Hypothalamic Orexin Expression
Modulation by Blood Glucose and Feeding
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Orexins (hypocretins), novel peptides expressed in
specific neurons of the lateral hypothalamic area
(LHA), stimulate feeding when injected intracere-
broventricularly. We investigated their role in feeding
in the rat by measuring hypothalamic prepro-orexin
mRNA levels under contrasting conditions of increased
hunger. Prepro-orexin mRNA levels increased signifi-
cantly after 48 h of fasting (by 90-170%; P < 0.05) and
after acute (6 h) hypoglycemia when food was with-
held (by 90%; P < 0.02). By contrast, levels were
unchanged during chronic food restriction, streptozo-
tocin-induced diabetes, hypoglycemia when food was
available, voluntary overconsumption of palatable
food, or glucoprivation induced by systemic 2-deoxy-D-
glucose. Orexin expression was not obviously related to
changes in body weight, insulin, or leptin, but was stim-
ulated under conditions of low plasma glucose in the
absence of food. Orexins may participate in the short-
term regulation of energy homeostasis by initiating
feeding in response to falls in glucose and terminating
it after food ingestion. The LHA is known to contain
neurons that are stimulated by falls in circulating glu-
cose but inhibited by feeding-related signals from the
viscera; orexin neurons may correspond to this neu-
ronal population. Diabetes 48:2132-2137, 1999

rexin-A and -B are, respectively, 33- and 28-
residue peptides recently isolated from rat hypo-
thalamus (1). Their common precursor, prepro-
orexin, is expressed in a specific population of
neurons in the lateral hypothalamic area (LHA) that project
to numerous hypothalamic and extrahypothalamic sites
where the orexin OX-1 and -2 receptors are widely expressed
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(2-5). The orexins are related to the hypocretins, which are
previously described hypothalamic neuropeptides (6). Align-
ment of their nucleotide sequences shows that hypocretin-1
and -2 have sequences in common with orexin-A and -B,
respectively, but additional amino acids were deduced to be
present in both hypocretins: six extra amino acids in
hypocretin-1 (five at the NH,-terminus and one at the COOH-
terminus) and one extra in hypocretin-2 (at the COOH-ter-
minus) (1,6).

The physiological roles of the orexins remain uncertain, but
evidence points to involvement in feeding behavior. Orexin-
A stimulates feeding when injected intracerebroventricularly
(1,7,8) and at lower dosages into the LHA (9); orexin-B may
also stimulate feeding (1), although this has been disputed (8).
In addition, hypothalamic prepro-orexin mRNA levels rise in
rats fasted for 48 h (1), suggesting activation of these neurons
under conditions of hunger.

The LHA, where the orexin cell bodies are situated, has long
been implicated in the control of feeding and body weight.
Classical experiments showed that electrical stimulation of
the LHA induced feeding, whereas LHA lesions decreased
spontaneous eating and the hyperphagia caused by specific
stimuli, including insulin-induced hypoglycemia and neuro-
glycopenia provoked by 2-deoxy-D-glucose (2-DOG) (10).
The LHA receives neural inputs from other hypothalamic
areas involved in energy homeostasis and from extrahypo-
thalamic centers, notably the nucleus of the solitary tract
(NTS), which relays vagally transmitted afferent signals from
the gut that are related to feeding (10). LHA neurons have
been identified that respond to feeding-related signals includ-
ing changes in glucose and insulin and the presence of food
in the gut (11-14), but their neurochemical identity has not
been firmly established.

The orexin neurons are therefore strategically situated to
integrate a variety of signals related to nutritional state and,
through their projections to specific sites involved in con-
trolling feeding behavior, to play a role in the regulation of
energy homeostasis. Moreover, the appetite-stimulating
actions of the orexins (1,7-9), together with the increased
expression of their precursor during fasting (1), suggest that
orexins released in the LHA or other sites may drive feeding
in response to energy deprivation. However, the specificity,
importance, and regulation of such an action are unknown.

Here, we investigated further the relationship between
hunger, nutritional signals, and prepro-orexin expression in
the rat. We selected a range of physiological and pharmaco-
logical manipulations that all stimulate feeding but through
different mechanisms. In fasting, food restriction, and
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insulin-deficient diabetes, hunger may be stimulated by
decreased circulating levels of leptin and insulin, which both
act via the central nervous system (CNS) to inhibit feeding
(15-17). Voluntary overeating of palatable food is due to its
hedonic properties, acting through unknown CNS pathways
to override normal set-point regulation (18). The intense
hyperphagia caused by insulin-induced hypoglycemia and
glucose antimetabolites such as 2-DOG has been attributed
to reduced availability of glucose, the principal CNS energy
substrate under normal conditions, at specific glucoreceptors
in the CNS and periphery (19-22).

To investigate the nutritional factors that might regulate
orexin expression, we also measured insulin, leptin, and glu-
cose, circulating signals that are known to influence feeding
and the activity of other appetite-regulating neuronal path-
ways. The possible role of decreased leptin levels in food
restriction was further studied by giving exogenous leptin to
maintain the levels found in freely fed control animals.

RESEARCH DESIGN AND METHODS

Animals and procedures. Adult male Wistar or Sprague-Dawley rats (initially
150-200 g) were maintained at 22 + 2°C under a 12:12-h light:dark schedule
(lights on at 0700) and habituated to frequent handling and daily measurements
of weight and food intake. The strains used for each study are indicated below;
because fasting and chronic food restriction unexpectedly showed divergent
effects on prepro-orexin expression, these studies were repeated in both strains.
Water was freely available, with standard laboratory food (CRM; Biosure, Cam-
bridge, U.K.; 13.1 kcal/g) or a palatable high-fat diet (18) given as below.

At the end of each study, rats were killed by CO, inhalation and immediately
exsanguinated by cardiac puncture, and plasma was stored for assay of glucose
(Yellow Springs autoanalyzer; Yellow Springs, OH; glucose oxidase method),
insulin (radioimmunoassay [RIA] kit; Shield Diagnostics, Washington, Tyne and
Wear, U.K.), and leptin (RIA; Biogenesis, Poole, Dorset, U.K.). The epididymal fat
pad was dissected and weighed.

Starvation. In separate experiments, groups of Wistar and Sprague-Dawley
rats were fasted for 48 h, while control animals were freely fed throughout (n =
8 for each group).

Chronic food restriction with effects of leptin replacement and refeeding.
Three groups of Sprague-Dawley rats (n = 8 for each group) were restricted to 50%
of their usual food intake for 6 days, while another group fed freely. One food-
restricted group carried subcutaneously implanted osmotic minipumps (AL2001;
flow rate, 1 nl/h; Alzet, Palo Alto, CA) delivering leptin (1.3 mg/ml) to maintain cir-
culating leptin concentrations comparable to those in freely fed control animals
(Table 1). The two other food-restricted groups carried minipumps delivering
saline; one of these groups was allowed to feed freely for 24 h after the 6 days of
food restriction. The freely fed control animals also carried minipumps deliver-
ing saline. Pumps were placed into the interscapular region through a stab inci-
sion under brief general anesthesia (Hypnorm/midazolam, 3.3 ml/kg i.p.). Food
intake was slightly lower on the day of surgery but returned to normal the following
day with no impact on body weight.

In a further study, Wistar rats (n = 8) were given 50% of their usual daily food
intake (17 g/day) for 6 days, while control animals were freely fed. In this exper-
iment, leptin replacement was not given.

Insulin-deficient diabetes. Insulin-deficient diabetes was induced in Wistar rats
by injecting streptozotocin (STZ) (55 mg/kg in saline) into a tail vein (23). This
dosage induced sustained hyperglycemia (blood glucose >20 mmol/l) within
24 h, but the rats remained active and in good condition without insulin replace-
ment. Blood glucose concentrations were measured in daily tail-prick samples (~20
pl) using an electrochemical meter (Exactech; Medisense, Oxford, U.K.).
Voluntary hyperphagia. Voluntary hyperphagia was induced by feeding Wis-
tar rats a highly palatable high-fat diet consisting of powdered food (33% by
weight), condensed milk (33%), sucrose (7%), and water. Energy content was 10.2
kcal/g (18). This was given for 8 weeks, during which daily food intake increased
by 60% in weight, representing a 30% increase in daily energy intake.
Insulin-induced hypoglycemia. Acute effects of hypoglycemia with and with-
out feeding were examined in two groups of Wistar rats up to 6 h after a single
subcutaneous injection of Insulatard insulin (60 U/kg; Novo-Nordisk, Baegsverd,
Denmark) at 0900. One group of insulin-treated rats was allowed to eat freely, while
the other was food-deprived after injection. Control animals received a saline injec-
tion and had free access to food. Because control animals ate <1 g during this
period, an additional control group (food-deprived, saline-injected) was judged
unnecessary. Tail-prick blood glucose levels were monitored every 2 h.
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Sustained hypoglycemia was induced for 6 days in other Wistar rats (n = 8) by

once-daily Insulatard injections (20-60 U/kg s.c.) at doses adjusted individually
to maintain 0900 blood glucose levels at <3.0 mmol/l. These rats and saline-
injected control animals (n = 8) were allowed to eat freely.
2-DOG glucoprivation. Preliminary experiments in Wistar rats showed that
intraperitoneal 2-DOG injection (100-300 mg/kg) stimulated feeding severalfold
for 1-2h but that compensatory hypophagia followed, such that 24-h food intake
did not differ from control animals. We therefore used a schedule with 2-DOG (300
mg/kg) injected intraperitoneally at 0, 2, and 4 h that produced sustained hyper-
phagia whose time-course closely mimicked the 6-h feeding profile during insulin-
induced hypoglycemia (Fig. 2B). As with the study of acute hypoglycemia, an addi-
tional group of rats was treated with 2-DOG but was food-deprived. Tail-prick blood
glucose levels were monitored every 2 h.
Hypothalamic prepro-orexin mRNA measurements. The hypothalamus was
dissected under a binocular microscope, using landmarks (23) that enclosed the
population of orexin neurons (1), and snap-frozen in liquid nitrogen. Total RNA
was extracted in Trizol (Gibco, Paisley, U.K.), and nominal 20-g aliquots were elec-
trophoresed on 1% agarose gel containing 2% formaldehyde and transferred
overnight to a nylon membrane (Boehringer Mannheim, Lewes, U.K.). RNA was
cross-linked to the membrane by UV radiation and prehybridized for 3 h in Easy-
hyb (Boehringer Mannheim) at 50°C. The cDNA probe for orexin mRNA was pre-
pared by polymerase chain reaction and digoxigenin labeling using a standard kit
and a purified Bluescript SK (+) M13 vector containing the 0.29 kb prepro-orexin
sequence (nucleotides 187-474, AF041241), which was grown in Escherichia
coli (JM 109) (Wizard Plus Minipreps; Promega, Southampton, U.K.).

Northern blots were probed with the digoxigenin-labeled cDNA orexin probes
at 50°C and washed at 50°C in 2X and 0.5X standard sodium citrate with 0.1% SDS.
Orexin mRNA bands were detected using anti-digoxigenin antibodies
(Boehringer Mannheim) and an enhanced chemiluminescence kit (Boehringer
Mannheim). Autoradiograms were quantitated by image analysis (AIS system,;
Imaging Associates, Brock University, St. Catherine’s, Canada). To standardize RNA
loading concentrations, membranes were stripped at 68°C and reprobed with a
digoxigenin-labeled oligonucleotide probe against 18S ribosomal RNA, whose lev-
els did not show significant group differences in any of these studies. Orexin mRNA
concentrations were therefore expressed as the ratio of densities of orexin mRNA
band/18S RNA band.

Statistical analyses. Data are shown as means + SE. Comparisons between
groups were made using unpaired Student’s ¢ test preceded by two-way analysis
of variance in studies that included more than two groups.

RESULTS

Hypothalamic prepro-orexin mRNA levels
Starvation. Wistar rats fasted for 48 h lost 14% of body
weight compared with freely fed control animals, with a 40%
decrease in fat-pad mass and significant falls in plasma glucose,
insulin, and leptin (Table 1). Hypothalamic prepro-orexin
mRNA levels were increased by 90% (P < 0.05) (Fig. 1).

Similarly, Sprague-Dawley rats fasted for 48 h (n = 8)
showed comparable falls in body weight (15%), fat-pad mass
(34%), and in plasma glucose (28%), insulin (66%), and leptin
(74%) (data not shown). Prepro-orexin mRNA levels were
again increased by 170% over those of freely fed control ani-
mals (n = 8) (2.7 + 0.8 vs. 1.0 + 0.6 arbitrary units; P < 0.05).
Chronic food restriction. Saline-treated food-restricted
Sprague-Dawley rats lost 16% of weight and 32% of fat-pad
mass compared with freely fed control animals and showed
broadly similar changes in plasma analytes to 48-h fasted rats
(Table 1). The saline-treated rats allowed to refeed partly
normalized their body weight and other metabolic parame-
ters. Leptin-treated food-restricted rats ate all the food pre-
sented to them and had weight, fat-pad mass, and glucose
levels similar to the saline-treated food-restricted group;
terminal plasma leptin concentrations were comparable to
those in freely fed control animals (Table 1). None of the
three experimental groups showed significant alterations in
prepro-orexin mRNA levels compared with freely fed con-
trol animals (Fig. 1).

The same food restriction schedule in Wistar rats (n = 8)
led to losses of 18% in weight and 40% in fat-pad mass com-
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TABLE 1
Body weight, epididymal fat-pad mass, food intake, and plasma hormones and glucose
Plasma
Body weight (g) Fat-pad Food Insulin Leptin Glucose
n Initial Final mass (g) intake (g) (ng/ml) (pg/ml) (mmol/T)
Fasting (48 h)
Fasted 8 346+8 323+ 7t 25+03F 0 120+ 2.3%  0.20 £ 0.01% 5.2+ 0.6t
Freely fed 8§ 348zx5H 374 £7 4203 28.0 £ 1.0 30.5 + 3.6 440+ 050 82=x0.6
Food restriction (6 days)
Restricted 8 329+4 331 +4+ 1.9+ 0.1% 17 + 0% 12.1 + 1.3% 1.82 +0.28% 8.8+ 0.17
Restricted + leptin 8§ 328zx5H 336 £+ 5% 1.7+ 0.1% 17 £ 07 21.9 £ 3.1*§ 3.89+0.25] 7.5+0.17
Restricted + refed 8 327x4 364 + 6% 2.0+ 0.1% 17+ 0)t 48.6 + 491 3.84+0.67| 8.7=x0.7
Freely fed 8 3306 393+ 7 2.8+0.1 34.2 £ 0.81 30.8 £3.9 4.74+0.34 10.6+ 0.6
STZ-induced diabetes (3 weeks)
Diabetic 10 195 + 2 260 + 61 0.29 + 0.05% 53.9 + 2.52% 9.9+ 1.2 0.16 £ 0.08% 35.6 + 2.1%
Control 10 194 + 3 288+6  1.79 +0.09 30.3 £ 0.47 25.0 2.7 284+034 104=+05
Palatable diet (6 weeks)
Palatable diet 8 112 + 4 362+6 647+048f 41.9+090f 151+ 1.7 5.056 £ 0.33% 11.9+ 0.7
Standard-fed control 8 114 +4 317+19 3.27+0.31 25.3 + 1.27 189+ 24 142 +029 10.1+£0.9
Acute hypoglycemia (6 h)
Hypoglycemic fed 10 260 =+3 — 2.19 £ 0.10 4.69 + 0.45% 391.6 = 19.3% 5.04 £ 0.29% 4.3 + 0.3%
Hypoglycemic fasted 10 262+2 — 2.05 + 0.06 0 300.4 + 31.5% 5.02 £0.28% 1.5+ 0.2%
Control 10 262 +6 — 2.15 £ 0.08 0.06 + 0.02 179+ 23 219+£024 88=x05
Chronic hypoglycemia (6 days)
Hypoglycemic 10 35410 418 +8f 4.78+046* 40.8+ 1.011 463.56+32.8f 7.564+041% 4.8+ 0.4%
Control 10 336+13 36610 3.5+0.28 27.0 £ 0.84 25.8 £ 2.7 2.61+£0.15 10.2+0.5
Acute 2-deoxyglucose (6 h)
2-DOG, fed 238 £ 11 — 1.567 £ 0.13 4.71 £ 0.25% 285+23% 4.14£037% 189+ 2.1%
2-DOG, fasted 8 2339x93 — 1.03 £ 0.03 0 183+ 1.1 238 +£0.19 18.1+ 1.07
Control 8 240+9 — 1.25 + 0.11 1.25 + 0.21 179+ 0.9 2.19+021 10.9+0.5

Data are means + SE or n. Differences vs. control rats: *P < 0.05, 1P < 0.01, £P < 0.001. Differences vs. untreated food-restricted rats:

§P < 0.05, [P < 0.01, 1P < 0.001.

pared with freely fed control animals (n = 8), while plasma
glucose, insulin, and leptin levels fell significantly and by
degrees similar to those in the Sprague-Dawley rats (data
not shown). Prepro-orexin mRNA levels were again not signi-
ficantly different from those of control animals (0.78 + 0.22
vs. 1.00 = 0.20 arbitrary units, P > 0.1).

STZ. STZ-induced diabetic rats weighed 10% less than non-
diabetic control animals after 3 weeks, with fat-pad mass
decreased by 84%. They had severe polyuria and polydipsia,
and food intake was 80% greater than that of control ani-
mals. Plasma glucose concentrations were 30-35 mmol/l,
while insulin and leptin were reduced by 60 and 94%, respec-
tively. Prepro-orexin mRNA levels did not differ significantly
from those of control animals (Fig. 1).

Palatable-diet feeding. Palatable-diet feeding for 8 weeks
increased daily energy intake by 30% and resulted in dietary
obesity, with 20 and 98% increases in body weight and fat-pad
mass, respectively, over standard feeding. Plasma leptin lev-
els were significantly raised 2.5-fold, but there were no signi-
ficant changes in either insulin or glucose (Table 1). Prepro-
orexin mRNA levels were comparable to those of control
animals (Fig. 1).

Insulin-induced hypoglycemia. In the acute study,
insulin-treated rats with access to food became hypogly-
cemic after 2 h (Fig. 24) and ate consistently more than con-
trol animals after this time; the total 6-h food intake was 5 vs.
0.6 g in control animals (P < 0.001) (Fig. 2B). Insulin-treated
rats that were also food-deprived suffered more profound
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hypoglycemia, with significantly lower terminal values (Table
1); the values recorded in tail-prick samples during the exper-
iment were close to the lower limit of accuracy of the
Exactech meter and so could not be reliably distinguished
between the two hypoglycemic groups. Predictably, insulin
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FIG. 1. Hypothalamic prepro-orexin mRNA levels in rats with various
conditions of increased hunger compared with their respective control
rats. Prepro-orexin mRNA levels were normalized against 18S rRNA.
C, control; S, starved; R, food restricted; R+L, food restricted plus lep-
tin; R+F, food restricted plus refed; D, STZ-induced diabetic rat;
O, obese rat. Data are means + SE. P > 0.05.
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levels were grossly elevated in both insulin-treated groups,
while plasma leptin was raised over twofold (Table 1).
Prepro-orexin mRNA levels in the food-deprived hypogly-
cemic rats were significantly raised by 90% above those of nor-
moglycemic control animals (P < 0.02), but they were not
significantly altered in the freely fed hypoglycemic group
(Fig. 3).

Chronic hypoglycemia, induced by daily insulin injections,
maintained food intake consistently 50% higher than that in
saline-injected control animals, and after 6 days of treatment,
body weight and fat-pad mass were increased by 14 and 36%,
respectively. Plasma insulin and leptin concentrations were
raised 18- and 2-fold (Table 1). Prepro-orexin mRNA levels
were 59% higher than those in normoglycemic control ani-
mals, but the difference fell short of statistical significance
(P =10.08) (Fig. 3).
2-DOG-induced glucoprivation. Both 2-DOG-treated
groups were hyperglycemic throughout (Fig. 2A4), confirm-
ing sustained activation of neuroendocrine counterregula-
tory mechanisms in response to neuroglycopenia. 2-DOG—
treated rats allowed to eat were hyperphagic after 2 h, show-
ing a food intake curve that closely matched that of the
insulin-induced hypoglycemic group and reached 5 g at 6 h
(Fig. 2B). However, despite the similar time-course and mag-
nitude of these feeding curves, there was no increase in hypo-
thalamic prepro-orexin mRNA levels above those of control
animals in 2-DOG-treated rats that were either fed or food-
deprived (Fig. 3).

DISCUSSION

The orexin peptides were named for their experimental
action of stimulating food intake in the rat (1). This obser-
vation, together with the localized expression of prepro-
orexin in the LHA—the classical “feeding center’—and its
upregulation in fasted rats has focused attention on the pep-
tides’ possible involvement in the control of feeding. However,
the LHA serves many other functions including arousal, car-
diovascular and gastrointestinal regulation, and electrolyte
and water homeostasis (10), and these are also affected by
fasting. Moreover, the hyperphagic effect of the orexins is less
robust than that of certain other hypothalamic peptides,
notably neuropeptide Y (NPY) (7,8,16). Thus, the physiolog-
ical functions of these peptides may extend into areas other
than energy homeostasis.
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FIG. 2. Blood glucose (A) and cumulative food intake (B) in
rats made hypoglycemic with insulin or in rats with gluco-
privation induced by 2-DOG. Data are means = SE. To mini-
mize interference with the animals, blood glucose at 0, 2, and
4 h was measured in 20-pl tail-prick samples using an elec-
trochemical meter, which is less accurate for severe hypo-
glycemia (<2.0 mmol/1). Terminal plasma glucose values
(measured by autoanalyzer) are given in Table 1 and confirm
that hypoglycemia was more profound in insulin-treated
than in food-deprived rats. /\, control hypoglycemic rats; [J,
fasted hypoglycemic rats; l, fed hypoglycemic rats; V, con-
trol 2-DOG rats; O, fasted 2-DOG rats; @, fed 2-DOG rats.

Our data support involvement of orexin neurons in feeding,
but only under specific circumstances. Among the several con-
ditions of increased hunger that we examined, we found
significantly increased prepro-orexin mRNA levels in only
two of them: 1) prolonged (48 h) fasting and 2) acute (6 h)
hypoglycemia, but only if food was withheld.

The increased expression in fasting (in two different strains
of rat) is in agreement with the original observation of Saku-
rai et al. (1), although the rises in prepro-orexin mRNA in our
studies were not as pronounced. Very recently, Griffond et al.
(24) have also reported increased prepro-orexin expression in
rats with acute insulin-induced hypoglycemia, but not if glu-
cose was also given to maintain euglycemia.

Intriguingly, no increases were seen after prolonged (6
days) food restriction that produced weight and metabolic
changes similar to fasting, or when rats with acute or chronic
hypoglycemia were allowed to feed, or after acute glucopri-
vation with 2-DOG that induced comparable hunger to hypo-
glycemia. Neither did prepro-orexin mRNA levels increase in
rats with increased appetite due to insulin-deficient diabetes
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FIG. 3. Prepro-orexin mRNA levels in rats with acute (6 h) or chronic
(6 days) hypoglycemia, or acute glucoprivation induced by 2-DOG, with
or without access to food. C, control; H, hypoglycemia; H+S, hypogly-
cemia and starvation; DG, 2-DOG; DG+S, 2-DOG and starvation.
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or presentation of palatable food. We cannot exclude involve-
ment of orexins in stimulating appetite in these other condi-
tions, since orexin release in discrete sites could be
enhanced without a concomitant increase in whole hypo-
thalamic prepro-orexin mRNA. Nevertheless, our data suggest
that orexins do not stimulate hunger under all conditions, and
that these neurons are regulated by a highly specific combi-
nation of nutritional signals. These findings are in striking con-
trast to the marked upregulation of NPY mRNA found in
chronic food restriction as well as in fasting (25,26) and in
STZ-induced diabetes (27). Moreover, hypothalamic NPY
neurons are inhibited by both leptin (15,28,29) and insulin
(16,30) and are stimulated under conditions of negative
energy balance, probably signaled by falls in circulating lev-
els of both hormones (15,17). By contrast, prepro-orexin
expression bore no obvious relationship to insulin, leptin, or
body fat mass. The apparent independence from leptin is
interesting, since the orexin neurons have recently been
shown to express leptin receptors, although the particular
subtype, and therefore the signaling competence of these
receptors, is uncertain (3).

Our findings may provide clues to the regulation and role
of the orexin neurons. Factors common to 48-h fasting and
hypoglycemia during food deprivation, but not to the other
states of increased appetite that we studied, are subnormal
plasma glucose levels and the absence of food intake. Both
glucose and eating have long been recognized to have an
impact on the LHA and to influence specific populations of
LHA neurons. Some (~25%) LHA neurons are thought to be
glucose-sensitive, being inhibited by increases in circulating
glucose and stimulated by falls in glucose within the normo-
glycemic and hypoglycemic range (10-13). Some glucose-
sensitive neurons are also stimulated by insulin and by 2-DOG
(10,31). These neurons’ responses to changes in glucose are
mostly indirectly mediated, apparently relayed via the NTS
and parabrachial nucleus from glucoreceptors in extrahypo-
thalamic sites, including the NTS itself and the gut and the
liver, from which signals are carried via vagal afferents to the
NTS (14,32,33). In particular, certain glucose-sensitive neurons
are inhibited specifically by a rise in glucose levels in the
hepatic portal vein or by gastric distension (14). These neu-
rons—which have not been characterized neurochemi-
cally—therefore have the capacity to respond in the way
predicted by our studies of the orexin neurons.

We therefore suggest that the orexin neurons belong to the
glucose-sensitive subpopulation of LHA neurons that are
stimulated by falls in circulating glucose and inhibited by
signals related to feeding, such as gastric distension and/or a
rise in portal glucose concentrations. The known properties
of LHA glucose-sensitive neurons point to two plausible
explanations for the absence of prepro-orexin mRNA
increases in rats that were chronically food-restricted rather
than acutely fasted, and in rats with acute or chronic hypo-
glycemia that were allowed to overeat. First, the neurogly-
copenic stimulus may have been less intense. In chronic
under-feeding, CNS metabolism may adapt to allow neurons
to utilize ketones (34), which are also known to inhibit some
glucose-sensitive neurons (10). In chronic hypoglycemia,
other compensatory mechanisms come into operation, with
enhanced glucose transport across the blood-brain barrier
(35). Second, the stimulatory effect of low glucose levels
may have been counteracted in animals allowed to eat by
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inhibitory prandial signals, such as a rise in portal-vein glucose
or gastric distension (14). The absence of any increase in
prepro-orexin mRNA in acutely hypoglycemic rats allowed to
eat may suggest that the orexin neurons are extremely sen-
sitive to rapid inhibition by visceral signals.

The failure of 2-DOG to increase prepro-orexin mRNA is
striking, because the dosage schedule we used mimicked
closely the feeding profile with acute hypoglycemia. Moreover,
both 2-DOG and hypoglycemia are presumed to interfere
with neuronal glucose metabolism (20-22), and LHA lesions
abolish the hyperphagia usually caused by both agents (10).
However, different CNS pathways must mediate the hyper-
phagia that they induce, because lesions of the zona incerta
or amygdala abolish the feeding caused by 2-DOG but not by
insulin (36,37). Modulatory inputs from these other path-
ways may explain the divergent effects of hypoglycemia and
2-DOG on orexin neurons.

In conclusion, we suggest that the orexin neurons are stim-
ulated by falls in plasma glucose and inhibited by signals
related to feeding. As such, they may be important in the
short-term “glucostatic” feeding mechanisms postulated by
Mayer (38) to maintain glucose availability. Further work
will clarify whether they respond to the transient decreases
in plasma glucose that are suggested to trigger spontaneous
feeding episodes (39), and whether they correspond to the
glucose-sensitive neurons of the LHA that respond to vis-
ceral signals transmitted via the NTS.
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