13624 - The Journal of Neuroscience, December 12, 2007 - 27(50):13624 -13634

Development/Plasticity/Repair

The Neonatal Ventromedial Hypothalamus Transcriptome
Reveals Novel Markers with Spatially Distinct Patterning

Deborah M. Kurrasch,* Clement C. Cheung,* Florence Y. Lee, Phu V. Tran, Kenji Hata, and Holly A. Ingraham

Departments of Physiology and Cellular and Molecular Pharmacology, University of California, San Francisco, San Francisco, California 94143

The ventromedial hypothalamus (VMH) is a distinct morphological nucleus involved in feeding, fear, thermoregulation, and sexual
activity. Itis essentially unknown how VMH circuits underlying these innate responses develop, in part because the VMH remains poorly
defined at a cellular and molecular level. Specifically, there is a paucity of cell-type-specific genetic markers with which to identify
neuronal subgroups and manipulate development and signaling in vivo. Using gene profiling, we now identify ~200 genes highly
enriched in neonatal (postnatal day 0) mouse VMH tissue. Analyses of these VMH markers by real or virtual (Allen Brain Atlas; http://
www.brain-map.org) experiments revealed distinct regional patterning within the newly formed VMH. Top neonatal markers include
transcriptional regulators such as Vgll2, SF-1, Sox14, Satb2, Fezf1, Dax1, Nkx2-2, and COUP-TFIIL, but interestingly, the highest expressed
VMH transcript, the transcriptional coregulator Vgll2, is completely absent in older animals. Collective results from zebrafish knock-
down experiments and from cellular studies suggest that a subset of these VMH markers will be important for hypothalamic development
and will be downstream of SF-1, a critical factor for normal VMH differentiation. We show that at least one VMH marker, the AT-rich
binding protein Satb2, was responsive to the loss of leptin signaling (Lep®”*’) at postnatal day 0 but not in the adult, suggesting that some
VMH transcriptional programs might be influenced by fetal or early postnatal environments. Our study describing this comprehensive
“VMH transcriptome” provides a novel molecular toolkit to probe further the genetic basis of innate neuroendocrine behavioral

responses.
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Introduction

The hypothalamus integrates various endocrine and autonomic
physiologies and consists of anatomically distinct nuclei that to-
gether function to regulate sleep, circadian rhythm, energy ho-
meostasis, sexual behaviors, and thermoregulation (Swanson,
1987). For most hypothalamic regions, the identity of neuronal
subtypes within each nucleus remains poorly defined and has
relied primarily on expression of specific neuropeptides or their
receptors. In fact, even for well studied regions, such as the arcu-
ate nucleus (ARC) and the paraventricular nucleus (PVN), the
cellular complexity of these regions is essentially unknown. This
lack of understanding of neuronal subtypes is especially true in
the large ventromedial hypothalamus (VMH, VMN), which is
located in the medial hypothalamus adjacent to the third ventri-
cle. Based on rodent lesion analyses, this hypothalamic region
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appears critical for female reproductive behavior, initiating an
innate fear response, maintaining daily rhythms of glucocorti-
coid secretion, and for normal feeding responses (Egawa et al.,
1991; Cohen and Pfaff, 1992; Flier and Maratos-Flier, 1998). In
rats, however, the most exaggerated response associated with
VMH lesions is extreme hyperphagia, resulting in obesity (King,
2006b). Despite the intrinsic limitations of physical lesions stud-
ies, selective VMH genetic lesions of the leptin receptor (LEPR)
or the glutamate synaptic vesicular transporter VGLUT? also re-
sult in moderate disruption of normal energy homeostasis (Dhil-
lon et al., 2006; Tong et al., 2007).

In rodent coronal brain sections, the VMH is easily recognized
by the prominent bilateral Nissl-stained clusters located dorsal to
the ARC and posteroventral to the PVN. These clusters are visible
as early as embryonic day 15 (E15) (McClellan et al., 2006). In the
adult, the VMH can be subdivided crudely into three anatomical
regions: the dorsomedial (VMHp,,,), central (VMH,,), and ven-
trolateral (VMHy,, ). Functional studies suggest that the VMH,,
regulates energy homeostasis, whereas the VMH,,; controls fe-
male reproduction. To date, the VMH_ is not associated with any
specific function, and there are no known molecular markers
specific to this subregion.

Despite the implied role of the VMH in energy balance and
other innate responses, identifying genes associated with or
needed for the development of these circuits has not been forth-
coming. Two obstacles prevent further dissection of the apparent
cellular complexity of the VMH. First, there are no distinct layers
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or morphological characteristics in the VMH that would help
classify neuronal subtypes as found for other brain regions. Sec-
ond, only a few molecular markers have been described for the
VMH as reviewed by McClellan et al. (2006). Indeed, a previous
gene discovery approach in the adult hypothalamus identified
only 10 VMH-enriched genes after comparing transcripts from
laser-captured adult VMH, ARC, and dorsal medial hypothala-
mus (DMH) tissue, as summarized in supplemental Table S2
(available at www.jneurosci.org as supplemental material) (Segal
et al., 2005). Their study identified the NR5A nuclear receptor
SE-1 as the highest expressed VMH transcript consistent with the
prominent expression of SF-1 in all three VMH subregions
(Tkeda et al., 1995; Shinoda et al., 1995). The lack of molecular
information for this large neuronal cluster prompted us to search
for new VMH markers that would be expressed at a developmen-
tal stage [postnatal day 0 (P0)] when newly born neurons have
already coalesced into a mature VMH cluster (Altman and Bayer,
1986; Pozzo Miller and Aoki, 1992) and when the neuroendo-
crine system must begin meeting the physiological demands of an
external environment. This time point might not necessarily en-
rich for genes important for the birth or migration of VMH neu-
rons from the ventricular zone that occurs between E10 and E17,
as reviewed by McClellan et al. (2006), but would capture genes
important for late developmental events involving VMH cell
specification and function. Here, we report the first comprehen-
sive neonatal VMH transcriptome, thereby providing a new mo-
lecular toolkit for understanding the development and function
of this anatomically complex and physiologically diverse hypo-
thalamic region.

Materials and Methods

Animals. Mice were kept on a 12 hlight/dark cycle (lights offat 6:00 P.M.)
and killed at 10:00 A.M. CD-1 wild-type mice were used for microarray
(n = 40), in situ histochemistry (n = 3), and quantitative real-time PCR
(qQPCR) (1 = 4) analyses. Heterozygous sf-1"’~ and Lep™’*” mice were
maintained on a C57BL/J6 background. Zebrafish were maintained at
28°C as described previously (Wehman et al., 2005). All research with
animals was performed according to the guidelines approved by the In-
stitutional Animal Care and Use Committee.

Tissue collection. Neonatal (P0) or adult mouse brains (CD-1) were
embedded, sectioned (200 wm; VTI000s; Leica Microsystems, Nussloch,
Germany), and the VMH was microdissected using visual outlines of the
VMH capsule from six consecutive sections covering the region from
1.34t0 2.06 caudal to bregma, as defined by Paxinos and Franklin (2003).
The remaining hypothalamus minus VMH tissue was dissected using the
optic tract chiasm and the mammillary recess as the anterior and poste-
rior limits, respectively. Total hypothalami were isolated from PO or
adult wild-type, sf-17" (n = 4), and Lep°”°" (n = 4) using the same
hypothalamic landmarks. Pooled tissues (microarray) or individual tis-
sues (QPCR) were immediately placed in RNALater, and total RNAs were
isolated using RNAqueous (Ambion, Austin, TX) and stored at —80°C.

Oligo microarray. MEEBO (Mouse Exonic Evidence Based Open-
source) arrays were a generous gift from Dr. Joseph DeRisi (University of
California, San Francisco, San Francisco, CA). VMH and hypothalamus
minus VMH were obtained as described above. For each array, total
RNAs (8 ug) of each sample were reverse transcribed and labeled with
amino-allyl dUTP using reverse transcriptase and oligo-dT (Invitrogen,
Carlsbad, CA). Labeled cDNAs were coupled to cyanine-3 or cyanine-5
dye (Monofunctional NHS-ester dye; GE Healthcare, Little Chalfont,
UK), purified, combined, and hybridized to the microarray in a sealed
chamber. Hybridization was performed at 65°C for 48 h. Slides were
washed at 55°C in solution I (2X SSC, 0.03% SDS), solution IT (1X SSC),
and solution III (0.2 X SSC) and quickly dried by centrifugation. Hybrid-
ized slides were scanned using an Axon Slide Scanner 4000B, and data
were analyzed by Genepix software (Molecular Devices, Sunnyvale, CA).

In situ hybridization. Briefly, PO brains were dissected, fixed immedi-
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ately in 4% paraformaldehyde (PFA), and equilibrated in 30% sucrose/
PBS. Brains were embedded and cryosectioned (20 wm each; 810 sec-
tions through the hypothalamus, total distance of ~2 mm) using the
optic tract chiasm and the mammillary recess as the anterior and poste-
rior limits, respectively (CM1900; Leica). digoxigenin (DIG)-cRNA
probes were generated using a labeling kit (Roche, Indianapolis, IN) and
hybridized to sections at 72°C overnight, washed in 0.2X SSC (65°C),
and rinsed in TBS. Sections were incubated in a blocking solution and in
diluted alkaline phosphatase (AP)-conjugated anti-DIG antibody
(1:5000; Roche) overnight at 4°C, washed with TBS, equilibrated in de-
veloping buffer (in mwm: 100 Tris, pH 9.5, 100 NaCl, and 50 MgCl,), and
developed in nitroblue-tetrazolium-chloride/5-bromo-4-chlor-indolyl-
phosphate (NBT/BCIP) solution (Roche). Images were captured with an
Olympus Optical (Tokyo, Japan) light microscope equipped with a CCD
camera.

Acute challenge assays. All studies involved male mice, housed five mice
per cage, and maintained under a standard 12 h light/dark cycle (lights on
from 6:00 A.M. to 6:00 P.M.) at 20°C. Mice were fed standard mouse
chow containing 6% total energy as fat (Harlan Laboratories, Indianap-
olis, IN) ad libitum, except when noted. For the fasting studies, adult mice
(10—14 weeks of age) were divided into two groups (n = 5) and placed
into new cages at 10:00 A.M. (time 0). The ad libitum group was given
unrestricted food access. Either 24 or 48 h later, the animals were killed,
and tissues were collected as described above. For the restraint studies,
adult male mice (n = 5) were secured in 50 ml conical tubes and placed
inside their cage (one animal per cage); control mice were freely moving
in another cage. After 30 min, the animals were killed, and tissues were
collected. For the cold-stress studies, animals were transferred to indi-
vidual cages without bedding and placed at 4°C or 25°C for 60 min.
Animals were killed, and tissues were collected. Each assay was repeated
at least two times.

Real-time qPCR. VMH was microdissected, and total RNAs were iso-
lated as described above. Real-time PCR was performed as described
previously (Kurrasch et al., 2004). All data are normalized to one tissue
sample of hypothalamus minus VMH (taken to be 1), and the error bar
represents the variation of the other hypothalamus minus VMH samples
against this chosen normalized sample (n = 4). Before routine use, all
primer sets (Primer Express version 2.0; Applied Biosystems, Foster City,
CA) were validated to ensure amplification of a single product with ap-
propriate efficiency. Data obtained from the PCR reaction were analyzed
using the comparative cycle threshold C; method (User Bulletin 2;
PerkinElmer, Wellesley, MA). Primer sequences are listed in supplemen-
tal Table S3 (available at www.jneurosci.org as supplemental material).

Cellular luciferase reporter assays. Fragments (~200 bp) containing the
SF-1 response element(s) were subcloned into a luciferase reporter con-
struct as described (Nachtigal et al., 1998), and mutant promoter frag-
ments were generated by site-directed mutagenesis altering the wild-type
core SF-1 binding site of AGGTCA to AtaTCA. HepG2 cells were plated
into a 24-wells plate at 10° cells per well and transfected using Fugene6
(Roche). Lysates from 48 h transfected cells were measured for luciferase
activity using Veritus Microplate Luminometer (Turner BioSystems,
Sunnyvale, CA) and performed three times.

Zebrafish morpholinos analysis. Morpholinos (MOs) were obtained
from Open Biosystems (Hunstville, AL) or Gene Tools (Philomath, OR).
Two morpholinos per gene were designed: one to bind sequences sur-
rounding the initiating methionine and one to bind to 5" untranslated
region (UTR) or exon/intron regions. Each morpholino was tested
against the genome for nondesired interactions. Sequences of MOs are
listed in supplemental Table S3 (available at www.jneurosci.org as sup-
plemental material). Morpholinos were injected according to previously
published procedures (Summerton, 1999). MOs were resuspended in
water to a working solution of 1 uM and injected into the yolk of one- to
four-cell stage embryos (n = 100 embryos/MO; repeated three times).
Effective doses were determined separately for each MO. Embryos were
treated with 1-phenyl-2-thio-urea (200 uM) to block formation of mela-
nocytes. Forty-eight hour postfertilization (hpf) embryos were collected,
dechorinated, fixed overnight, and stored in 100% MeOH at 20°C until
whole-mount in situ hybridizations performed.

Whole mount in situ hybridization in zebrafish. Embryos were rehy-
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drated into PBS—0.1% Tween 20, treated with proteinase K (20 pg/ml; 8
min), refixed (4% PFA; 20 min), prehybridized (70°C; 1 h), and hybrid-
ized (70°C; overnight) with hypothalamic riboprobes. Embryos were
washed (50% formamide/50% 2X SSC; 2X SSC; 0.2X SSC), blocked
(5% sheep serum heat inactive), and incubated overnight at 4°C with
a-DIG antibody followed by washing and a second incubation with
NBT/BCIP in staining buffer (100 mm NaCl, 50 mm MgCl,, 100 mm
Tris-HCI, and 0.1% Tween 20). The color reaction was monitored for
several hours and stopped by washing with PBS—0.1% Tween 20. The
embryos were refixed and transferred to 90% glycerol for clearing. Em-
bryos were captured using Spot camera.

Results

The neonatal mouse VMH transcriptome

To identify molecular markers enriched in the VMH at a late
developmental stage, gene profiling was performed on microdis-
sected tissue from newly born (P0) male mice with the VMH
compared with the entire hypothalamus absent the VMH. We
reasoned that this later time point would identify markers impor-
tant for distinguishing distinct VMH cell types rather than iden-
tifying genes important for neuronal migration from the third
ventricle. PO also corresponds to a stage when the newborn ani-
mal requires a functional endocrine network for integrating sen-
sory input and maintaining homeostasis in response to physio-
logical demands. Moreover, significant overlap was found with
our current gene list after profiling E18 VMH tissue with a less
comprehensive microarray that only included RIKEN cDNAs
(P. V. Tran, unpublished data). Using PO VMH tissue, nearly 200
genes of 37,000 showed enrichment of =1.51-fold expression
relative to the rest of the hypothalamus (supplemental Table S1,
available at www.jneurosci.org as supplemental material). The
top 50 neonatal VMH transcripts include a small subset of genes
known previously to be expressed in the adult VMH (Table 1).
Among these newly identified VMH markers are genes predicted
to regulate transcription or mediate extracellular signaling, as
well as several RIKEN and hypothetical cDNA transcripts that
have yet to be annotated. Several transcription factors were iden-
tified, including VglI2, Sf-1, Sox14, Satb2, Fezfl, Daxl, COUP-
TFII, Nkx2-2, Ldb2, Fbxw?7, Lcorl, Nkx2.1, Grhll, Neud4, and Isl1.
Of these transcription factors, known roles in hypothalamic de-
velopment have been described only for SF-1 and Nkx2.1. Al-
though SF-1 is not required for the birth of VMH neurons and is
expressed only in postmitotic neurons (Tran et al., 2003), SF-1 is
required for maintenance of normal VMH cytoarchitecture
(Tkeda et al., 1995; Shinoda et al., 1995), for terminal differentia-
tion (Tran et al., 2003), and proper condensation of the VMH
nucleus (Davis et al., 2004). In the adult, these developmental
deficits have been indirectly linked to energy dysregulation as
evidenced by the fact that adrenal rescued Sf-1 null adult mice
display obesity (Majdic et al., 2002), and SF-1 heterozygous mice
have decreased hypothalamic sympathetic output with a propen-
sity for diet-induced obesity (Tran et al., 2006). In contrast to the
restricted influence of SF-1 on VMH development, loss of nkx2.1
(Titf1) results in severe disruption of the entire hypothalamus
except for the most ventral aspect as evidenced by an altered or
absent expression pattern of SF-1, Sim-1, and Pax-6 (Marin et al.,
2002). Other transcription factors on our list include 1db2, which
has been linked to hypothalamic development (Caqueret et al.,
2006) and Fezf1 (Hirata et al., 2006), COUP-TFII (Tripodi et al.,
2004), and Satb2 (Britanova et al., 2005), which are all implicated
broadly in neural development. Although the functional rele-
vance of these other transcription factors in the VMH remains to
be determined, it is likely that they will participate in specifying
VMH patterning or cell fate.
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In addition to transcription factors, we identified many mem-
brane receptors/proteins, including G-protein-coupled recep-
tors, Gpr149, Nmbr, Cckbr, Htr1b, Cnrl, Htr2a, and Gpr176, and
ion channels, Gabra5, Kcnj5, Kcnabl, Abcecd, Abee8, Cacna2dl,
Slc17a6, Cleal, and Fxyd7. Of these, many have not been identi-
fied previously as being localized within the VMH. For example,
the serotonin receptors Htr2a and Htr1b were found in our pro-
filing, but Htr2c was not enriched (<0.5-fold) despite its known
role in energy balance (Tecott et al., 1995). Another receptor
involved in energy balance and found in the neonatal VMH is the
cannabinoid receptor 1 (Cnrl). Indeed, Cnrl~/~ mice are lean,
hypophagic, and resistant to diet-induced obesity (Cota et al.,
2003). Cnrl may also specify VMH neurogenesis given that en-
docannabinoids have been suggested to regulate synaptogenesis
(Berghuis et al., 2007) and attenuate BDNF signaling in the hip-
pocampus and frontal cortex (Maj et al., 2007). Other membrane
proteins implicated in the glucose-sensing properties of VMH
neurons include VGLUT2 (Tong et al., 2007) and components of
the ATP-dependent potassium channels, the potassium inwardly
rectifying channel Kenj11 (Kir6.2, 1.48-fold) (Miki et al., 2001),
and its binding partner the sulfonylurea receptor Abcc8 (SUR1).
Thus, the glucose-sensing properties of VMH neurons appear to
be intact and well established at birth.

Although we identified many new VMH enriched transcripts,
we failed to detect some well studied rat or mouse VMH adult
markers, such as androgen receptor (AR) and estrogen receptor
(Simerly et al., 1990; Ikeda et al., 2003), LEPR (Schwartz et al.,
1996), and growth hormone secretagogue receptor (Zigman et
al., 2006). We did not find a large number of new or previously
identified neuropeptides, including NPY and galanin, which have
been assigned as VMH peptides based on immunohistochemical
analysis (McClellan et al., 2006). In fact, only four neuropeptides
were enriched in the neonatal VMH, and these included BDNF,
pituitary adenylate cyclase-activating polypeptide (PACAP), pro-
dynorphin, and Tacl (substance P). Of these, functions in the
VMH are best described for BDNF, in which it acts as a satiety
factor downstream of melanocortin signaling (Xu et al., 2003).
PACAP signaling is proposed to regulate the sympathoadrenal
axis affecting the release of adrenal steroids (Hashimoto et al.,
2006), and substance P release from ER-positive VMH neurons is
proposed to affect sexual behavior (Daniels et al., 2003). Other
known adult VMH peptides, such as enkephalin, cholecystokinin
(CCK), and somatostatin, were not enriched in the neonatal
VMH, but some were found at much higher levels in P21 hypo-
thalami (F. Y. Lee and H. A. Ingraham, unpublished data). Col-
lectively, these results suggest strongly that many adult neu-
ropeptides and hormone receptors are not yet upregulated or
enriched in the newborn VMH.

Transcripts at the bottom of our list that are predicted to be
low in the VMH (<0.4-fold) but are high in other hypothalamic
regions include several known hypothalamic markers, including
hypocretin, arginine vasopressin, corticotrophin-releasing hormone
(CRH), oxytocin, thyrotropin-releasing hormone receptor, LRHR
(luteinizing hormone releasing hormone), Brn2, Siml, and car-
boxypeptidase. These results confirm that our microdissection
technique and gene profiling method are valid.

VMH markers exhibit regional and temporal

expression patterns

We next examined the expression patterns of several top VMH
markers in neonatal brains to confirm that they were VMH-
enriched markers. For all candidates assessed, a prominent,
tightly restricted expression pattern was observed in the ventral
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Table 1. Top 50 VMH-enriched genes
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Rank Symbol Gene name Accession # Fold
1 Vgli2 Vestigial-like 2 homolog NM_153786 8.42
2 Nr5al Nuclear receptor subfamily 5, group A, member 1 (SF1, Ad4BP) NM_139051 7.75
3¢ Sox14 SRY-box containing gene 14 XM_284529 7.35
4 Nptx2 Neuronal pentraxin 2 NM_016789 6.85
5 RIKF11 RIKEN cDNA 9130024F11 AK020268 6.13
6° Bdnf Brain-derived neurotrophic factor NM_007540 537
7 Sath2 Special AT-rich sequence binding protein 2 AK035129 4.68
8 Gpr149 G-protein-coupled receptor 149 NM_177346 4.43
9 Fezf1 Fez family zinc finger 1 XM_133029 438
10 Ddn Dendrin AK122363 429
1 (bin1 Cerebellin 1 precursor protein NM_019626 4.28
12 RIKG08 RIKEN cDNA (130093G08 AK082001 4.27
13 Mst1r Macrophage stimulating 1 receptor NM_009074 3.83
14 Tnfrsf8 Tumor necrosis factor receptor superfamily, member 8 NM_009401 3.79
15 Nmbr Neuromedin B receptor NM_008703 3.30
167 Adcyap1 Adenylate cyclase activating polypeptide 1 (PACAP) NM_009625 3.28
17° NrOb1 Nuclear receptor subfamily 0, group B, member 1 (Dax1) NM_007430 3.18
18 Pdyn Prodynorphin NM_018863 3.16
19 Amigo2 Adhesion molecule with Ig-like domain 2 NM_178114 3.13
20 RIKK11 RIKEN cDNA 1700024K11 (N839877 3.12
21 Plp1 Proteolipid protein (myelin) 1 AK077564 3.05
22 Nkx2-2 NK2 transcription factor related, locus 2 NM_010919 2.94
23 Gabra5 GABA receptor, subunit a5 NM_176942 2.89
24° Gda Guanine deaminase AK080065 2.81
25 RIKC22 RIKEN cDNA (23009722 BB396351 2.74
267 Nr2f2 Nuclear receptor subfamily 2, group F, member 2 (COUP-TFII) NM_009697 2.73
27 RIKB13 RIKEN cDNA E030019B13 BC064451 2.73
28 Camkv CaM kinase-like vesicle-associated NM_145621 2.70
29 Ldb2 LIM domain binding 2 NM_010698 2.65
30 Fbxw7 F-box and WD-40 domain protein 7, archipelago homolog NM_080428 2.62
31° Cckbr Cholecystokinin B receptor NM_007627 2.60
32 (dh4 Cadherin 4 NM_009867 2.58
33 (ol6a3 Procollagen, type VI, alpha 3 XM_484897 2.53
34 Sema3a Sema domain, lg, short basic domain, secreted, 3A NM_009152 2.52
35 RIKPO6 RIKEN cDNA 1700007P06 AK005744 248
36 Rerg RAS-like, estrogen-regulated, growth inhibitor NM_181988 2.46
37 Acvric Activin A receptor, type IC XM_194020 244
38 A2bp1 Ataxin 2 binding protein 1, transcript variant 2 (Fox-1) NM_021477 2.40
397 Tacl Tachykinin 1 (Substance P) NM_009311 2.36
40 Leorl Ligand-dependent nuclear receptor corepressor-like, transcript v0.2 NM_172153 2.36
4 (ard14 (aspase recruitment domain family, member 14 NM_130886 232
4 (DNA sequence BC034076 NM_177649 2.27
437 Titf1 Thyroid transcription factor 1 (Nkx2.1) NM_009385 2.27
44 B3gnt3 UDP-GIcNAc:BGal 3-1,3-N-acetylglucosaminyltransferase 3 NM_028189 2.25
45 Tcfep212 Transcription factor CP2-like 2 (Grhl1) NM_145890 224
46 Kenj5 Potassium inwardly rectifying channel, subfamily J, member 5 NM_010605 2.22
47 Ntn3 Netrin 3 NM_010947 2.21
48 (alb1 (albindin-28K AK038856 2.21
49 Tmem35 Transmembrane protein 35 NM_026239 2.20
50 RIKIO5 RIKEN cDNA (030019105 NM_177075 2.20

VMH candidates are ranked by fold expression relative to hypothalamus minus VMH. Results from PO male mice on a MEEBO microarray (~37,000 genes).

“Previously known genes.

medial region of neonatal hypothalami similar to that observed
for SF-1 (Fig. 1A) (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). Regardless of their rank
order, all transcripts were expressed in the VMH, with some tran-
scripts showing low expression in the ARC or DMH (Amigo2,
Sox14, and Nptx2) (Fig. 1A). Using qPCR, we also established
that these top transcripts were also enriched in the adult VMH
(Fig. 1B). Indeed, virtual expression analyses using Allen Brain
Atlas (http://www.brain-map.org) (Lein et al., 2007) showed that
several of these top transcripts and even those lower on our list
(~1.5-fold) displayed prominent expression in the adult VMH

(supplemental Table S1, Fig. S2, available at www.jneurosci.org
as supplemental material). Thus, the nearly 200 genes identified
here provide a comprehensive list of known and novel VMH-
enriched markers.

Currently, SF-1 is the only definitive factor known to regulate
VMH differentiation and development. We assumed that other
regulators important for early and late stages of VMH develop-
ment will be enriched or restricted to this nucleus. Similar to
SF-1, factors involved in the earliest stages of VMH development
would be expressed concomitantly with the migration and for-
mation of this nucleus or between E11 and E17. Expression of our
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top marker Vgll2 (VITO-1) exhibits this A P
very pattern. Indeed, the ontogeny of Vgll2 SF-1 Vgli2
expression shows that this transcriptional
cofactor is present in the developing em-
bryo, with expression peaking in the newly _ A /
born animal (P0). However, by P7, expres- :\L i e :
sion was diminished, and, by weaning at
P21, this VMH marker is completely ab- Nptx2 75 Satb2 -
sent (Fig. 2). Additionally, although Vgll2 2 L
appears to overlap with SF-1 at PO and P7, » 3 /ﬁ ¥
it exhibits a much more restricted pattern ye 1 .
and is confined to the dorsal medial re- . ““', e o
gion. Similarly, at the earliest stage exam-
ined, E12, both markers exhibit overlap- Fezf1 RIKGO08 Amigo2
ping but distinct paraventricular 2 3
expression patterns (Fig. 2, E12). Based on
data in the Allen Brain Atlas and differen-
tial profiling at PO versus P21 (Lee and In- > atem - S > ay
graham, unpublished data), we predict
that a small but sizable number of VMH B 10-
genes (10%) will exhibit patterns similar to Adutt
Vgll2 and be significantly downregulated 2 g L T - EVMH _
or silenced in the adult VMH. The dy- § § Fiypothalamus minus VMIH
namic expression pattern exhibited by % E ¢
Vgll2 suggests strongly that this transcrip- ~ $ §
tional cofactor will play an important role ‘g T 4
in the earliest stages of VMH neural 2 g
development. &3
Closer examination of patterns dis- £ :D'; . - 2 -
played by the top VMH transcripts re- 04 :
vealed overlapping but remarkably dis- S (l_.‘_,3 : 8 % 03: § £ % ] a ER
tinct regional patterning in the VMH g 6 2 F o §F = = g ° ¢ £ 2 & 2

when assessed in serial adjacent neonatal
brain sections (Fig. 3A). As mentioned
above, Vgll2 was restricted to the dorso-
medial region throughout the entire VMH
(Fig. 3A) (supplemental Figs. S3, S5, avail-
able at www.jneurosci.org as supplemental
material). In this particular plane of sec-
tioning, other markers such as Amigo2
and Sox14 were expressed in the VMH,
and VMH_. but appeared to be weakly ex-
pressed in the VMHy,; . However, Satb2 and Nptx2 lacked strong
expression in the VMH,,; and instead showed enriched expres-
sion in the VMH_. Furthermore, virtual analyses of other VMH
markers also showed distinct spatial patterning in the adult brain,
albeit with the inherent limitations of virtually matched sections
(supplemental Fig. S4 A, available at www.jneurosci.org as sup-
plemental material). Collectively, our findings imply that the
VMH consists of multiple neuronal subtypes, which can now be
defined more fully by future detailed colocalization studies.
Another provocative observation was the prominent and se-
lective expression of some VMH markers in the medial amygdala
(Fig. 3B) (supplemental Fig. S4 B, available at www.jneurosci.org
as supplemental material). Although this brain region remains
poorly understood at a molecular level, the amygdala receives
input from and projects to the VMH via the stria terminalis; it has
also been implicated in anxiety and fear responses (King, 2006a).
Among these new VMH transcripts, the zinc-finger transcrip-
tional repressor Fezfl was highly expressed in the neonatal amyg-
dala. Fezfl is also expressed in the olfactory epithelium and is
required for olfactory bulb development (Hirata et al., 2006).
Thus, Fezfl appears to mark the entire olfactory—amygdala—

Figure1.

Expression patterns and levels of top VMH markers. In situ hybridization of top VMH markers in PO embryos and gPCR
inadult. 4, Expression of novel VMH markers in PO mouse pups is shown for coronal brain sections (20 wm thick). The pattern for
the current definitive VMH marker, SF-1, is shown in the top left panel. Anatomical landmarks include the third ventricle (3V) and
the amygdala (A). Scale bar, 2 mm. B, Relative transcript levels are shown for several VMH markers in adult male mice (>8
weeks). Relative levels of each transcript were assayed in the VMH (gray bars) and in the hypothalamus minus the VMH (black
bars). Fold induction is relative to the hypothalamus minus the VMH and taken to be 1 (horizontal dashed line), with one of four
control samplesrandomly set to equal 1. All other samples, including additional control and experimental samples, are normalized
to this one value (or 1 tissue). The variation among each group of tissues is shown by error bars.

VMH circuitry. Based on this expression pattern, it will be of
interest to determine whether Fezfl coordinately regulates devel-
opment of this reproductive and feeding circuit.

Functional characterization of VMH genes in the

zebrafish hypothalamus

To explore functionally the potential role of these new VMH-
enriched genes in hypothalamic development, we turned to ze-
brafish because one can quickly assess the functional role of genes
in development using morpholino knockdowns. Additionally,
there is remarkable conservation in genetic programs governing
vertebrate organogenesis and CNS development. Indeed, analysis
of sensory neurosecretory cell types in zebrafish and a distantly
related annelid species revealed expression of regulatory factors,
such as Nkx2.1 and otp, that are required for proper hypotha-
lamic development in mice (Tessmar-Raible et al., 2007). Fur-
thermore, peptides and pathways involved in the hypothalamic
control of energy homeostasis are also conserved in zebrafish,
including the mammalian feeding-related peptides CCK, NPY,
melanin-concentrating hormone (MCH), pro-opiomelano-
cortin (POMC), and ghrelin, (for review, see Volkoff et al., 2005).
In addition, hypocretin (orexin) appears to be functionally con-
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Expression of VglI2 is present in the embryo and postnatal VMH but is absent in the early adult. In situ hybridization of Vgll2 and SF-1in E12, PO, P7, and P21 brains. Vgli2 (top) and SF-1

(bottom) expression is shown for coronal brain sections (20 pum). The VMH is marked with a dashed oval, and the third ventricle (3V) is labeled for orientation.

served in lower vertebrates as evidenced by an insomnia-like phe-
notype in zebrafish after overexpression (Prober et al., 2006).
Although the exact anatomy of hypothalamic nuclei remains to
be fully defined in zebrafish, the collective functional data cou-
pled with the distinct spatial patterning of neuroendocrine mark-
ers (D. M. Kurrasch and H. A. Ingraham, unpublished data) and
projections (Forlano and Cone, 2007) strongly suggest that the
neuroendocrine system is highly conserved between mammals
and zebrafish.

Before any functional analyses, we determined whether the
zebrafish orthologs of neonatal VMH markers, nr5a subfamily
members (duplicated SF-1 orthologs), fezfl, and nkx2.1a would
display the same restricted expression pattern in a subpopulation
of hypothalamic neurons in zebrafish as in rodents. Indeed, a
prominent expression profile is observed in the medial hypothal-
amus for nr5ala, nr5a2, and fezfl (Fig. 4A). Expression of these
VMH neonatal markers does not overlap with hypocretin or gnrh
(Fig. 4A, B) (data not shown), demonstrating that regional spec-
ificity exists in both mice and teleosts. At this developmental time
point in fish (48 hpf), nkx2.1a is expressed broadly in the medial
and lateral hypothalamus.

To ascertain whether some of these newly revealed VMH
genes are involved in hypothalamic development, we used mor-
pholino antisense technology to block or knockdown translation
of targeted mRNAs in the developing zebrafish embryo. Targeted
genes were limited to those present as a single copy in the ge-
nome; duplicated genes were not chosen for this analysis to avoid
compensatory effects. Morpholinos were designed and injected
at the one-cell stage targeted against nmbr, a2bpl, fezfl, sox14,
satb2, and crip2. Injected embryos were analyzed for disruptions
in hypothalamic patterning of VMH genes just after completion
of early organogenesis at 24 hpf (data not shown), mid-
development at 48 hpf (Fig. 4B), and during the embryo-to-
larvae transition at 96 hpf, which is approximately equivalent to
PO in mammals (data not shown). Using nr5ala and nr5a2 as
presumptive VMH markers in zebrafish, we observed significant
disruption in their bilateral hypothalamic expression after
knocking down sox14, a2bp1, fezfl, and satb2 at all time points
(Fig. 4 B and data not shown). Expression patterns remained un-
changed with nmbr morpholinos (Fig. 4B) or vehicle control
(data not shown). The extent of disruption included loss of an
organized condensed symmetrical pattern to a disorganized
round pattern that is not longer bilateral; these patterns are dis-
played left to right, with the strongest phenotype shown on the far
right (sox14-MO). This disruption of zebrafish patterning was

specific for the medial hypothalamus as evidenced by normal
expression patterns for the lateral hypothalamic marker hypocre-
tin (Fig. 4B) or arcuate/pituitary marker (POMC; data not
shown). These data suggest that regulatory factors found in the
VMH transcriptome will likely be required for normal vertebrate
hypothalamic development. Our findings also serve to under-
score how parallel studies in mice and zebrafish provide a strategy
for quickly surveying functional roles of newly identified genes in
vertebrate organogenesis.

SF-1is required for full expression of selective VMH genes
Given that SF-1 is needed to differentiate and/or maintain the
population of VMH neurons after birth, loss of SF-1 is expected
to affect expression of some neonatal VMH markers. SF-1 is also
predicted to regulate directly some of these newly identified
VMH markers. Expression levels and patterns of some VMH
markers were determined in SF-1 wild-type and null mice at PO.
At this stage, one observes a distinct cell cluster expressing SF-1
transcripts, even after the loss of a functional SF-1 protein (Fig.
5A) (Tran etal., 2003). At later stages, the morphology and struc-
ture of the VMH is more severely compromised (Majdic et al.,
2002). As expected, VMH markers were greatly diminished in
sf-1"/~ mice (Fig. 5A). However, loss of SF-1 did not affect ex-
pression of these genes in other brain regions; for instance, Fezfl
expression was maintained and possibly upregulated in the me-
dial amygdala, and expression of Nkx2-2 and A2bp1 persisted in
the zona limitas and dorsal thalamus, respectively (Fig. 5A). Ad-
ditional qPCR analyses on neonatal hypothalami showed that
levels of many, but not all, VMH transcripts were significantly
lower in the SF-1 null background (Fig. 5B). Thus, while expres-
sion of many VMH markers diminishes with loss of SF-1 protein,
our qPCR results suggest that additional analysis of these markers
is needed to determine whether SF-1 is expressed in all subtypes
of VMH neurons.

Given that SF-1 coordinately regulates multiple genes during
endocrine organogenesis and in the adult endocrine system, we
wanted to assess whether SF-1 might also directly regulate some
of these newly identified VMH markers. After scanning upstream
promoter regions of several genes (—3 kb), we identified one or
more potential SF-1 binding sites (C/ACAGGTCA) in Nptx2,
Fezfl, A2bpl, Nkx2-2, Fbxw7, Ddn, Slitrkl, Slitrk5, and Crip2.
Cellular reporter assays in HepG2 cells showed that wild-type,
but not mutated, promoter regions of these candidate genes are
activated directly by SE-1 (Fig. 5C). We noted that, for some
promoters containing multiple SF-1 response elements, only se-
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lective elements were activated (data not
shown). Together, these data imply that
SF-1 will regulate CNS targets that are po-
tentially important for VMH neuronal dif-
ferentiation and adult physiology.

Loss of leptin signaling affects a VMH
transcript in the developing but not
adult hypothalamus

To begin to determine whether these new
VMH transcripts are differentially regu-
lated in other genetic backgrounds, we
surveyed expression of some top VMH
transcripts in PO and adult Lep®”°" mice.
No changes in the relative transcript levels
were detected for these VMH markers in
adult Lep®”°” mice. As expected, NPY and
POMC were upregulated and downregu-
lated, respectively, in adult Lep®”°" mice
(Fig. 6 B), confirming previous results and
reflecting the normal hypothalamic re-
sponse after loss of leptin signaling (Bates
et al., 2003). No changes in expression of
these VMH markers were detected after
acute challenges in adult wild-type mice
(24 and 48 h fasting, physical restraint, and
cold stress; data not shown). However, in
the newborn animal, the AT-rich binding,
cut-domain homeobox Satb2 was down-
regulated, whereas NPY and POMC re-
mained unchanged (Fig. 6A). These data
suggest that the transcriptional responses
to hormone signaling by Satb2, and pre-
sumably other newly identified VMH fac-
tors, will differ in the newborn versus
adult.

Discussion
Here we report a comprehensive list of
molecular markers that are highly specific
or enriched in the neonatal and adult
VMH. Although our list includes many of
the known VMH markers, the majority of
genes reported here are either new or not
previously appreciated as being expressed
in the VMH. This VMH transcriptome
represents a functionally diverse set of mo-
lecular probes to define further VMH neu-
ronal subtypes. Among the genes on this
list, we found many transcription factors as top markers. Our
limited functional analysis in zebrafish predicts that these factors
will be important for specifying VMH cell fate and patterning.
Moreover, the remarkably distinct expression patterns exhibited
by these markers offer a preliminary glimpse into the cellular
complexity of the VMH that likely underlies the wide range of
innate behavioral responses associated with this hypothalamic
region.

Our strategy to profile the neonatal VMH nucleus resulted in
a list of markers that greatly increases the number of available
transcripts for probing VMH function. In comparing our list
with VMH-enriched adult transcripts identified by Segal et al.
(2005), we found SF-1 as the second highest expressed gene in the

Figure3.
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Expression patterns of new markers reveal spatially distinct expression patternsin the VMH, with some expressed in
the medial amygdala. 4, Expression patterns are shown for six different VMH markers in serial coronal brain sections obtained
from PO male mice (20 m) beginning with the most anterior section (Amigo2, top) and extending posterior (Nptx2, bottom).
Scale bar, 0.5 mm. B, Expression of Nptx2, Fezf1, and RIKGO8 in the medial amygdala (arrowhead) is shown relative to expression
in the VMH (for other genes found to be expressed in the VMH and in the amygdala, see supplemental Fig. S2, available at
www.jneurosci.org as supplemental material). Scale bar, 1.0 mm.

VMH. Our top VMH marker Vgll2 would not have been detected
by their study because it is downregulated in the adult. Among
the other nine genes on their list, six are found in our top ~100
VMH-enriched genes, one showed no enrichment in neonatal
VMH, and two genes were not represented on our chip. Thus,
despite the differences in experimental design, microdissection
versus laser capture and neonate versus adult, a very small but
overlapping subset of markers was identified in both studies, al-
beit with many more transcripts identified in this study. Indeed,
our VMH transcriptome identifies scores of new transcripts not
previously noted to be expressed in the VMH; the majority of
these genes are also expressed at some level in the adult VMH
(Allen Brain Atlas). Our preliminary results suggest that ~10% of
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Knockdown of VMH markers disrupts medial hypothalamic patterning in developing zebrafish. A, Diagram depicting the spatial patterning of known hypothalamic markers and

VMH-specific makers in the 48 hpf zebrafish brain. Whole-mount in situ hybridization expression profiles are shown for orthologs of mouse neonatal VMH-enriched markers. Other anatomical
landmarks include the developing eye and yolk sac. Images represent the most ventral side of the embryo with the dorsal side down. B, Whole-mount expression patterns for wild-type and
morpholino-injected 48 hpf zebrafish are shown for nr5ata (top 5 panels), nr5a2 (middle 5 panels), or hypocretin (bottom 5 panels). Sequences for all antisense morpholinos, including nmbr-MO,
s0x14-M0, a2bp1-MO, and fezf1-MO, are provided in supplemental Table S3 (available at www.jneurosci.org as supplemental material). Disruption of the nr5aTa and nr5a2 expression are noted by
the lack of a discernable third ventricle boundary (arrowhead). Images are displayed from no phenotype (nmbr-M0), to weakly disrupted (fezf1-M0), and to severely disrupted (sox14-M0). MA,
Mandibular arch. For each condition, two distinct morpholinos directed against the initiator methionine or splice junction/5" UTR were used independently and together. Data shown are

representative of two separate experiments using at least 80 embryos.

these PO genes will be substantially downregulated in the adult
(Lee and Ingraham, unpublished results). Together, searching for
VMH enriched-genes at a late developmental time point (P0)
rather than at earlier (E10-E17) or much later stages (P21 to
adult) yielded a remarkably comprehensive set of new molecular
VMH markers that are likely to be important for both embryonic
and adult functions. A similar strategy could prove useful for
other brain regions in which markers and cell types remain
poorly defined.

It is surprising that only a few neuropeptides are expressed in
the neonatal VMH. Further inspection of our gene profiling data
find that the hormone receptors (CRH receptor 2), AR, and oxy-
tocin receptor are all elevated in the PO VMH but fell short of the
threshold level we set as significant (=1.51-fold). Other listed
VMH peptides including CCK and enkephalin are expressed at
values well below onefold at P0. As such, these peptides must be

upregulated sometime after birth, suggesting that the physiolog-
ical demand for peptide signaling is lower in the newborn animal.
This notion is consistent with the fact that mutations in endo-
crine pathways do not lead to overt phenotypes until after birth
when homeostasis in response to the external environment is
required. It will be of interest to determine when expression of
these peptides becomes enriched in the VMH. This raises another
obvious question: what is the precise function of the few VMH
peptides that were found to be expressed early in the VMH? Al-
though established roles for PACAP, substance P (Tacl), and
prodynorphin in VMH development are still unclear, the marked
expression of BDNF observed in the PO VMH suggests that this
neurotrophic factor is important for some aspects of VMH de-
velopment in addition to its purported role in mediating mela-
nocortin signaling for satiety.

Our top candidate Vgll2 exhibits an extremely robust and
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of the most restricted markers of the pur-
ported “metabolic center” of the VMH,
namely the VMH,,,. Vgll2 is excluded
from the proposed “reproductive center”
of the VMH (VMH,, ) that contains the
estrogen and progesterone receptors
(Flanagan-Cato, 2000). Other adult VM-
Hpy markers include the leptin and ghre-
lin receptors (Zigman et al., 2006). Although the in vivo function
of VglI2 remains to be established, it is possible that this tran-
scriptional cofactor plays an important role in establishing, but
not necessarily maintaining, expression of metabolic VMH -
specific markers. It should be noted that other factors affecting
energy balance such as BDNF, tubby, and VGLUT?2 are actually
enriched in the VMH,, or are found throughout the entire VMH
(Coleman and Eicher, 1990; Kernie et al., 2000; Rios et al., 2001;
Majdic et al., 2002; Collin et al., 2003; Xu et al., 2003; Tran et al.,
2006; Tong et al., 2007). This fact underscores the need for mo-
lecular definition of neuronal subtypes within the VMH rather
than relying solely on the current “two-center” organizational
scheme of the VMH. Clearly, having highly expressed and region-
ally restricted VMH markers such as VglI2 will make it possible to
begin unraveling the cellular and functional complexity of this
neuroendocrine center.

Despite the fact that SF-1 is known to coordinately regulate
genetic programs in peripheral endocrine tissues, SF-1 target
genes in the VMH have remained elusive. Here we demonstrate
that some of these new VMH markers are direct targets of SF-1.
Knowing the network of SE-1-regulated genes, especially during
brain development, will be instructive for understanding why
loss of SF-1 results in a failure of VMH neurons to differentiate
and to project to other brain regions (Tran et al., 2003; Davis et
al., 2004). It is likely that some of the several cell adhesion mole-
cules identified here, such as Amigo2, Cdh4, Sema3a, Slit3, and
Netrin3, are directly regulated by SF-1 and affect axonal guidance.
Another unanticipated gene that is regulated directly by SF-1 and
is at the top of our list is the secreted glycoprotein Nptx2 (Narp).
Nptx2 and other neuronal pentraxins are proposed to regulate
activity-dependent synaptic plasticity via AMPA receptor cluster-
ing in hippocampal spines based primarily on in vitro studies;
these functions suggest that neuronal pentraxins participate in
learning and memory (O’Brien et al., 1999). However, deleting all

Figure5.

(0,100, and 200 ng).

Expression of VMH-enriched transcripts requires SF-1. 4, Expression patterns for Fezf1, Nkx2-2, and A2bp1 are shown
insf-1~/" PO male mice. For comparison, SF-1 is shown (top). Expression of these markers is maintained in other brain regions
(arrowheads). B, Relative transcript levels of VMH-enriched genes are shown for -7/~ mice (whole hypothalamus); expression
in wild-type (WT) mice for each transcript is set at 100% (data not shown). C, Relative luciferase activity (RLU) is shown after
transfection of wild-type or mutant promoter plasmids (100 ng; Materials and Methods) and increasing amounts of pCMV—SF-1

three members of this family in mice resulted in a mild impair-
ment of retinal activity, whereas hippocampal long-term poten-
tiation and long-term depression appeared normal (Bjartmar et
al., 2006). In the hypothalamus, others have suggested that lateral
hypothalamic neuropeptides, hypocretin and MCH, use neuro-
nal pentraxins to influence synapse formation of target neurons
(Reti et al., 2002). In light of these findings, additional studies are
needed to define the precise function of Nptx2 in the VMH and
may thereby uncover novel roles for this interesting but still
poorly understood protein family.

We speculate that several genes on our list will participate in
genetic programs that establish VMH patterning, migration, and
the development of neural circuits. Our limited zebrafish knock-
down experiments show that the transcription factors Fezfl and
Sox14 are required for early patterning of the medial hypothala-
mus. Although these results need to be confirmed in mice, mu-
tations in these developmental factors might underlie adult
metabolic disease, as shown previously for the basic helix-loop—
helix/PAS transcription factor Sim1 (Michaud et al., 2001). Aside
from regulating overall hypothalamic patterning, these new
VMH factors are likely to be important for establishing proper
hypothalamic brain circuitry during critical developmental
stages, including postnatal periods. In this regard, Satb2 repre-
sents a likely candidate for this role. Indeed, this AT-rich binding
protein, cut homeodomain transcription factor, is proposed to
affect neuronal cell fate based on expression patterns in the em-
bryonic brain (Britanova et al., 2005). We find that Satb2 tran-
script levels are responsive to leptin signaling in the neonatal but
not in the adult. Interestingly, Satb2 also regulates osteocalcin, a
potential endocrine hormone that is made in the bone and is
needed for normal glucose homeostasis (Lee et al., 2007). Our
findings are intriguing given that Bouret and Simerly (2006)
showed that neonatal leptin plays a neurotrophic role during a
critical development window and is needed for establishing nor-
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Figure 6.  Reduction of Satb2 in the neonatal but not adult VMH. Relative levels of VMH

transcripts as well as ARC transcripts, NPY, and POMC, as indicated on the x-axis are shown from
isolated total hypothalami obtained from neonatal (P0; A) and adult (B) mice. Levels for wild-
type (gray bars) and for Lep°”®® (black bars) are shown in both panels. Fold induction is relative
to the hypothalamus minus the VMH with the wild-type (WT) control sample assigned a value
of 1 (horizontal dashed line).

mal ARC projections. Determining the downstream targets of
Satb2 in the VMH is needed to more fully define the role of this
transcription factor in the hypothalamus.

In summary, this neonatal VMH transcriptome now allows
for the novel molecular classification of this functionally complex
neuroendocrine center. Identifying the developmental regula-
tory networks for the VMH and other hypothalamic regions
should shed insight into the fetal origins of adult endocrine dis-
eases (Barker et al., 1989), as well as the mechanistic underpin-
nings of innate homeostatic responses.
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