucose 24 even though liver glucose 
output scarcely changes. Tissue glucose uptake is another 
contributory factor to blood glucose level. Uptake and utiliza- 
tion of glucose in peripheral tissues can be estimated from 
glucose output from the liver and blood glucose level. Both 
efferent and afferent nerves may participate in the regulation of 
liver metabolismY In liver metabolism and its regulation, our 
dialysis system allows investigation of the central nerves or 
hypothalamic function, as well as the peripheral aspects. 
Participation of the hypothalamic noradrenergic 3,4,26,27 and 
cholinergic 16,I7,24 system has been indicated in the regulation of 
peripheral glucose metabolism. 
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