
Neurobiology of Disease

LMO4 Is Essential for Paraventricular Hypothalamic
Neuronal Activity and Calcium Channel Expression to
Prevent Hyperphagia
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The dramatic increase in the prevalence of obesity reflects a lack of progress in combating one of the most serious health problems of this
century. Recent studies have improved our understanding of the appetitive network by focusing on the paraventricular hypothalamus
(PVH), a key region responsible for the homeostatic balance of food intake. Here we show that mice with PVH-specific ablation of LIM
domain only 4 (Lmo4) become rapidly obese when fed regular chow due to hyperphagia rather than to reduced energy expenditure. Brain
slice recording of LMO4-deficient PVH neurons showed reduced basal cellular excitability together with reduced voltage-activated Ca 2�

currents. Real-time PCR quantification revealed that LMO4 regulates the expression of Ca 2� channels (Cacna1h, Cacna1e) that underlie
neuronal excitability. By increasing neuronal activity using designer receptors exclusively activated by designer drugs technology, we
could suppress food intake of PVH-specific LMO4-deficient mice. Together, these results demonstrate that reduced neural activity in
LMO4-deficient PVH neurons accounts for hyperphagia. Thus, maintaining PVH activity is important to prevent hyperphagia-induced
obesity.

Introduction
Hyperphagia (overeating) is a leading cause of diet-induced obe-
sity. The hypothalamus is the key region controlling feeding be-
havior. Metabolic signals are sensed by interoceptive neurons of
the arcuate (ARC) and ventromedial (VMH) nuclei of the hypo-
thalamus that send synaptic projections to the paraventricular
hypothalamic (PVH) nucleus where metabolic signals are inte-
grated to control feeding behavior. PVH neurons are excitatory
glutamatergic neurons (Ziegler et al., 2002; Rosin et al., 2003;

Hrabovszky et al., 2005; Hur and Zaborszky, 2005; Stocker et al.,
2006). Inhibitory inputs to the PVH evoke eating even when
animals are well fed (Atasoy et al., 2012; Sternson, 2013). Thus,
reduced activity of PVH neurons likely underlies hyperphagia-
induced obesity, although current understanding of the mecha-
nisms that control the firing pattern of PVH neurons remains
incomplete.

Our previous studies revealed that mice with glutamatergic
neuron-specific ablation of LIM domain only 4 (Lmo4), includ-
ing all neurons of the PVH, the majority of neurons in the VMH,
and some neurons in the dorsomedial hypothalamus (DMH),
displayed metabolic defects, including diabetes and obesity
(Zhou et al., 2012; Pandey et al., 2013). However, given the di-
verse functions ascribed to each of these hypothalamic nuclei and
the complexity of the metabolic phenotype of these LMO4-
deficient (CamK2�Cre/Lmo4 flox/flox) mice, LMO4 may affect
multiple modalities of metabolic homeostasis.

LMO4 is a transcription cofactor, essential for CNS develop-
ment (Chen et al., 2002; Hahm et al., 2004; Tse et al., 2004; Joshi
et al., 2009; Duquette et al., 2010; Cederquist et al., 2013). LMO4
mediates calcium-dependent transcription in cortical neurons
(Aizawa et al., 2004; Kashani et al., 2006). Our studies further
showed that LMO4 regulates calcium-induced calcium release
and synaptic plasticity in neurons of the hippocampus (Qin et al.,
2012). Thus, several lines of evidence indicate that LMO4 is tied
to the regulation of neuronal activity through calcium signaling.

To determine what LMO4 does specifically in the PVH to
affect metabolic homeostasis, we ablated Lmo4 selectively in
the PVH through Cre recombinase-dependent excision driven
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by the single-minded 1 (Sim1) promoter (Balthasar et al., 2005).
Compared with the CamK2�Cre/Lmo4 flox/flox mice, Sim1Cre/
Lmo4flox/flox mice exhibit early-onset hyperphagia that progresses rap-
idly to obesity and insulin resistance. In contrast to the
CamK2�Cre/Lmo4 flox/flox mice, insulin resistance in Sim1Cre/
Lmo4 flox/flox mice is prevented by calorie restriction, demon-
strating that the metabolic phenotype is entirely driven by
hyperphagia. Electrophysiological studies showed that LMO4 is
required to maintain the expression of voltage-activated Ca 2�

channels to set the activity of parvocellular PVH neurons. Hy-
perphagia was suppressed using a pharmacogenetic approach to
activate PVH neurons in Sim1Cre/Lmo4 flox/flox mice. Collec-
tively, our data show that by setting the basal neural activity of
PVH neurons, LMO4 is critically important to control proper
food intake.

Materials and Methods
All experimental protocols were approved by the University of Ottawa
Animal Care and Veterinary Service and were in accordance with the
institutional guidelines.

Mice. A triple transgenic Sim1Cre/Lmo4 flox/flox/ROSA26-EGFP
mouse was obtained by breeding Lmo4flox mice (Schock et al., 2008;
Zhou et al., 2012; Pandey et al., 2013) with the Sim1Cre (Balthasar et al.,
2005) and the ROSA26-EGFP (Mao et al., 2001) mouse lines on the
C57BL/6J genetic background for �6 generations. GFP-positive
Sim1Cre cells in the PVH were visualized by immunofluorescence for
patch-clamp experiments. Genotypes were determined by PCR analysis
as described previously (Mao et al., 2001; Balthasar et al., 2005; Schock et
al., 2008). The mice were housed at room temperature (23 � 2°C), fed ad
libitum, and were maintained under a 12 h light/dark cycle (lights on at
0700 h). In most cases, experiments were performed with male mice
unless stated otherwise. For all experiments, the examiners were blinded
to the genotype of the mice.

Brain slice preparation. Three- to 5-week-old Lmo4 knock-out (KO)
and littermate control mice were anesthetized with isoflurane (Sigma).
Caudal PVH (bregma �1.30 mm to �2.0 mm) brain slices of 250 �m
thickness were sectioned in the coronal plane, in ice-cold carbogen-
equilibrated solution containing the following (in mM): 2.5 KCl, 10
MgS04, 1.25 NaH2PO4, 24 NaHCO3, 0.5 CaCl2-2H2O, 11 glucose, and
234 sucrose. The slices were incubated at room temperature (20 –24°C)
in solution containing the following (in mM): 124 NaCl, 3 KCl, 3 MgS04,
1.25 NaH2PO4, 26 NaHCO3, 1 CaCl2-2H2O, and 10 glucose.

Electrophysiology. Electrophysiological experiments were performed at
room temperature (20 –24°C), and the techniques were similar to those
reported previously (Zaman et al., 2011).

Intrinsic firing properties were recorded in coronal sections contain-
ing the caudal region of the PVH in recording solution (in mM) as
follows: 124 NaCl, 3 KCl, 3 MgS04, 1.25 NaH2PO4, 26 NaHCO3, 2.4
CaCl2-2H2O, and 10 glucose bubbled with 95% O2/5% CO2. The Sim1
neurons expressing Cre-dependent GFP marker were visualized through
an upright epifluorescence microscope (Nikon FN). Recording elec-
trodes were pulled on Narishige PC-10 from fabricated borosilicate glass
capillaries (G150F-4, OD; 1.50 mm, ID; 0.86 mm, Warner Instruments)
and had 4 – 6 M� tip resistance when filled with an intracellular solution
containing the following (in mM): 140 K-gluconate, 10 KCl, 1 MgCl2, 10
HEPES, 0.02 EGTA, 3 Mg-ATP, and 0.5 Na 2-GTP.

Recordings for Ca 2� currents were performed in an extracellular so-
lution as described previously (Sun et al., 2001; Zaman et al., 2011)
consisting of the following (in mM): 100 NaCl, 25 tetraethyl ammonium
(TEA)-Cl, 5 CaCl2, 20 HEPES, 2 MgCl2, 5 4-amino pyridine (4-AP), 10
glucose, and 0.001 TTX. Recording pipettes were filled with cesium-
based internal solution containing 130 mM CsCl, 10 mM HEPES, 5 mM

TEA-Cl, 10 mM EGTA, 4 mM MgCl2, 4 mM Mg-ATP, and 0.3 Na2-GTP.
The currents were corrected for capacitive and leak currents.

The pH was adjusted to 7.35 with KOH and CsOH for current- and
voltage-clamp experiments, respectively. The osmolarity was maintained
to 290 –300 mosmol/L with sucrose. Signals were amplified with a

Multiclamp700-B amplifier (Molecular Devices) and analyzed using
pClamp10 and Mini Analysis Program (Synaptosoft).

Stereotaxic adeno-associated viruses (AAV)-designer receptors exclu-
sively activated by designer drugs (DREADD) injections. Caudal PVH co-
ordinates were as follows: bregma �1.50 mm; midline �0.25 mm;
dorsoventral �4.90 mm; infusion speed � 50 nl/min. Tissue adhesive
(3M Vetbond) was applied to promote natural healing. Postoperative
analgesia was provided (Tylenol, 1 mg/kg). The 0.3 �l of AAV virus
containing hM3Dq or hM4Di was injected bilaterally into caudal PVH of
6-week-old Sim1Cre/Lmo4 flox/wt and Sim1Cre/Lmo4 flox/flox mice. After
surgery, mice were housed at standard temperature, light/dark cycle,
chow and water ad libitum, and allowed 3 weeks for recovery and trans-
gene expression.

Food intake studies in AAV-DREADD-injected mice. Mice were habit-
uated to handling and the metabolic cages. Food intake studies were
performed on regular chow. All mice were injected intraperitoneally with
saline on the first day and with clozapine-N-oxide (CNO) on the follow-
ing day. For mice infected with hM3Dq, CNO was administered at 18:00
h (1 mg/kg) and food intake was assessed for 2 h. For mice infected with
hM4Di, CNO was administered at 12:00 h (5 mg/kg) (Atasoy et al., 2012)
and food intake was assessed for 3 h.

Immunohistochemistry. Mice were anesthetized with 100 �l (i.p.) of a
ketamine/xylazine/acepromazine (100/20/10 mg/ml) mixture. Mice
were immediately perfused intracardially with PBS solution followed by
4% PFA, pH 7.4. Brains were fixed in 4% PFA, treated with 20% sucrose,
and quick-frozen in isopentane at �35°C. The 30 �m sections contain-
ing ARC and caudal PVH were made using Leica cryotome. Slides were
dried at 37°C for 30 min and then blocked at room temperature for 1 h in
5% donkey serum containing 0.1% Triton X100. Slides were then incu-
bated for 24 h at 4°C with primary antibodies in 1% donkey serum. Slides
were then washed 5 times for 5 min each in PBS before incubation for 1 h
at room temperature with secondary antibodies. The antibodies used
include goat anti-LMO4 (C-15) (Santa Cruz Biotechnology; 1:200), rab-
bit anti-c-fos (Santa Cruz Biotechnology; 1:400), Cy2 and Cy5 (Jackson
ImmunoResearch Laboratories; 1:800) secondary antibodies. Negative
controls omitting the primary antibody were imaged using identical set-
tings (data not shown).

Real-time qRT-PCR. Total RNA from the caudal hypothalamus con-
taining the PVH was extracted using TRIzol reagent (Invitrogen) fol-
lowed by ethanol purification, reverse-transcribed to cDNA with
random decamers, and reverse-transcriptase (Ambion). An aliquot of
cDNA was used for qPCR with specific primers or actin primers together
with TaqDNA polymerase/SYBR Green PCR mix (New England Biolabs)
with the Rotor-Gene 3000 System (Corbett Life Science). All mRNA
levels were normalized to CycloA as described previously (Qin et al.,
2012). Gene-specific qPCR primers used included the following: CycloA:
forward, 5-GGC CGA TGA CGA GCC C-3; reverse, 5-TGT CTT TGG
AAC TTT GTC TGC AAA T-3; Lmo4: forward, 5-GGA CCG CTT TCT
GCT CTA TG-3; reverse, 5-AAG CAC CGC TAT TCC CAA AT-3;
Cacna1e: forward, 5-CCG ATG ATG ATG AGA GGG AT-3; reverse,
5-TGC TGA CTG TCT TCC AAT GC-3; Cacna1 g: forward, 5-GTA GAC
GAG CAG CTT CAG CA-3; reverse, 5-GGT CAA TAC CCT CAG CAT
GG-3; Cacna1h: forward, 5-CTC GGT CAT GGT GGC AGA-3; reverse,
5-CCG AGG AGG CGA TAC TGG-3; Cacna1i: forward, 5-CAT GAA
GAC CAT GGA CAA CG-3; reverse, 5-TGT CCA TTG GGT GTC ATG
G-3; Mc3R: forward, 5-GCCTGCTTATTGGCTTTGTA-3; reverse,
5-TGTAAGTTCTGGAAGGGAGC-3; Mc4R: forward, 5-GGTCGGA-
AACCATCGTCA-3; reverse, 5-GGAAAGCAGGCTGCAAAT-3; Mc5R:
forward, 5-GGAGCAGAGCAGAATGGT-3; reverse, 5-ATGGGTGAG-
TGCAGGTTT-3.

Glucose and insulin tolerance test. Mice were fasted overnight (�16 h)
in fresh cages with free access to water. Tests were performed at 10:00 h.
Basal blood glucose was measured before mice receiving 20% D-glucose
(2 g/kg body weight, i.p.). At 15, 30, 60, and 120 min, blood glucose was
sampled from the saphenous vein using a standard glucometer (Pandey
et al., 2013). Mice were fasted for 4 h before the insulin tolerance test. The
test was performed between 14:00 and 17:00 h. Human recombinant
insulin (Sigma, catalog #91077C) diluted in sterile saline was adminis-
tered by intraperitoneal injection at 0.75 U/kg. Blood glucose levels were
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monitored in the same manner as described for
the glucose tolerance test protocol at 4 different
time points: before (T0), and 15, 30, and 60
min after insulin injection. Data were pre-
sented as percentage T0 blood glucose versus
time.

Paired feeding. Mice were housed individu-
ally throughout the study (4 –17 weeks). Food
intake was measured in littermate control mice
for 1 week as described previously (Zhou et al.,
2012). In the paired-feeding experiment, Lmo4
KO mice and their littermate controls were
provided an average amount of food con-
sumed by age-matched control mice. Mice
were fed twice daily, one-third of food was
given at 9 A.M. and two-thirds at 5 P.M. to
ensure that mice never underwent long periods
of fasting. Body weight was measured twice a
week over the pair-feeding period, after which
mice were subjected to glucose tolerance or in-
sulin tolerance tests.

Indirect calorimetry. Mice were single-
housed in metabolic chambers for 24 h and
oxygen consumption (VO2) and carbon diox-
ide production (VCO2) were measured using
an Oxymax System with automatic tempera-
ture and light controls (Columbus Instru-
ments). Temperature was maintained at 24°C,
and lighting was on a normal 12 h light/dark
cycle. System settings included a flow rate of 0.5
L/min, a sample line-purge time of 2 min, and a
measurement period of 60 s every 12 min.

Protein-phosphatase 1B (PTP1B) phospha-
tase activity assay. PTP1B phosphatase activity
was measured with the PhosphoSeek PTP1B
Assay Kit (BioVision) in extracts from the dor-
sal hypothalamus (mainly PVH and DMH)
wedges according to the manufacturer’s in-
structions with PTP1B enzyme and phospha-
tase inhibitor as positive and negative controls,
respectively (Pandey et al., 2013).

Statistical analysis. Data acquisition, analy-
ses, and presentation were performed using a
combination of pClamp10 (Molecular De-
vices), the Statistical Package for the Social
Sciences version 14 (SPSS), and the Sigma
Plot 11 (Jandel Scientific). All data are pre-
sented as mean � SEM unless stated other-
wise. p values of 	 0.05 were considered
statistically significant. Two-way ANOVA
and two-tailed t tests were used for compar-
isons, where appropriate.

Results
Ablation of Lmo4 in Sim1 PVH neurons causes hyperphagia
and obesity
In the hypothalamus, Sim1 is expressed in neurons of the PVH
nucleus and Sim1Cre transgenic mice expressing Cre recombi-
nase under the control of the Sim1 promoter enable PVH-
selective ablation of floxed alleles (Balthasar et al., 2005). qRT-
PCR analysis showed that Lmo4 mRNA levels were reduced in the
dorsal hypothalamus of Sim1Cre/Lmo4 flox/flox KO mice com-
pared with their littermate controls (Sim1Cre/Lmo4 flox/wt, WT)
(Fig. 1A). Absence of LMO4 in the PVH was confirmed by im-
munofluorescence (Fig. 1B, top). Sim1 is also expressed in the
supraoptic nucleus, the nucleus of the lateral olfactory tract, and
the medial amygdala (Balthasar et al., 2005), but we did not detect
LMO4 expression in these regions (data not shown). Ablation of

LMO4 did not reduce the number of Sim1-positive PVH neurons
(Fig. 1B, bottom). Sim1Cre/Lmo4 flox/flox mice are morbidly
obese even when fed regular chow (Fig. 1C). The early-onset
obesity started at 5 weeks (2 weeks after weaning) and was ob-
served in both male and female mice (Fig. 1D). By 3 months of
age, mice had impaired glucose homeostasis (Fig. 1E) and were
insulin resistant (Fig. 1F). No change in locomotor activity (Fig.
2A) or energy expenditure (Fig. 2B) was observed at 5 weeks of
age (the onset of weight gain). Instead, increased body weight
was associated with hyperphagia detected as early as 5 weeks of
age (Fig. 2C). To test whether increased food consumption is
the result of increased hedonic behavior (i.e., the pleasure of
eating), we conducted a sugar preference test. Lmo4 KO mice
consumed as much sugar water as littermate controls (Fig.
2D), suggesting that aberrant hedonic behavior is unlikely to
be the cause of hyperphagia. It is also worth noting that qPCR
analysis showed no change in the hypothalamic mRNA levels

Figure 1. Lmo4 ablation in the PVH causes obesity and insulin resistance. A, Real-time qRT-PCR (n � 6 per genotype) showed
reduced LMO4 mRNA from hypothalamic extracts. B, Immunofluorescent staining showed that LMO4 (in red) is expressed in
Cre-expressing GFP-positive cells (in green) of the PVH of Sim1-Cre/Lmo4 flox/wt/ROSA26-EGFP (WT) mice and confirmed loss of
LMO4 in Cre-expressing GFP-positive cells in Sim1-Cre/Lmo4 flox/flox /ROSA26-EGFP mice (KO). Scale bar, 150 �m. C, Lmo4 KO mice
are morbidly obese at 3 months. D, Body weight progression in mice fed regular chow ad libitum revealed significant weight gain
in Lmo4 KO mice (male: F(1,28) �996.714; female: F(1,28) �1401.379 by two-way ANOVA). *p	0.05. **p	0.01. ***p	0.001.
Glucose tolerance test (E) and insulin tolerance test (F ) at 3 months. Data are mean�SEM. *p	0.05 (Student’s two-tailed t test).
**p 	 0.01 (Student’s two-tailed t test). ***p 	 0.001 (Student’s two-tailed t test).
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of neuropeptides, including Agouti-related protein, neuro-
peptide Y, pro-opiomelanocortin, oxytocin, vasopressin, and
thyrotropin releasing hormone in the Lmo4 KO PVH (Fig. 2E).
Also of note, mRNA levels of Sim1 were not affected by Lmo4
ablation (Fig. 2E). Similarly, mRNA levels for melanocortin
receptors that mediate the satiety response to �MSH were not
different in the Lmo4 KO PVH (Fig. 2F ).

To determine whether obesity and diabetes are the result of
increased food intake, we matched the caloric intake of Lmo4 KO
mice with littermate controls. Paired-feeding normalized body
weight progression (Fig. 2G) and prevented glucose intolerance
(Fig. 2H) and insulin resistance (Fig. 2I), confirming that the lack
of LMO4 in the PVH caused obesity and diabetes entirely
through hyperphagia.

Lmo4-ablated Sim1 PVH neurons have reduced activity
Using patch-clamp recording, we compared neuronal activity in
Sim1 neurons of the caudal PVH in Lmo4 KO and littermate
control mice. To visualize Sim1 neurons, Sim1Cre/Lmo4 flox/flox

mice were bred with ROSA26-EGFP mice allowing enhanced
GFP expression in Sim1 neurons that express Cre-recom-
binase (Fig. 3A). Spontaneous firing was much reduced in
Lmo4 KO mice compared with littermate controls (Fig. 3 B, C),
despite similar resting membrane potentials (Table 1). Re-
duced spontaneous firing could result from increased inhibi-
tory inputs, reduced excitatory inputs, or a cell-intrinsic
reduction in excitability resulting from altered expression of
membrane channels. Membrane resistance was significantly ele-
vated (by 50%) in Lmo4-ablated neurons (Table 1), indicating that

Figure 2. Hyperphagia accounts for metabolic phenotypes in mice with Lmo4 ablation in the PVH. A, Beam-break counts for locomotor activity. B, Energy expenditure measured by oxygen
consumption and CO2 production (n � 8 WT and 6 KO male mice). C, Food intake �5 d. D, Sucrose preference test. Mice were offered the choice between water and water with 1% sucrose for the
test. qRT-PCR of hypothalamic mRNAs shows no difference in the expression levels of (E) Sim1 and various neurotransmitters and (F ) melanocortin receptors. n � 6 male KO and 6 male littermate
control (WT) mice. Body weight progression (G), glucose tolerance test (H ), and insulin tolerance test (I ) under calorie-restricted paired-feeding in female mice. All the measurements were done
at 5 weeks of age, except for paired-feeding. Data are mean � SEM. *p 	 0.05 (Student’s two-tailed t test). POMC, Pro-opiomelanocortin; AgRP, Agouti-related protein; NPY, neuropeptide Y; OT,
oxytocin; AVP, arginine vasopressin; TRH, thyrotropin releasing hormone.
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fewer membrane channels are present in
Lmo4 KO PVH neurons. Of note, mem-
brane capacitance (a measure of cell size)
was not different between Lmo4 KO and lit-
termate control PVH neurons.

To determine whether calcium currents
are affected in Lmo4 KO PVH neurons and
might account for the reduced excitability,
we examined low-threshold spiking (LTS)
and tonic firing, two properties closely tied
to the low-voltage-activated (LVA) and
high-voltage-activated (HVA) calcium
channels, respectively. LTS was evoked by a
hyperpolarizing current injection (Sun et
al., 2001; Zaman et al., 2011). Under
current-clamp mode, releasing a hyperpo-
larizing current generates LTS by allowing
LVA Ca2� channels to recover from inacti-
vation (Suzuki and Rogawski, 1989). LTS
was detected in 78.5% of littermate control
PVH neurons (n � 15 of 19), whereas
�21% (n � 4 of 19) of the cells exhibited no
LTS (Fig. 3D,E), as reported previously for
parvocellular neurons of the caudal PVH
(Luther et al., 2002). In contrast, only 12%
of GFP-positive LMO4-deficient neurons
(n � 3 of 26) exhibited LTS (Fig. 3D,E).

Tonic firing was induced by injecting
depolarizing currents in 10 pA stepwise
increments (10 steps, 1 s duration) from a
holding potential of �50 mV. Increased
tonic spike frequency was observed with
each increment of injected current. How-
ever, a much lower response was observed
in Lmo4 KO neurons (Fig. 3F,G). Thus,
ablation of Lmo4 in PVH neurons likely
decreases the expression of both low- and
high-voltage-gated calcium channels, and
these would reduce spontaneous firing
and cell excitability as we observed in
Lmo4-ablated PVH neurons.

Reduced low- and high-voltage-gated
Ca2� currents in Lmo4 KO PVH neurons
Ca 2� channels play a critical role in neuronal excitability
(Perez-Reyes, 2003). The markedly reduced LTS we observed
in LMO4-deficient PVH neurons (Fig. 3 D, E) led us to exam-
ine the status of LVA Ca 2� currents. We measured LVA cur-
rents in Cs �-based whole-cell patch clamping as described
previously (Sun et al., 2001). Neurons were held at �100 mV
(1 s) and depolarized to �40 mV, below the activation thresh-
old for HVA Ca 2� channels. This depolarization step induces
a fast-inactivating T-type Ca 2� current (Fox et al., 1987). We
observed a significant reduction in peak current density of
Ca 2� in LMO4-deficient PVH neurons (�1.60 � 0.45
pApF �1 [n � 12] in KO vs �7.28 � 2.01 pApF �1 [n � 18] in
WT; p � 0.05; Fig. 4 A, B).

In addition, the reduced tonic firing frequency we observed in
response to depolarizing inputs (Fig. 4F,G) suggests that HVA
Ca 2� channels may also be altered. To test this possibility, an
inward current was evoked by depolarizing voltage steps from a
holding potential of �50 mV to test potentials between �50 to 30
mV (Sun et al., 2001; Zaman et al., 2011). Most LVA Ca 2� chan-

nels should stay inactivated under these conditions. The peak
current density in Lmo4 KO (�8.33 � 2.13, �13.25 � 1.57, and
�14.97 � 1.21 pApF�1; n � 19) compared with WT (�19.28 �
2.29, � 22.34 � 1.54, and �22.53 � 1.61 pApF�1; n � 22) Sim1
neurons was significantly reduced at test potentials of �10 mV
(p 	 0.001), 0 mV (p 	 0.001), and 10 mV (p 	 0.001), respec-
tively (Figure 3A,C).

To further examine which component of HVA Ca 2� current
was affected in these neurons, we isolated nifedipine-sensitive

Figure 3. Neuronal activity of LMO4-deficient Sim1 neurons is reduced. A, GFP-positive neurons of the PVH (dashed oval, area
recorded). Scale bar, 100 �m. B, Representative traces showing spontaneous firing. C, Lmo4 KO neurons have a lower spontaneous
firing frequency than their littermate controls (WT). D, Representative traces show low-threshold spiking (LTS) in Lmo4 KO and
littermate control (WT) neurons of the caudal PVH. LTS, containing 2– 4 action potentials at �60 Hz, were elicited by injecting
negative current (1 s) to hyperpolarize the membrane from �50 mV (holding potential) to �90 mV. Enlarged (200 ms) traces
(inset) are shown. E, Percentage of the Sim1 neurons (WT, n � 19 from 7 mice; KO, n � 26 from 9 mice) showing LTS. F,
Representative traces showing neuronal activity in response to depolarizing currents (20, 40, and 60 pA) from �50 mV of holding
potential. G, Tonic spike frequency in response to various depolarizing currents presented as mean � SEM, F(1,9) � 64.90;
two-way ANOVA: *p 	 0.05; **p 	 0.01; ***p 	 0.001.

Table 1. Membrane properties of Sim1 GFP-positive parvocellular neurons of the
PVH

Genotype of neurons Cm (pF) Rm (M�) RMP (mV)

WT (N � 18)a 35.25 � 1.97 491.57 � 48.61 �54.22 � 1.34
Lmo4 KO (N � 23)b 30.91 � 1.22 735.62 � 83.88 �54.22 � 1.04
p value 0.058 0.025 0.976

Cm, Membrane capacitance; Rm, membrane resistance; RMP, resting membrane potential.
aCells from *7 littermate control (WT) mice.
bCells from 9 Lmo4 KO mice.
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L-type and SNX-482-sensitive R-type (�1E) Ca 2� components,
currents that contribute the larger fraction of extracellular Ca 2�

influx (Tsien, 1983; Perez-Reyes, 2003). Comparative analysis
showed that the SNX-482-sensitive Ca 2� component was signif-

icantly reduced in LMO4-deficient PVH
neurons at a test potential of 0 mV (WT,
�7.043 � 1.82 pApF�1 vs KO, �0.67 �
0.29 pApF�1; p 	 0.01; Fig. 5A,B).

Our recent findings suggest that
LMO4 is a metabolic responsive inhibitor
of PTP1B (Pandey et al., 2013). In light of
this finding, we asked whether ablation of
Lmo4 alters PTP1B activity in the PVH
and thereby affects Ca 2� currents. Sur-
prisingly, no significant change in PTP1B
activity was detected in Lmo4 KO PVH
(data not shown) and pharmacological
blockade of PTP1B by trodusquemine (10
�M) (Lantz et al., 2010) had no effect on
Ca 2� currents in LMO4-deficient neu-
rons (data not shown), suggesting that
LMO4 likely regulates calcium channels at
the transcriptional rather than the post-
transcriptional level. This result also sug-
gests that PTP1B does not affect the
activity of these Ca 2� channels.

Given the role of LMO4 as a transcrip-
tional cofactor (Kashani et al., 2006), we
examined whether the expression of genes
encoding the Ca 2� channel � subunit is
affected by ablation of Lmo4 by real-
time qRT-PCR using mRNA purified
from the cadual PVH. We found that
mRNA of Cacna1e and Cacna1h, � sub-
units of R-type and T-type low-voltage
calcium channels, respectively, were sig-
nificantly reduced in Lmo4 KO PVH
neurons (Fig. 5C), confirming that
LMO4 is required for the normal ex-
pression of voltage-activated Ca 2�

channels to maintain the cellular excit-
ability of PVH neurons.

Pharmacogenetic activation or
suppression of PVH neuronal activity
oppositely affects food intake
Increased food intake associated with re-
duced basal cellular excitability in PVH
neurons of KO mice led us to postulate
whether directly modulating PVH activity
in vivo might alter feeding behavior. This
was achieved using a pharmacogenetic ap-
proach: DREADD (Alexander et al.,
2009). AAV expressing either the silencer
G�i protein-coupled receptor (hM4Di)
or the activator G�q protein-coupled re-
ceptor (hM3Dq) were injected stereotac-
tically and bilaterally into the caudal PVH
of 6-week-old mice (Fig. 6A) and subse-
quently activated by the designer drug
(i.e., the pharmacologically inert ligand)
CNO.

Reduced PVH activity in WT mice
(Sim1-Cre/Lmo4 flox/wt) with the silencer hM4Di significantly in-
creased food intake 3 h after CNO administration (5 mg/kg i.p.)
(Atasoy et al., 2012) compared with saline treatment (0.22 �
0.04 g in saline vs 0.58 � 0.03 g in CNO; n � 6; p 	 0.0001; Fig.

Figure 4. Total calcium current is reduced in LMO4-deficient Sim1 neurons of the PVH. A, Left, Representative traces of LVA Ca 2� currents
elicitedbydepolarizingvoltagestepsfrom�100mVtoatestpotentialof�40mVfor1sinlittermatecontrol(WT)andLmo4KOPVHneurons.Right,
HVA Ca 2� currents elicited by depolarizing steps from a holding potential of �50 mV to a test potential of 0 mV for 1 s. B, Normalized LVA
Ca 2�currentatthetestpotential�40mV.C, I-VcurvesforHVACa 2�currentsmeasuredfromthepeakamplitudes(WT:n�22cells,7mice;KO:
n�19cells,6mice).Dataaremean�SEM. F(1,8)�80.38bytwo-wayANOVA:*p	0.05;***p	0.001.

Figure 5. R-type component of HVA Ca 2� currents is significantly reduced in LMO4-deficient PVH neurons. A, Representative traces showing
HVACa 2�currentselicitedbydepolarizingvoltagestepsfrom�50mVtoatestpotentialof0mVfor1s.B,Peakcurrentdensityoflittermatecontrol
(WT) and Lmo4 KO PVH neurons under different experimental conditions: Ctr., Control; Nif., nifedipine 10�M;�SNX, SNX-482. Data are mean�
SEM. **p 	 0.01 (Student’s two-tailed t test). C, Real-time qRT-PCR of mRNAs for different �-subunits of voltage-activated Ca 2� channels in
GFP-positivePVHneuronsfrom5-week-oldmice.Dataaremean�SEM.*p	0.05(Student’stwo-tailed t test).
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6B). The increase in food intake was ob-
served during the light period, when mice
normally refrain from eating. Conversely,
increasing PVH activity with the activator
hM3Dq suppressed food intake in WT
mice over a 2 h period after CNO admin-
istration (1 mg/kg i.p.) (0.72 � 0.03 g in
saline vs 0.38 � 0.08 g in CNO; n � 6; p �
0.005; Fig. 6C). The reduction in food in-
take was observed during the dark period,
when most food intake normally occurs.

Last, we tested whether pharmacoge-
netic activation of the PVH could override
the hyperphagic effect of Lmo4 deletion.
CNO-induced depolarization is thought
to occur through its inhibition of M cur-
rent carried by PIP2-gated KCNQ chan-
nels (Biervert et al., 1998; Wang et al.,
1998), a slowly inactivating, outwardly
rectifying potassium current important
for depression of neuronal excitability
(Brown and Yu, 2000). Indeed, the activa-
tor hM3Dq suppressed food intake in
Lmo4 KO mice to the same degree as was
observed in littermate control mice (Fig.
6C). Immunostaining for the immediate
early gene c-fos confirmed the precision of
virus injection and that CNO administra-
tion specifically activated PVH neurons
(Fig. 6D). Thus, these results show that
maintaining neuronal excitability in the
PVH is required to suppress food intake.
In summary, our findings indicate that
LMO4 is critical for the normal expres-
sion of voltage-activated Ca 2� channels
required for cellular excitability underly-
ing homeostatic regulation of appetite.

Discussion
In this study, we have identified an essential role for LMO4 in
maintaining neuronal activity of the PVH to control feeding be-
havior. We have shown that the lack of LMO4 in PVH neurons
impairs normal activity and the normal expression of voltage-
activated Ca 2� channels required for neuronal activity. Conse-
quently, reduced activity of the PVH profoundly increases
body weight resulting from hyperphagia. In addition, pharma-
cogenetic inactivation of PVH neurons induced hyperphagia
in WT mice, whereas their pharmacogenetic activation blocked
the hyperphagic phenotype of Lmo4 KO mice.

A recent study elegantly demonstrated that inhibitory input
from orexigenic AgRP neurons to the PVH neurons, particularly
parvocellular oxytocin neurons, increases acute feeding behavior
(Atasoy et al., 2012). This study also showed that suppressing the
activity of PVH Sim1 neurons using the same pharmacogenetic
approach (Sim1Cre and hMD4i) that we used here could effec-
tively trigger acute feeding behavior. It is important to note that
we observed no change in the mRNA levels of hypothalamic neu-
ropeptides, including, AgRP, NPY, POMC, oxytocin, vasopres-
sin, and TRH. Thus, the chronic hyperphagia we observe in
Sim1Cre/Lmo4 flox/flox mice cannot be explained from altered up-
stream signaling from the ARC. In addition, because Sim1 is not
expressed in other brain regions that have been implicated in
feeding behavior, like the VMH and DMH nuclei where LMO4

expression remains unaffected in Sim1-Cre mice (data not
shown), the selective loss of Lmo4 in Sim1 neurons of the PVH is
highly likely to account for the observed phenotype of hyperpha-
gia. Both spontaneous activity and excitability (LTS) of the Sim1
PVH neurons were significantly reduced in Lmo4 KO mice as
early as 3 weeks. Consistent with this notion, pharmacogenetic
activation of Sim1 neurons with AAV-hMD3q acutely sup-
pressed food intake in WT Sim1Cre mice during the dark cycle,
when mice are hungry and AgRP neurons are normally activated.
The fact that we were able to suppress food intake in adult Lmo4
KO (Sim1Cre/Lmo4 flox/flox) mice at 9 weeks of age to the same
extent as in WT Sim1Cre mice further strengthens our conclu-
sion that hyperphagia in Lmo4 KO mice results from loss of Sim1
neuron excitability. This is not the result of reduced Sim1 expres-
sion, as revealed by qPCR, or loss of Sim1-positive neurons, as
revealed by GFP immunofluorescence, or cellular atrophy be-
cause a similar membrane capacitance (an index of cell size) was
observed in Lmo4 KO PVH neurons. In addition, that feeding
suppression was restored by activating Sim1 neurons argues that
Sim1 neurons of the PVH and their projections remain intact
despite the loss of LMO4. These observations strongly indicate a
role for LMO4 in maintaining the activity of Sim1 PVH neurons
to prevent excess food intake.

Reduced excitability in Lmo4 KO PVH neurons was associated
with reduced expression of R-type and T-type channels. Parvo-

Figure 6. Pharmacogenetic silencing and activation of Sim1 neurons modulate food intake in opposite directions. A, Schematic
diagram indicating stereotaxic injection of Cre-inducible AAV-hM3Dq-mCherry (activator) and AAV-hM4Di-mCherry (inhibitor)
into the PVH of littermate control (WT) and Lmo4 KO mice (left) and fluorescent image showing the expression of mCherry from
injected viruses (right). Scale bar, 100 �m. B, Food intake is increased 3 h after CNO intraperitoneal administration in AAV-hM4Di-
mCherry-injected littermate control (WT, Sim1Cre/Lmo4 flox/wt/ROSA-EGFP, n � 6). C, Food intake was suppressed 2 h after CNO
intraperitoneal administration in AAV-hM3Dq-mCherry-injected littermate control (WT, n � 6) and Sim1Cre/Lmo4 flox/flox/
ROSA26-EGFP (Lmo4 KO, n � 6). Data are mean � SEM. **p 	 0.01 (Student’s two-tailed t test). ***p 	 0.001 (Student’s
two-tailed t test). D, Fluorescent staining showed that nearly all (98%) Sim1-positive neurons (green) expressing Cre-recombinase
activate the expression of the injected AAV-hM3Dq-mCherry viral transgene (magenta) and appear white in the merged image.
Scale bar, top: 50 �m. CNO treatment activates c-fos expression (82%, in AAV-hM3Dq-mCherry-injected PVH neurons) in Sim1Cre/
ROSA26-EGFP mice. Scale bar, bottom: 75 �m.
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cellular nonsecretory neurons of the posterior PVH respond to
release from a hyperpolarizing current-clamp with LTS through
T-type calcium channels (Luther et al., 2002). Among low-
voltage-activated T-type Ca 2� channels, Cacna1i was barely de-
tectable, Cacna1g expression was unchanged, and only Cacna1h
was significantly reduced by Lmo4 ablation. In addition, expres-
sion of the intermediate-voltage-activated R-type channel
Cacna1e mRNA was also reduced with Lmo4 ablation. Little is
known about the transcriptional regulation of Cacna1e. Cacna1h
can be induced by the transcription factor Egr1 (van Loo et al.,
2012). It remains to be seen whether LMO4 directly modulates
Egr1-dependent activation of Cacna1h.

The phenotype of Sim1Cre/Lmo4 flox/flox mice is less complex
than that of CamK2�Cre/Lmo4 flox/flox mice. The early-onset
obesity observed in Sim1Cre/Lmo4 flox/flox mice contrasts with
the late-onset obesity we observed in CamK2�Cre/Lmo4 flox/flox

mice (Zhou et al., 2012). In the latter model, Lmo4 was ablated in
glutamatergic neurons that make up all of the neurons of the
PVH, most of the VMH, and some of the DMH (Bailey et al.,
2003; Xu and Tong, 2011). Thus, we were surprised by the early
voracious appetite of Sim1Cre/Lmo4 flox/flox mice because no
other hypothalamic nuclei other than the PVH are affected in
these mice. The obesity and diabetes phenotypes could be pre-
vented by calorie restriction through paired feeding, indicating
that the metabolic phenotype was entirely the result of overeat-
ing. In contrast, paired feeding only prevented obesity but did
not rescue the diabetes phenotype of CamK2�Cre/Lmo4 flox/flox

mice (Pandey et al., 2013). CamK2�Cre/Lmo4 flox/flox mice are
defective in central leptin signaling in the VMH and DMH and
consequently have impaired glucose homeostasis and reduced
sympathetic outflow to peripheral tissues, respectively. Reduced
sympathetic outflow was found to affect peripheral insulin sensi-
tivity, insulin secretion from the pancreas, lipid metabolism, and
blood pressure (Zhou et al., 2012; Pandey et al., 2013). Whereas
CamK2�Cre/Lmo4flox/flox mice had reduced systolic and diastolic
blood pressures (Pandey et al., 2013), Sim1Cre/Lmo4 flox/flox mice
had normal blood pressures, even when they were morbidly
obese (data not shown).

It is noteworthy that the response of PVH neurons to leptin
signaling (i.e., a suppression of spontaneous firing frequency that
was reported previously; Ghamari-Langroudi et al., 2011) was
not affected by ablation of Lmo4 in Sim1Cre/Lmo4flox mice
(data not shown). This result contrasts with the loss of leptin
signaling we noted in the VMH and DMH of CamK2�Cre/
Lmo4 flox/flox mice (Zhou et al., 2012; Pandey et al., 2013) and
indicates that the effect of leptin to reduce spontaneous firing in
PVH neurons is not affected by LMO4 deficiency and may in-
volve a Jak/Stat3-independent signaling mechanism.

If Lmo4 was ablated in the PVH of CamK2�Cre/Lmo4 flox/flox

mice, then why do they not develop hyperphagia early on as do
the Sim1Cre/Lmo4 flox/flox mice? One possibility may relate to an
attenuating effect of the ablation of Lmo4 in the glutamatergic
neurons of the DMH in CamK2�Cre/Lmo4 flox/flox mice. DMH
neurons project to orexin neurons that increase feeding and en-
ergy expenditure (Stotz-Potter et al., 1996; Sakurai et al., 2005).
Thus, ablation of Lmo4 in the glutamatergic population of the
DMH might reduce feeding and counteract the hyperphagic ef-
fect of Lmo4 ablation in the PVH.

A mutation that disrupts Sim1 causes hyperphagia and obesity
in humans (Holder et al., 2000), and a study of mice with Sim1
haploinsufficiency revealed that loss of oxytocin signaling from
the PVH accounted for the severe hyperphagia (Kublaoui et al.,
2008). Loss of function of oxytocin neurons in the PVH has been

linked to Prader-Willi syndrome, a neurological disorder associ-
ated with voracious appetite and obesity (Swaab et al., 1995). It
will be interesting to see whether the Prader-Willi syndrome af-
fects LMO4 expression in PVH neurons. Our study reveals that
LMO4 plays a central role in establishing caudal Sim1 PVH neu-
ron excitability through modulation of voltage-gated Ca 2� chan-
nels and that Sim1 neuron-specific ablation of Lmo4 during
development causes hyperphagia. It remains to be seen whether
ablation of Lmo4 after birth or in adulthood would have a similar
effect on feeding behavior. A recent study showed that activation
of oxytocin neurons, a subset of Sim1 neurons of the caudal PVH,
strongly suppresses feeding behavior (Atasoy et al., 2012). We
suspect that the main hyperphagic effect of Lmo4 ablation occurs
by disrupting excitability of oxytocin neurons. However, a recent
study noted that ablated oxytocin neurons in adult mice did not
cause hyperphagia but rather affected energy expenditure (Wu et
al., 2012). In addition to oxytocin neurons, other PVH neurons
like those expressing arginine vasopressin might be responsible
for the control of feeding behavior (Aoyagi et al., 2009). Future
studies using an oxytocin or arginine vasopressin promoter-Cre
transgenic mouse will be required to address whether LMO4 is
required for oxytocin or arginine vasopressin neuron-dependent
control of feeding behavior.
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