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Abstract

The central nervous system has been implicated in the activa-
tion of counterregulatory hormone release during hypoglyce-
mia. However, the precise loci involved are not established. To
determine the role of the ventromedial hypothalamic nuclei
(VMH) in the hormonal response to hypoglycemia, we per-
formed hypoglycemic clamp studies in conscious Sprague-
Dawley rats with bilateral VMH lesions produced by local ibo-
tenic acid injection 2 wk earlier. Rats with lesions in the lateral
hypothalamic area, frontal lobe, sham operated (stereotaxic
needle placement into hypothalamus without injection), and
naive animals served as control groups. The clamp study had
two phases. For the first hour plasma glucose was fixed by a
variable glucose infusion at euglycemia ( ~ 5.9 mM ). Thereaf-
ter, for an additional 90 min, glucose was either allowed to fall
to (a) mild hypoglycemia ( ~ 3.0 mM ) or (5) more severe hypo-
glycemia (~ 2.5 mM). Glucagon and catecholamine responses
of lateral hypothalamic area-, frontal lobe-lesioned, sham
operated, and naive animals were virtually identical at each
hypoglycemic plateau. In contrast, glucagon, epinephrine, and
norepinephrine responses in the VM H-lesioned rats were mark-
edly inhibited; hormones were diminished by 50-60% during
mild and by 75-80% during severe hypoglycemia as compared
with the other groups. We conclude that the VMH plays a
crucial role in triggering the release of glucagon and catechol-
amines during hypoglycemia. (J. Clin. Invest. 1994. 93:1677-
1682.) Key words: ventromedial hypothalamus « hypoglycemia
« glucagon ¢ epinephrine ¢ counterregulation

Introduction

The role of the central nervous system (CNS) in the regulation
of counterregulatory responses to hypoglycemia remains con-
troversial. Although several lines of evidence strongly implicate
the CNS in hypoglycemia detection and counterregulation ( 1-
3), the precise brain regions involved are not known. While
various nuclei have been implicated, current data suggest that
counterregulatory responses during hypoglycemia are acti-
vated, at least in part, via the hypothalamus (4-6). It has
been frequently suggested that ventromedial hypothalamus
(VMH),' known as a regulator of food intake (“satiety
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center”) (7, 8), may also contain glucosensitive tissues that
could mediate the responses to hypoglycemia (9, 10). This
hypothesis was primarily based on the observations that injec-
tions of 2-deoxy-glucose into the third ventricle causes hyper-
glycemia (8). Initially, the VMH was considered a sympathetic
center, controlling mainly catecholamine secretion in response
to hypoglycemia (4, 11); glucagon responses were thought to
be triggered by intraislet rather than CNS mechanisms (12,
13). However, Frohman and Bernardis (14) demonstrated
that electric stimulation of the VMH caused an increase in
plasma glucagon. This work has been supported by recent stud-
ies performed by Biggers et al. (1) and Havel et al. (15). While
these studies do not address the role of the VMH during hypo-
glycemia directly, they do suggest that the VMH could poten-
tially serve as a key center for the activation of hypoglycemic
counterregulation. However, since that report, there has been a
paucity of data examining this specific issue. Indeed, the rela-
tive role of the CNS or extracerebral glucose sensors in initiat-
ing counterregulatory responses has remained the subject of
controversy.

To determine the role of the VMH nuclei in the hormonal
response to hypoglycemia, we combined the hypoglycemic in-
sulin clamp technique with bilateral VMH lesions produced by
stereotaxic ibotenic acid injection in Sprague-Dawley rats. Le-
sions in the lateral hypothalamic area, frontal lobe, sham oper-
ated, and nonlesioned (naive) animals served as controls. This
approach allowed us to introduce highly specific lesions within
the chosen brain region and to test their effect under standard-
ized hypoglycemic conditions.

Methods

Animals

Male Sprague-Dawley rats were purchased from Charles River Breed-
ing Laboratories (Wilmington, MA ). Animals were housed in an envi-
ronmentally controlled room with a 12-h light/dark cycle and were
maintained on standard ad lib. rat chow (Prolab 3000; AGWAY, Wa-
verley, NY) comprising of 22% protein, 5% fat, and 51% carbohydrate
(the remaining 22% consists of ash, crude fiber, and moisture).

Lesions

Rats (mean body wt ~ 290 g, range 270-310 g) were anesthetized by
intraperitoneal injection (1 ml/kg) of a mixture of xylazine (20 mg/
ml) (AnaSed; Lloyd Laboratories, Shenandoah, IA) and ketamine
(100 mg/ml) (Ketaset; Aveco Co., Fort Dodge, IA) in a ratio of 1:2
(vol:vol). Thereafter, they received bilateral stereotaxic infusions of
0.12 M ibotenic acid (Research Biochemicals Inc., Natick, MA) dis-
solved in a sterile artificial extracellular fluid solution (NaCl 135 mM,
KClI 3 mM, MgCl, 1 mM, CaCl, 1.2 mM, ascorbate 200 uM, and a
sodium phosphate buffer of 2 mM to pH 7.4) (16). The solution was
infused at a rate of 0.25 ul/min. The needle was placed with the bevel-
ing directed anteriorly, and 0.5 ul of ibotenic acid was infused, then
beveling of the needle was reversed, and 0.5 ul was infused into poste-
rior directions. The needle was left inside the tissue for a 3-min period,
to allow diffusion and to prevent backflow of ibotenic acid through the
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needle track. All stereotaxic coordinates were determined from the
atlas of Paxinos and Watson (17). Five different groups of animals
were prepared as follows.

Group 1. VMH-lesioned rats were injected at points located 2.5 mm
posterior, 0.6 mm lateral in relation to bregma, and 9.6 mm below the
horizontal plane passing through bregma and lambda.

Group 2. Frontal lobe (FL)-lesioned rats were injected using the
coordinates: 2.0 mm anterior, 2.0 mm lateral in relation to bregma,
and 2.0 mm below the horizontal plane passing through bregma and
lambda.

Group 3. Lateral hypothalamic area (LHA )-lesioned rats were in-
jected using the coordinates: 2.0 mm posterior, 2.0 mm lateral in rela-
tion to bregma, and 8.4 mm below the horizontal plane passing
through bregma and lambda.

Group 4. Sham operated animals were prepared by lowering the
injection needle in the proximity of VMH using the coordinates 2.5
mm posterior, 0.6 mm lateral in relation to bregma, and 8.6 mm below
the horizontal plane passing through bregma and lambda, but no toxin
was infused.

Group 5. Control (naive) animals did not receive any surgery. Le-
sioned animals were studied 12-16 d after the stereotaxic procedure. At
the end of the experiments, lesion placement was verified histologically
by cresyl violet staining. Lesions were identified as areas of neuronal
loss. Only the animals that showed bilateral destruction of the desired
brain regions were included. From all animals studied, in the mild
hypoglycemia group 11% of VMH and 29% of LHA did not meet the
histological criteria. In the severe hypoglycemia group 16% of VMH
were excluded. All other animals studied met histological criteria.

Surgical procedures

At 6-10 d before the study and 7-9 d after stereotaxic surgery, animals
underwent an additional aseptic surgical procedure for placement of
internal jugular vein and carotid artery catheters under intraperitoneal
pentobarbital anesthesia (Nembutal 35 mg/kg body wt; Abbott Labo-
ratories, North Chicago, IL). The polyethylene carotid artery catheter
was extended to the level of the aortic arch, and the silicone internal
jugular vein catheter was advanced to the level of the right atrium. At
the end of the procedure both catheters were flushed and filled with
heparin (42 U/ml) and polyvinylpyrrolidone (1.7 g/ml) solution,
plugged, tunneled subcutaneously around the side of the neck, and
externalized behind the head through a skin incision. Catheters re-
mained sealed until the day of the study. Only those animals that had
recovered completely and showed no signs of infection within 36 h
after surgery were used.

Euglycemic/hypoglycemic clamp

The hyperinsulinemic glucose clamp technique, as adapted for the rat
(18), was used to provide a fixed hypoglycemic stimulus. Two sets of
experiments were performed: In the first, all five groups of animals
were studied, and the plasma glucose concentration was lowered to
~ 3.0 mM. In the second, only VMH-lesioned and naive (control)
animals were studied, and a more severe hypoglycemic stimulus
(~ 2.5 mM) was produced.

The rats were fasted for ~ 24 h before the study. On the morning of
the experiment, the catheters were flushed with saline and maintained
patent by a slow infusion of saline (20 ul/min) that contained a small
amount of heparin (1-2 U/ml). Animals were fully awake and freely
moving about in their cages, untethered. After a 60-min rest period,
blood samples were withdrawn for measurement of baseline glucose,
insulin, glucagon, epinephrine, and norepinephrine concentration.
Thereafter, a primed (2,160 pmol over 1.5 min) continuous infusion
(120 pmol/kg™"' - min ') of porcine insulin ( Eli Lilly & Co., Indianapo-
lis, IN) was initiated and maintained for 150 min. A variable infusion
of exogenous glucose was adjusted based on plasma glucose measure-
ments obtained at 5-min intervals to achieve the desired glucose level.
During the first 60 min, the rats were maintained at euglycemia (mean
plasma glucose ~ 5.9 mM). Thereafter, plasma glucose was allowed to
fall to hypoglycemic levels (~ 3.0 mM for the first set or ~ 2.5 mM for
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the second set of experiments) and maintained there for 90 min. Exper-
iments were terminated if the plasma glucose (a) fell below 4.5 mM
during the last 45 min of the euglycemic phase, () rose above 3.9 mM
(secondary to glucose infusion ), or (¢) inadvertently fell below 2.0 mM
during the hypoglycemic phase. Only the studies during which the
mean blood glucose level achieved during hypoglycemia was in the
range of 2.8-3.1 mM (for the first set) or 2.2-2.5 mM (for the second
set) were analyzed. In the mild hypoglycemia group 18% of FL prop-
erly lesioned (as verified histologically) and 40% of naive animals did
not meet these criteria. In the severe hypoglycemia group 16% of con-
trol studies (naive rats) were excluded. Histological results and the
accuracy of the clamps were the only criteria for excluding or including
the clamp studies for the data analysis; exclusions were never made
based on the knowledge of the hormonal results.

Blood samples for measurements of glucagon, epinephrine, and
insulin were taken during the euglycemic (30- and 60-min) and hypo-
glycemic (90-, 120-, 135-, and 150-min) phases of the experiments.
During blood sampling, sample dilution by fluid in the dead space of
the catheter was avoided by withdrawal of 0.5 ml of blood before sam-
ple collection. This volume exceeded the dead space volume by about
fivefold. A new syringe was then used for sample collection. Subse-
quently, the initial syringe was reattached, and the contents reinfused.
Blood obtained from littermates at least 30 min before the study was
transfused during the clamp to quantitatively replace blood withdrawn
during the experiment. The protocol was reviewed and approved by the
Yale Animal Care and Use Committee.

Analytical methods and calculations

Plasma glucose was measured in duplicate using a Glucose Analyzer II
(Beckman Instruments Inc., Fullerton, CA). Plasma insulin (Binax,
South Portland, MA), and glucagon (ICN Biomedicals, Inc., Carson,
CA) using porcine standard were determined by a double antibody
radioimmunoassay. Insulin measurements during the basal and insulin
infusion periods were made using rat and porcine standards, respec-
tively. Plasma catecholamines were measured with a radioenzymatic
method (Amersham Corp., Arlington Heights, IL).

Data are expressed as mean+SE. Comparison between the study
groups was made by ANOVA with a repeated measure design, followed
by the Student’s ¢ test to localize effects. Glucose infusion rates during
the hypoglycemic steps represent the average values during the desig-
nated time interval.

Results

Set 1: mild hypoglycemia. As summarized in Table I, basal
glucose, insulin, glucagon, epinephrine, and norepinephrine
levels were not significantly different between any of the study
groups. The average weight of the animals on the day of the
study was 290+10 g (VMH), 250+5 g (LHA), 290+15g(FL),
290+5 (sham operated ), and 290+10 g (naive). The weight of
the LHA-lesioned animals was significantly lower as compared
with other groups (P < 0.05). During the insulin infusion,
plasma insulin rose to nearly identical levels, and plasma glu-
cose was indistinguishable during each phase of the study in all
groups ( Table IT). During the hypoglycemic phase of the study,
the desired level of glycemia (i.e., 3.0 mM ) was achieved in the
first 30 min. When euglycemia (5.9 mM) was maintained, the
concentrations of glucagon and norepinephrine were not dif-
ferent between the studied groups, whereas during the euglyce-
mic phase, plasma epinephrine was significantly decreased in
the VMH-lesioned animals as compared with other groups
(0.3+£0.01 nM [VMH] vs 0.9+0.1 [LHA], 0.7+0.1 [FL],
0.9+0.1 [sham operated], 0.8+0.2 nM [naive]; P < 0.05).
The effects of VMH lesions on hormonal counterregulatory
responses to mild hypoglycemia (3.0 mM) are depicted in Fig.
1. Despite a comparable hypoglycemic stimulus, epinephrine,



Table I. Basal Characteristics of the Animals Studied

VMH FL Naive LHA Sham operated
(n=28) (n=9) (n=16) (n=135) (n=15)
Insulin
(nM) 0.1+£0.04 0.1+0.02 0.1+0.02 0.1+0.02 0.1+0.05
Glucagon
(ng/liter) 136+24 122+16 112+10 201451 19148
Epinephrine
(nM) 0.6+0.1 0.8+0.2 0.8+0.3 0.4+0.2 0.7+0.2
Norepinephrine
(nM) 0.9+0.2 1.4+0.2 1.3+£0.2 1.2+0.2 1.1+0.2

norepinephrine, and glucagon responses in the VMH-lesioned
rats were significantly blunted (by ~ 50-60% ) compared with
the other groups (P < 0.05). LHA-lesioned, FL-lesioned, sham
operated, and naive animals showed indistinguishable hor-
monal responses to mild hypoglycemia (Fig. 1).

The diminished hormonal response in the VMH-lesioned
rats was associated with a higher glucose infusion rate required
to maintain the 3.1 mM hypoglycemic plateau during the final
30 min of the study (13.8+1.3 mg/kg™'-min~' [VMH] vs
5.220.7 [LHA], 6.9+0.7 [FL], 5.8+1.0 [sham-operated],
7.0+1.4 mg/kg™! - min~! [naive]; P < 0.05).

Set 2: severe hypoglycemia. To determine if the diminished
hormonal responses during hypoglycemia seen in VMH-le-
sioned animals persisted with a stronger hypoglycemic stimu-
lus, plasma glucose was lowered to 2.5 mM. The average weight
of the VMH and naive animals on the day of study was 295+ 10
and 2705 g, respectively. As in set 1, during the insulin infu-
sion plasma insulin rose to nearly identical levels, and plasma
glucose was indistinguishable during each phase of the study in
the two groups (Table III). During the hypoglycemic phase of
the study, the desired level of glycemia (i.e., 2.5 mM) was
achieved in the first 30 min. As shown in Fig. 2, VMH lesions
caused a marked reduction in peak elevations of circulating
glucagon (241+45 ng/liter [VMH] vs 796112 ng/liter in
naive animals, P < 0.01), epinephrine (12.8+0.9 nM [VMH]
vs 69.3+4.1 nM in naive animals, P < 0.01), and norepineph-
rine (3.3+0.4 nM [VMH] vs 45.1+4.5 nM in naive animals, P
< 0.01) in response to the 2.5 mM hypoglycemic plateau.

In keeping with this finding, the VMH-lesioned animals
required a higher glucose infusion rate to maintain plasma glu-
cose at 2.5 mM during the final 30 min of the hypoglycemic

step (3.0£0.7 mg/kg™'-min™' [VMH] vs 1.1£0.2 mg/
kg™'-min~' in naive animals, P < 0.05).

Discussion

The current data demonstrate that bilateral selective lesions of
the VMH produce striking reductions in the magnitude of the
glucagon, epinephrine, and norepinephrine responses to both
mild and moderately severe hypoglycemia. Neither sham sur-
gery nor selective lesions of the LHA or the FL had such an
effect.

Whereas the role of individual counterregulatory hormones
in hypoglycemia correction has been studied extensively (19—
22), the mechanisms that link glucopenia with activation of
the counterregulatory system are poorly understood. There is
much controversy concerning the tissues that sense glucopenia
and coordinate the counterregulatory responses. In fact, numer-
ous neural centers have been proposed to control counterregu-
latory hormone release (2, 23). The hypothalamus has long
been considered a potential center for the integration of the
hypoglycemia-induced adrenergic response (4, 24-26). Stud-
ies have implicated the ventromedial portion of this brain re-
gion, in particular. However, the role of the VMH in modulat-
ing counterregulatory hormone release has never been directly
tested under hypoglycemic conditions. Rather, it has been
shown that electrical or mechanical stimulation of the VMH
caused hyperglycemia (25, 27, 28). Moreover, injection of 2-
deoxy-glucose into the third ventricle also resulted in hypergly-
cemia (8, 29). However, this does not localize the locus for the
counterregulatory response to hypoglycemia specifically to the
VMH. Interestingly, in contrast to traditional opinion that

Table I1. Mean Plasma Glucose and Insulin Concentrations during Mild H ypoglycemia

VMH FL Naive LHA Sham operated
(n=28) (n=9) (n=6) (n=15) (n=15)
Euglycemia
Glucose (mM) 5.8+0.2 5.940.1 5.9+0.1 5.9+0.2 5.8+0.2
Insulin (nM) 4.9+0.6 4.7+£0.7 4.7+0.5 5.0+0.6 4.8+0.6
Hypoglycemia
Glucose (mM) 2.9+0.1 3.0+0.1 3.0+0.1 2.9+0.2 2.9+0.2
Insulin (nM) 5.0+0.6 4.8+0.4 4.9+0.4 5.0+0.5 49+04

Glucose values were obtained by averaging all glucose measurements during the euglycemic or hypoglycemic phases of the study. Insulin data for
the euglycemic phase represent the average insulin level of the samples obtained at the end of this phase. Insulin values during hypoglycemia

represent the average of measurements obtained at 90 and 150 min.
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Figure 1. Effect of VMH lesioning on counterregulatory hormone re-

sponse to mild (3.0 mM ) hypoglycemia. The asterisk denotes signifi-

cant statistical difference as compared with all control groups (P

< 0.05).

only catecholamine release is critically dependent upon the
CNS (2), electrical stimulation of the VMH in rats has been
found to cause an increase in plasma glucagon concentration
(14), consistent with evidence that efferents from the ventral

Table II1. Mean Plasma Glucose and Insulin Concentrations
during Severe Hypoglycemia

VMH Naive
(n=25) (n=25)
Euglycemia
Glucose (mM) 5.7+0.3 5.8+0.2
Insulin (nM) 4.6+0.5 4.7+0.6
Hypoglycemia
Glucose (mM) 2.5+0.1 2.6+0.2
Insulin (nM) 4.7+0.5 4.8+0.8

Glucose and insulin data were obtained as indicated in Table II.
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sponse to severe (2.5 mM) hypoglycemia. The asterisk denotes sig-

nificant statistical difference as compared with all control groups (P
<0.01).

region of the hypothalamus impinge on the endocrine pan-
creas (30).

It should be noted, however, that some data do not support
the concept that the neurons controlling the response to gluco-
penia reside in the VMH. In fact, it has been suggested that they
are not located in the forebrain (which comprises cerebral
hemispheres, thalamus, subthalamus, hypothalamus, and
epithalamus). Cantu et al. (31) reported finding glucorecep-
tors located within the spinal cord that are capable of augment-
ing catecholamine secretion during hypoglycemia. Goldfien et
al. (32) also concluded that there are similar centers in the
cervical portion of the spinal cord. In keeping with this conclu-
sion DiRocco and Grill (33) have demonstrated that the sym-
pathetic response to systemic 2-deoxy-D-glucose was not pre-
vented by complete decerebration of the rat. Ritter et al. (34)
showed that the obstruction of the cerebral aqueduct (that con-
nects the fourth ventricle located in the hindbrain with third
and lateral ventricles situated in the forebrain) failed to sup-



press the hyperglycemic response to 5-thioglucose injected into
the fourth ventricle. Furthermore, under these conditions the
hyperglycemic response to 5-thioglucose injection into third
ventricle was abolished. From these data authors concluded
that glucoreceptors are located in the hindbrain (which consists
of pons and medulla oblongata) and not in the hypothalamus.
This view is consistent with data generated by Cane et al. (35),
who reported that counterregulatory responses were not inhib-
ited when glucose was infused in the carotid arteries to abolish
forebrain hypoglycemia during systemic hypoglycemia. How-
ever, these results may not exclude an important role for hypo-
thalamic glucoreceptors. Studies performed by Biggers et al.
(1) and more recently by Frizzell et al. (36) demonstrated that
bilateral infusion of glucose into the carotid as well as vertebral
arteries suppressed counterregulatory hormone responses to pe-
ripheral hypoglycemia. Thus, it is still plausible that the hypo-
thalamus plays a role in hypoglycemia detection or in integra-
tion of information generated from glucoreceptors localized
elsewhere (37-39).

Controversy surrounding the loci responsible for triggering
hypoglycemia-induced counterregulation may at least in part
be methodology related. Firstly, in many studies, nonphysiolo-
gic stimuli were used to generate cellular glucopenia, such as
the use of systemically administered metabolic inhibitors. The
degree of glucopenia with 2-deoxy-D-glucose is difficult to con-
trol and therefore difficult to relate to physiologic hypoglyce-
mia. Secondly, it is very difficult to interpret data generated by
transecting the brain or spinal cord at different levels in experi-
mental animals (31, 40). The operative separation of the hypo-
thalamus from the lower centers causes a marked and persis-
tent increase in the basal secretion rate of epinephrine, and in
turn, hyperglycemia (31, 40). Moreover, epinephrine secretion
is increased further when the blood glucose level declines under
the influence of insulin, even before the normal fasting level of
glucose is restored (31, 40). In contrast in the normal animal,
there is a definite level of blood glucose, well below fasting
glucose concentration, at which epinephrine release abruptly
begins (41). Thus, neuroaxis transection itself produces an ab-
normal condition, promoting nonspecific release of epineph-
rine.

In our study, we have attempted to overcome potential limi-
tations of earlier studies. The sequential euglycemic-hypoglyce-
mic glucose clamp technique was used to control glucose levels,
providing more physiological and reproducible stimuli be-
tween studied groups. Selective chemical lesioning technique
was used to destroy the specific neural regions. Chemical le-
sioning with ibotenic acid, a glutamate analogue, is superior to
classical (electric and mechanical ) lesioning procedures since it
destroys selectively neuronal cell bodies without affecting
fibers of passage (42). This method also diminished the con-
founding effect of simple surgical brain stem dissection on cate-
cholamine secretion. In our experiments, no basal hyperglyce-
mia, hyperadrenalemia, or hyperglucagonemia was observed
in the LHA-, FL-lesioned, or sham operated groups as com-
pared with the normal animals. Quite surprisingly, a significant
decrease in the epinephrine level was noted in VMH-lesioned
rats during euglycemic phase of the study. This suggests that a
tonic activity of VMH under euglycemic hyperinsulinemic
condition is necessary to maintain blood epinephrine concen-
tration on the basal level. Potential nonspecific effect of ibo-
tenic acid on counterregulation was excluded since neither
LHA- nor FL-lesioned animals showed any defect in hormonal

counterregulatory responses. It is noteworthy that chemical le-
sions located in hypothalamus (LHA), but outside VMH,
failed to change the counterregulatory response. Finally, sham
operations, which included all manipulation involved in the
chemical lesioning of VMH except ibotenic acid infusions, had
no effect on counterregulatory response.

In summary, the current studies demonstrate a profound
decrease in the magnitude of hormonal counterregulation after
selective lesioning of the VMH. These data suggest that the
neurons located in VMH are essential for the integrated hor-
monal response to glucose deprivation. However, it should be
emphasized that our studies cannot answer the question if glu-
cosensors are located in the neurons of VMH. The specific role
of these neurons in detection of hypoglycemia and/or coordi-
nating counterregulatory response remains to be established.
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