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The ventromedial hypothalamic nucleus (VMH) plays an important role in the control of feeding and energy homeostasis. In contrast to
other hypothalamic nuclei that are also known to regulate energy balance, there is a paucity of nucleus-specific marker genes for the VMH,
limiting the application of molecular approaches for analyzing VMH information processing, function, and circuitry. Here, we report the
use of laser-capture microdissection to isolate a set of cDNAs that are enriched in the VMH relative to two adjacent hypothalamic nuclei,
the arcuate and dorsomedial hypothalamus. The relative expression levels of nine of the 12 most robustly expressed VMH-enriched genes
were confirmed by real-time PCR analysis using separate RNAs from these three nuclei. Three of these VMH-enriched genes were further
characterized by in situ hybridization histochemistry, including pituitary adenylate cyclase activating polypeptide, cerebellin 1, and an
expressed sequence tag named LBH2. Finally, to test whether some of these genes were coordinately regulated, we monitored their
expression in steroidogenic factor 1 (SF-1) knock-out mice. SF-1 is a transcription factor that controls the development of the VMH. The
RNA levels for four of these genes were reduced in these knock-out animals, further suggesting that they are direct or indirect targets of
this orphan nuclear receptor. The VMH-enriched genes identified here provide a basis for a functional analysis of VMH neuronal
subpopulations via the use of bacterial artificial chromosome transgenics and related technologies. These results also demonstrate the
utility of laser-capture microdissection coupled with microarray technology to identify nucleus-specific transcriptional networks.
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Introduction
In vertebrates, several hypothalamic nuclei have been shown to
play a pivotal role in controlling food intake and body weight
(Hetherington and Ranson, 1940; Elmquist et al., 1999). Electro-
lytic, chemical, or genetic lesions of the ventromedial hypotha-
lamic nucleus (VMH) result in obesity and hyperphagia, whereas
lateral hypothalamic (LH) lesions result in weight loss and hypo-
phagia (Owen et al., 1953; Marshall and Mayer, 1956; Bernardis et
al., 1966; Majdic et al., 2002). These data formed the original basis
for the dual-center hypothesis, which suggested that the LH func-
tions as a feeding center, and the VMH functions as a satiety
center. Subsets of VMH neurons are glucose sensitive, and this
nucleus is a key mediator of the counter-regulatory response to
hypoglycemia, which includes decreased insulin production and
increased release of glucagon and catecholamines (Ono et al.,

1982; Borg et al., 1997, 1999). Additionally, the VMH expresses
large amounts of the signaling form of the leptin receptor, impli-
cating it in the response to this hormonal regulator of feeding and
metabolism (Halaas et al., 1995; Mercer et al., 1996). In addition
to its involvement in energy balance, the VMH is implicated in a
wide array of processes, including, but not limited to, the lordosis
response, thermogenesis, and salt and water balance (Wishart
and Walls, 1975; Pfaff and Sakuma, 1979a,b; Fujimoto, 1980;
Perkins et al., 1981). Although these neuroanatomic data estab-
lish the importance of the VMH, the cellular and molecular cor-
relates of its functions are poorly understood. Thus, although
several neuropeptides that mark defined neuronal types in the LH
(melanin-concentrating hormone and orexin), arcuate nucleus
(ARC) [proopiomelanocortin (POMC), neuropeptide Y (NPY),
cocaine- and amphetamine-regulated transcript, and agouti-
related protein], and paraventricular nucleus (corticotropin-
releasing hormone, growth hormone-releasing hormone, and
oxytocin) have been identified, few markers for specific classes of
VMH neurons are available (Elmquist et al., 1999).

In this report, we set out to identify a set of VMH-enriched
genes that could be used as markers for the identification and
functional analysis of specific cell types in this nucleus. Laser-
capture microdissection (LCM) was used in conjunction with
cDNA microarrays to isolate cDNAs enriched in the VMH rela-
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tive to the adjacent ARC and dorsomedial hypothalamus
(DMH). LCM allows for far greater precision and reproducibility
than the traditional punch-out approach, making it well suited
for applications that require extremely accurate dissection of
complex three-dimensional structures (Emmert-Buck et al.,
1996; Bonaventure et al., 2002). Using this approach, we gener-
ated a set of nine validated VMH marker genes whose expression
was confirmed by real-time PCR. As an additional confirmation,
and to investigate possible subnuclear expression patterns, we
also performed in situ hybridization histochemistry (ISHH) on
three of these genes, cerebellin 1 (Cbln1), pituitary adenylate cy-
clase activating polypeptide (PACAP), and a novel expressed se-
quence tag (EST) that we further characterized. Finally, we show
that the expression of one-half of the validated VMH marker
genes is markedly diminished in the hypothalami of steroidogenic
factor-1/Nr5a1 (SF-1) knock-out (KO) mice. These results fur-
ther suggest that transcriptional profiling from specific nuclei can
be used to uncover nucleus-specific transcriptional networks.

These VMH marker genes now provide an opportunity to
analyze the specific functions of the different neuronal popula-
tions that compose this nucleus. With the advent of BAC trans-
genesis and other technologies, the availability of these marker
genes enables a number of molecular genetic approaches includ-
ing the specific labeling and characterization of the different cell
types that constitute this important nucleus (Gong et al., 2003).

Materials and Methods
Sectioning and tissue staining for LCM. Eight-week-old female C57BL/6J
mice were killed, and brains were dissected manually and frozen imme-
diately in Tissue-Tek OCT 4583 compound (Sakura, Tokyo, Japan). The
frozen blocks were sectioned on a cryostat (Leica, Nussloch, Germany) to
a thickness of 10 �m. Sections were fixed for 1 min in 100% EtOH and
then rehydrated with a graded alcohol series (95, 75, and 50%; 30 s each)
and stained for 1 min in filtered 0.5% cresyl violet acetate (Sigma, St.
Louis, MO). Next, sections were again dehydrated with EtOH (50% for
30 s, 75% for 30 s, 95% for 30 s, and 100% for 1 min) and finally were
dehydrated with Histoclear (AGTC Bioproducts, Yorkshire, UK) for 1
min. All solutions were made with autoclaved 0.1% DEPC water.

Microdissection. The ARC, VMH, and DMH were microdissected out
of a series of 10 evenly spaced Nissl-stained sections covering the region
from 1.46 to 1.94 mm caudal to bregma, as defined by Paxinos and
Franklin (2003) using a PixCell II laser-capture microdissection system
(Arcturus Bioscience, Mountain View, CA). The collected tissue, adher-
ent to the underside of the LCM cap, was then dissolved in digestion
buffer (Stratagene, La Jolla, CA) and frozen at �80°C. Later, RNA was
extracted from these samples using the Absolutely RNA microprep kit
(Stratagene). Approximately 10 evenly spaced sections were pooled to
eliminate any potential rostrocaudal gene expression bias. Typical pools
contained �20 ng of RNA.

Amplification and microarray hybridization. RNA was subjected to two
rounds of T7-based linear amplification using MessageAmp (Ambion,
Austin, TX), which produces large quantities of antisense RNA as prod-
uct. Eight micrograms of each amplified sample were labeled with either
cyanine 3 (Cy3) or Cy5 (Amersham Biosciences, Piscataway, NJ) dye
using Superscript II (Invitrogen, Carlsbad, CA). Labeled probes were
concentrated using YM-10 Microcon columns (Millipore, Bedford, MA)
and hybridized onto cDNA arrays in a GeneTAC hybridization station
(Genomic Solutions, Ann Arbor, MI). Two different cDNA arrays were
probed. The first contained 27,588 features comprising Incyte (Wilming-
ton, DE), National Cancer Institute, and IMAGE Consortium (Liver-
more, CA) clones with four bacterial genes as controls. The second array
was made from a normalized mouse hypothalamic cDNA library com-
prising �5000 clones, constructed by Dr. Marcelo Soares. This library
was the result of the subtraction of a parent hypothalamic library with a
mouse total brain library to select for hypothalamic-enriched clones.
Both arrays were printed at the Albert Einstein College of Medicine Mi-

croarray Facility. After washing, slides were imaged using a scanner
(ScanArray Lite; GSI Lumonics, El Segundo, CA) and ScanArray Express
software (PerkinElmer, Wellesley, MA). Results from each slide were
normalized via an intensity-dependent normalization using a rank-
invariant technique to select the normalization set (Tseng et al., 2001;
Yang et al., 2002).

Real-time PCR. RNA from microdissected samples was reverse tran-
scribed using TaqMan reverse-transcription reagents (Applied Biosys-
tems, Foster City, CA), and real-time PCR was performed using TaqMan
Universal PCR Master Mix (Applied Biosystems) with an ABI PRISM
7700 Sequence Detection system (Applied Biosystems) according to the
recommendations of the manufacturer. Results were analyzed using SDS
1.9.1 software (PerkinElmer). Probe and primer sequences are all avail-
able by request.

In situ hybridization histochemistry. ISHH was performed as described
previously (Marcus et al., 2001; Liu et al., 2003). Briefly, formaldehyde-
fixed and sucrose-dehydrated 25 �m frozen sections from 8-week-old
female C57BL/6 mice (see Fig. 2) or 8-week-old SF-1 KO mice or litter-
mate controls were mounted on Superfrost slides (Fisher Scientific,
Houston, TX) and hybridized with either sense or antisense 35S probes
for Cbln1, PACAP, or LBH2. Slides were washed and subsequently
dipped in NTB2 photographic emulsion (Eastman Kodak, Rochester,
NY) and left to expose for 4 weeks. The slides were then developed with
D-19 developer (Eastman Kodak) and counterstained with thionin.
Slides were then imaged on an Axioplan 2 imaging microscope (Zeiss,
Oberkochen, Germany) fitted with a Plan Neofluar 5�/0.15 numerical
aperture objective using a Spot Insight QE color digital camera. Mice
with a brain-specific KO of SF-1 were generated using a conditional SF-1
allele and the nestin–Cre transgene (The Jackson Laboratory, Bar Har-
bor, ME), and sections from the mediobasal hypothalamus were ana-
lyzed by in situ hybridization with the Cbln1 probe.

Fluorescence-activated cell sorting of SF-1 neurons. Mice bearing an
enhanced green fluorescent protein (eGFP) transgene under the control
of the SF-1 promoter (SF-1– eGFP) have been described previously
(Stallings et al., 2002). These mice were bred onto wild-type (WT), SF-
1 �/� (heterozygote), or SF-1 �/� (KO) backgrounds, and males were
killed at embryonic day 16.5. Brains were dissected and trypsinized, and
eGFP-positive neurons were resolved by fluorescence-activated cell sort-
ing (FACS) essentially as described previously (Motoike et al., 2000).
RNA was isolated using Trizol (Invitrogen) and reverse transcribed using
SuperScript III reverse transcriptase (Invitrogen). Real-time PCR was
performed as described above.

Results
LCM was used to isolate tissue from the VMH, ARC, and DMH of
8-week-old female C57BL/6J mice. The dissected tissue and the
residual sections from a typical microdissection are shown (Fig.
1). We focused on the dorsomedial VMH for two reasons. First,
this area contains nearly all of the leptin receptor in this nucleus,
implicating this area in the response to leptin and in energy ho-
meostasis (Mercer et al., 1996). Second, it is also the most
neuron-dense region of the VMH. Dissecting only this subset of
the VMH minimized glial contamination, which was found in
some cases to dilute the contributions from VMH neurons. As
sources of RNA for comparison with the VMH, the ARC was
chosen because several ARC-specific genes have already been
identified and because this region is adjacent to the VMH
(Elmquist, 2001). We also analyzed the DMH, another medio-
basal nucleus adjacent to the VMH with similar neuron density
also implicated in energy balance and other physiologic pro-
cesses. RNA samples from �10 evenly spaced sections from each
nucleus were pooled to minimize anterior-posterior bias and am-
plified using a T7-based linear system (MessageAmp; Ambion).
The antisense RNA products from each nucleus were labeled with
either Cy3 or Cy5 dye (Amersham Biosciences) and used to probe
each of two different cDNA microarrays. The first array was a
collection of �28,000 cDNA clones comprising �20,000 unique
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genes. The second array was composed of a set of �5000 cDNA
clones from a normalized mouse hypothalamic cDNA library,
which was selected for hypothalamic enrichment by subtraction
against a library from total brain.

The labeled RNA from each of the three nuclei was compared
in pairwise manner against labeled RNA from each of the other
two, using reverse-color hybridization as an added control (Fig.
2A–C). Overall, it was evident that the vast majority of genes
(�99%) are expressed at similar levels among the three nuclei.
Nonetheless, it was possible to identify individual gene products
that were enriched in specific nuclei. These genes were analyzed
further with respect to their relative levels of expression in the
three nuclei that were dissected.

In the arcuate nucleus, a number of previously identified
ARC-specific genes were revealed, including POMC, NPY, and
neurokinin B (Gee et al., 1983; Gehlert et al., 1987; Marksteiner et
al., 1992). We also noted substantial overlap between the set of
genes with high ARC/DMH ratios and those with high ARC/
VMH ratios (Fig. 2D). This was expected because many ARC-
enriched genes have already been identified. This same pattern
was evident when analyzing the expression profile of the VMH-
enriched genes insofar as genes with high VMH/ARC ratios were
also enriched in the VMH versus the DMH (i.e., they had high
VMH/DMH ratios) (Fig. 2E). In contrast, there was very little
overlap between genes with high DMH/ARC ratios and those
with high DMH/VMH ratios (Fig. 2F). Together, this suggests
that the ARC and VMH express a number of nucleus-enriched
genes relative to adjacent areas of the mediobasal hypothalamus.
In contrast, it was substantially more difficult to identify RNAs in
DMH that were not expressed in either the VMH or ARC.

The genes with increased signals in the VMH samples com-
pared with both the DMH and ARC were further analyzed to
confirm that they were in fact VMH-enriched marker genes. In
these experiments, we were especially interested in genes that
showed the highest geometric mean of VMH/ARC and VMH/
DMH ratios (i.e., a VMH score). Table 1 lists the genes with a
VMH score �4.0. The list, which is headed by the canonical

VMH marker gene SF-1, includes neuropeptides, ESTs, and sev-
eral other genes. To validate these microarray data, real-time PCR
was performed for each of the top 12 VMH candidate genes on
independent samples of RNA collected from the ARC, VMH, and
DMH using LCM (Fig. 3A). These data confirmed the microarray
results for 9 of these 12 genes: SF-1, PACAP, Cbln1, EST
XM_354697, Slit3, guanine deaminase, TenM2, 3-O-sulfo-
transferase 4 (3-OST-4), and EST AA982708. Although the real-
time PCR data were consistent with the original microarray re-
sults for these nine genes, thus validating the screening approach,
the data for cytochrome P450 CYP2J9, D123, and ARP-1 did not
recapitulate the array results. The basis for the apparent discrep-
ancy for these three genes may be a result of cross-hybridization
of RNAs with cDNA probes for other genes with sequence simi-
larity. In addition, three of these nine genes were present exclu-
sively on the 5000 gene hypothalamus-enriched array, highlight-
ing the utility of using enriched libraries and suggesting that some
VMH genes are not expressed or are expressed at low levels else-
where in brain.

For the reasons stated above, the original dissection focused
on the dorsomedial VMH, raising the possibility that these
cDNAs might be localized in this region of the VMH. To further
ensure that this screening system indeed produced legitimate
VMH markers and to establish their distribution within the

Figure 1. Laser-capture microdissection of hypothalamic nuclei. A, B, A Nissl-stained section
of mouse hypothalamus before (A) and after (B) sequential dissection of VMH, DMH, and ARC
tissue. C–E, Images of dissected DMH (C), VMH (D), and ARC (E) tissue, which is adherent to the
cap. Scale bars, 500 �m.

Figure 2. Microarray analysis of RNA from hypothalamic nuclei. Normalized ARC versus VMH
(A), DMH versus VMH (B), and ARC versus DMH (C) cDNA microarray results on log–log plots. D–
F, Marker gene comparisons using similar intensity-value plots. D, Genes with highest VMH/
ARC ratios (gray squares) also display high VMH/DMH ratios (red circles). E, Genes with highest
ARC/DMH ratios (gray squares) also display high ARC/VMH ratios (red circles). F, In contrast, only
a small number of genes with high DMH/ARC ratios (gray squares) display high DMH/VMH ratios
(red circles).
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VMH, ISHH was performed for three of
the genes: PACAP, Cbln1, and the hypo-
thalamic array EST XM_354697 (Fig. 3B–
D). Cbln1, initially isolated from rat cere-
bellum as a 16 aa peptide, is known to be
expressed in Purkinje cells of the cerebel-
lum and cartwheel cells in the dorsal co-
chlear nucleus, but histochemical analyses
of the hypothalamus have not been re-
ported (Slemmon et al., 1984; Mugnaini
and Morgan, 1987). PACAP is a neu-
ropeptide shown previously to be highly
expressed in the VMH (Hannibal, 2002).
The EST from the hypothalamic library is
listed in GenBank under the accession
number XM_354697 and the name “simi-
lar to limb-bud and heart.” Its characteris-
tics are described in greater detail below.

ISHH confirmed that, within the hypothalamus, these three
genes are highly enriched in the VMH, with very low expression
in other areas of the hypothalamus, including the ARC and
DMH. All three genes show a similar anatomical distribution
within the VMH, with some expression in all regions but a gra-
dient of expression from the dorsomedial (most prominent) to
the central (intermediate) to the ventrolateral (least prominent).

The VMH-enriched EST XM_354697 has not been character-
ized previously. This gene was present in multiple copies on the
hypothalamus-enriched array, but was not a constituent of the
28,000 gene library. Northern blotting showed that the �800 bp
transcript for this gene is abundantly expressed in the hypothal-
amus, with expression at lower levels in other brain regions, as
well as in the spleen (Fig. 4). The predicted product of this tran-
script is a 114 aa protein, which shares a 29 aa stretch of 86%
identity with limb bud and heart (LBH), a putative transcription
factor thought to play a role in limb and heart development (Br-
iegel and Joyner, 2001). Thus, based on the guidelines of the
International Committee on Standardized Genetic Nomencla-
ture for Mice, we propose to name this gene LBH2. A comparison
of the protein sequences of LBH2 with LBH and the homologous
proteins “rat similar to XLCL2 protein” and “EST human
LOC350101 protein” shows that this gene is evolutionarily con-
served, especially within a middle stretch of 50 aa (supplemental
data, available at www.jneurosci.org as supplemental material).
An LBH2– eGFP fusion protein expressed in 293T cells under the
control of the cytomegalovirus promoter showed cytoplasmic
expression of the protein product (data not shown).

The identification of the SF-1 gene in this screen suggested
that this transcription factor might regulate some of the other
VMH-enriched markers. SF-1 is a transcription factor first iden-
tified based on its ability to bind to a common upstream region
shared by a group of cytochrome P450 steroid hydroxylases in the
adrenal cortex (Lala et al., 1992). SF-1 was subsequently found to
play an important role in the development of the VMH, because
SF-1 knock-out mice display “agenesis” of the VMH attributable
to abnormal migration of VMH neurons (Lala et al., 1992; Davis
et al., 2004). The formation of the VMH during development
relies on coordinated migration of neurons into their correct
position (Davis et al., 2004). In SF-1 knock-out mice, there is a
diffuse, disorganized collection of poorly developed VMH neu-
rons outside their normal anatomic position. As a result of the
abnormal development of this nucleus, these mice develop late-
onset obesity despite normal food intake (Majdic et al., 2002).

Thus, as a first effort to define a genetic network that might

mediate VMH-enriched expression, we analyzed the expression
of the confirmed VMH-enriched transcripts in SF-1 knock-out
mice. Genes that are dysregulated in SF-1 neurons would repre-
sent potential SF-1 target genes that might play a role in the
proper development of this nucleus. Using a previously described
SF-1– eGFP transgenic line, we FACS sorted SF-1 neurons from
WT and SF-1 knock-out and SF-1 heterozygous mice (Stallings et
al., 2002). Real-time PCR for each of the bona fide VMH marker
genes (excluding SF-1) was then performed on RNA from these
sorted neurons. The RNA levels for four of the eight genes (Cbln1,
Slit3, TenM2, and EST AA982708) were found to be markedly
reduced in samples from SF-1�/� mutant neurons versus wild-
type or heterozygote neurons. (Fig. 5A). In contrast, PACAP and
guanine deaminase were induced in the GFP-labeled neurons
from the mutant animals, perhaps revealing a lack of feedback
signaling.

To confirm this result, we performed ISHH for Cbln1 on brain
sections from wild-type and brain-specific SF-1 knock-out mice
(Fig. 5B–C). In sections from KO mice, the SF-1 neurons ex-
pressed significantly less Cbln1 mRNA compared with sections
from wild-type animals. The signal intensity for Cbln1 was unaf-
fected in the neighboring zona incerta.

Discussion
The use of marker genes to dissect complex neural circuits has
been applied previously in studies of several brain regions, reveal-
ing important and, in some cases, divergent responses of specific
neurons in specific brain regions (Elias et al., 1999; Pinto et al.,
2004). Although several lines of evidence have established that
the VMH plays an important role in controlling food intake,
glucose metabolism, and body weight (Elmquist et al., 1999),
efforts to determine how specific classes of VMH neurons medi-
ate these processes have been hampered by the lack of a set of
marker genes that could facilitate a molecular analysis of their
function. The importance of understanding the functional roles
of specific neurons in this nucleus is further amplified by the
observation that VMH-specific knock-out of the leptin receptor
leads to increased adiposity and body weight (H. Dhillon, per-
sonal communication). In these studies, it was not known which
VMH neurons are responsible for this effect.

In this report, we used LCM coupled with cDNA microarrays
to generate an initial set of VMH-enriched genes. This set can be
expanded using a similar approach in combination with microar-
rays composed of different clones from those used in this report.
A total of nine transcripts were isolated that were highly enriched

Table 1. Top 12 VMH-enriched genes

Gene name
Accession
number Array

VMH/ARC
ratio

VMH/DMH
ratio

VMH
score

Steroidogenic factor 1 S65878 28k 7.92 15.66 11.14
Mouse homolog of Rattus norvegicus D123 gene BC024787 28k 7.00 16.18 10.64
Mus musculus cytochrome P450 CYP2J9 AF336850 Hyp 16.41 5.75 9.71
Mus musculus Cbln1 precursor protein gene BC055730 Both 12.25 7.40 9.52
Slit homolog 3 protein precursor (Slit3) gene AF144629 28k 7.07 11.91 9.18
PACAP AB010149 Both 11.24 7.01 8.88
Mus musculus similar to limb-bud and heart (LBH2) XM_354697 Hyp 6.62 9.50 7.93
Guanine deaminase AF174583 28k 5.59 7.835 6.62
Heparan sulfate 3-O-sulfotransferase 4 AA030506 28k 5.75 6.02 5.88
EST; no significant homology AA982708 Hyp 5.79 5.37 5.58
Mus musculus mRNA for TenM2 AB025411 28k 5.65 3.78 4.62
Apolipoprotein AI regulatory protein-1 (ARP-1) gene X76653 28k 3.42 5.52 4.34

VMH marker candidates are listed by VMH score (geometric mean of VMH/ARC and VMH/DMH ratio). Common names and GenBank accession numbers are
given, as well as the arrays on which the genes were found [28,000 gene total mouse and embryonic clone array, 5000 gene subtracted hypothalamus (Hyp)
array, or both].
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in the VMH relative to the DMH and ARC. These markers can
now be used to define subpopulations of VMH neurons as a
prelude to studies of the function and circuitry of the individual
subsets. It is noteworthy that the expression levels of most genes
on the arrays were quite similar among the three nuclei analyzed
and that the DMH expressed very few genes with high ratios
versus both the ARC and VMH.

ISHH for three of the nine VMH-enriched genes (Cbln1,
PACAP, and a novel gene we named LBH2) was used to refine the

subnuclear distribution of these genes as
well as to further validate the results of the
real-time PCR. These genes were chosen
based on their robust VMH expression as
well as their potential functional role(s).
PACAP encodes a neuropeptide that has
been strongly implicated previously in
metabolic function. PACAP peptide, when
administered to mice via the third ventri-
cle, leads to a sharp reduction of food in-
take (Mizuno et al., 1998). Additionally,
PACAP knock-out mice exhibit severe
metabolic disorders, including impair-
ments to thermogenesis and the counter-
regulatory response to hypoglycemia
(Gray et al., 2001, 2002). The VMH has
been shown to play a role in both of these
processes, suggesting that PACAP may
contribute to some portion of these VMH
functions (Perkins et al., 1981; Borg et al.,
1997). Cerebellin 1 was originally identi-
fied as a 16 aa peptide, isolated from rat
cerebellum (Slemmon et al., 1984). The
precursor protein from which this 16 aa
peptide is derived displays some similarity
to circulating complement C1q, suggest-
ing that this precursor protein may be the
authentic ligand for cerebellin signaling
(Urade et al., 1991). Although Cbln1 has
been shown by radioimmunoassay to be
expressed in the hypothalamus, its distri-
bution within this region has not been ex-
amined (Satoh et al., 1997). Here, we show
that the main site of Cbln1 expression in
the hypothalamus is indeed the VMH.
LBH2 is a novel gene that shares significant
homology with LBH, a presumed tran-
scription factor postulated to play a role in
limb and heart development (Briegel and
Joyner, 2001). Sequence alignment shows
this new gene to be evolutionarily con-
served among a number of species. The
mRNA for this gene is short (�800 bp),
and the vast majority of its expression in
the body is confined to the VMH. The
function of this VMH-enriched transcript
awaits additional studies, currently
underway.

The ISHH results were similar for each
of these three genes with expression in all
anatomic subdivisions of the VMH but
with the strongest expression in the dorso-
medial VMH, in which neurons are most
densely packed. Within the hypothalamus,

the VMH-enrichment of the tested RNAs, as assessed using
ISHH, validates the approach and suggests that the other genes
enriched in the VMH using microarray analysis followed by real-
time PCR might also merit additional study. These genes include
Slit3, 3-OST-4, TenM2, guanine deaminase, and EST AA982708.
Among these genes, 3-OST-4 belongs to a family of sulfotrans-
ferases that chemically modify heparan sulfate proteoglycans
(HSPGs) (Shworak et al., 1999). These are large cell-surface com-
plexes that bind extracellular ligands and are believed to play a

Figure 3. Confirmation of microarray results by real-time PCR and ISHH. A, Twelve VMH candidate markers (PACAP, Cbln1,
EST/LBH2, Slit3, guanine deaminase, TenM2, 3-OST-4, EST 982708, SF-1, ARP-1, D123, and cytochrome P450 CYP2J9) tested by
real-time PCR analysis using RNA from microdissected ARC (A), VMH (V), and DMH (D) tissue. For each gene, expression was
normalized to cyclophilin, and results from different nuclei were then normalized to the VMH, with VMH expression set at 100%.
Values are expressed as mean � SEM. Statistical significance, *p � 0.05. B–D, Dark-field images (5�) of 8-week-old female
mouse hypothalamus hybridized with antisense probes for PACAP (B), Cbln1 (C), and EST XM_354697/LBH2 (D). Scale bars, 500
�m. Error bars represent SEM.
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role in, among other things, the modulation of intercellular sig-
naling (Bernfield et al., 1999). Transgenic mice expressing an-
other HSPG, syndecan-1, in multiple tissues including the hypo-
thalamus, display obesity secondary to impairment of
�-melanocyte-stimulating hormone signaling in the hypothala-

mus (Reizes et al., 2001, 2003). HSPGs and their modifying en-
zymes are often tightly regulated to respond to stimuli, suggesting
that 3-OST-4 may play a role in signal modification in the VMH.
Little is known about EST AA982708 (located on mouse chromo-
some 2), but the fact that the level of its RNA is reduced in hypo-
thalamus from SF-1 knock-out mice suggests that it too may
merit additional study. Like LBH2, this transcript was present
only on the subtracted hypothalamic cDNA array and not on the
28,000 gene array, which was largely composed of embryonic and
adult mouse cDNA clones. Thus, it appears that, as was the case
for LBH2, the hypothalamus (and by extension the VMH) is the
primary site of expression of this EST in the mouse.

Several of the VMH-enriched genes were dysregulated in SF-1
knock-out mice. SF-1 is an orphan nuclear receptor that plays a
critical role in the embryonic development of the VMH (Ikeda et
al., 1995). Proper differentiation and migration of VMH neurons
during development is presumed to be associated with the acti-
vation of a number of SF-1 target genes. Although direct targets
of SF-1 have been identified in the adrenal gland, including cho-
lesterol side-chain cleavage enzyme, steroid 21-hydroxylase and
the aldosterone synthase isozyme of steroid 11 �-hydroxylase,
few of its VMH targets have been identified (Parker and Schim-
mer, 1997). Four of eight VMH markers tested (Cbln1, Slit3,
TenM2, and EST AA982708) were significantly downregulated in
mutant neurons. Among these genes, Slit3 especially stands out,
because the Slit genes, along with their Robo receptors, are known
regulators of cell migration and axon guidance (Wu et al., 1999).
It is likely that some or all of these genes are direct or indirect
targets of SF-1 and may play a role in the development and/or
migration of VMH neurons.

The marker genes reported here thus constitute a set of re-
agents that can be used to establish the number of distinct cell
types in the VMH as a prelude to future efforts to study their
function. The definition of neuronal subtypes based on the ex-
pression of marker gene expression rather than anatomic local-
ization or morphology offers a number of experimental advan-
tages. For example, it has been shown that the POMC and NPY
neurons in the ARC, which are not distinguishable on the basis of
localization or morphology, display opposing responses to treat-
ment with leptin, with regard to both activity and plasticity (Elias
et al., 1999; Pinto et al., 2004). Defining neuronal subpopulations
on the basis of gene expression is additionally advantageous, be-
cause it allows for the introduction of a marker or other genes
specifically to those neurons using BAC-mediated transgenesis.
BACs can be easily modified to express a transgene usually under
the control of the full set of regulatory elements necessary for the
eutopic expression of that gene (Gong et al., 2002). BAC trans-
genic mice expressing GFP in specific classes of VMH neurons
would be a powerful tool for electrophysiological studies, elec-
tron microscopy-based assays of neuronal plasticity and synap-
togenesis, cell culture assays, and gene expression studies of nu-
clear subpopulations (Pinto et al., 2004; Roseberry et al., 2004).
Additionally, mice expressing Cre recombinase in those same
subsets would be useful for targeted knock-outs and neuronal
tracing studies using conditional pseudorabies virus strains or
other neuronal tracers (DeFalco et al., 2001).

The coupling of LCM with microarray analysis thus repre-
sents a powerful systematic approach to probe these areas, be-
cause it offers a means by which to generate genetic markers
based directly on cytoarchitectural features. However, although it
was straightforward to identify genes enriched in the VMH and
ARC, it was more difficult to identify DMH-specific genes. It is
not clear whether there is a paucity of marker genes in this nu-

Figure 4. The novel gene LBH2. Tissue panel Northern blot for EST XM_354697/LBH2.
Ethidium bromide staining of 28S and 18S ribosomal bands is shown as a loading control. Cer,
Cerebellum; Hyp, hypothalamus; WAT, white adipose tissue.

Figure 5. Expression of marker genes in SF-1 KO mice. A, Real-time PCR results for VMH
marker genes on RNA from FACS-sorted SF-1– eGFP neurons on WT, SF-1 heterozygote (Het),
and SF-1 KO background (KO). All data points are normalized to cyclophilin, with WT values set
at 100%. Dark-field images of hybridizations with Cbln1 antisense probe on brain sections from WT
control mice (A) and brain-specific SF-1 KO mice (B). Scale bars, 1 mm. Error bars represent SEM.
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cleus. Alternatively, there may exist DMH-enriched genes that
were not represented on the two arrays that were used, although
the overall number of genes probed and the use of the
hypothalamic-enriched library mitigate this possibility.

For the VMH, the marker genes that were isolated may prove
valuable as a basis for defining neuronal subpopulations and also
represent powerful tools with which to investigate the function of
those very subsets. When combined with knock-out mice, in this
case SF-1, this approach can also be used to begin to identify
putative elements of networks of genes that play a role in the
development and/or function of specific brain regions. A similar
approach can be easily used in analogous studies of other brain
regions.
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