
Abstract

Aims. Within the brain, subgroups of neurons respond
differently to altered glucose concentrations. Identifi-
cation of neuropeptide Y in hypothalamic neurons that
sense glucose suggests a role for neuropeptide Y in
glucose sensing. Using in vitro and in vivo techniques
to monitor transmitter release, we investigated whether
lowering glucose concentration affects the release of
neuropeptide Y from the brain, and whether this pro-
cess is altered in Type I (insulin-dependent) diabetes
mellitus.
Methods. Male Sprague-Dawley rats were treated with
48 mg/kg streptozotocin or vehicle intravenously. The
effect of reduced glucose on endogenous neuropeptide
Y overflow from slices of hypothalamus and medulla
incubated in Krebs solution was examined 4 weeks
later. The hypothalamus was separated into a dorsal
region containing the paraventricular nucleus and a
ventral region containing the arcuate nucleus.
Results. Streptozotocin-induced diabetes increased
basal neuropeptide Y overflow in the dorsal and ven-

tral hypothalamus (p<0.05) but not the medulla. In vit-
ro neuropeptide Y overflow was reduced by low glu-
cose in the dorsal hypothalamus in diabetic, but not in
control rats. No effect of reduced glucose was ob-
served in the ventral hypothalamus or medulla. In
vivo push-pull studies in the paraventricular nucleus
also showed greater neuropeptide Y overflow in dia-
betic rats relative to control rats (p<0.05). Insulin-
induced hypoglycaemia induced a decrease in neuro-
peptide Y overflow in diabetic rats, while an increase
was observed in control rats (p<0.05).
Conclusion. These region-specific effects of low glu-
cose on neuropeptide Y overflow in diabetic rats sup-
port a part for neuropeptide Y in altered glucose sens-
ing in Type I diabetes. [Diabetologia (2002)
45:1332–1339]
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Long-term maintenance of tight glycaemic control
through multiple daily injections or an insulin pump
has been shown to be protective against the onset and
progression of the long-term complications of Type I
(insulin-dependent) diabetes mellitus [1, 2]. However,
recurrent hypoglycaemia becomes an inevitable prob-
lem in intensive insulin treatment, contributing to dia-
betes morbidity and mortality [3].

Acute hypoglycaemia causes cognitive dysfunc-
tion, without impairing the function of the peripheral
nervous system [4], while untreated hypoglycaemia
can progressively lead to coma, convulsions and even-
tually death. The response to insulin-induced hypo-



glycaemia involves increased plasma concentrations
of the counter-regulatory hormones, namely glucagon,
adrenaline, cortisol and growth hormones [5]. Hypo-
glycaemic patients generally have neurogenic and
neuroglycopenic symptoms [6]. These symptoms tend
to occur at a higher plasma glucose concentration in
chronically hyperglycaemic Type I diabetic patients
[7]. However, during intensive insulin therapy, specif-
ically after recurrent episodes of hypoglycaemia, a
glycaemic threshold shift occurs, and lower plasma
glucose concentrations are required to activate the
same defence mechanisms [6, 8]. This can result in a
clinical syndrome known as hypoglycaemia unaware-
ness, with a loss of warning symptoms. Hypoglycae-
mia unawareness has been proposed to produce a 
25-fold increase in the frequency of severe hypoglyca-
emia in Type I diabetic patients [9, 10], resulting in
initiation of a vicious cycle of hypoglycaemia.

Although the distinct mechanisms underlying hy-
poglycaemia unawareness are still not clear, several
hypotheses have been suggested [11, 12]. Various
mechanisms could contribute to the loss of warning
symptoms, and brain glucose sensing is likely to play
a major role in regulating the simultaneous responses
to hypoglycaemia and the activation of counter-regu-
latory responses. Glucose sensing in the central ner-
vous system (CNS) has been associated with the glu-
cose sensing neurons [13]. Clear evidence of abnor-
malities in central glucose sensing and transport have
been shown in Type I diabetes, involving a resetting
of the normal homeostatic mechanisms [14], and more
recently in diet-induced obesity [15].

Select groups of neurons in the brain respond to
moderate changes in blood glucose by altering their
firing rate. Glucose-sensitive (GS) neurons decrease
their firing rate upon increased glucose concentra-
tions, while glucose-responsive (GR) neurons are
those that increase their firing in response to increased
glucose concentrations. Since the proposal of glucose
sensing neurons in the hypothalamus [16], many stud-
ies have investigated this question. Effects of systemic
glucose on neurons of the lateral hypothalamus (LH),
ventromedial nucleus (VMN), paraventricular nucleus
(PVN) and arcuate nucleus (ARC) of the hypothala-
mus, as well as the nucleus tractus solitarius (NTS) of
the brainstem have been reported in several mammali-
an species, including the cat, rat and mouse [17, 18,
19, 20, 21]. However, the characteristics of these neu-
rons remain largely unknown. Several candidate trans-
mitters are implicated in central glucose sensing, in-
cluding some amino acids, catecholamines and neuro-
peptide Y (NPY) [19, 22].

Neuropeptide Y is a 36 amino acid peptide member
of the pancreatic polypeptide family found at high
concentrations in the hypothalamus, predominantly
synthesised in the cell bodies of neurons in the ARC
that project to the dorsomedial nuclei (DMN) and
PVN [23]. The NPY-containing neurons in the ARC

have been implicated in feeding [24] and glucose-
sensing [19]. Furthermore, NPY mRNA and NPY-
overflow from several hypothalamic sites was shown
to be increased in streptozotocin-induced diabetic rats
compared to control rats [25, 26]. Taken together,
these findings suggest a role for NPY in glucose sens-
ing and Type I diabetes.

Although many studies have investigated how
changing glucose concentrations affect neuronal activ-
ity in the brain, much remains to be discovered about
the role of the neurotransmitters involved in glucose
sensing. We investigated the role of NPY in central
glucose sensing in the rat both in vitro and in vivo.
Specifically, we aimed to examine whether the release
of NPY in areas incorporating different types of glu-
cose sensing neurons, within the dorsal and ventral
hypothalamus, or medulla oblongata, is regulated by
reduced glucose concentrations, and to compare this
response in control rats and diabetic rats.

Materials and methods

Animals. Male Sprague-Dawley rats were habituated to a
12:12 h light:dark cycle under controlled temperature
(20±2°C), with ad libitum access to standard laboratory chow
(Glen Forrest Stockfeeders, Glen Forrest, Australia) and water.
All animal procedures were approved by the Animal Experi-
mentation Ethics Committee of the University of Melbourne
and complied with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes.

Rats were starved overnight and warmed under a heat lamp
before receiving a single injection of 48 mg/kg streptozotocin
(STZ) or citrate buffer vehicle (0.1 mol/l, pH 4) into the tail
vein. Rats were closely monitored and weighed daily, while
food and water intake were measured weekly.

In vitro effects of low glucose on NPY overflow. Four weeks af-
ter STZ or vehicle treatment, rats were anaesthetised with pen-
tobarbitone sodium (100 mg/kg i.p.; Nembutal, Merial Austra-
lia, Parramatta, Australia), a blood sample was obtained by
cardiac puncture and rats were killed by decapitation. Plasma
and urine glucose concentration was measured using an enzy-
matic method (Synchron CX-5 auto-analyser, Beckman Coul-
ter Pty, Australia). Plasma glucose concentrations were higher
than those previously reported due to the high dose of anaes-
thetic. Retroperitoneal white adipose tissue (Rp WAT), testicu-
lar WAT and liver were dissected and weighed. The brain was
rapidly removed and the hypothalamus was dissected on ice by
making two coronal cuts along the hypothalamic sulcis. The
brain slice was turned onto its anterior surface then the hypo-
thalamus was removed by making vertical incisions along the
lateral edge of the hypothalamus. Two segments of hypothala-
mus were dissected; a dorsal segment containing the PVN and
DMN, and a ventral segment containing the ARC and VMN.
The dorsal medulla containing the NTS was also derived from
a medullary section taken 1 mm rostral and 1 mm caudal to the
borders of the area postrema. Tissue weights were consistent
between treatment groups, with the dorsal hypothalamic seg-
ment weighing 38±2 mg, the ventral segment 44±3 mg and the
dorsal medulla 48±2 mg. Data are standardised for tissue mass.
Tissues were sliced using a McIlwain tissue chopper (Mickle
Laboratory Engineering, Guildford, UK), set at 400 microns,

M. Gozali et al.: Involvement of neuropeptide Y in glucose sensing in the dorsal hypothalamus 1333



1334 M. Gozali et al.: Involvement of neuropeptide Y in glucose sensing in the dorsal hypothalamus

then transferred to individual cell culture wells (Nunc, Den-
mark; 24 multiwell plate) filled with 800 µl modified Krebs so-
lution containing 118 mmol/l NaCl, 4.7 mmol/l KCl,
1.2 mmol/l MgSO4, 1.2 mmol/l KH2PO4, 25 mmol/l NaHCO3,
8 mmol/l glucose, 0.02 mmol/l bacitracin and 0.1% bovine se-
rum albumin. The culture plate was placed in an orbital mixer
incubator (Ratek; 55 rpm, 37°C) and was constantly gassed
with carbogen (95% O2:5% CO2). After 90 min equilibration,
during which the Krebs solution was replaced every 20 min,
samples were collected on ice. After two basal collections of
20 min, tissues were exposed to Krebs containing 1.5 mmol/l
glucose, followed by exposure to normal Krebs solution to as-
sess recovery of NPY overflow. The low glucose concentration
of 1.5 mmol/l was based on the glucose concentrations report-
ed to elicit changes in nerve activity [19, 21]; this is within the
range of CNS concentrations experienced during hypoglycae-
mia. The tissues were challenged 40 min later with Krebs solu-
tion containing 45 mmol/l K+ (with reduced Na+ to maintain
osmolarity) to test the viability of the tissues. Each sample was
centrifuged and the supernatant was stored at –20°C for subse-
quent radioimmunoassay of NPY-like immunoreactivity (NPY-
LI) using an antibody raised in the rabbit and [125I]-NPY la-
belled with Bolton and Hunter reagent (2000 Ci/mmol, Amers-
ham Australia) as described previously [27]. The detection
limit of the assay is 2 pg/tube.

In vivo effects of insulin on PVN NPY overflow. In vivo NPY
overflow push-pull experiments were conducted as described
previously [28] in male rats, 6 weeks after STZ (n=10) or ve-
hicle (n=10) injection. Rats were urethane-anaesthetised
(1.4 g/kg i.p.), ventilated and blood pressure and heart rate
were monitored via a femoral artery catheter connected to a
MacLab/4s data acquisition system (ADInstruments, Castle
Hill, Australia). A push-pull probe (28 G inner “push” cannula,
22 G outer “pull” cannula, perfusion area approx. 0.5–
1.0 mm2; Plastics One, Roanoke, Va., USA) was stereotaxical-
ly implanted just above the PVN of the hypothalamus (anterior
–1.6 mm, lateral 0.6 mm, ventral –7.5 mm; relative to bregma)
so that the perfusion area covered mainly the right or left PVN.
A modified physiological Ringer solution (NaCl 132, KCl 3,
CaCl2 1.3, MgCl2 1.2, NaH2PO4 0.3, Na2HPO4 1.2 mmol/l,
and 0.15% BSA, 0.001% bacitracin) was perfused constantly
through the probe at a rate of 14 µl/min by two peristaltic
pumps (Ismatec, Zurich, Switzerland) with identical push and
pull flow rates. Perfusate samples were collected on ice, into
10 µl 0.1 mol/l HCl, every 20 min. All samples were immedi-
ately centrifuged at 12 300 g for 30 s, and the supernatant fro-
zen at –20°C for later lyophilisation and NPY assay. Data are
shown as the sum of three 20 min collections (pg per 60 min).

Following equilibration, basal perfusate samples were col-
lected over 2 h. Neutral (soluble) insulin (Actrapid, Novo Nor-
disk, Sydney, Australia) was then given as a single intravenous
bolus via a femoral vein catheter at a dose of 10 or 30 U/kg to
control or diabetic rats respectively, in order to induce hypo-
glycaemia. Perfusate samples were then collected for the follow-
ing 3 h. Blood samples (200 µl) were taken every hour for mea-
surement of plasma glucose. At the end of the experiment rats
were killed and the brain was removed and fixed in 10% neutral
buffered formalin to histologically verify probe placement.

Calculations and statistical analysis. Results are expressed as
means ± SEM. Differences in body, liver and WAT weight,
food and water intake and glucose concentrations were analy-
sed using Student’s t tests. In vitro and in vivo NPY overflow
was analysed using ANOVA with repeated measures, followed
by post hoc LSD tests. Probability values less than 0.05
(p<0.05) were considered statistically significant.

Results

In vitro NPY overflow in the dorsal hypothalamus. All
rats began at similar weights (186±1 g). As shown in
Table 1 , 4 weeks after treatment the STZ-treated rats
were lighter than the control rats (p<0.01). They were
also severely hyperglycaemic, hyperphagic and poly-
dipsic. Food intake was increased by 91% in the dia-
betic rats, while their water intake was increased
eightfold compared to control rats (p<0.01). The de-
crease in body weight in diabetic rats was reflected by
decrease in WAT mass (p<0.01). The liver weight was
also lower in the diabetic rats (p<0.05). Plasma and
urine glucose concentrations in the diabetic rats were
increased by threefold and 750-fold respectively com-
pared to control rats (p<0.01).

Analysis of variance with repeated measures and
LSD tests showed effects of treatment and time on
NPY overflow in the dorsal hypothalamus (Fig. 1A).
Treatment with STZ produced more than a threefold
increase in basal NPY overflow compared to control
rats (p<0.05). Mean basal NPY overflow, calculated
as the average of two basal collections prior to low
glucose stimulus, were 1.6±0.2 and 5.7±2.3 pg
· 20 min–1·mg tissue–1, for control rats (n=8) and dia-
betic rats (n=7) respectively.

Figure 1A also illustrates the effect of low glucose
on NPY overflow in the dorsal hypothalamus of both
treatment groups. The low glucose stimulus elicited a
reduction in NPY overflow in the diabetic animals
(p<0.05); NPY overflow then returned towards basal
concentrations in the first post glucose collection. In
control rats, no significant effect of reduced glucose
was found on NPY overflow.

In vitro NPY overflow in the ventral hypothala-
mus. Streptozotocin-induced diabetes also induced an
increase in basal NPY overflow in this region
(Fig. 1B, p<0.05). Mean basal NPY overflow in the
ventral hypothalamus of control rats (n=8) and dia-

Table 1 Physical and metabolic parameters in Sprague Daw-
ley rats 4 weeks after injection with streptozotocin (STZ) or
buffer (control)

Control rats STZ rats
(n=8) (n=8)

Body weight (g) 395.6±15.8 291.8±10.9a

24-h food intake (g) 32.2±0.7 61.4±1.7a

24-h water intake (g) 38.3±2.7 300.7±9.9a

Liver (g) 18.2±1.1 14.4±0.7a

Test WAT (g) 5.1±0.7 0.5±0.1a

Rp WAT (g) 4.3±0.4 nd
Plasma glucose (mmol/l) 12.8±0.3 40.9±1.3a

Urine glucose (mmol/l) 0.7±0.1 528.3±44.5a

a p<0.01 compared to control rats; nd not detected
Values presented are means ± SEM
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betic rats (n=8) was 8.3±1.1 and 14.4±2.4 pg·
20 min–1·mg tissue–1, respectively. There was no sig-
nificant effect of exposure to low glucose evident in
the ventral hypothalamus of either group (Fig. 1B). In
this tissue, there seemed to be some decline in basal
NPY overflow over time. Higher amounts of NPY
were found in the ventral compared to dorsal hypo-
thalamus in both the control group and diabetic group
(p<0.05).

In vitro NPY overflow in the dorsal medulla. Neuro-
peptide Y overflow in the dorsal medulla of control
and diabetic rats is illustrated in Fig. 2. No difference
was observed in basal NPY overflow between control
rats and diabetic rats (1.4±0.3 and 1.6±0.2 pg·
20 min–1·mg tissue–1 respectively; n=5, 6), indicating
no significant effect of STZ treatment on NPY over-
flow in the dorsal medulla. Low glucose stimulus did
not cause any change in NPY overflow in either treat-
ment group (Fig. 2).

Effects of KCI stimulus on in vitro PNY overflow. Po-
tassium depolarisation-induced increases in NPY
overflow were observed in all brain regions examined,
with a similar threefold increase in diabetic rats and
control rats (p<0.01; Figs. 1, 2).

In vivo NPY overflow in the hypothalamic PVN. Rats
used in the in vivo study showed similar physical and
metabolic parameters to those used in the in vitro
study. Basal plasma glucose concentrations in the fed
state were more than tripled in the diabetic rats com-
pared to control rats (29.8±2.1 and 9.8±0.7 mmol/l re-
spectively, n=10,10, p<0.05, Fig. 3B). An intravenous
insulin bolus produced a rapid fall in plasma glucose
concentrations in all rats, with control rats reaching
hypoglycaemic concentrations (<2.5 mmol/l) by
60 min after insulin administration (Fig. 3B). Plasma
glucose concentration in diabetic rats reached
8.1±1.2 mmol/l by the end of the experiment, and was
not different from control rats at this time point
(Fig. 3B). This reduction of 73.3% in glucose from
basal concentrations in the diabetic rats was similar to
the 76.8% reduction achieved in the control rats.

Basal NPY overflow from the PVN was doubled in
the STZ-treated diabetic rats compared to control rats
(77.1±15.4 and 38.2±5.2 pg·60 min–1 respectively;
n=10,10, p<0.05, Fig. 3A). Insulin-induced hypo-
glycaemia produced an increase in PVN NPY over-
flow in the control rats by 2 h (p<0.05) reaching 157%
of basal concentrations by 3-h post insulin. In con-
trast, diabetic rats showed a reduction in PVN NPY
overflow after insulin, which became significant at 
3-h post insulin, reaching 65% of basal concentrations
(p<0.05, Fig. 3A). The changes in NPY overflow and
plasma glucose concentrations seemed to follow simi-
lar time courses in both groups of rats (Fig. 3A,B).
PVN NPY overflow remained constant in both diabet-

Fig. 1. Neuropeptide Y overflow in the dorsal (A) and ventral
(B) hypothalamus of diabetic rats (closed squares, n=7–8) and
control rats (open squares, n=8), expressed as pg·20 min–1·mg
tissue–1. Tissues were exposed to low glucose Krebs buffer
(1.5 mmol/l glucose) and high K+ Krebs buffer (45 mmol/l K+)
during the periods indicated. *p<0.05 compared to control rats;
†p<0.05 compared to first collection; #p<0.05 compared to
pre-high K+ collection

Fig. 2. Neuropeptide Y overflow in the dorsal medulla of dia-
betic rats (closed squares, n=6) and control rats (open squares,
n=5), expressed as pg·20 min–1·mg tissue–1. Tissues were ex-
posed to low glucose Krebs buffer (1.5 mmol/l glucose) and
high K+ Krebs buffer (45 mmol/l K+) during the periods indi-
cated. #p<0.05 compared to pre-high K+ collection



with preliminary studies in our laboratory, higher
NPY overflow was observed in the ventral compared
to dorsal hypothalamus. While NPY terminals are
abundant in the PVN, NPY perikarya are localised in
the ARC [23]. Moreover, the ventral hypothalamus
segment we examined also contained the VMN and
part of the LH, possibly contributing to the higher
NPY overflow from this region.

Dorsal hypothalamus. The in vitro study showed a se-
lective reduction in NPY overflow in response to a
low glucose stimulus in the dorsal hypothalamus of
diabetic rats. The tissues recovered from the low glu-
cose stimulus, as the NPY overflow returned towards
basal concentrations in the next collection. The dorsal
segment of the hypothalamus contained the PVN and
DMN. Although there is little evidence to date regard-
ing the role of the DMN in glucose sensing, the im-
portance of the PVN in glucose sensing has been well
established. In addition to studies showing activation
of neurons in the PVN during hypoglycaemia [31],
another study [32] also reported suppression of PVN
activation after antecedent hypoglycaemia, suggesting
its importance in the development of hypoglycaemia
unawareness. A decreased glucose concentration
could conceivably decrease activation of GR neurons
in the PVN, and consequently reduce the release of
transmitters. The reduced NPY overflow in response
to low glucose concentrations in the dorsal hypothala-
mus supports some involvement of NPY in glucose
sensing, at least in Type I diabetes. However, we can-
not discount the possibility that the alteration in NPY
overflow occurs secondary to changes in another
transmitter [13]. This reduced release was only ob-
served in the diabetic rats and suggests an increased
response of the diabetic rats to lowered glucose con-
centrations.

These in vitro findings prompted us to examine
NPY overflow in vivo, using push-pull techniques that
allow release from a discrete terminal area to be mea-
sured in an intact animal. Results of these experiments
supported the in vitro findings, as diabetic rats had in-
creased NPY overflow from the PVN at rest, and re-
sponded to a lowering of blood glucose by reducing
NPY overflow. NPY overflow was somewhat in-
creased in control rats after hypoglycaemia, suggest-
ing an altered responsiveness in diabetic rats that
could involve NPY. The diabetic rats in our study
were untreated and had extremely high plasma glu-
cose concentrations. It has been reported [33] that nei-
ther blood-to-brain glucose transport nor cerebral glu-
cose metabolism are reduced in poorly controlled
Type I diabetic patients, which is in agreement with
animal studies [34]. Thus the diabetic animals would
have manifested higher brain glucose. Although the
diabetic rats did not achieve the same absolute con-
centration of glucose as the control rats, the magni-
tude of the reduction was similar when compared to
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ic rats and control rats in time control experiments
(n=2) where no insulin infusion was given.

Discussion

The majority of GS neurons in the ARC were recently
shown to contain NPY [19], suggesting a role for
NPY in glucose sensing. Under conditions of negative
energy balance, such as untreated Type I diabetes, the
arcuo-PVN NPY-containing pathway seems to be
stimulated, resulting in increased peptide and NPY
mRNA, which is thought to be associated with hyper-
phagia in these animals [25, 26, 29]. The increased
NPY content in STZ-treated rats was largely associat-
ed with the ARC and PVN [26].

In this study, we investigated the dorsal and ventral
segments of the hypothalamus, aiming to separately
examine the PVN and ARC. The PVN is known to
contain GR neurons, while the ARC contains both GS
[19] and GR [30] neurons. The ventral hypothalamus
segment also incorporated the VMN, which contains
both GR, and somewhat fewer, GS neurons [15]. In
line with previous studies [26] increased basal NPY
overflow was observed in both the dorsal and ventral
hypothalamus as a result of treatment with STZ, and
the increase was greater in the dorsal area. Consistent

Fig. 3. Hypothalamic PVN neuropeptide Y overflow, ex-
pressed as pg measured in the preceding 60 min, (A) and plas-
ma glucose, expressed as mmol/l, (B) in diabetic rats (closed
symbols, n=10) and control rats (open symbols, n=10). An in-
travenous insulin bolus of 30 U/kg (diabetic rats) or 10 U/kg
(control rats) was administered where indicated by an arrow.
*p<0.05 compared to control rats; †p<0.05 compared to both
basal samples



resting glucose concentrations. Moreover, clinical
studies show that hypoglycaemia could be perceived
at higher plasma glucose concentrations in diabetic
patients. Early neuroglycopenic symptoms in poorly
controlled Type I diabetic patients occurred at a plas-
ma glucose concentration of 4.4 mmol/l as compared
with 2.8 to 3.1 mmol/l in healthy subjects [7].

Ventral hypothalamus. The ARC contains the cell
bodies of NPY-ergic neurons projecting to other hypo-
thalamic regions, and receives some innervation from
NPY-ergic neurons in the brainstem [23, 35]. Neuro-
peptide Y immunoreactivity in this region has been
linked to both GS [19] and GR [30] functions. The
ventral hypothalamus segment also incorporated the
VMN, a predominantly GR area that receives NPY
containing projections from the ARC. Thus lowering
of brain glucose could cause an increase in GS neuron
firing, resulting in increased release of NPY, but this
would be balanced by a reduction in GR cell firing.
This could underlie our observation in vitro, of no sig-
nificant difference in NPY overflow in either diabetic
rats or control rats when glucose was lowered. There
is extensive evidence on the importance of the VMN
in glucose homeostasis. As well as being one of the
areas with the highest density of GR neurons, impair-
ing the function of the VMN KATP channels in Kir 6.2-/-

mice was shown to produce a major defect in gluca-
gon secretion in response to hypoglycaemia [36]. The
presence of neurons with opposing glucose sensing
actions could have made it difficult to observe an
effect of lowered glucose in vitro.

Medulla. Glucose sensing structures have also been
reported in the caudal part of the NTS in the medulla
[22], where KATP channels have been pharmacologi-
cally identified [37]. Our data showed no significant
effect of low glucose on NPY overflow in the dorsal
medulla in both control rats and diabetic rats. A mixed
population of GR and GS neurons in the rat dorsal
medulla could explain this observation. Within the
NTS, some neurons are activated by glucose, some
depressed, while others show no response to altered
glucose concentrations [37]. While most regulation of
feeding and glucose homeostasis takes place in the hy-
pothalamus, the NTS seems to act as a relay point
where information regarding glucose status received
from the periphery is integrated and projected either
caudally or rostrally to the hypothalamus [13]. In our
in vitro study, this integration of central and peripheral
information was disrupted. It is therefore difficult to
determine the importance of local glucose concentra-
tions in this region since glucose sensing in the dorsal
medulla could rely greatly on peripheral signals. Con-
trary to our result in the hypothalamus, treatment with
STZ did not alter basal NPY overflow in the dorsal
medulla.

Glucose sensors in the hypothalamus most likely
act in synergy with hormonal signals, as in pancreatic

beta cells [38]. Glucose-responsive cells could be sen-
sitive to leptin, the obese gene product secreted by
adipocytes that regulates appetite. Neuropeptide Y is
strongly regulated by leptin, and we have shown acute
inhibitory effects of leptin on hypothalamic NPY
overflow [39]. Previous work in our laboratory has
shown large reductions in plasma leptin concentra-
tions in diabetic rats, to around 3% of vehicle treated
controls, in keeping with the 90% reduction in adipose
tissue stores we observed. Neuropeptide Y is also sub-
ject to regulation by insulin, as well as leptin, and it is
likely the reduction in insulin after STZ contributed to
the increased basal NPY overflow seen in diabetic
rats. Direct inhibitory effects of insulin on NPY over-
flow were reported in food deprived rats [40] and in-
tracerebroventricular administration of insulin was
shown to inhibit NPY gene expression [41]. More
work is required to establish whether leptin, in addi-
tion to insulin, contributes to the physiological
responses to altered glucose status. In our study the
effects we observed on in vivo NPY overflow could
be ascribed to hypoglycaemia per se, or in part, to a
direct effect of insulin on NPY overflow, and further
work is required to establish the relative contributions.
However, the similarity of the in vivo and in vitro re-
sponses to lowered glucose suggests low glucose is an
important signal regulating NPY overflow.

Release of NPY can be evoked by activating volt-
age-dependent Ca+ channels that are sensitive to de-
polarisation. Our study showed that regardless of
treatment, both dorsal and ventral hypothalamic and
dorsal medullary tissues responded to K+-induced de-
polarisation with a threefold increase in NPY over-
flow. This indicates the viability of the tissues and
confirms the validity of the in vitro system in detect-
ing changes in NPY overflow in response to different
stimuli. Previous work from our laboratory and others
indicate similar increases in PVN NPY overflow oc-
cur in vivo in response to K+-induced depolarisation
[28, 42].

We observed a region-specific reduction in NPY
overflow in response to a low glucose stimulus in the
dorsal hypothalamus (in vitro) and PVN (in vivo) of
diabetic rats. The effect of low glucose in vivo could
indicate altered activity of NPY-containing projections
to the PVN, which could arise in the ARC and DMN
or ascending projections from the medullary catechol-
amine cells. It should also be noted that only a small
proportion of neurons would likely contribute to any
changes induced by alterations in glucose, as glucose
sensing neurons comprise a subset of the neuron pop-
ulation [43]. Overall our data suggest cells in the dor-
sal hypothalamus could be more sensitive to lowered
glucose in diabetes. It is difficult to say what the phys-
iological importance of the reduced NPY overflow in
response to low glucose might be. However, changes
in NPY in the PVN are critically involved in feeding
status. A reduction in NPY in the face of hypoglycae-
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mia in the diabetic rat would normally reduce food in-
take, whereas the opposite response we observed in
vivo in control rats, would stimulate feeding, and pre-
sumably return glucose towards normal concentra-
tions. Recent studies suggest an important link be-
tween glucose sensing and another orexigenic peptide,
orexin [44]. Responses of glucose sensing neurons to
altered glucose status is likely to have relevance to
obesity in addition to diabetes [15, 45], particularly as
we have shown a 61% reduction in NPY content in
the PVN of rats made obese by chronic high fat feed-
ing [46].

In conclusion, the dysregulation of glucose sensing
in Type I diabetes seems to involve a major resetting
of the brain’s normal ability to respond to changes in
glucose. Glucose is known to affect the activity of
glucose sensing neurons, which in turn could affect
the release of transmitters. Understanding the part of
the mediators involved in this process would improve
our understanding of how the brain senses glucose.
Our data indicate an altered NPY response to lowered
glucose in diabetes, particularly in the PVN. There-
fore our study provides further evidence for the in-
volvement of NPY in brain glucose sensing, particu-
larly during hypoglycaemic challenge. It also provides
evidence showing that this response is altered in Type
I diabetes.
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