ENERGY BALANCE-OBESITY

The Action of Leptin on Appetite-Regulating Cells in
the Ovine Hypothalamus: Demonstration of Direct
Action in the Absence of the Arcuate Nucleus
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It is widely accepted that leptin acts on first-order neurons in the arcuate nucleus (ARC) with
information then relayed to other hypothalamic centers. However, the extent to which leptin
mediates its central actions solely, or even primarily, via this route is unclear. We used a model of
hypothalamo-pituitary disconnection (HPD) to determine whether leptin action on appetite-reg-
ulating systems requires the ARC. This surgical preparation eliminates the ARC. We measured
effects of iv leptin to activate hypothalamic neurons (Fos labeling). In ARC-intact animals, leptin
increased the percentage of Fos-positive melanocortin neurons and reduced percentages of Fos-
positive neuropeptide Y neurons compared with saline-treated animals. HPD itself increased Fos
labeling in the lateral hypothalamic area (LHA). Leptin influenced Fos labeling in the dorsomedial
nucleus (DMH), ventromedial nucleus, and paraventricular nucleus (PVN) in HPD and normal an-
imals, with effects on particular cell types varying. In the LHA and DMH, leptin decreased orexin
cell activation in HPD and ARC-intact sheep. HPD abolished leptin-induced expression of Fos in
melanin-concentrating hormone cells in the LHA and in CRH cells in the PVN. In contrast, HPD
accentuated activation in oxytocin neurons. Our data from sheep with lesions encompassing the
ARC do not suggest a primacy of action of leptin in this nucleus. We demonstrate that first order
to second order signaling may not represent the predominant means by which leptin acts in the
brain to generate integrated responses. We provide evidence that leptin exerts direct action on

cells of the DMH, ventromedial nucleus, and PVN. (Endocrinology 151: 2106-2116, 2010)

eptin is produced predominantly by white adipocytes
L(l) and acts on the central nervous system to reduce
feeding and increase energy expenditure in various species
including rodents (2, 3), sheep (4-6), and humans (7). A
popular model of metabolic regulation is one that involves
leptin action on first-order neurons in the arcuate nucleus
(ARC) with relay of sensory information derived from adi-
posity and nutrient status to other centers of the hypothal-
amus including the dorsomedial nucleus (DMH), ventrome-
dial nucleus (VMN), lateral hypothalamic area (LHA), and
paraventricular nucleus (PVN) (reviewed in Refs. 8 and 9).

The ARCisuniquely positioned, because it lies partially
outside the blood-brain barrier and therefore receives sig-
nals from blood, allowing direct passage of blood-borne
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signals to the relevant neurons (10, 11). Leptin acts on cells
in the ARC to increase activity of proopiomelanocortin
(POMC) cells and to inhibit neuropeptide Y (NPY) neu-
rons (12). In rodents and humans, these leptin-responsive
cells of the ARC have been shown to project to cells of the
LHA that produce orexin and melanin-concentrating hor-
mone (MCH) (13, 14). In addition, there is neuroanatomi-
cal evidence thatthe VMN and PVN receive input from the
ARC inssheep (15, 16) and in rodent species (8, 9) and that
peptides derived from cells of the ARC act within the
VMN and the PVN (17-20). Leptin resistance may man-
ifest in cells of the ARC, as demonstrated by discrete up-
regulation of the suppressor of cytokine signaling 3
(SOCS-3) and associated reduction in signal transducer

Abbreviations: ARC, Arcuate nucleus; DMH, dorsomedial nucleus; HPD, hypothalamo-
pituitary disconnection; LHA, lateral hypothalamic area; MCH, melanin-concentrating hor-
mone; MSG, monosodium glutamate; PB, phosphate buffer; POMC, proopiomelanocor-
tin; NPY, neuropeptide Y; PVN, paraventricular nucleus; SF-1, steroidogenic factor-1; VMN,
ventromedial nucleus.
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and activator of transcription (STAT) activation after lep-
tin administration in obese mice (21). Combined, these
anatomical and functional observations support the no-
tion that the ARC is a primary site of leptin action and that
the information that is assimilated here is promulgated to
other centers within the hypothalamus that control food
intake and expenditure of energy.

Notwithstanding the evidence that supports the above
model, there is good reason to believe that leptin can also
act directly on hypothalamic cells located outside the
ARC. This would require transport of leptin across the
blood-brain barrier possibly via an active transport system
involving the short leptin-receptor isoform, ObRa, which
has been identified in microvessels throughout the hypo-
thalamus (22). The signaling form of the leptin receptor
(ObRb) is highly expressed in cells of the DMH, VMN,
and ventral premammillary hypothalamic nuclei, and
moderate levels of expression are also seen in cells of the
periventricular nucleus, the PVN, LHA, medial mammillary
nucleus, and posterior hypothalamic nucleus in rodents (23,
24). In the ovine hypothalamus, an immunohistochemical
study localized the receptor to cells in the periventricular
nucleus, PVN, DMH, VMN, and ARC as well as in cells in
the perifornical, anterior hypothalamic, LHA, and the zona
incerta (25). Furthermore, there is evidence illustrating that
leptin activates neurons in hypothalamic nuclei other than
the ARC. In mice, microinjection of leptin directly into the
VMN reduces food intake and activates steroidogenic fac-
tor-1 (SF-1) neurons (26, 27); specific deletion of the leptin
receptor in SF-1 neurons of the VMH exacerbates
weight gain in models of diet-induced obesity (28). In
addition, leptin microinjection into a number of hypo-
thalamic nuclei increases sympathetic nerve discharge
in rats (29). Thus, leptin may act directly upon cells in
hypothalamic nuclei beyond the ARC.

We have used an ovine model of hypothalamo-pituitary
disconnection (HPD), which has been used previously to
isolate the pituitary from the brain, thereby eliminating
the secretion of anterior pituitary gland hormones and
causing atrophy of the neural lobe (30). This surgical pro-
cedure not only removes neural input to the median em-
inence but also involves extirpation of the ARC (30). We
used the HPD model to test the hypothesis that leptin
action on appetite-regulating hypothalamic systems re-
quires an intact ARC to transmit information to second-
order neurons in the VMN, DMH, LHA, and PVN.

Materials and Methods

Animals and ethics
Adult Corriedale ewes (53-58 kg body weight) were main-
tained on pasture. All procedures and tissue collections were in
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FIG. 1. Gray-scaled photomicrographs of the mediobasal
hypothalamus of representative animals with intact ARC (A) and HPD
(B), showing removal of the ARC in the latter. In the intact animal,
POMC neurons were labeled with a digoxigenin-labeled POMC probe
to help delineate the lateral margins of the ARC. In the HPD animal,
the lesioned area is replaced by scar and granulation tissue. Calibration
bar in B applies to both panels. 3V, Third ventricle.

accordance with the institutional guidelines, and previous ap-
proval of the Monash University School of Biomedical Sciences
Animal Ethics Committee was obtained.

HPD surgery and experiment design

HPD surgery was performed as originally described (30), al-
though it was carried out in such a way to ensure that the ARC
was completely removed (Fig. 1). Thus, after the separation of
the median eminence from the basal hypothalamus, gentle suc-
tion was applied to the brain tissue of the medial periventricular
region above the median eminence, and the extent to which re-
moval of the ARC was achieved was verified histologically (vide
infra). In brief, the surgical procedure was as follows. After an-
esthesia, the head was stabilized in a custom-made frame. The
basal hypothalamus, median eminence, and pituitary gland were
exposed by a transnasal, transsphenoidal route, and the dura
mater was opened to allow access to the region immediately
above the median eminence (30). A suction probe (1 mm) was
introduced immediately above the vascular arcade on the ante-
rior surface of the median eminence, and the ARC was removed
by gentle suction, leaving the median eminence and pituitary
separated from the hypothalamus. The operative tunnel was
packed with gelatin sponge and sealed with dental acrylic, before
the nasal cavity was closed. The animals were allowed to recover
on pasture for 1 month before experimentation.

Adult Corriedale ewes of similar age (eight control and eight
HPD) were introduced to single pens 2 d before the experiment
with free access to lucerne chaff and water. The animals were
allocated to four groups as follows: group 1, ARC-intact with
saline treatment; group 2, ARC-intact with leptin treatment;
group 3, HPD surgery and saline treatment; and group 4, HPD
surgery and leptin treatment.

Because the HPD animals had atrophied ovaries, the control
animals were ovariectomized 3 months before the experiment to
ensure comparable gonadal status. We have shown previously
(31) that HPD animals become obese, but this does not occur
until at least 16 wk after the operation. Accordingly, we did not
take blood samples to compare and contrast markers of meta-
bolic status or body condition.

Each animal received a jugular venous cannula (Dwellcath;
Tuta Laboratories, Lane Cove, New South Wales, Australia) on
the day before the experimental treatment, so iv injections could
be made with minimal disturbance. Manometer lines (Tuta Lab-
oratories) were connected to the cannulae, allowing extension to
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the back of the animals’ pens. The sheep were injected with either
saline as vehicle (10 ml) or 2 mg human recombinant leptin. The
leptin was produced as previously described, and bioactivity was
verified in an in vitro bioassay (4).

The animals were treated in pairs with either saline or leptin
and killed 90 min later by iv injection of 20 ml sodium pento-
barbital (Lethabarb; May & Baker, Melbourne, Victoria, Aus-
tralia). Anivinjection of 25,000 IU heparin was administered 5 min
before the lethal injection, and the heads were perfused through the
external carotid arteries with 2 liters heparinized (12,500 IU/liter)
0.9% saline followed by 1 liter 10% formalin (Merck, Kilsyth,
Victoria, Australia) in 0.1 M phosphate buffer [PB (pH 7.4); 0.1 Mm
Na,HPO, and NaH,PO,, - H,O] and then 0.5 liter 10% buffered
formalin containing 20% sucrose. Brains were removed from the
calvarium, and blocks of the preoptic area/hypothalamus were dis-
sected and allowed to sink in 30% sucrose for 4-5 d at 4 C. The
blocks were frozen on powdered dry ice and kept at —20 C. Coronal
sections (40 wm) were cut on a cryostat into six series, and the
sections were stored in cryoprotectant at —20 C.

Histological verification of ARC lesions

To verify the extent of ARC lesions, gene expression for
POMC in the ARC was examined by iz situ hybridization (32).
To do this, at least three sections representing the rostral, middle,
and caudal extent of the ARC were selected. An antisense ribo-
probe was generated (33) and was validated for iz situ hybrid-
ization in sheep (34). Free-floating sections were prehybridized
and hybridized overnight at 58 C, and then the sections were
washed in 2X sodium saline citrate, 0.1% Tween 20 at 58 C,
followed by 0.1X sodium saline citrate, 0.1% Tween 20 at 58 C.
The sections were rinsed in maleic acid buffer (0.1 M maleic acid,
0.15 M NaCl, 0.1% Tween 20) and incubated for 2 h in maleic
acid buffer containing 2% blocking reagent (10% goat serum
and 2 mMm levamisole). An alkaline phosphatase-conjugated
sheep antidigoxigenin antibody (1:1000; Roche, Castle Hill,
New South Wales, Australia) was added, and incubation was
overnight at 4 C. The digoxigenin-labeled neurons were visual-
ized with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl
phosphate salts (Roche), after which the sections were washed in
maleic acid buffer with 2 mm levamisole followed by alkaline
buffer [0.1 M NaCl, 0.1 m Tris-HCI (pH 9.5), 0.1 M MgCl,, 0.1%
Tween 20, 2 mM levamisole].

Fos-labeling immunohistochemistry

Anatomically matched sections for each targeted nucleus
were selected using an atlas of the ovine brain (35). Incubations
were performed at room temperature with four 10-min washes
in 0.05 M PBS (pH 7.4; 0.05 M Na,HPO, and NaH,PO, - H,O
and 0.9% saline) between each step. After 20 min incubation in
1% sodium borohydride (Sigma-Aldrich, Castle Hill, New South
Wales, Australia), the sections were treated with 3% H,O,
(Merck) for 20 min to minimize the endogenous peroxidase ac-
tivity and then with 5% normal horse serum and 0.3% Triton
X-100) for 1 h. The sections were incubated in a rabbit primary
a-Fos antibody (1:2000; Santa Cruz Biotechnology, Santa Cruz,
CA) overnight and then sequentially with polyclonal biotinylated
swine antirabbit IgG (1:200; Dako, Carpinteria, CA) and the ABC
solution (1:200, Vectastain; Vector Laboratories, Burlingame, CA)
for 1 h. The sections were then incubated in a chromogen solution
(1 mg/ml 3,3'-diaminobenzidine, 0.02% ammonium nickel chlo-
ride, and 0.026 % cobalt chloride in 0.1 M PB; Merck reagents) for
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10 min before the addition of 30% H, O, (1:25,000) for 6 min. The
procedure resulted in a black nuclear stain, and the sections were
mounted on gelatin-coated slides, dried overnight, dehydrated the
next day, and coverslipped with dibutyl phthalate xylene. All sec-
tions were processed for the visualization of Fos in one run.

Double-labeling immunohistochemistry

Three matched sections for each animal were selected to de-
termine the neurochemical nature of Fos-labeled neurons using
a double-label immunohistochemical procedure. After Fos la-
beling as described above, the sections were then treated again
with 5% normal goat serum and 0.3 % Triton X-100in 0.1 M PB
for 1 h. The sections were then incubated overnight with primary
antibodies (all at 1:2000 dilution) against the following peptides:
NPY (courtesy of Dr. A. Lawrence, Monash University, Mel-
bourne, Australia) (15), orexin (courtesy of Dr. T. Sakurai, Institute
for Materials Research, Tohoku University, Sendai, Japan) (15),
MCH (courtesy of Prof. W. Vale, Salk Institute, La Jolla, CA)
(15), CRH (courtesy of Prof. W. Vale) (36), y-MSH (1:2000;
Antibodies Australia, Melbourne, Australia) (36), and oxytocin
(1:2000; Antibodies Australia) (36).

The sections were then sequentially incubated first in biotin-
ylated goat antirabbit/guinea pig IgG at 1:400 dilution (Vector)
and then streptavidin-biotinylated horseradish peroxidase com-
plex (1:500; Amersham Biosciences, Buckinghamshire, UK) for
1 h, respectively. To visualize the labeling of neurons, the sections
were preincubated in a chromogen solution (1 mg/ml 3,3’-dia-
minobenzidine in 25 ml 0.1 M PB) for 10 min and 30% H,O,
(1:5000) for 2 min, giving a brown stain in the neurons of in-
terest. Sections were mounted on gelatin-coated slides, dried
overnight, dehydrated, and coverslipped with dibutyl phthalate
xylene. A negative control (no antiserum) was performed with
each set.

Retrograde labeling of cells in the ARC with
FluoroGold injection in the LHA

We have reported projections from the ARC to the PVN and
the VMN in the sheep (16, 36) but not projections from the ARC
to the LHA. Because this is of relevance to the question as to
whether cells of the LHA are second-order neurons receiving
input from the ARC, we performed the relevant study. In par-
ticular, we determined the number of NPY and POMC cells in
the ARC that are retrogradely labeled when a retrograde tracer
(FluoroGold) is microinjected into the ARC. The details of the
injection sites in the lateral hypothalamus of five animals are
given in a recent publication (36). The POMC and NPY cells of
the ARC were immunostained as above.

Photography and cell counts

The number of cells that showed Fos immunoreactivity were
imaged using Image Pro Plus 6.0 (Media Cybernetics, Silver
Spring, MD). Bilateral counts were made from anatomically
matched sections of each nucleus. To estimate the number of
double-labeled neurons, images were captured and cells were
counted manually. A double-labeled cell was deemed Fos posi-
tive when the brown cytoplasmic staining completely sur-
rounded the Fos-stained nucleus. Photomicrographs were made
with images captured on an AxioCam MR microscope (Carl
Zeiss, Inc., North Ryde, Sydney, Australia) and were grouped
into plates using Adobe PhotoShop CS3. Only brightness and
contrast were adjusted.
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TABLE 1. The effect of HPD on the number of cells in the hypothalamus
Total number of cells
Group n ORX MCH CRH oT
ARC-intact saline 4 400 = 34.0 1760 = 160.7 559 + 273.4 1172 = 188.5
ARC-intact leptin 4 428 + 354 2060 = 195.9 756 £ 261.8 1144 = 149.0
HPD saline 4 330 £51.3 2137 = 170.1 1109 = 342.5 443 + 92,57
HPD leptin 4 416 £ 67.5 2000 = 143.8 861 = 175.2 555 + 91.2¢

The table shows group means * sem for the total number of orexin (ORX), MCH, CRH, and oxytocin (OT) cells in three sections per animal in the

relevant regions of the hypothalamus.
2 P < 0.01 with both ARC-intact groups.

Statistics

Statistical analyses were performed with SPSS 15.0 (SPSS,
Chicago, IL). The data were analyzed by single-factor and the
least significant differences test for post hoc comparisons.

Results

HPD: ablation of the ARC

The HPD operation caused bilateral destruction of the
ARC in all cases, and this region was replaced by granu-
lation and scar tissue (Fig. 1). In two animals, the lesion
encroached marginally on the medial-ventral portion of
the VMN. The HPD operation did not affect the number
of cells in the hypothalamus that immunostained for
CRH, orexin, or MCH but reduced (P < 0.01) the total
number of cells immunostained for oxytocin (parvocellu-
lar and magnocellular) (Table 1).

Fos labeling in the ARC
Fos labeling was observed in the ARC of the ARC-
intact, leptin-treated animals (Fig. 2), with increased (P <

0.01) labeling in both the lateral and ventral regions of the
nucleus compared with vehicle-treated animals (Fig. 3, A
and B). As previously reported (15), NPY cells are seen in
the medial and ventral regions of the nucleus, whereas
POMC cells are in the lateral regions. Double-label im-
munohistochemistry showed that Fos labeling in NPY
cells in leptin-treated animals was reduced (P < 0.01)
when compared with their saline-treated counterparts but
increased (P < 0.01) in POMC cells (Fig. 4, A and B; for
examples of double immunolabeling, see Fig. 6).

Fos labeling in the LHA (orexin and MCH cells)
Ablation of the ARC increased the number of Fos-positive
cells (P < 0.01) in the LHA (Figs. 3C and 5, A-E). Leptin
treatment increased (P < 0.05) Fos labeling in the LHA of the
ARC-intact animals compared with the saline-treated ARC-
intact sheep. Leptin failed to increase Fos immunostaining
beyond that attributed to ARC ablation (Fig. 3C). Double
labeling was performed to determine the extent of involve-
ment of orexin and MCH cells (Figs. 4, C and D, and 6). In
HPD vehicle-treated animals, the percentage of orexin cells
containing Fos was lower (P < 0.01),
whereas the percentage of MCH cells

containing Fos was higher (P < 0.01)
compared with that of ARC-intact vehi-
cle-treated animals. Leptin treatment re-
duced (P < 0.01) Fos expression in
orexin cells irrespective of the status of
the ARC. Leptin treatment, however, in-
creased (P < 0.01) Fos expression in
MCH cells in ARC-intact animals, but
this effect was abolished in the HPD

group.

Fos labeling in the VMN
There was no effect of HPD surgery

FIG. 2. Examples of Fos-immunostained neurons in the ARC of the ovine brain after leptin or
vehicle treatment in ARC-intact animals. A, Schematic diagram illustrating the lateral (latARC)
and ventral (vARC) regions of the ARC depicted in the grayscale photomicrographs (B—E).
Representative photomicrographs are presented for the lateral ARC in saline-treated (B) and
leptin-treated (C) animals as well as the ventral ARC in saline-treated (D) and leptin-treated (E)
animals. fx, Fornix; mt, mammillothalamic tract; 3V, third ventricle.

on the number of Fos-positive neurons
in the VMN (Figs. 3D and 5, K-O), but
leptin treatment increased (P < 0.01)
Fos levels in both HPD and AR C-intact

animals.
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FIG. 3. The number of Fos-labeled neurons (mean = sem) in dlfferent
hypothalamic nuclei after leptin (black bars) or vehicle (white bars)
treatment of either HPD or ARC-intact animals. The broken lines
indicate significant differences of P < 0.05; the solid lines indicate
significant differences of P < 0.01.

Fos labeling in the DMH (orexin cells)

There was no effect of HPD surgery on the number of
Fos-positive cells of the DMH (Figs. 3E and 5, F-]). Leptin
treatment increased (P < 0.01) Fos labeling in the DMH
of both ARC-intact and HPD sheep (Fig. 5K). Similar to
the LHA, the percentage of orexin cells containing Fos was
lower (P < 0.01) in HPD vehicle-treated animals com-
pared with ARC-intact vehicle-treated controls (data not
shown). Furthermore, leptin treatment reduced (P < 0.01)
the percentage of orexin cells expressing Fos in both HPD
and ARC-intact groups (data not shown).

Fos labeling in the PVN (CRH and oxytocin cells)
There was no effect of HPD surgery on the number of
Fos-expressing cells in the PVN (Figs. 3F and 5, P-T).
Leptin treatment increased Fos labeling in the PVN in both
ARC-intact (P < 0.05) and HPD (P < 0.01) animals. We
further detailed the effect in the PVN by examining Fos
labeling in the parvocellular cells that express either CRH
or oxytocin. Our study was restricted to the parvocellular
cells because Fos immunostaining was confined to the re-
gion along the third ventricle, in which the parvocellular
neurons are found (37). In ARC-intact animals, leptin
treatment increased (P < 0.01) the percentage of CRH
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FIG. 4. The percentage of activated (Fos-positive) neurons (mean +
sem) of particular neurochemical content after leptin (black bars) or
vehicle (white bars) treatment in animals with an intact ARC or after
HPD. The broken line indicates significant differences of P < 0.05; the
solid lines indicate significant differences of P < 0.01. ORX, Orexin;
OT, oxytocin.

cells containing Fos, and this effect was abolished by HPD
operation (Figs. 4E and 6). By comparison, there was a
tendency to increase (P < 0.1) the percentage of leptin-
responsive oxytocin neurons, and this effect was enhanced
after HPD (Figs. 4F and 6).

Retrograde labeling of cells in the ARC with
FluoroGold injection in the LHA

No POMC cells were retrogradely labeled in the ARC
after FluoroGold injection in the lateral hypothalamus,
and only a small percentage (2%) of NPY cells was ret-

rogradely labeled (Table 2).

Discussion

We have employed a novel surgical approach to determine
the extent to which the response of hypothalamic cells to
leptin requires the presence of the ARC. Various cells of
the ovine hypothalamus show a robust response to pe-
ripheral leptin measured by elevated or decreased levels of
Fos expression. We demonstrate that responses of cells in
the LHA to leptin are relayed by the ARC, whereas leptin
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FIG. 5. Examples of Fos-immunostained neurons in different nuclei/areas of the ovine hypothalamus after leptin or vehicle treatment in
ARC-intact and HPD animals. Fos-positive neurons are shown within the LHA (A-E), DMH (F-J), VMN (K-0), and the PVN (P-T). fx, Fornix; mt,

mammillothalamic tract; 3V, third ventricle.

can act directly at the PVN, VMH, and DMH. Thus, con-
vincing evidence has been obtained to show that cells in
various regions of the hypothalamus respond to leptin in
the absence of the ARC, supporting earlier studies that
show that the first-order/second-order model of leptin sig-
naling requiring a primacy of action in the ARC is not an
exclusive mechanism for leptin action on appetite-regu-
lating centers.

There are several approaches that can be employed to
eliminate the ARC. Given its small size and mediobasal
position closely adjacent to the third ventricle, bilateral
lesions that are restricted to the nucleus have not been
widely successful in rodents. The HPD operation in sheep,
which involves complete destruction of the ARC bilater-
ally, causes animals to gain weight through increased ad-
iposity and dysregulation of the seasonal control of food
intake (31). On the other hand, the use of the neurotoxin,
monosodium glutamate (MSG) to destroy the ARC yields
variable results with respect to body weight. For example,
it has been shown that after the partial destruction of the

ARC by MSG treatment, animals display reduced weight
gain, body fat mass, and plasma leptin levels (38). This is
interpreted as arising from a sparing of the anorexigenic
POMC neurons and a subsequent increase in energy ex-
penditure without reduction in energy intake (39). This
result is not universal, however, and in fact, most studies
employing MSG lesions of the ARC result in a tendency
toward obesity with a lesion that involves both orexigenic
and anorexigenic neurons (40). Nonetheless, the ability of
leptin to induce satiety is attenuated in MSG-treated rats
(41). In both models, the importance of the ARC is dem-
onstrated, but both orexigenic and anorectic neurons of
this region are removed in our ARC ablation model.
The HPD operation that we used in this study is such
that the hypothalamo-neurohypophysial tract is sectioned
and the posterior lobe of the pituitary gland atrophies
(30). The HPD operation totally sections all neurons pro-
jecting to the posterior lobe, including the oxytocin pro-
jections and this could be a cause of a reduction in oxy-
tocin cell numbers in the hypothalamus in the HPD
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FIG. 6. Colocalization of various neuropeptides (diffuse cytoplasmic
labeling indicated by either black or white arrows) and Fos
immunostaining (dense nuclear label indicated by black arrows) after
leptin administration. The black arrows indicate double-labeled
neurons, and the white arrows represent neuropeptide staining in cells
without Fos. ORX, Orexin; OT, oxytocin.

animals. This effect of the operation does not invalidate
our results, because we were able to compare intact and
HPD animals treated with either vehicle or leptin, and we
confined our counting procedures to the region of the PVN
where parvocellular neurons are found.

In general terms, there were discrepancies between the
number of cells within a particular region that showed a
fos response to leptin when cells of a specific type (in the
same region) showed an opposite response. For example,
in animals with an intact ARC, leptin caused a consistent
increase in the number of fos-positive cells, whereas the

TABLE 2. Percentage of NPY cells in the ARC that
project to the lateral hypothalamus

Sheep no. % NPY cells retrogradely labeled
100 2.3 (4/173)
14 1.2 (3/243)
308 2.8 (4/142)
318 0.8 (2/237)
326 1.1 (3/265)
Mean = sem 1.7+04

The numerator in the parentheses is the number of NPY cells retrogradely
labeled in the ARC when FluoroGold was injected into the lateral
hypothalamus, and the denominator is the total number of the NPY cells
observed in three sections. These data are taken from the animals
described in elsewhere (36).
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number of NPY cells that were fos positive was signifi-
cantly lowered by leptin. The obvious deduction from this
is that cells other than those producing NPY (POMC and
other) showed increased fos labeling. The identity of all
cell types in the ARC that respond to leptin remains to be
determined. Importantly, in the present study, we showed
that the basal fos activity in NPY cells is reduced by leptin
in the hypothalamo-pituitary intact animal, consistent
with the anorexigenic action of leptin.

Our primary objective was to ascertain whether leptin
may cause activation of hypothalamic cells in the absence
of the ARC. Whereas this could be due to direct action on
these cells, the possibility also exists that cells of the brain-
stem that project to the relevant cells of the hypothalamus
may respond to leptin and cause activation. In this regard,
we have documented projections of brainstem cells to the
PVN (16) and the lateral hypothalamus (36). Leptin-re-
ceptive cells have been identified in the brainstem of ro-
dents (42,43) but not in sheep, and to conduct a systematic
study of how such cells might be involved, combined neu-
ral tracing, fos labeling, and identification of cell types
would be required; this was beyond the scope of the
present study, which was specifically designed to test the
first-order/second-order hypothesis of leptin signaling in
the hypothalamus.

Leptin action at the LHA is relayed via the ARC
Ablation of the ARC impacted on cells of the LHA, such
that increased Fos labeling was seen in HPD animals. This
suggests that the ARC predominantly provides tonic in-
hibition to the LHA, probably via POMC neurons, which
are known to project to the LHA in rats and humans (13,
14). Our neuronal tracing results, however, show that the
projections from the ARC to the LHA are not substantial
in the ovine brain, and any direct input appears to be
provided by the NPY neurons. Further substantiation of
the weak connection between the ARCand the LHA in this
species is the reported low level of melanocortin receptors
in the latter (44). It seems unlikely, therefore, that in-
creased activity of cells in the LHA after HPD is due en-
tirely to removal of melanocortin signaling. In sheep, the
LHA receives moderate projection from the VMN, DMH,
and PVN (Y. Qi and L.J. Clarke, unpublished observa-
tions). These nuclei receive input from the ARC and also
respond directly to leptin challenge (15, 16, 36), which
indicates that the ARC may influence the LHA via an
intermediary nucleus. We conclude that the cells of the
ARC do not substantially dictate the function of the
LHA in the sheep in a direct manner. One possible ex-
planation of the increased Fos labeling in the LHA after
removal of the ARC is that the LHA provides a degree
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of redundant function in terms of appetite regulation so
that removal of the ARC results in increased activity in
the LHA to maintain homeostatic control.

Leptin effects in the DMH, VMH, and PVN are not
relayed through the ARC

Cells in the DMH, VMH, and PVN responded to leptin
irrespective of the presence or absence of the ARC,
strongly supporting the case for direct action of leptin in
these regions. Our observations of response of cells in the
DMH and VMH are consistent with radioisotope binding
studies in rodents, wherein leptin has been shown to bind
to cells in these regions (45). Reduced binding of radiola-
beled leptin in the DMH and VMH is evident in animals
that are susceptible to diet-induced obesity (45), thus dem-
onstrating that direct leptin action at these regions is likely
to be important in determining individual susceptibility to
obesity. This notion has been consolidated, at least for the
VMH, whereby gene mutation studies have demonstrated
that disruption of SF-1 in cells that contain leptin receptors
significantly impairs leptin effects on satiety and body
weight (28). In contrast, there is little evidence in rodents
to support a direct effect of leptin on cells in the PVN, and
the effect of leptin at this level is thought to be relayed
through the ARC (reviewed in Ref. 8). Furthermore, neu-
ronal tracing studies in sheep have demonstrated that
strong connections extend from the ARC to the PVN (16).
It must be noted, however, that further characterization of
the chemical phenotype of cells (vide infra) unmasks a
directrelationship between the ARC and the PVN. In sum-
mary, convincing evidence has been obtained to show that
cells in various regions of the hypothalamus respond to
leptin in the absence of the ARC, suggesting that the first-
order to second-order model of leptin signaling (reviewed
in Refs. 8 and 9) is not an exclusive mechanism for leptin
action on appetite-regulating centers.

Neuropeptidergic characterization of
Fos-responsive neurons

Despite the evidence, discussed above, providing an al-
ternative to the exclusivity of the ARC in the mediation of
the effects of peripheral leptin, it is well accepted that lep-
tin acting on specific cells in this nucleus plays a major role
in regulation of appetite and energy expenditure. In the
present study, NPY cells showed reduced activity and
POMC cells showed increased activity, as indicated by Fos
labeling. This is consistent with the orexigenic properties
of the former and the anorectic properties of the latter as
well as the satiety inducing effect of leptin (12, 46, 47)
(reviewed in Refs. 8, 9, and 46). It has been shown previ-
ously that leptin increases Fos labeling in cells of the rat
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hypothalamus (48, 49). In the study of Elias e al. (48), Fos
labeling in the ARC was localized to cells producing co-
caine- and amphetamine-related transcript (CART) and
neurotensin. Cocaine- and amphetamine-related tran-
scriptis colocalized in cells that produce the melanocortins
in the rat brain (50), and as such, these results are consis-
tent with our present findings in the ovine brain, showing
increased Fos labeling in POMC cells. Previous work in
rodents has demonstrated a lack of effect of leptin on Fos
expression in NPY cells (14). Increased Fos labeling of
neurons is commonly used to show activation of cells, but
a reduction in basal levels of Fos in neurons is less com-
monly reported. In this regard, it is salient to note that Fos
labeling in hypothalamic nuclei such as the suprachias-
matic nucleus and the PVN is reduced under some cir-
cumstances (51-53). A good example of this is the reduc-
tion in Fos labeling seen in the PVN with naltrexone
treatment (54). The reduction in Fos labeling in NPY cells
after iv leptin is also consistent with reduced NPY gene
expression after leptin administration to sheep (4) as well
as other species (48, 49, 55) (reviewed in Ref. 56). The
results of the present paper reinforce the fact that leptin
increases activity of POMC cells and reduces activity of
NPY neurons (12, 57).

Removal of the ARC elicited opposing effects on orexin
and MCH neurons, such that HPD sheep exhibited a re-
duced Fos labeling in the former and increased Fos label-
ing in the latter. Analysis of orexin cells in the DMH was
consistent with the observations in the LHA. This effect
was also seen after leptin treatment, whereby leptin re-
duced the percentage of orexin cells containing Fos in
HPD and control animals, but increased the percentage of
MCH cells containing Fos, albeit in ARC-intact animals
only. Although both MCH and orexin are characterized as
orexigenic peptides (58, 59), the effects of these peptides
on other functions such as arousal, sleep/wake cycles, and
energy expenditure are thought to be divergent. Studies in
rodents have demonstrated that orexins increase energy
expenditure (60), whereas MCH reduces energy expendi-
ture (61, 62). In addition, electrophysiological studies
have demonstrated increased activity of orexin cells dur-
ing periods of arousal, but MCH cell activity is increased
during sleep (63). Furthermore, we have previously dem-
onstrated different effects of altered adiposity on expres-
sion of genes for these two peptides. In lean ewes, expres-
sion of MCH mRNA is increased (64), but orexin mRNA
levels are similar to animals of normal body weight (65).
Given the apparent divergence in function of the MCH
and orexin cells, it is not all that surprising that we see
different effects of HPD surgery and leptin treatment on
Fos expression in these cell types.
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An important point to note was that in ARC-intact
animals, leptin treatment increased Fos expression in
MCH cells. In rodents, leptin treatment reduces MCH
mRNA expression, consistent with the effect of leptin to
reduce food intake and increase energy expenditure (66).
We have previously reported increased MCH mRNA lev-
els in sheep made lean via chronic food restriction (64),
and MCH mRNA levels were inversely correlated to ad-
iposity in genetically fat and lean sheep (67). In the current
study, however, leptin treatment activated MCH neurons,
which is counterintuitive to the effects of leptin and MCH
on food intake. Furthermore, the effect of leptin on Fos
expression in MCH cells was abolished in HPD animals.
This demonstrates that unlike orexin, where effects of leptin
werenotrelayed through the ARC, effects on MCH cells may
have been effected via this nucleus. In fasted rodents, the
increase in MCH mRNA is not directly linked to reduced
melanocortin signaling (68), and effects may be mediated via
the NPY cells. Nonetheless, as noted above, in sheep, few
projections have been found to extend from the ARC directly
to the LHA (vide supra), and therefore, the specific neuronal
connectivity linking the ARC to the MCH neurons in the
LHA in sheep requires further clarification.

In regard to the action of leptin via POMC and NPY
neurons of the ARC, we inferred that this might involve
demonstrated projections to the PVN (69-72). We have
shown that removal of the ARC alters the response to
peripheral administration of leptin in both CRH and oxy-
tocin cells. Leptin administration increased the percentage
of CRH cells containing Fos in ARC-intact animals only,
indicating that effects of leptin on the CRH system are
relayed via the ARC. In contrast, ablation of the ARC
unmasked an effect of leptin on oxytocin neurons, where
leptin treatment increased the percentage of oxytocin cells
containing Fos in the HPD group alone. Thus, the current
data demonstrate that the neural connection between the
ARC and the PVN provide excitatory input to the CRH
neurons, but inhibitory inputs to the oxytocin cells.

Conclusion

Removal of the ARC per se had an effect on the function
of cells in other hypothalamic nuclei that are involved in
energy balance, indicating its fundamental importance in
overall homeostasis. In addition, we have clearly demon-
strated that removal of the ARC can affect the response to
leptin in some hypothalamic cell types but not others.
These data are consistent with the notion that the ARC has
a primary place in the central response to leptin, but par-
ticularly emphasizes the additional view that overall hy-
pothalamic response to leptin involves an integrated re-
sponse including direct action at the level of various
appetite-regulating centers.
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