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PEINADO, J. M. AND R. D. MYERS. Norepinephrine release from PVN and lateral hypothalamus during perfusion with
2-DG or insulin in the sated and fasted rat. PHARMACOL BIOCHEM BEHAYV 27(4) 715-721, 1987.—Both insulin and
2-deoxy-D-glucose (2-DG) when given systemically to the rat modify the activity of noradrenergic systems in different
regions of the animal’s hypothalamus. The purpose of the present investigation was to ascertain whether the nutritional
status of the animal would serve to influence the pattern of efflux of norepinephrine (NE) from sites in the hypothalamus
perfused with either 2-DG or insulin. Permanent guide cannulae were first implanted stereotaxically above the paraven-
tricular nucleus (PVN) or lateral hypothalamus (LH). Following recovery from surgery, each rat was either satiated with
food or deprived of food for 20-22 hr with water always freely available. Then 0.1 #Ci of [*H]-NE was micro-injected into
the intended site of perfusion in a volume of 1.0 ul. After 15 min had elapsed, the site was perfused repeatedly with an
artificial CSF at a rate of 20 pul/min. At the mid-point of successive 5.0 min perfusions, either 10 pg/ul 2-DG or 4.0 mU/ul
porcine insulin was incorporated into the CSF perfusate. Thereafter, an additional set of 3-4 samples of perfusate was
collected. When perfused in the PVN of the satiated rat, 2-DG significantly enhanced the efflux of [*H]-NE, whereas in the
fasted animal insulin tended to suppress the output of the catecholamine. Conversely, at sites of perfusion in the LH,
insulin evoked the release of [*H]-NE when the rat was fasted, whereas 2-DG tended to induce mixed effects on the release
of [*H]-NE under both sated and fasted conditions. The results demonstrate that 2-DG as well as the pancreatic hormone
can exert a unique action on the kinetics of noradrenergic activity in the hypothalamus which is solely dependent on the
morphological site. Further, within each of the anatomical areas examined, the nutritional status of the rat, i.e., fasted or
satiated, serves to determine the impact of these feeding factors on the release of NE.
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FOR over a decade, evidence has continued to accumulate
that the synaptic activity of noradrenergic neurons in the
diencephalon, as reflected by the evoked release of norepi-
nephrine (NE), is involved in the central control of feeding
[21,22]). To illustrate, a substantial increase in the activity of
NE occurs within circumscribed hypothalamic sites as the
fasted rat consumes food pellets [17,29]. Further, both insulin
and 2-deoxy-D-glucose (2-DG), which when given systemi-
cally act to induce spontaneous feeding, also can modify the
phasic release of NE from the paraventricular nucleus (PVN)
or other areas of the hypothalamus of the rat [13]. Moreover,
insulin or 2-DG delivered locally to the medial or lateral
hypothalamus (LH) of the rat or monkey can augment or

attenuate transiently the efflux of the catecholamine from
homologous anatomical sites [15,16].

In relation to the specific role played by NE in the media-
tion of the feeding response induced by central glucopriva-
tion [24], there is incomplete agreement principally because
of differences in several experimental findings. Neverthe-
less, it is likely that insulin given systemically to the fasted or
satiated rat serves to rapidly signal the brain to reduce the
overall activity of NE in the hypothalamus [27]. Further,
from an anatomical perspective, insulin binding in the nor-
mal rat is lower in receptors obtained from the lateral hypo-
thalamus than in medial hypothalamic tissue [18]; however,
the prolonged restriction of food reduces the binding of insu-
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FIG. 1. Histological section in the coronal plane depicting site of perfusion (arrow) in the lateral hypothalamic area of the rat.

lin only in fractions obtained from the medial area of the rat’s
hypothalamus [18]. In this connnection, the ventromedial
portion of the hypothalamus also is apparently involved in
the peripheral elevation of circulating levels of insulin as
correlated with the presentation of a food stimulus [28].

Recently, it was found unexpectedly that two other pep-
tides, cholecystokinin (CCK) and neurotensin (NT), which
are thought to be involved in the central mechanism underly-
ing satiety, also act directly on the hypothalamus to enhance
or reduce differentially the efflux of NE [23]. However, the
functional effect of both peptides depends entirely upon the
anatomical site within the hypothalamus, lateral or medial,
as well as on the state of hunger of the rat, i.e., fasted or
satiated [10]. The present investigation was undertaken,
therefore, to determine whether a reciprocal relationship
exists similarly within the lateral or medial hypothalamus
following an insulin or 2-DG challenge, which in turn is con-
tingent upon the nutritional status of the animal. In these
experiments, the rat was either satiated or food-deprived
before either insulin or 2-DG was perfused within the PVN
or LH at sites labelled earlier with radioactive NE.

METHOD

Sprague-Dawley rats of either sex, weighing 272+6.0 g
were housed in individual cages in a laboratory room main-
tained at a temperature of 21-23°C. The room was illuminated
on a reversed 12 hr cycle with red fluorescent lighting on
from 1030-2230 hr. Food and water were always freely avail-
able except in those experiments in which the rat was food-

deprived for a period of 20-22 hr. In each case, the animal
was provided with a standard ration of Purina rat chow ad lib
for an interval of two hr after each series of perfusions.

Surgery

Under equithesin anesthesia (2.0 ml/kg), a single 20 ga
stainless steel push-pull guide tube was implanted stereotax-
ically [20] in each of 13 rats to rest just dorsal to the region of
tissue surrounding either the paraventricular nucleus (PVN)
or, alternatively, the lateral hypothalamus (LH). The
stereotaxic coordinates ranged from: AP 5.5 to 7.5; Lat 0.5
to 2.5 and Hor —1.0 to 3.0. After the cannula was lowered
into position, cranioplastic cement was packed around the
pedestal and four bone screws which had been inserted in the
calvarium [20].

Perfusion Procedure

Following 7-10 days post-operative recovery, each rat
having a cannula placed dorsal to the PVN was screened to
identify sites which were reactive to NE [12]. In each case
NE (zarterenol hydrochloride, Sigma) in a dose of 1.0 ug/ul
was micro-injected, at progressively deeper sites in a volume
of 1.0 ul over a period of 1.0 min. An anatomical site was
considered to be positively reactive when the animal con-
sumed food with a latency of less than 5.0 min and over an
interval of greater than 2.0 min. Subsequently, a set of suc-
cessive push-pull perfusions was undertaken at that precise
depth, with each animal not only serving as its own control
but also tested ordinarily under both sated and fasted condi-
tions.
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FIG. 2. Anatomical mapping of 3H-NE-labelled sites between AP
7.5 and AP 5.5 in medial and lateral hypothalamic areas perfused
with 10 ug/ul 2-DG. At the time of perfusion, animals were either
sated (right) or food-deprived (left). Nature of *H-NE release de-
noted as follows: A=increase; ¥=decrease; O=no change.

Each anatomical site of perfusion was radio-labelled with
0.1 uCi of DL-(7-°*H) Norepinephrine HCl (Amersham; spe-
cific activity 17.6 Ci/mMol) infused over a period of 1.0 min
in a volume of 1.0 ul according to standard procedures [22].
Following an interval of 15.0 min, the labelled site then was
perfused with an artificial cerebrospinal fluid (CSF) contain-
ing Nat 127.7 mM; K+ 2.6 mM; Ca** 1.3 mM; Mg** 0.9 mM
and Cl~ 134.6 mM [10]. A standard concentric push-pull can-
nula system [20], consisting of an outer 23 ga needle and
inner 28 ga tube, was connected by PE tubing to a Harvard
infusion-withdrawal pump. To prevent degradation of the
amine, the CSF was adjusted to pH 4.0 with 0.01 mg/ml of
ascorbic acid [16]. Immediately prior to each sequence of
perfusions the CSF was passed through a 0.22 um Swinnex
filter (Millipore) into a pyrogen-free vial. In each experi-
ment, 7-8 perfusions were undertaken sequentially, with
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each sample collected for a period lasting 5.0 min and an interval
of 5.0 min elapsing between successive perfusions [14].

After the level of radioactivity in a series of perfusates
had begun to stabilize, usually after the third perfusion,
either 4.0 mU/ul porcine insulin (Squibb) or 10.0 ug/ul 2-DG
(Sigma) were added to the perfusion fluid. These concentra-
tions were selected on the basis of their efficacy in earlier
experiments in which a significant change in the activity of
NE was evoked at circumscribed sites in the hypothalamus
[15,16]. An aliquot of 80.0 ul of each sample of perfusate was
transferred to a scintillation vial containing 4.0 ml of PCS
fluor solution (Amersham/Searle). The samples were then
counted for 10.0 min in a Tracor Mark I1I liquid scintillation
spectrometer as described previously [22].

Histology and Data Analysis

At the end of the experiments, the rat was perfused trans-
cardially with 0.9% NaCl, followed by 10% buffered for-
malin. Each brain was placed on a cryostat, sectioned at 40
microns in the coronal plane, and stained with cresyl violet
according to standard histological procedures [30]. The lo-
cation of each perfusion site was verified subsequently under
light microscopy and then reconstructed on standard
anatomical maps [10,23]. A representative histological sec-
tion of a perfusion site in the LH of the rat is presented in
Fig. 1.

The statistical analysis of the data was undertaken ac-
cording to the standard Hall-Turner method [8], which is
used to determine the proportional change in 3H-NE activity
from the base-line level of radioactivity contained in the third
sample of the perfusion sequence. Statistical comparisons
were made using a Student r-test between the means ob-
tained for the control washout set of perfusions and the
means obtained for a given structure, LH or PVN, as well as
for the two compounds perfused, 2-DG or insulin.

RESULTS

When applied directly to the hypothalamus of the unre-
strained rat, insulin and 2-DG evoked differential effects on
3H-NE activity. However, the magnitude of effect and the
direction of change produced by these substances depended
not only on the nutritional status of the rat but also on the
anatomical site of perfusion.

Anatomical Analysis

At loci of perfusion within the PVN and contiguous tis-
sue, 2-DG in the satiated rat consistently evoked an increase
in the efflux or *H-NE. As shown in Fig. 2. (RIGHT), sites
encompassing the PVN from AP 6.0 through AP 7.0 as well
as those in medial and mid-pre-optic areas were uniformly
reactive to the local presence of 2-DG. On the other hand,
when the same sites were perfused after the individual rat
was deprived of food for 20-22 hr, 2-DG failed to augment
the release of ®H-NE; in one case, 2-DG perfused within AP
6.5 inhibited the efflux of this catecholamine. Perfusion of
the LH with 2-DG generally elicited a series of mixed effects
on the Kkinetics of 3H-NE release either under the fasted or
sated condition. As illustrated in Fig. 2. (LEFT), within
three of four sites at AP 7.0 and AP 7.5, 2-DG enhanced
SH-NE output in the fasted rat whereas within AP 6.0, 2-DG
was without a clear-cut effect.

The perfusion of insulin within the PVN or the more ros-
tral but adjacent medial pre-optic region of the sated animal
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FIG. 3. Anatomical mapping of *H-NE-labelled sites between AP
7.5 and AP 5.5 in medial and lateral hypothalamic areas perfused
with 4.0 mU/ul porcine insulin. At the time of perfusion, animals
were either sated (right) or food-deprived (left). Nature of *H-NE
release denoted as follows: A=increase; A=delayed increase;
¥ =decrease; O=no change.

produced mixed effects on the activity of 3H-NE in
anatomical sites extending from AP 6.0 through AP 7.5. As
illustrated in Fig. 3 (RIGHT), these effects included an en-
hanced, reduced or delayed release of *H-NE or no effect on
the catecholamine’s activity. Similarly, when the same rats
were fasted, insulin exerted no effect in three of four coronal
planes in which a perfusion series was undertaken (Fig. 3,
LEFT). However, within the LH and the lateral aspect of the
pre-optic area extending from AP 6.0 through AP 7.5, insulin
evoked an immediate release or delayed augmentation of
3H-NE output in the food-deprived rat (Fig. 3, LEFT) at all
but one of the loci of perfusion (AP 7.0). However, when
insulin was perfused in the lateral area of the fully sated
animal, this peptide hormone failed to induce consistent al-
terations in the efflux of *H-NE within the eight sites of
perfusion (Fig. 3, RIGHT).
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FIG. 4. Mean (=S.E.) proportional efflux of 3H-NE efflux across
time within paraventricular nucleus of hypothalamus (PVN) either
of sated or food-deprived rats. Either 4.0 mU/ul insulin INSUL) or
10.0 pg/ul 2-DG was perfused at the 30 min interval (denoted by
bar). During the control perfusions, only the CSF vehicle was per-
fused at the same flow rate and conditions.

2-DG and Insulin in PVN

A composite analysis of the temporal characteristics of
both 2-DG and insulin on *H-NE activity within the PVN
and adjacent tissue is presented in Fig. 4. When the rats were
satiated (n=6), 2-DG caused an intense and substantial efflux
of °*H-NE from this medial hypothalamic region,
t(11)=3.04, p<0.05. There were no significant changes,
however, when the same sites were perfused after the
animals had been deprived of food (Fig. 4, TOP). As por-
trayed in Fig. 4 (BOTTOM), insulin perfused in the PVN of
the fasted rats (n=>5) failed to alter the pattern of declining
radioactivity characteristic of the control washout perfusion
[14,17]. Although insulin tended to suppress the output of
3SH-NE during the satiated condition, this effect was not
statistically significant, 1(9)=0.57, p>0.05.

2-DG and Insulin in LH

In accord with the mixed effect produced by 2-DG per-
fused within sites of the LH, as depicted in Fig. 2, the tem-
poral pattern of SH-NE release revealed an elevation in the
activity of *H-NE during both the sated and fasted condi-
tions. Figure 5 illustrates the somewhat prolonged output of
3H-NE activity induced by 2-DG. Conversely, a relatively
sharp but variable enhancement in the efflux of *H-NE was
produced by insulin in the fasted rat, as the peptide was
perfused in this lateral area. Moreover, this release was sus-
tained significantly to an even higher level, #(5)=2.85,
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FIG. 5. Mean (£S.E.) proportional efflux of *H-NE efflux across
time within lateral hypothalagnus (LH) either of sated or food-
deprived rats. Either 4.0 mU/ul insulin (INSUL) or 10.0 ug/ul 2-DG
was perfused at the 30 min interval (denoted by bar). During the

control perfusions, only the CSF vehicle was perfused at the same
flow rate and conditions.

p<0.05, following the discontinuation of the perfusion, i.e.,
at the 40 min sample. Under the satiated condition, however,
no significant alteration in *H-NE efflux occurred during or
after the localized perfusion with insulin.

DISCUSSION

That a functional interaction exists between insulin and
glucose in tissue of the brain as well as in the periphery is
well known [24,31]. For example, it was shown recently that
insulin produces a time- and dose-dependent excitation of
2-DG uptake in cultured glial cells obtained from the brain of
the rat, which implies that a specific class of insulin recep-
tors might mediate the utilization of glucose in brain tissue
[5]. Further, it is apparent that there are functional differ-
ences between insulin receptors within neuronal and glial
elements of the brain of the rat [13]. In addition, insulin-like
immunoreactivity is differentially distributed anatomically in
the rat’s brain with particularly higher levels found in the
paraventricular, supraoptic , arcuate and other hypothalamic
nuclei, as well as in the lateral hypothalamus [2].

In contrast to these in vitro studies, the present results
have demonstrated that in the intact and freely moving
animal highly specific effects are exerted on the hypothala-
mus by 2-DG and insulin. Of special interest is the observa-
tion that the changes induced by 2-DG and insulin are differ-
entiated on the basis of both the metabolic or nutritional
status of the animal as well as the anatomical region of the
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hypothalamus examined [3]. In view of previous findings,
however, these results are not necessarily unexpected. A
glucoprivic stimulus seems to exert little or no effect on the
turnover of NE in fractions of hypothalamic and other tissue
obtained postmortem in the brain of the rat [24]. Neverthe-
less, considerable evidence does exist to suggest that a
glucoprivic challenge introduced systemically or directly
within the hypothalamic tissue of the intact and conscious
animal does lead to a clear-cut change in the activity of the
catecholamine systems [15,16].

Theoretically, it would appear that the state of hunger or
satiety in the animal can bias or otherwise modulate a dis-
tinct population of neurons in both lateral and medial hypo-
thalamic regions [2,9]. In fact, the metabolic and/or nutri-
tional status of the animal, or even a specific foodstuff, can
functionally modify the milieu of the neurons to the extent
that a compound which impinges upon the feeding-satiety
mechanism will differentially alter the local synaptic activity
of these neurons [10,25]. With regard to specific hypotha-
lamic mechanisms, one of several processes may be influ-
enced by the presence of insulin, or 2-DG, or both sub-
stances. These would include: (1) the enhancement by 2-DG
or insulin of the presynaptic release of the neurotransmitter
into the synaptic cleft; (2) a local action of these substances
on membranes of catecholaminergic-containing neurons; (3)
an alteration in the selective pre- or postsynaptic uptake of
the catecholamine; (4) a direct effect on the pre- or
postsynaptic receptors, and (5) modification by 2-DG or in-
sulin of the metabolism of the neurotransmitter in the nerve
terminal itself [15, 21, 23].

If one considers that NE is an inhibitory neurotransmitter
in the medial hypothalamus [10], then its presynaptic release
would inhibit satiety neurons which are located presumably
within the PVN [11]. As a consequence, when NE is applied
locally to this structure, the rat would begin to eat im-
mediately since the satiety mechanism is blocked [11]. In
accord with this concept is the pattern of the noradrenergic
response to 2-DG when it is applied directly to the PVN of
the sated or fasted rat. This pattern corresponds physiolog-
ically to that which is envisaged to occur under normal con-
ditions. In the satiated animal, NE release from neurons in
the PVN would achieve presumably a steady state level
since a deficit in glucose availability does not exist and, thus,
there is no signal for hunger. Consequently 2-DG applied
locally would produce conceivably a locally circumscribed
condition of glucoprivation, a subsequent signal of hunger,
and a resultant release of NE [21]. In turn, the satiety
neurons would be inhibited so as to provide the appropriate
neurochemical signal for the animal to consume food. Thus
the local imbalance in glucose detected in the PVN would
subsequently be restored. Whether input from the dorsome-
dial hypothalamus also is involved in the release of NE in the
PVN cannot be determined from the present study; how-
ever, radioenzymatic data show that endogenous NE can
increase in this nucleus and in the perifornical region during
feeding [29].

On the other hand, when the rat is already fasted, the
presynaptic efflux of endogenous NE presumably is at its
maximal level, because the neurochemical signal to feed is
already in full operation. Therefore, no modification in the
activity in NE would be required. Hence, the local applica-
tion of 2-DG, which again would cause a state of localized
glucoprivation within the PVN should not necessarily
enhance further the already elevated output of the catechol-
amine from this nucleus. The results of the present experi-
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ments have tended to corroborate these theoretical view-
points and in fact, correspond precisely with the independent
observations made earlier [14]. That is, in the satiated rat,
2-DG infused systemically evokes the release of NE from
sites within the medial hypothalamic but exerts little or no
effect on the catecholamine’s activity in the LH [14].

In the fasted rat, insulin perfused within the PVN does
not alter consistently the output of NE, and in the satiated
animal insulin can suppress its release. Within the LH, insu-
lin exerts little or no effect during the sated condition but
induces an intense and sustained efflux of NE after the
animal is food-deprived. Given systemically to the satiated
rat, insulin generally attenuates the release of NE from sites
of perfusion in the LH [14]. Therefore, it is apparent that the
local action of the pancreatic hormone on brain tissue differs
substantially from the effect produced when the hormone
acts via the periphery on hypothalamic neurons [14]. The
regional level of insulin is thought to reflect a feedback signal
denoting the oncoming state of satiety [6,31] since the hor-
mone in circulating plasma may rise in conjunction with the
ingestion of food and the subsequent termination of the meal.

As a consequence, noradrenergic neurons in the PVN could .

detect a rise in che local titre of insulin as reflecting the
condition of satiety, and would thereby suppress the release
of NE or fail to affect its output. When the animal is food-
deprived, insulin should not necessarily alter the already el-
evated release of the catecholamine from the medial struc-
tures. In relation to this is the in vitro finding that the pres-
ence of insulin even in neurons in primary cell culture can
markedly alter the activity of NE [4].

The state-dependent difference in insulin’s action on the
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kinetics of NE in the LH and PVN corresponds well with
recent experiments on the neuronal binding properties of this
hormone in the hypothalamus [19]. In the food-deprived rat,
the specific binding of insulin to medial hypothalamic recep-
tors is reduced, but unchanged in the LH receptors; how-
ever, insulin binding is lower in the LH of the sated rat than
in its medial hypothalamus [18]. Further, it is of interest that
in the fasted animal [26] the concentrations of 3 methoxy-4-
hydroxy-phenylglycol (MHPG) in the whole hypothalamus,
which reflects NE metabolism, are suppressed in the
insulin-deficient rat fed a carbohydrate meal but stimulated
by a protein meal supplemented with tyrosine [7]. Therefore,
the idea that insulin could serve in a feedback manner as a
metabolic signal to both populations of neurons in the LH
and medial hypothalamus is supported [6,31].

Finally, it should be noted that the influence of 2-DG or
insulin on other putative neurotransmitters is not yet known.
For example a recent study using HPLC-EC showed that a
peptide acting directly on hypothalamic tissue can influence
other monoaminergic transmitters including serotonin and
dopamine [22]. Thus, future research utilizing a similar ex-
perimental strategy is required to delineate the interaction of
2-DG and insulin with these and other synaptic processes.
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NOTE ADDED IN PROOF

Recently it was reported that the release of epinephrine as
well as NE from medial hypothalamic sites, corresponding to
those in the present study, was enhanced during periods
when the rat feeds and immediately thereafter (Kruissink,
N., J. Van Der Gugten and J. L. Slangen. Short-term
feeding-related changes in mediodorsal hypothalamic cate-
cholamine release. Pharmacol Biochem Behav 14: 575-579,

1986).



