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Striatal Medium Spiny Neurons Terminate in a Distinct
Region in the Lateral Hypothalamic Area and Do Not
Directly Innervate Orexin/Hypocretin- or Melanin-
Concentrating Hormone-Containing Neurons

Hiromi Sano and Mineto Yokoi
Molecular Neurogenetics Unit, Horizontal Medical Research Organization, Kyoto University Graduate School of Medicine, Kyoto 606-8501, Japan, and Core
Research for Evolutional Science and Technology, Japan Science and Technology Agency, Kawaguchi, 332-0012 Japan

Neuronal circuits including medium spiny neurons (MSNs) in the nucleus accumbens (NAc) and melanin-concentrating hormone
(MCH)-containing neurons in the lateral hypothalamic area (LHA) are hypothesized to play an important role in hedonic feeding. A
reciprocal connection between NAc MSNs and MCH-containing neurons is proposed to form a neuronal circuit that is involved in hedonic
feeding. Although NAc MSNs have been shown to receive projection from MCH-containing neurons, it is not known whether MCH-
containing neurons in the LHA also receive direct inputs from NAc MSNs. Here, we developed a genetic approach that allows us to
visualize almost all striatal MSNs including NAc MSNs. We demonstrate that striatal MSNs terminate in a distinct region within the
anterior LHA, and that the terminal area of striatal MSNs in this region contains glutamatergic neurons and is distinctly separate from
orexin/hypocretin- or MCH-containing neurons. These observations suggest that NAc MSNs do not directly innervate MCH-containing
neurons, but may indirectly signal MCH-containing neurons via glutamatergic neurons in the anterior LHA.
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Introduction

Hypothalamic pathways that include the lateral hypothalamic
area (LHA) have been shown to regulate homeostatic signals in
feeding. In particular, it has been reported that melanin-
concentrating hormone (MCH)-containing neurons in the LHA
are involved in control of food intake and orexin/hypocretin-
containing neurons in the LHA likely play a key role in arousal
functions related to, or required for feeding (Elmquist et al., 1999;
Saper et al., 2002; Saper, 2006).

The LHA is a large and heterogeneous area in the lateral zone
of the hypothalamus, which appears to lack clearly definable cell
groups and is traversed by the medial forebrain bundle
(Berthoud, 2002). Although specific criteria for the subdivision
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of the LHA have not been defined, this region may be divided into
three rostrocaudal subregions that correspond to the anterior,
tuberal, and posterior levels of the hypothalamus (Simerly, 2004).

Feeding behavior is strongly influenced by hedonic factors,
although it is primarily regulated by homeostatic mechanisms
which modulate food intake and energy expenditure resulting in
a balance between the two. Clearly, hedonic factors can drive the
motivation for food via reward pathways in the brain. The nu-
cleus accumbens (NAc) is a striatal region implicated in natural
reward processes and regulation of feeding behaviors (Stratford
and Kelley, 1997; Reynolds and Berridge, 2001). Reciprocal inter-
actions between neurons in the NAc and LHA are hypothesized
to regulate hedonic feeding (Saper et al., 2002), but an anatomical
basis for this interaction remains unclear. MCH-containing neu-
rons in the LHA send efferents to the NAc (Bittencourt et al.,
1992). The MCH receptor is strongly expressed in the NAc (Saito
etal., 2001). Direct delivery of an MCHI1R receptor antagonist to
the NAc has been shown to inhibit feeding, whereas intra-NAc
injection of MCH stimulated feeding (Georgescu et al., 2005).
Thus, neuronal inputs from MCH-containing neurons to the
NAc may mediate a motivational component influencing the he-
donic aspect of eating (Borowsky et al., 2002). Furthermore, it has
been hypothesized that MCH-containing neurons may partici-
pate in a self-reinforcing feedback loop that can support feeding
by receiving inputs from the NAc (Saper et al., 2002). Although
the LHA has been reported to receive axonal projections from
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NAc projection neurons (Mogenson et al., 1983; Heimer et al.,
1991; Kirouac and Ganguly, 1995), it is not known whether
MCH-containing neurons in the LHA receive direct inputs from
the NAc.

Here we show, via genetic visualization of striatal medium
spiny neurons (MSNs), that a distinct region in the anterior part
of the LHA receives striatal MSN projections. We suggest that
GABAergic MSNs from the NAc make synaptic contacts mainly
with glutamatergic neurons in a restricted area in the anterior
LHA. Moreover, we found that this MSN terminal area in the
anterior LHA is distinctly separate from orexin/hypocretin- or
MCH-containing neurons. These observations suggest that NAc
projection neurons do not directly innervate MCH-containing
neurons, but may indirectly send signals to these neurons via
glutamatergic neurons in the anterior LHA.

Materials and Methods

Generation of transgenic mice and mice with targeted alleles
PDE10A2-tTA knock-in mouse line. PDE10A2-tTA knock-in mice will be
described elsewhere. Briefly, tetracycline-controlled transactivator (tTA)
was introduced into the PDE10A2 gene locus using homologous recom-
bination in embryonic stem cells. Because phosphodiesterase 10A2
(PDE10A2) is selectively expressed in striatal MSNs, PDE10A2-tTA
knock-in mice recapitulate selective expression of tTA in striatal MSNs
(Sano et al., 2006, 2007).

BitetO-GFP mouse line. The enhanced green fluorescent protein
(EGFP) fragment from pIRES2-EGFP (Clontech, Mountain View, CA)
was introduced into a pBI Tet Vector (Clontech) at the EcoRV site of
multiple cloning site (MCS) I. An RTS8 artificial fusion gene consisting of
a placental alkaline phosphatase fragment, tetanus toxin C fragment,
tyrosine phosphatase 6 fragment, and glutamate receptor 2 fragment was
also introduced in the opposite direction in MCS II. The resulting con-
struct, bitetO-GFP, contained the bidirectional tetracycline operator
(tetO) promoter driving EGFP and a rabbit 3-globin intron/polyadenyl-
ation signal in one direction, and in the opposite direction, driving an
artificial intron, RT8 and an SV40 polyadenylation signal. A DNA frag-
ment containing bitetO-GFP was excised from the vector by digestion at
insert-flanking Ascl sites, gel purified, and microinjected into the pronu-
clei of fertilized eggs to generate bitetO-GEP transgenic mice. Although
both EGFP and RT8 were expected to be transcribed from the bidirec-
tional tetO promoter depending on tTA expression (Baron et al., 1995;
Krestel et al., 2001), EGFP was robustly expressed only in transgenic mice
bearing this construct in the presence of tTA. The genotype of the ani-
mals was determined by PCR of tail genomic DNA with primers unique
to the transgene (5'-GATATCTAGAAAACGCAGAAGC, 5'-CCCTAA
ATTTTAACACTCTCGATGCC).

TetO-synaptopHluorin mouse line. A DNA fragment containing the
tetO promoter (Gossen and Bujard, 1992) followed by an ecliptic
synaptopHluorin (kindly gifted by Dr. Miesenbock, Yale University,
New Haven, CT) (Miesenbock et al., 1998) and a rabbit 3-globin intron/
polyadenylation signal was excised from the vector by digestion at insert-
flanking AscI sites, gel purified, and microinjected into the pronuclei of
fertilized eggs from C57BL/6CrSlc mice (provided by Japan SLC,
Hamamatsu, Japan) to generate tetO-synaptopHluorin transgenic mice,
as described previously (Nagai et al., 2005). The genotype of the animals
was determined by PCR of tail genomic DNA with primers unique to
the transgene (5'-CTTTTCACTGGAGTTGTCCCAATTC, 5 -CCAAT
TTGTGTCCAAGAATGTTTCC). Two founder animals were obtained,
carrying the tetO-synaptopHluorin transgene. When mated with mice
expressing the tTA protein, one line (line C) produced offspring in which
a strong and specific green fluorescence was detected in tTA-expressing
cells; therefore, this line was used for visualization of axon terminals in
this study.

The junctions of the constructing process were verified by DNA se-
quencing. All of the mice used in this study were maintained in strict
accordance with institutional animal care guidelines.
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Figure 1.  Genetic visualization of striatal MSNs. a, Schematic illustration of the induced expres-
sion of EGFP in striatal MSNs of PDET0A2-tTA/bitet0-GFP mice. b, lllustration of the brain atlas at the
similar level of cand f. ¢, A representative parasagittal section of the PDET0A2-tTA/bitet0-GFP mouse
brain visualized with green fluorescence. d, Enlargement of the LHA region in ¢. e, Schematicillustra-
tion of the induced expression of synaptopHIuorin (spH) in striatal MSNs of PDET0A2-tTA/tetO-
synaptopHluorin mice. f, A representative parasagittal section of the PDET0A2-tTA/tet0-
synaptopHluorin mouse brain visualized with green fluorescence. g, Enlargement of the LHA regionin
f. A distinct green fluorescent dense plexus is seen in a restricted region in the anterior LHA (dotted
crcle; ¢, d, £, ). h, A comparison between the anterior LHA region (left) and the posterior LHA region
(right) of the PDET0A2-tTA/tet0-synaptopHIuorin mouse brain in higher magnification. Green fluores-
cent plexus is much more clearly observed in the anterior LHA region than in the posterior LHA region.
Scale bars: ¢, f, 300 m; d, g, h, 100 um.

Tracer injection

Mice were deeply anesthetized with sodium pentobarbital (50 mg/kg,
i.p.) and placed in a stereotaxic apparatus (Narishige, Tokyo, Japan). The
scalp was exposed and the bregma was identified. A retrograde tracer was
injected at coordinates according to an atlas of the mouse brain (Paxinos
and Franklin, 2001). For the anterior LHA, the anteroposterior, medio-
lateral, and dorsoventral coordinates from the bregma were —0.50, 1.20,
and 4.75 mm, respectively. For the posterior LHA, the anteroposterior,
mediolateral, and dorsoventral coordinates from the bregma were
—1.60, 1.20, and 5.00 mm, respectively. The FluoSpheres [carboxylate-
modified microspheres, 0.02 wm, red fluorescent (580/605)] solution
(lot 69B1-2; Invitrogen, Eugene, OR) was freshly prepared (4% solution
in saline) and was pressure-injected through a glass micropipette (diam-
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eter, 80—100 wm). Injection was performed at a
constant flow rate of 0.1 ul/min (for the ante-
rior LHA) or 0.2 ul/min (for the posterior
LHA) for 5 min with a microinfusion pump
connected to the glass micropipette. Three days
after injection, the mice were perfused transcar-
dially with 4% paraformaldehyde (PFA) in 0.1
M phosphate buffer (PB). Their brains were re-
moved, postfixed in 4% PFA at 4°C overnight,
and cryoprotected in 30% sucrose in 0.1 M PB at
4°C. The brains were then cryosectioned in 30
um parasagittal sections and collected in 0.01 M
PBS. The brain sections were mounted on
3-aminopropyltriethoxy silane (APS)-coated
slides (Matsunami, Osaka, Japan), air-dried,
and coverslipped. In the experiments to inject
the tracer into the anterior LHA, injection sites
in which the tracer did not target any part of the
green fluorescent region in the anterior LHA
served as negative controls.

Immunohistochemistry, fluorescent Nissl
staining, and microscopy

Histology and immunohistochemistry were
performed on >8-week-old mice. Mice were
perfused transcardially with PBS and 4% PFA in
0.1 M PB. Brains were removed, postfixed (over-
night), and cryoprotected (in 30% sucrose).
The tissue was then frozen in OCT compound
(Tissue-Tek; Sakura, Tokyo, Japan), and 3040
um parasagittal or coronal sections were cut on
a cryostat. Sections were treated according to
standard histochemistry protocols, as described
previously (Nagai et al., 2005). Primary anti-
bodies against vesicular GABA transporter
(VGAT) (1:2000; Millipore, Temecula, CA),
gephyrin (1:300; Synaptic Systems, Goettingen,
Germany), MCH (1:3000; Millipore), and
orexin-A, and -B (1:20000; kindly gifted from
Dr. Date, University of Miyazaki, Kiyotake, Ja-
pan) (Date et al., 1999) were used, incubated at
4°C overnight. Subsequently, Cy3-conjugated
secondary antibodies against goat (Jackson Im-
munoresearch, West Grove, PA) were applied
at 1:500 dilution for 1-2 h at room temperature.
Nissl staining was performed by incubating
brain sections with red fluorescent Nissl staining solution (1:100; In-
vitrogen,). TOTO-3 (1 wm; Invitrogen) was used for counterstaining.
Brain sections and whole brains were visualized and images were ac-
quired using a Zeiss (Oberkochen, Germany) LSM510 confocal micro-
scope, a Zeiss Axio Imager.M1, or a Leica (Nussloch, Germany) MZ16F
microscope with an Olympus (Tokyo, Japan) DP70 digital camera. The
following microscope filters for florescence were used: BP505-530 for
EGFP and synaptopHluorin, BP560-615 or LP560 for Cy3 and Fluo-
Spheres, and LP650 for TOTO-3.

Figure 2.

In situ hybridization

Probes for in situ hybridization with vesicular glutamate transporter 2
(VGLUT2) (GenBank accession number AF324864, 934-1893 bp frag-
ment) and glutamic acid decarboxylase 67 (Gad67) (GenBank accession
number NM_008077, 281-821 bp fragment) were prepared by in vitro
transcription with digoxigenin-labeled UTP (Roche, Tokyo, Japan).
Mice were perfused transcardially with 4% PFA in 0.1 M PB and the brains
were removed, postfixed with 4% PFA in 0.1 m PB at 4°C overnight,
followed by cryoprotection with 30% sucrose in 0.1 M PB at 4°C. The
brains were cryosectioned in 14 um parasagittal sections and dried onto
APS-coated slides (Matsunami). The sections were then fixed with 4%
PFA in 0.1 M PB for 10 min, washed twice with PBS, incubated in 0.1 M
triethanolamine containing 0.25% acetic anhydride for 10 min, and air
dried. Prehybridization was performed at 70°C for 1 h with prehybrid-
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The axons of striatal MSNs, including NAc MSNs, form GABAergic terminals onto neurons in a distinct region in the
anterior part of the LHA. a, Immunostainings with anti-VGAT antibody (red) of the green fluorescently labeled terminal regions of
striatal MSNs in the anterior LHA of synaptopHluorin (spH)-expressing mice (PDE10A2-tTA/tet0-synaptopHluorin). b, Immunos-
tainings with anti-gephyrin antibody (red) counterstained with TOTO-3 (blue) of the green fluorescently labeled LHA in
synaptopHluorin-expressing mice (PDE10A2-tTA/tetO-synaptopHluorin). ¢, Retrograde tracer FluoSpheres (red) placed within the
GFP-labeled region (green) in the LHA of GFP-expressing mice (PDET0A2-tTA/bitet0-GFP) (left) were transported to the GFP-
labeled cell bodies (green) of NAc MSNs (middle and right). Scale bars: a, 20 m; b, ¢, middle, right, 10 m; ¢, left, 100 wm.

ization buffer (50% formamide, 5X SSC, 1X Denhard’s solution, 0.1%
Tween 20, 250 mg/ml HRE 600 tRNA, and 500 mg/ml herring sperm
DNA). Hybridization was performed at 70°C overnight with hybridiza-
tion buffer (50% formamide, 5X SSC, 1X Denhard’s solution, 0.1%
Tween 20, 250 mg/ml HRE 600 tRNA, 500 mg/ml herring sperm DNA,
and 500 ng/ml RNA probe). After hybridization, sections were washed
with 5X SSC at 65°C for 10 min and 0.2X SSC at 65°C for 30 min four
times. Sections were equilibrated with buffer 1 (100 mm Tris-HCI and
150 mm NaCl, pH 7.5) and subsequently incubated in buffer 2 (10%
sheep serum in buffer 1) for 1 h and, finally, incubated with anti-
digoxigenin-AP Fab fragments in buffer 2 (1:4000 dilution; Roche) at
4°C overnight. Sections were then washed in buffer 1 for 15 min four
times, equilibrated in buffer 3 (100 mwm Tris-HCI, 100 mm NaCl and 50
mm MgCl,, pH 9.5), and developed in the dark in buffer 3 containing
4-nitro  blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl-
phosphate (Roche). Development was stopped by washing sections with
PBS. These were then mounted using AquaPoly/Mount (Polysciences,
Warrington, PA).

Results

Genetic visualization of striatal medium spiny neurons

To genetically visualize striatal MSNs [the projection neurons of
the striatal complex including the caudate—putamen (CPu), the
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mouse line bearing the tetO-synaptopHluorin
transgene. SynaptopHluorin is a pH-sensitive

Figure 3.

representing GABAergic neurons identified in ¢ are placed on b. Scale bars: a—¢, 100 m.

nucleus accumbens (NAc) and the olfactory tubercle (OT)], we
took advantage of our bitransgenic system, that is, the tTA/tetO
system, in mice. As tTA driver mice, we used the PDEI0A2-tTA
line, in which tTA appears to be selectively expressed in all striatal
MSNs in the brain (Sano et al., 2006, 2007). In this way, gene
expression could be driven by the tetO promoter in the tTA ex-
pressing striatal MSNs. As tetO reporter mice, we generated two
transgenic mouse lines: a bitetO-GFP mouse line and a tetO-
synaptopHluorin mouse line.

In compound heterozygote mice bearing the PDEIOA2-tTA
allele and the bitetO-GFP transgene (Fig. 1a), we found strong
green fluorescent signals in striatal MSNs comprising their soma-
todendrites and axons (Fig. 1c, supplemental Fig. 1a,b, available
at www.jneurosci.org as supplemental material). Approximately
90% of Nissl-stained neurons in the striatal complex of
PDE10A2-tTA/bitetO-GFP compound heterozygotes exhibited
green fluorescence (supplemental Fig. 1c, available at www.jneu-
rosci.org as supplemental material); therefore, we evaluated that
almost all striatal MSNs were fluorescently labeled in the
PDEI0A2-tTA/bitetO-GFP mouse striatum. As such, we were
able to analyze the whole projection area of striatal MSNs includ-
ing the CPu, the NAc, and the OT. The target areas of striatal
MSNs, the globus pallidus (GP), substantia nigra pars reticulata/
ventral tegmental area (SNr/VTA), ventral pallidum (VP), sub-
thalamic nucleus, and pedunculopontine tegmental nucleus were
clearly visualized by green fluorescence (Fig. 1¢, supplemental
Fig. 1a,b, available at www.jneurosci.org as supplemental mate-
rial). Remarkably, we also detected a distinct region of green
fluorescence in the anterior part of the LHA, composed of a dif-
fusely organized dense plexus of fibers (Fig. 1¢,d).

To more clearly visualize axon terminal regions, we generated a

Terminal area of striatal MSNs in the anterior LHA contains many glutamatergic neurons, but few GABAergic neu-
rons. a-c, Serial parasagittal sections of the anterior LHA region in synaptopHIuorin-expressing mice (PDE10A2-tTA/tet0-
synaptopHluorin) were examined for VGLUT2 mRNA expression (a), green fluorescent synaptopHIuorin (spH) in the anterior LHA
(b), and Gad67 mRNA expression (c). d, Schematic representation of distribution of glutamatergic and GABAergic neurons in the
terminal area of striatal MSNs in the anterior LHA. Yellow dots representing glutamatergic neurons identified in a and red dots

mutant of green fluorescent protein pre-
dominantly sorted to synaptic vesicles in
axon terminals (Miesenbock et al., 1998).
We obtained two tetO-synaptopHluorin
transgenic mouse lines, and mated them
with PDE10A2-tTA knock-in mice (Fig. le).
When brains of the offspring from this cross
were analyzed, we observed fluorescently
labeled substantia nigra in only one of the
lines. Hereafter, we have used this par-
ticular fluorescent PDEIOA2-tTA/tetO-
synaptopHluorin compound mouse line
for additional analyses. The intensity of
green fluorescence detected in PDEI10A2-
tTA/tetO-synaptopHluorin compound
mice was much stronger in the axon termi-
nal fields than that in the somatodendritic
fields (Fig. 1f), whereas PDE10A2-tTA/
bitetO-GFP compound mice showed
green fluorescence almost equally in the
somatodendritic and axon terminal fields
(Fig. 1c). Therefore, by using PDEI0A2-
tTA/tetO-synaptopHluorin compound
mice, we undoubtedly visualized the axon
terminal fields of striatal MSNs with green
fluorescence, resulting in clearly obtaining
the fluorescent image of the dense plexus
in a restricted region of the anterior LHA,
which seems to comprise the likely axon
terminals of striatal MSNs (Fig. 1f~h).

Striatal MSNs terminate on neurons in a distinct region in the
anterior LHA

Although a diffusely scattered fiber pattern rather than a fascicu-
lar bundled pattern is suggestive of preterminal fibers and termi-
nals (Heimer et al., 1991), we next sought to confirm that the
dense plexus visualized in the anterior LHA did indeed consist of
axon terminals not en route of striatal MSNs. Striatal MSNs are
GABAergic neurons (Wilson, 2004), which express VGAT at high
concentrations in their nerve endings (Chaudhry etal., 1998). We
were therefore able to use VGAT as a molecular marker for axon
terminals of striatal MSNs. We performed immunostaining
against VGAT on the PDE10A2-tTA/tetO-synaptopHluorin brain
sections, and unambiguously observed colocalization of GFP flu-
orescence with VGAT immunostaining in the anterior LHA sim-
ilar to staining patterns observed in the GP and the SNr (Fig. 24,
supplemental Fig. 2a,b, available at www.jneurosci.org as supple-
mental material). These data demonstrate that the green fluores-
cent plexus in the anterior LHA of the PDEI0A2-tTA/tetO-
synaptopHluorin mouse brain contains the GABAergic axon
terminals of striatal MSNs.

We next performed fluorescent Nissl staining on the brain
sections of PDE10A2-tTA/tetO-synaptopHIuorin mice and found
that neurons were encircled within the green fluorescent plexus
in the anterior LHA (supplemental Fig. 2¢, available at www.
jneurosci.org as supplemental material).

Furthermore, because gephyrin is one of the postsynaptic
molecules for GABAergic synaptic transmission and can be used
as a molecular marker for the GABAergic postsynaptic sites
(Sassoe-Pognetto et al., 2000), we performed immunostaining
against gephyrin on the brain sections of PDEI0A2-tTA/tetO-
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synaptopHluorin mice. We found that the a
gephyrin immunoreactivity was located in
the neurons encircled with the green fluo-
rescent axons of GABAergic striatal MSNs
in the anterior LHA of the PDE10A2-tTA/
tetO-synaptopHluorin mouse brains (Fig.
2b). Thus, our findings suggest that the ax-
ons of GABAergic striatal MSNs terminate
and make synaptic contacts with neurons
in the restricted area of the anterior LHA.

MSNs in the NAc project to the

anterior LHA

We next asked which axons of striatal
MSNs of the CPu, the NAg, or the OT ter-
minate within the distinct area in the ante-

rior LHA described above. To attempt to |
answer this question, we injected a retro-
grade tracer into the green fluorescent re-
gion in the anterior LHA of PDEIOA2-
tTA/bitetO-GFP mouse brains using a
stereotaxic apparatus. We chose red-
fluorescent microspheres as the retrograde
tracer because of their minimal diffusion
from the injection site (Katz et al., 1984).
Although we were not able to inject the
tracer into the whole area of the green flu-
orescent LHA region, we successfully in-
jected the tracer into several places within
the green fluorescent MSN terminal re-
gion in the anterior LHA (Fig. 2¢). We
clearly detected red fluorescent signals of
the tracer in the cell bodies of MSNs la-
beled with GFP fluorescence, allowing us
to locate the somata of the neurons import-
ing the tracer (Fig. 2¢). Although we detected no MSNs with red
signals in the OT and only a few MSNs with red signals in the CPu
(data not shown), the majority of MSNs labeled with the red micro-
spheres were located in the NAc (Fig. 2¢). Thus, the anterior LHA is
one of the sites directly innervated by NAc GABAergic neurons.
However, the population size of GABAergic neurons that reside in
the NAc and target the anterior LHA remains unknown.

Figure 4.

Terminal area of striatal MSNs in the anterior LHA contains
glutamatergic neurons

To characterize the postsynaptic neurons that possibly make syn-
aptic contacts with GABAergic striatal MSNs in the anterior
LHA, we asked whether glutamatergic and/or GABAergic neu-
rons reside in this area. Using VGLUT2 or Gad67 cRNA probes as
glutamatergic or GABAergic neuronal markers, respectively (Lu
et al., 2006), we performed in situ hybridization against serial
brain sections including the GFP fluorescently labeled LHA area
of PDE10A2-tTA/tetO-synaptopHluorin compound mice. We de-
tected neurons containing VGLUT2 mRNA, but not Gad67
mRNA, almost exclusively within the green fluorescent plexus in
the anterior LHA (Fig. 3). These findings suggest that GABAergic
striatal MSNs can form synapses with glutamatergic neurons in
this distinct region in the anterior LHA.

The terminal area of striatal MSN’s in the LHA does not
colocalize with MCH- or orexin/hypocretin-containing neurons
To further characterize the terminal region of striatal MSNs in
the LHA, we next asked whether MCH-containing neurons
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Terminal area of striatal MSNs in the LHA is distinctly separate from both MCH-containing neurons and orexin/
hypocretin-containing neurons. a, b, Inmunostainings with anti-MCH (red in a), anti-orexin-A (red in b, left), and anti-orexin-B
(red in b, right) of parasagittal brain sections of GFP-expressing mice (PDE10A2-tTA/bitet0-GFP). Scale bars: a, b, 100 um.

and/or orexin/hypocretin-containing neurons reside in this area
and whether they synapse with the striatal MSN axon terminals.
We performed immunostaining using an anti-MCH antibody in
the LHA of PDEI0A2-tTA/bitetO-GFP compound mice and
showed that the green fluorescent dense plexus in the anterior
LHA is distinctly separate from MCH-containing neurons, which
were distributed at least 100 wm posterior to the green fluores-
cent plexus (Fig. 4a). Because lateral hypothalamic neurons typ-
ically spread their dendrites perpendicularly to the longitudinally
running axons of the medial forebrain bundle (Millhouse, 1979),
our data suggest that the axons of striatal MSNs including NAc
MSNs would not make synaptic contacts with MCH-containing
neurons.

We also determined the localization of orexin/hypocretin-
containing neurons in the LHA by immunostaining with anti-
orexin-A and anti-orexin-B antibodies on PDE10A2-tTA/bitetO-
GFP brain sections, and found that these neurons are also
distinctly separate from the green fluorescent plexus regions (Fig.
4b). This suggests, similarly to MCH-containing neurons, that
striatal MSNs including NAc MSNs do not directly project to
orexin/hypocretin-containing neurons in the LHA.

Neuronal connections from the striatal MSN terminal region
in the anterior LHA to the posterior LHA

Finally, we asked whether neurons within the striatal MSN ter-
minal region in the anterior LHA send axons to the posterior
LHA where MCH- or orexin/hypocretin-containing neurons are
located. We injected a retrograde tracer into the posterior LHA of
PDEI10A2-tTA/bitetO-GFP mouse brains (Fig. 5a) and detected
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a

Figure5. a, b, Retrograde tracer FluoSpheres (red) placed within the posterior LHA of GFP-
expressing mice (PDET0A2-tTA/bitet0-GFP) (a) were transported to cell bodies of neurons that
reside in the green fluorescent plexus in the anterior LHA (b). Sections were counterstained with
TOTO-3 (blue). Scale bars: a, 100 um; b, 10 um.

red fluorescent signals of the tracer in cell bodies within the green
fluorescent plexus in the anterior LHA (Fig. 5b). In addition, we
did not detect the red fluorescent signals of the tracer in the NAc,
although we observed many cortical cells with red fluorescent
signals. Although these results should be interpreted with caution
because of the possibility of tracer uptake by fibers of passage, our
observations suggest that neurons residing in the striatal MSN
terminal region in the anterior LHA project to the posterior re-
gion of the LHA where MCH-containing neurons reside.

Discussion

In the present study, by using transgenic mice that inducibly
express either GFP or synaptopHluorin in striatal MSNs, we have
visualized and characterized the projection region of striatal
MSNs in the LHA. We demonstrate that within the LHA, a large
heterogeneous area in the lateral zone of the hypothalamus that
has not been intensively characterized, a small, distinct region in
the anterior part receives projections from the striatal complex.
Furthermore, we suggested that NAc MSNs form synaptic con-
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tacts with glutamatergic neurons in this region, which do not
express either orexins/hypocretins or MCH. Our results, thus,
would exclude the neuronal circuit of direct inputs from the NAc
to MCH-containing neurons, which has been proposed previ-
ously (Saper et al., 2002).

PDE10A2 is a PDE10A splice variant (Hu etal., 2004), which is
selectively expressed in striatal MSN’s in the mouse brain (Sano et
al., 2006, 2007). Therefore, by knocking in tTA into the PDEI0A2
gene locus, selective distribution of tTA in striatal MSNs was
achieved in a manner that recapitulates expression of PDE10A2
(Sano et al., 2007). Because inducible expression using the tetra-
cycline transactivator system has been successfully used in mice
(Mayford et al., 1996; Yu et al., 2004; Sano et al., 2007), we were
able to take advantage of this system to express our transgene
driven by the tetO promoter in striatal MSNs when crossed with
PDE10A2-tTA knock-in mice. Using this tTA strategy, we have
demonstrated here that either GFP or synaptopHluorin was ex-
pressed in striatal MSNs.

Asamodified version of tetO promoter, the bidirectional tetO
promoter has been used to drive expression of two transcripts
from a single transgene in several transgenic mouse lines
(Yamamoto et al., 2000; Krestel et al., 2001). In the bitetO-GFP
mouse line, however, only unidirectional expression of GFP was
observed. It is possible that this occurred because of genomic
integration at alocus in which one strand of the transgene DNA is
preferentially transcribed; alternatively, artificial RT8 transcripts
might be unstable in vivo.

Interactions between the LHA and the NAc have been pro-
posed to play a prominent role in hedonic eating (Stratford and
Kelley, 1999; Saper et al., 2002, Kelley et al., 2005); however, the
details of these interactions are not well understood. Even the
neural circuit between the NAc and the LHA has been elusive.
Previous anterograde tracing studies have shown that NAc MSN's
send axons to the LHA and have suggested that NAc projections
terminate throughout the rostrocaudal extent of the LHA (Hei-
mer et al., 1991; Kirouac and Ganguly, 1995). In addition, elec-
trophysiological studies have shown that single pulse stimulation
of the NAc elicits inhibitory or excitatory responses in the LHA
(Mogenson et al., 1983). However, until now it has been unclear
whether NAc projections terminate diffusely and widely or in a
restricted and distinct region of the LHA. The present study dem-
onstrated, for the first time to our knowledge, by using genetic
visualization of axon terminals of striatal MSNs combined with
histochemical analyses, that striatal MSNs including NAc MSNs
do, in fact, terminate in a distinct region of the LHA. This target
region of striatal MSNs in the LHA was unexpectedly restricted
and located within an, as of yet, uncharacterized area in the an-
terior part of the LHA.

The neuronal elements and the nature of the neuronal circuits
in the anterior LHA are not well characterized as of yet. By taking
advantage of robust genetic visualization as described here, we
can now start to characterize this striatal MSN terminal region in
the anterior LHA. Our results have shown that many glutamater-
gic neurons versus only a few GABAergic neurons are distributed
within the striatal MSN terminal region of the LHA, suggesting
that signals from the NAc may be transmitted to glutamatergic
neurons in the anterior LHA.

MCH-containing neurons are mainly distributed in the LHA,
and a reciprocal connection between the NAc and MCH-
containing neurons has been postulated to be an important neu-
ronal circuit for hedonic feeding behavior (Saper et al., 2002). It
has been demonstrated that MCH-containing neurons do send
axons to NAc MSNs (Bittencourt et al., 1992), but whether NAc



6954 - ). Neurosci., June 27, 2007 - 27(26):6948 — 6955

MSNs send axons back to MCH-
containing neurons has previously been
unknown. Our results have demonstrated
that the terminal area of NAc MSNss is dis-
tinctly separate from MCH-containing
neurons. Because lateral hypothalamic
neurons typically spread their dendrites
perpendicularly to the longitudinally run-
ning axons of the medial forebrain bundle
(Millhouse, 1979), our data suggest that
the axons of NAc MSNs would not make
synaptic  connections with MCH-
containing neurons, excluding a direct re-
ciprocal connection between the NAc and
MCH-containing neurons.

Because it is likely that NAc MSNs do
not directly convey signals that induce
hedonic feeding behavior to MCH-con-
taining neurons, what neuronal elements
could be responsible for relaying this in-
formation from the NAc to MCH-containing neurons? We
found that neurons in the NAc project to the anterior LHA and
that MCH-containing neurons are distributed in the tuberal and
posterior LHA. We also demonstrated that terminal area of stri-
atal MSNs in the anterior LHA contains glutamatergic neurons
(Fig. 3), and that there appear to be neuronal connections from
the striatal MSN terminal region in the anterior LHA to the pos-
terior LHA (Fig. 5). Previous studies have shown that excitatory
synaptic input to MCH-containing neurons is a result of gluta-
mate release (van den Pol et al., 2004), and inputs from MCH-
containing neurons to neurons in the NAc have been believed to
be inhibitory (Elias et al., 2001; Gao and van den Pol, 2001).
Based on our findings and these reports, we propose a neuronal
circuit model to describe the pathways involved in hedonic feed-
ing (Fig. 6). In this model, MSNs in the NAc send GABAergic
inhibitory efferents to the anterior LHA glutamatergic neurons,
which then send excitatory efferents to MCH-containing neu-
rons. These, in turn, send inhibitory efferents back to NAc MSNs
to complete the circuit. Thus, once neuronal inputs from MCH-
containing neurons are received in the NAc, NAc MSNs would be
inhibited, the anterior LHA neurons would then be disinhibited,
and finally, MCH-containing neurons would be excited, result-
ing in continuous activation of MCH-containing neurons. If it is
this continuous activation of MCH-containing neurons which
elicits hedonic feeding, then this model may shed light on a neu-
ronal basis for hedonic feeding. Previous pharmacobehavioral
findings support this proposed neuronal circuit model. For ex-
ample, intra-NAc injection of the MCHIR receptor antagonist
has been shown to inhibit feeding (Georgescu et al., 2005); infu-
sion of the GABA, agonist into the anterior part of the LHA has
been shown to inhibit the feeding response induced by inhibition
of neurons in the NAc (Maldonado-Irizarry et al., 1995). Finally,
a glutamatergic antagonist infused in the posterior part of the
LHA was shown to block the hyperphagia induced by GABAergic
stimulation of the NAc neurons (Stratford and Kelley, 1999). To
evaluate our model, additional neuroanatomical analyses will be
required. For example, a transsynaptic retrograde genetic tracer
(Maskos et al., 2002; Sano et al., 2007) can be introduced into
MCH-containing neurons using a viral vector (van den Pol etal.,
2004) or via transgenic animals. Behavioral studies should also be
conducted to test whether hedonic feeding is affected when the
proposed neuronal circuits are manipulated.

In addition to being involved in ingestive behavior, the lateral

Figure 6.

MCH-containing neurons.
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A neuronal circuit model composed of NAc MSNs, the anterior LHA glutamatergic neurons, and MCH-containing
neurons. MCH-containing neurons send inhibitory ( —) efferents to NAc MSNs. GABAergic NAc MSNs send inhibitory (—) efferents
to the anterior LHA glutamatergic neurons. The anterior LHA glutamatergic neurons send excitatory (+) efferents to MCH-
containing neurons distributed in the tuberal and posterior LHA. This neuronal circuit model allows continuous activation of

zone of the hypothalamus has been implicated in the processing
of sensory information, arousal state, and the expression of be-
haviors associated with aggression and reproduction (Simerly,
2004). It is possible, therefore, that the plexus area in the LHA
visualized as the terminal region of striatal MSNs in our trans-
genic mice might also be involved in regulating these behaviors.
The characterization of this terminal area described in this study
provides some insight into the anatomy of the LHA and the trans-
genic mouse lines described here may serve as genetic tools for
additional studies.
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