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Ghrelin-immunopositive hypothalamic neurons tie
the circadian clock and visual system to the
lateral hypothalamic arousal center
Tamas L. Horvath a,b,*, Alfonso Abizaid g, Marcelo O. Dietrich a, Ying Li c,1, Joseph S. Takahashi d,2,
Joseph Bass e,f
ABSTRACT
Ghrelin, a circulating gut-hormone, has emerged as an important regulator of growth hormone release and appetite. Ghrelin-immunopositive
neurons have also been identified in the hypothalamus with a unique anatomical distribution. Here, we report that ghrelin-labeled neurons
receive direct synaptic input from the suprachiasmatic nucleus, the central circadian timekeeper of the brain, and lateral geniculate nucleus, a
visual center, and project synaptically to the lateral hypothalamic orexin/hypocretin system, a region of the brain critical for arousal.
Hypothalamic ghrelin mRNA oscillates in a circadian pattern peaking in the dark phase prior to the switch from arousal to sleep. Ghrelin inhibits
the electrophysiological activity of identified orexin/hypocretin neurons in hypothalamic slices. These observations indicate that the
hypothalamic neurons identified by ghrelin immunolabeling may be a key mediator of circadian and visual cues for the hypothalamic arousal
system.

& 2012 Elsevier GmbH. All rights reserved.
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INTRODUCTION

Ghrelin is an endogenous ligand of the growth hormone secretagogue
receptor (GHS-R; [15]) that affects growth hormone release as well as
appetite and energy expenditure [15,28,32,22]. Ghrelin is produced in
the stomach and was also reported in the hypothalamus [15,28,32,22,6],
sites that are consistent for the involvement of this peptide in the central
regulation of both growth hormone release and energy homeostasis
[15,12,13,6]. While it remains controversial, the hypothalamic distribution
of ghrelin-immunolabeled neurons. Cowley et al. [6] argued for a diverse
function of this population of distinct neurons. In particular, the
observation that ghrelin-immunopositive neurons occupy a cell-sparse
zone between distinct hypothalamic areas, including the paraventricular-,
ventromedial, arcuate, and dorsomedial nuclei and the lateral hypotha-
lamus, suggests that these cells may play a role in synchronizing the
activity of these key brain sites in homeostatic, endocrine and autonomic
regulation.
Synchronization of brain functions occurs at different temporal scales.
One of the key entrainments of central and peripheral mechanisms is
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that coordinated to the daily or circadian rhythm. The master clock
that generates circadian rhythms is located in the hypothalamic
suprachiasmatic nucleus (SCN; [20]). While this hypothalamic struc-
ture generates circadian rhythms, it is affected by light, which serves
as a dominant zeitgeber entraining diverse neuronal clocks to
geophysical time. The SCN has an intrinsic rhythm approximately
24 h in length and receives direct retinal projections and indirect
visual input from the intergeniculate leaflet (IGL) of the lateral
geniculate nucleus (LGN) of the thalamus ([25,19,20,24,4,17]. It is
thought that the SCN conveys circadian information to the rest of the
brain via neuronal projections ([25,19,20,24,4,17]. The main target
site of direct SCN efferents is the hypothalamic sub-paraventricular
zone (Sub-PVN; [29,9]) that also receives visual input from the
thalamus [10]. Lesions of the SubPVN eliminate many circadian
rhythms that originate in the SCN indicating that the Sub-PVN is a key
relay station for the integration of circadian/visual signals to brain
function [30,18,21]. Strikingly, the Sub-PVN overlaps the location of
the brain where ghrelin-producing neurons are found, thus, raising
the possibility that the ghrelin producing neurons integrate circadian-
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visual signals for the regulation of other hypothalamic regions [6,7].
The present study investigated this proposition by determining
afferent and efferent projections of the ghrelin-immunopositive
neurons and their effect on electrophysiological properties of post-
synaptic targets.
MATERIALS AND METHODS

The Institutional Animal Care and Use Committee at Yale University
approved all of the procedures on animals described here.
Track-tracing and light and electron microscopic immunolabeling
SCN and LGN efferents were traced with Phaseolus vulgaris
leucoagglutinin (PHA-L) in rats (250 g male Sprague-Dawley rats,
Charles River; n¼8). This anterograde tracer was injected iontophor-
etically into the SCN and LGN as described by Horvath [9,10]. Multiple
labeling light and electron microscopic visualizations of tissue
antigens were done using either different color and electro dense
immunoperoxidase reactions, double immunofluorescence, or the use
of the combination of immunoperoxidase and immunogold. Immuno-
gold labeling was done either before embedding for electron
microscopic analysis [11] or post-embedding on ultrathin sections
as described earlier [6]. The antisera against PHA-L, ghrelin
and orexin/hypocretin and their controls are described elsewhere
[9–11, 16].
Fig. 1: SCN innervation of ghrelin neurons. (a) The anterograde tracer, PHA-L, was injected into the SCN (bar scale

represents 100 mm). (b) PHA-L-labeled SCN efferents were abundant in the cell-sparse area of the hypothalamus an area

that also contained ghrelin-immunopositive neurons (see Fig. 3a). Bar scale represents 100 mm. (c–d) SCN efferents in this

area arborized into putative axon terminals (arrows on c) that were frequently in direct apposition (arrows on d) to ghrelin-

immunoreactive cell bodies (bar scale represents 10 mm). (e–f) Electron microscopic analyses of putative contacts showed

symmetrical synaptic contacts between PHA-L-labeled, SCN efferents and immunogold labeled (arrowheads) ghrelin perikarya

(bar scale on f represents 1 mm for both e and f). Ghrelin-immunopositive neurons are distributed in a continuum between

the PVN, ARC, DMH and LH. These are targeted by both SCN and LGN efferents as revealed by anterograde tracing (see

panels of a and c). III: third ventricle; bar scale on b represents 100 mm. oc: optic chiasm; VMH: ventromedial hypothalamic

nucleus; DMH: dorsomedial hypothalamic nucleus; ARC: arcuate nucleus.
Real time PCR analysis of ghrelin mRNA in the hypothalamus
Adult male C57BL/6J mice were maintained on light:dark (LD)
12 h:12 h cycle for 2 weeks and then sacrificed every 6 h beginning
at ZT 0 (defined as lights on) for 24 h. The medial basal hypothalamus
was dissected rapidly and frozen on dry ice (n¼3 at each time point).
Total RNA was extracted from the frozen sample with Tri reagent diluted
to 0.1 mg/ml, and used in TaqMan real-time EZ RT-PCR (Applied
Biosystems, Foster City, CA). Transcript analysis was determined using
the comparative amplification detection threshold of target gene
expression (CT) on an ABI 7700 Sequence Detector and mRNA relative
abundance (2�DDCT) was determined by normalization to GAPDH
mRNA levels (DCT) and comparison to the average normalized level
(DDCT). Probe and primer sets were designed with Primer Express
(Applied Biosystems) with forward and reverse primers located in
different exons.
Electrophysiology
Whole cell recordings were made from hypocretin/orexin neurons
identified by GFP expression under control of the hypocretin promoter
([16]; from Dr. T. Sakurai). The bath solution consisted of (in mM):
NaCl, 124; KCl, 3; CaCl2, 2; MgCl2, 2; NaH2PO4, 1.23; NaHCO3, 26;
glucose, 10; pH, 7.4 with NaOH, and was continuously bubbled with
5% CO2 and 95% O2. The pipette solution contained (in mM):
KMeSO4, 145; MgCl2, 1; Hepes, 10; EGTA, 1.1, Mg-ATP, 2; Na2-GTP,
0.5, pH 7.3 with KOH. In current clamp, neurons were held at resting
membrane potential, generally near �60 mV. A Heka EPC9 amplifier
was used on an upright Olympus BX51WI microscope with IR-DIC
optics and a FITC filter cube to detect GFP-expressing hypocretin/
orexin neurons.
80 MOLECULAR METAB
RESULTS

SCN and IGL innervation of hypothalamic ghrelin-immunopositive cells
To determine whether circadian and secondary visual projections
innervate ghrelin-immunopositive neurons, the anterograde tracer,
P. vulgaris leucoagglutinin (PHA-L), was injected into either the SCN
or the IGL of the LGN (Fig. 1a and Fig. 2b). Both of these regions gave
rise to hypothalamic projections corresponding to earlier descriptions
[29,10]. As we reported previously [10], SCN and IGL efferents project
with an overlapping distribution to the hypothalamus, with the most
extensive SCN and IGL terminals present in the Sub-PVN (Fig. 1a and
c). The same area contains the majority of ghrelin-immunoreactive
neurons (Fig. 3a). Axon terminals originating in both the SCN and LGN
were in close proximity to ghrelin perikarya (Figs. 1 and 2). Electron
OLISM 1 (2012) 79–85 & 2012 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



Fig. 2: IGL innervation of ghrelin neurons. a–b. The anterograde tracer, PHA-L, was also injected into the IGL (b; bar scale

represents 100 mm) of the thalamic LGN. PHA-L-labeled IGL efferents were equally represented in the cell-sparse area of the

hypothalamus as were SCN fibers (a; bar scale represents 100 mm). c–d. IGL efferents in this area arborized into putative

axon terminals (arrows on c) that were frequently in direct apposition (arrows point to dark boutons on d) to ghrelin-

immunoreactive (light brown labeling) cell bodies (bar scale represents 10 mm). e. Electron microscopic analyzes of putative

contacts showed symmetrical synaptic contacts between PHA-L-labeled, IGL efferents and immunogold labeled (arrowheads)

ghrelin perikarya (bar scale represents 1 mm). oc: optic chiasm; VMH: ventromedial hypothalamic nucleus; DMH:

dorsomedial hypothalamic nucleus; ARC: arcuate nucleus.

Fig. 3: Circadian oscillation of hypothalamic ghrelin mRNA. (a) Distribution of ghrelin-immunoreactive neurons in the

hypothalamus. (b) Measurement of the relative abundance of ghrelin mRNA in the hypothalamus shows circadian rhytmicity in

parallel with the circadian expression pattern of the mRNA of BMAL.
microscopic analysis revealed that SCN and IGL efferents established
symmetrical synaptic contacts on ghrelin-immunoreactive cell bodies
and dendrites (Figs. 1 and 2).

Circadian oscillation of ghrelin mRNA in the hypothalamus
We analyzed ghrelin mRNA expression in the hypothalamus throughout
the 24-h day using real time RT-PCR . This analysis confirmed
that ghrelin mRNA is expressed within the hypothalamus ([15,28,32];
Nakasato et al., 2001; [6]). Its expression increased greater
than 2.5-fold during the dark period at ZT 18, in parallel with an
increase in the expression of Bmal1 (Fig. 3b), a basic helix loop helix
transcription factor that is a core component of the intrinsic circadian
clock [3].

Ghrelin-immunolabelled axons innervate orexin neurons
One of the areas of the brain that is most heavily targeted by ghrelin-
immunoreactive projections is the lateral hypothalamus-perifornical
region (Fig. 4a and b). Thus, we sought to determine whether ghrelin-
MOLECULAR METABOLISM 1 (2012) 79–85 & 2012 Elsevier GmbH. All rights reserved. www.molec
labeled projections innervate lateral hypothalamic orexin/hypocretin
neurons. Ghrelin-immunopositive fibers were frequently found to be in
close apposition to orexin cell bodies and dendrites (Fig. 4c and d).
Electron microscopy revealed that the synaptic membrane specializations
of these contacts were symmetrical (Fig. 4e and f), typical of inhibitory
synapses.
Ghrelin inhibits the activity of orexin neurons
We analyzed the effect of ghrelin on the electrophysiological properties
of orexin/hypocretin neurons (Fig. 5). This analysis was performed on
slices of transgenic mice in which orexin/hypocretin neurons are
selectively labeled with green fluorescence protein (GFP; [16]). Ghrelin
ularmetabolism.com 81



Fig. 4: (a) Ghrelin-immunolabeled efferents are abundant in the perifornical region. Bar scale represents 100 mm. (b) Ghrelin-immunoreactive neurons (red fluorescence) are distinct from the lateral hypothalamic orexin/hypocretin neurons (green

fluorescence). Bar scale represents 100 mm. (c) In the lateral hypothalamus-perifornical region, ghrelin-immunolabeled axon terminals (arrowheads) are in close proximity to orexin/hypocretin-producing perikarya. Bar scale represents 10 mm. (d) Ghrelin-

immunopositive boutons (arrowheads) were also associated with orexin/hypocretin dendrites. (e) Electron micrograph showing direct apposition between a ghrelin-immunoreactive axon terminal and an orexin/hypocretin-labeled (arrowheads point to

immunogold) perikaryon. Bar scale represents 1 mm. (f) Electron micrograph showing direct apposition between a ghrelin-immunoreactive axon terminal (arrowheads point to large immunogold particles representing ghrelin immunoreactivity with

postembedding labeling) and an orexin/hypocretin-labeled (immunoperoxidase) perikaryon. Bar scale represents 1 mm.

Original article
was applied by flow pipette to mouse hypothalamic slices. In current
clamp, the frequency of action potentials was substantially decreased
by ghrelin (0.5 mM) by 7278% (from mean 2.370.2 Hz SEM; range
1.3 Hz–3 Hz) to 0.7 Hz70.2 Hz; (range from 0 to 1.7 Hz; n¼11,
Po0.01) (Fig. 5a). After washout, spike frequency recovered to
1.970.1 Hz (range 1–2 .7 Hz). Ghrelin (0.5 mM) hyperpolarized the
membrane potential from �6170.7 mV (range �57 mV to 65 mV)
to �6671.3 mV (range from �59 to �75 mV, n¼11, Po0.05),
and this recovered to �6271 mV after washout. Lower concentra-
tions of ghrelin (100 nM) evoked a more modest inhibition of spikes
(from 2.670.3 Hz to 1.970.1 Hz, mean decrease 2575%,
Po0.05) and hyperpolarized the membrane potential from
�6272.4 mV to �6572.1 mV (n¼6). To test whether ghrelin
had a direct effect on hypocretin neurons, input resistance, mem-
brane potential, and current voltage relations were tested in the
presence of 0.5 mM tetrodotoxin to block spike-dependent synaptic
activity; no detectable effect on these parameters was identified
(n¼6) (Fig. 5c). We then tested the hypothesis that ghrelin might
exert an inhibitory effect by attenuating excitatory synaptic input to
hypocretin cells. Ghrelin 0.5 mM decreased the frequency of sponta-
neous EPSCs (mean decrease to 7279.4%, range 41–95 %, n¼5,
Po0.05) and recovered to 8675.2% (Fig. 5d). To test whether
ghrelin might act presynaptically, we studied miniature EPSCs
recorded from hypocretin neurons. Ghrelin decreased the frequency
of mEPSCs (mean decrease to 66711%, range 26–91 , n¼5,
Po0.05), which recovered to 8576.9% after wash out, but had no
effect on the cumulative probability distribution (Fig. 5e), suggesting
ghrelin induced a presynaptic inhibition of glutamate release onto
hypocretin neurons.
DISCUSSION

The current anatomical observations established the hypothalamic
ghrelin-immunolabeled neuronal population as a main target of
circadian (SCN) efferents and secondary visual afferents (IGL). The
convergence of SCN and IGL efferents onto hypothalamic ghrelin-
immunoreactive neurons and circadian oscillation of hypothalamic
82 MOLECULAR METAB
ghrelin mRNA suggest that these neurons may couple (by their
projections) light-dark cycle-entrained circadian rhythms with hypotha-
lamic processes, including the regulation of sleep/wake cycles. Indeed,
we and others [27] found that a major efferent projection of
hypothalamic ghrelin-immunoreactive neurons is onto lateral hypotha-
lamic orexin cells. While the region including the subparaventricular
zone and dorsomedial nucleus, where ghrelin-labeled neurons are
located, are the main hypothalamic projection fields of both the SCN
and the thalamic ventral lateral geniculate body [2,29,10], the SCN was
shown to send direct projections to lateral hypothalamic orexin neurons
as well as in Ref. [1] suggesting a complex anatomical circuitry for
circadian regulation for arousal.
The orexin/hypocretin system is a dominant regulator of sleep/wake
cycles [5,14] of which activation is critical for arousal. Our physiological
observations showed a robust suppression of orexin neuronal
activity by ghrelin with a presynaptic mode of action. This latter
observation is consistent with our previous ghrelin binding results that
showed predominant association of labeled ghrelin with presynaptic
terminals rather than postsynaptic membranes in the lateral hypotha-
lamus [6]. Based primarily on isolated neurons, Yamanaka et al. [33]
suggested that ghrelin have excitatory actions on isolated
hypocretin cells. As the 27 hypocretin neurons tested in the present
study in hypothalamic slices showed a consistent ghrelin mediated
inhibition, as evidenced by a decrease in spike frequency, membrane
hyperpolarization, and decrease in excitatory synaptic input, it us
unclear whether the difference between the present work and the other
work on ghrelin is based on acutely dissociated cells vs. slices,
differences in ghrelin synthesis, neuronal state, or some other
as yet undetermined factor. Other transmitters or modulators appeared
to have similar action in slices and cultured hypocretin neurons [33,16].
The observed inhibitory tone of ghrelin on orexins neurons corresponds
to ghrelin’s suppression of locomotor activity [26], and, it is also in line
with the observation that ghrelin promotes slow-wave sleep [31]. In this
regard, it was intriguing to note that the suppression of locomotor
activity and the induction of feeding by ghrelin does not occur in
parallel: feeding was increased at the beginning of the dark-phase
while the decrease in locomotor activity only became apparent 4 h into
the dark-phase, which then remained suppressed throughout the 48 h
OLISM 1 (2012) 79–85 & 2012 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



Fig. 5: (a) Application of ghrelin (0.5 mM) blocks spikes in this hypocretin/orexin neuron. (b) Bar graph showing ghrelin reduces spike frequency (*po0.05). (c) No detectable effect of ghrelin (0.5 mM) on current voltage relation, with representative traces

on right. (d) Ghrelin reduced spontaneous sEPSC frequency in the presence of the GABA-A receptor antagonist bicuculline (30 mM). (e) In tetrodotoxin (0.5 mMþ30 mM bicuculline), ghrelin (0.5 mM) reduced frequency of miniature EPSCs, with little effect

on cumulative probability distribution.
observation period [26]. Thus, it may be that the induction of food
intake and suppression of locomotor activity by ghrelin take
place concurrently but by independent hypothalamic signaling path-
ways. This notion is further supported by the work of Funato et al. [8],
which showed orexin/hypocretin signaling via orexin receptor 2 pro-
motes suppression of feeding.
Orexin/hypocretin neurons project heavily to a number of other regions
of the brain that also promote arousal, including the locus coeruleus,
dorsal raphe, dorsal tegmentum, where orexin/hypocretin enhances
neuronal activity [11,16]. An elegant study by Aston-Jones et al. [2]
revealed that the dorsomedial nucleus of the hypothalamus, both
anatomically and physiologically is critical for the circadian regulation
of sleep-wake cycles giving further support for ghrelin’s mediatory role
in this process.
MOLECULAR METABOLISM 1 (2012) 79–85 & 2012 Elsevier GmbH. All rights reserved. www.molec
In conclusion, the data presented here establishes a hypothalamic
neuronal population immunolabelled for ghrelin as a major recipient of
circadian and secondary visual projections in the subparaventricular
zone of the hypothalamus, the expression of which shows circadian
rhythmicity. This group of cells, in turn, are linked to the lateral
hypothalamic orexin/hypocretin system (Fig. 6). The activity of this
critical arousal promoting neuronal population is suppressed by ghrelin
in slices and this is likely to be the mechanism of action by which
central ghrelin suppresses locomotor activity. Because ghrelin mRNA
production was found to peak in the second part of the dark phase in
nocturnal mice, central ghrelin may be key in transitioning from
arousal to sleep. This is in line with the observed effect of ghrelin in
promoting slow-wave sleep in humans [31] and establishes a novel
function of brain ghrelin that may be independent from the previously
ularmetabolism.com 83



Fig. 6: Schematic illustration of the observations of the present study: efferents of the master clock (clock) located in the

hypothalamic SCN (green) and of the LGN (purple), both of which receive direct visual input from the retina, target ghrelin-

immunolabeled neurons (yellow) in the subparaventricular zone (subPVz). Ghrelin neurons, in turn, project onto the lateral

hypothalamic orexin/hypocretin neurons of which activity is suppressed by ghrelin. Because ghrelin mRNA shows circadian

oscillation and peaks in the second part of the dark phase, and ghrelin suppresses orexin/hypocretin neuronal activity and

locomotor behavior, hypothalamic ghrelin-immunopositive neurons or circulating ghrelin may be critical in transitioning from

awake state to sleep.
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described influences of this peptide on food intake and growth hormone
release.
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