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Brain-derived neurotrophic factor (BDNF) expressed in the paraventricular hypothalamus (PVH)
has been shown to play a key role in regulating energy intake and energy expenditure. BDNF is
also expressed in other hypothalamic nuclei; however, the role in the control of energy balance for
BDNF produced in these structures remains largely unknown. We found that deleting the Bdnf
gene in the ventromedial hypothalamus (VMH) during embryogenesis using the Sf1-Cre transgene
had no effect on body weight in mice. In contrast, deleting the Bdnf gene in the adult VMH using
Cre-expressing virus led to significant hyperphagia and obesity. These observations indicate that
the lack of a hyperphagia phenotype in the Sf1-Cre/Bdnf mutant mice is likely due to develop-
mental compensation. To investigate the role of BDNF expressed in other hypothalamic areas, we
employed the hypothalamus-specific Nkx2.1-Cre transgene to delete the Bdnf gene. We found
that the Nkx2.1-Cre transgene could abolish BDNF expression in many hypothalamic nuclei, but
not in the PVH, and that the resulting mutant mice developed modest obesity due to reduced
energy expenditure. Thus, BDNF produced in the VMH plays a role in regulating energy intake.
Furthermore, BDNF expressed in hypothalamic areas other than PVH and VMH is also involved in
the control of energy expenditure. (Molecular Endocrinology 30: 494–503, 2016)

Brain-derived neurotrophic factor (BDNF) is a small,
secreted growth factor, and it potently regulates neu-

ronal development and synaptic plasticity (1–3). Further-
more, BDNF and its receptor tropomyosin receptor ki-
nase B (TrkB) are among a few ligand-receptor pairs
crucial for the central control of energy balance. Muta-
tions in either the Bdnf or Ntrk2 (encoding TrkB) gene
have been shown to lead to marked hyperphagia and se-
vere obesity in both mice and humans (4–10). BDNF is
expressed in many hypothalamic regions, including the
paraventricular hypothalamus (PVH), ventromedial hy-
pothalamus (VMH), dorsomedial hypothalamus (DMH),
and lateral hypothalamus (5, 7). BDNF expressed in the
PVH has been shown to potently suppress energy intake
and promote adaptive thermogenesis in brown adipose
tissues (BATs) (11). However, the role in the control of
energy balance for BDNF expressed in other hypotha-

lamic regions has not been clearly established or
examined.

Studies have obtained conflicting results with regard to
the role of BDNF expressed in the VMH (termed VMH
BDNF thereafter) in the control of energy balance. Food
deprivation was found to drastically and selectively re-
duce the Bdnf mRNA level in the VMH (7, 12, 13). Be-
cause administration of either a melanocortin analog or
glucose into fasted mice increased the Bdnf mRNA level
in the VMH, melanocortin and glucose are likely key
mediators linking energy status to Bdnf gene expression
in the VMH (7, 12). These Bdnf gene expression data
suggest that VMH BDNF should play a role in the control
of energy balance. Indeed, deleting the Bdnf gene in the
DMH and VMH of adult mice via stereotaxic injection of
Cre-expressing adeno-associated virus (AAV) was shown
to result in modest hyperphagic obesity (12). However,

ISSN Print 0888-8809 ISSN Online 1944-9917
Printed in USA
Copyright © 2016 by the Endocrine Society
Received December 21, 2015. Accepted March 17, 2016.
First Published Online March 22, 2016

Abbreviations: AAV, adeno-associated virus; ARC, arcuate nucleus; BAT, brown adipose
tissue; BDNF, brain-derived neurotrophic factor; DMH, dorsomedial hypothalamus; iBAT,
interscapular BAT; MBH-BDNF KO, mediobasal hypothalamus Bdnf knockout; PVH, para-
ventricular hypothalamus; SF1, steroidogenic factor-1; TrkB, tropomyosin receptor kinase
B; UCP1, uncoupling protein 1; VMH, ventromedial hypothalamus; VO2, oxygen
consumption.

O R I G I N A L R E S E A R C H

494 press.endocrine.org/journal/mend Mol Endocrinol, May 2016, 30(5):494–503 doi: 10.1210/me.2015-1329

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/30/5/494/2556666 by guest on 25 April 2024



normal body weight was found in mutant mice where the
Bdnf gene was specifically deleted in the VMH during
embryogenesis using a Cre transgene under the control of
the promoter for steroidogenic factor-1 (SF1) (14, 15).
Several causes may account for the conflicting results ob-
tained from the 2 types of VMH Bdnf mutant mice. First,
the Sf1-Cre transgene may not be able to completely abol-
ish Bdnf gene expression in the VMH, because many
BDNF neurons in the adult VMH do not express SF1
(16). Second, the obesity phenotype in mutant mice where
Bdnf was deleted in the adult DMH and VMH could be
the consequence of DMH BDNF ablation. Third, the ge-
netic background and housing condition of mice used in
the studies were different.

In this study, we abolished Bdnf gene expression in the
VMH of mice using both Sf1-Cre and AAV-Cre. We also
employed the Nkx2.1-Cre transgene to abolish Bdnf gene
expression in the hypothalamus. Our study shows that
VMH BDNF plays an important role in the control of
energy intake and that BDNF produced in non-VMH and
non-PVH hypothalamic neurons is involved in the control
of energy expenditure.

Materials and Methods

Animals
Bdnflox/� (stock number 004339), Sf1-Cre (stock number

012462), and Nkx2.1-Cre (stock number 008661) mouse
strains were obtained from The Jackson Laboratory (6, 14, 17).
BdnfLacZ/� and Bdnfklox/� mouse strains were described previ-
ously (18). All mouse strains were backcrossed to C57BL/6J
mice for at least 5 generations before they were used in this
study. Mice were maintained on a 12-hour light, 12-hour dark
cycle with ad libitum access to water and a regular rodent chow
(Harlan 2019 with metabolizable energy of 3.3 kcal/g). The
Animal Care and Use Committees at Scripps Florida approved
all animal procedures used in this study.

Physiological measurements
Measurement of body weight, body length, and food intake

was conducted as described previously (18). Body composition
was determined using a Minispec LF-50/mq 7.5 NMR analyzer
(Brucker Optics), and it was divided into 3 parts: lean mass, fat
mass, and body fluid. Oxygen consumption (VO2) and locomo-
tor activity were assessed with a comprehensive lab animal mon-
itoring system (Columbia Instrument). Locomotor activity was
measured as light beam breaks in the XY horizontal plane.

In situ hybridization, immunoblotting, and
immunohistochemistry

Radioactive in situ hybridization using 35S-labeled ribo-
probes and immunoblotting were performed as previously de-
scribed (7, 19). Immunohistochemistry was performed as pre-
viously described (18). The following primary antibodies were
used for immunoblotting: rabbit polyclonal antibody against

tyrosine hydroxylase (1:1000; Millipore), rabbit polyclonal an-
tibody against uncoupling protein 1 (UCP1) (1:1000; Thermo
Scientific), and mouse monoclonal antibody against �-tubulin
(1:8000; Sigma-Aldrich). The following primary antibodies
were used for immunohistochemistry: rabbit polyclonal anti-
body against �-galactosidase (1:4000; Cappel) and rabbit poly-
clonal antibody against Cre recombinase (1:10 000; Millipore).

Stereotaxic injection of AAV
AAV-GFP and AAV-Cre-GFP viral vectors (serotype 2, UNC

vector core) were administered bilaterally into the hypothala-
mus of 8-week-old female Bdnflox/lox mice using a 10-�L Ham-
ilton syringe with a 33-gauge needle that was attached to a
stereotaxic arm as described previously (11). Each viral vector
(0.25 �L at 1012 viral particles/mL) was infused into a hypotha-
lamic area at 1.5 �L/h. The coordinates (relative to the bregma)
for the VMH and DMH were anteroposterior, �1.46 and
�1.56 mm; mediolateral, �0.46 and �0.42 mm; and dorsoven-
tral, �6.06 and �6.01 mm, respectively.

Cold exposure and temperature measurement
Measurement of core body temperature was obtained from

mice that were exposed to 10°C for up to 6 hours by a rectal
probe for mice and a thermometer (Thermo Fisher Scientific).
The probe was inserted into the rectum to a depth of 2 cm. All
experiments began at 10 AM, and the temperature was measured
once every hour.

Measurement of serum BDNF
Blood samples were collected from the mouse orbital sinus.

The blood samples were allowed to clot at room temperature for
30 minutes and then centrifuged at room temperature for 20
minutes at 13 000 rpm. The serum was collected from each
sample and stored at �80°C until used. Serum BDNF levels
were measured using a BDNF ELISA kit (Abcam) according to
the manufacturer’s instruction.

Statistical analysis
All data are expressed as mean � SEM. The significance of

differences was tested using Student’s t test, linear regression, or
two-way ANOVA with post hoc Bonferroni correction (*, P �
.05; **, P � .01; and ***, P � .001).

Results

Normal body weight in mice with deletion of the
Bdnf gene in the embryonic VMH

We asked whether the lack of an obesity phenotype in
mice where the Bdnf gene was deleted using the BAC
Sf1-Cre transgene (14) was due to incomplete BDNF ab-
lation in the VMH, because many BDNF neurons in the
mature VMH do not express SF1 (16). To this end, we
crossed Sf1-Cre mice to Bdnfklox/� mice to generate Sf1-
Cre;Bdnfklox/� mice, in which �-galactosidase is ex-
pressed in otherwise BDNF-expressing neurons once the
floxed Bdnfklox allele is deleted by Cre-mediated recom-
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bination (18). We detected �-galactosidase-expressing
cells only in the VMH (Figure 1A). Furthermore, the dis-
tribution of �-galactosidase-expressing cells in the nu-
cleus (Figure 1B) was nearly identical to that found in
BdnfLacZ/� mice (7). These observations indicate that the
Sf1-Cre transgene is capable of ablating Bdnf gene expres-
sion specifically and completely in the VMH. To confirm
the completeness of BDNF ablation, we crossed Sf1-Cre
mice to Bdnflox/lox mice (6) to generate Bdnflox/lox(con-
trol) and Sf1-Cre;Bdnflox/lox (mutant) mice. In situ hy-
bridization showed that Bdnf mRNA nearly disappeared
in the VMH of Sf1-Cre;Bdnflox/lox mice (Figure 1, C and
D). This result indicates that nearly all BDNF neurons in
the VMH express SF1 at some point during their devel-
opment, which is consistent with a critical role of SF1 in
the formation of the VMH (20).

In agreement with the previous observation (14, 15),
neither female nor male Sf1-Cre;Bdnflox/lox mice were sig-
nificantly heavier than sex-matched Bdnflox/lox mice at
any time point when body weight was monitored (Figure
1, E and F). Therefore, deleting the Bdnf gene in the VMH
during early development does not affect energy balance
in mice.

Hyperphagia and obesity in mice with BDNF
ablation in the adult VMH

We previously found that deleting the Bdnf gene in the
adult PVH using stereotaxic injection of AAV-Cre led to

much more marked hyperphagia and more severe obesity
than deleting the same gene in the embryonic PVH using
the Sim1-Cre transgene (11). This observation raises the
possibility that the lack of an obesity phenotype in Sf1-
Cre;Bdnflox/lox mice could be due to compensatory
changes in the appetite-controlling neural network in-
duced by early Bdnf deletion in the VMH. To test this
possibility, we deleted the Bdnf gene by injecting AAV-
Cre-GFP into the VMH of 8-week-old Bdnflox/lox mice
bilaterally. Because female mice develop more severe obe-
sity than male mice when TrkB signaling is impaired (6, 7,
18), deleting the Bdnf gene in VMH would produce more
robust obesity in female mice than in male mice if VMH
BDNF plays a role in the control of energy balance. Thus,
we conducted this experiment using female mice.

Injected AAV-Cre-GFP transduced neurons through-
out the whole VMH, as indicated by the expression of
GFP (Figure 2, A and D). Because the AAV-Cre-GFP vec-
tor expresses a Cre-GFP fusion protein, Cre recombinase
immunoreactivity covered the whole VMH in mice in-
jected with the virus as expected (Figure 2B). Injected
AAV also frequently transduced neurons in the arcuate
nucleus (ARC) and DMH to various extents (Figure 2, A
and D). We termed these mice as mediobasal hypothala-
mus Bdnf knockout (MBH-BDNF KO). MBH-BDNF KO
mice developed obesity and were 57% heavier on average
at 9 weeks after AAV injection, compared with the con-

Figure 1. Deletion of the Bdnf gene in SF1-expressing cells does not alter body weight in mice. A, A representative immunohistochemistry image
showing �-galactosidase expression in the Sf1-Cre;Bdnfklox/� brain. The brain section was counterstained with Nissl. Scale bar, 500 �m. B, An
immunohistochemistry image showing �-galactosidase-expressing neurons in the Sf1-Cre;Bdnfklox/� VMH. Scale bar, 250 �m. C, In situ
hybridization of Bdnf mRNA revealing abolishment of Bdnf gene expression in the Sf1-Cre;Bdnflox/lox VMH. The arrows denote the VMH. D,
Quantification of Bdnf mRNA levels in the VMH of Bdnflox/lox and Sf1-Cre;Bdnflox/lox mice (n � 3 mice per genotype). E, Body weight of female
Bdnflox/lox and Sf1-Cre;Bdnflox/lox mice. Two-way ANOVA indicates a significant effect of genotypes on body weight: F1,192 � 19.3, P � .0001;
however, post hoc Bonferroni tests do not find significant difference in body weight between genotypes at any time point. F, Body weight of male
Bdnflox/lox and Sf1-Cre;Bdnflox/lox mice. Two-way ANOVA does not find a significant effect of genotypes on body weight: F1,216 � 0.7174, P �
.398. Error bars indicate SEM.
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trol mice injected with AAV-GFP (Figure 2, C–E). The
obesity was associated with increased linear growth
(10.2 � 0.1 cm for AAV-Cre-GFP mice vs 9.6 � 0.1 cm
for AAV-GFP mice, P � .0001) and increased levels of
serum BDNF (703 � 141 pg/mL for AAV-Cre-GFP mice
vs 301 � 45 pg/mL for AAV-GFP mice, P � .05).

To find out the cause for obesity in MBH-BDNF KO
mice, we monitored daily food intake during the sixth
week after AAV injection and measured energy expendi-
ture at 10 weeks after AAV injection. The mutant mice ate
significantly more food than control mice (Figure 2F).
When normalized to lean mass, VO2 of the mutant mice
was lower than the control mice during both the light and
dark cycles (Figure 2G). However, the lean mass was sig-
nificant higher in the mutant mice than in the control mice
at 10 weeks after AAV injection (Figure 2E), when the
mutant mice were obese (Figure 2C). Individual mutant

mice actually used more energy than individual control
mice (Figure 2H), although their locomotor activity was
reduced (Figure 2I). These results indicate that increased
energy intake is the main cause for the development of
obesity in the mutant mice.

We next determined in which hypothalamic area Bdnf
deletion led to hyperphagic obesity in MBH-BDNF KO
mice. Because the ARC expresses little or no BDNF (see
figure 4 below) (7), it is unlikely that the obesity pheno-
type results from Bdnf deletion in the ARC. Linear regres-
sion analysis also did not find significant correlation be-
tween the body weight of MBH-BDNF KO mice and the
extent of AAV transduction in either the DMH (Figure 2J)
or the ARC (R2 � 0.083, P � .489). To further assess the
role of DMH BDNF in the control of energy balance, we
analyzed a cohort of Bdnflox/lox mice in which AAV was
targeted to a site slightly more dorsal, more posterior, and

Figure 2. Deletion of the Bdnf gene in the VMH of adult mice leads to obesity. A, Representative images showing AAV-Cre-GFP transduction in
the Bdnflox/lox hypothalamus. DAPI staining was used to reveal anatomic structures. Scale bar, 250 �m. B, Cre immunoreactivity of brain sections
from Bdnflox/lox mice injected with AAV-Cre-GFP into the VMH. Scale bar, 250 �m. C, Body weight of female Bdnflox/lox mice injected with either
AAV-GFP (n � 8) or AAV-Cre-GFP (n � 8). Two-way ANOVA indicates a significant effect of AAV injection on body weight: F1,140 � 61.14, P �
.0001. D, Analysis of injection sites in mice with AAV-Cre-GFP targeted to the VMH. The number of the * symbol indicates the extent of AAV
transduction in different hypothalamic regions. E, Body composition of mice at 10 weeks after AAV injection (n � 8 mice for each treatment). Fat
tissues were 8.6% and 29.8% of body weight in mice injected with AAV-GFP and mice injected with AAV-Cre-GFP, whereas lean tissues were
63.6% and 50.6% of body weight in mice injected with AAV-GFP and mice injected with AAV-Cre-GFP, respectively. F, Daily food intake of mice
at 6 weeks after AAV injection (n � 8 mice for each treatment). G–I, VO2 and locomotor activity of mice at 10 weeks after AAV injection. J,
Correlation between the extent of AAV-Cre-GFP transduction in the DMH and body weight at 9 weeks after injection. Error bars indicate SEM. LH,
lateral hypothalamus; PMV, ventral premammillary nucleus; VMHc, central part of VMH; VMHdm, dorsomedial part of VMH; VMHvl, ventrolateral
part of VMH.
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more medial than in MBH-BDNF KO mice. Some of these
mice had AAV-Cre-GFP transduction concentrated in the
DMH (Figure 3, A and B; termed DMH-BDNF KO).
DMH-BDNF KO mice only became significantly heavier
by 12% than control mice at 9 weeks after AAV injection
(Figure 3C). These results indicate that obesity developed
in MBH-BDNF KO mice largely results from deletion of
the Bdnf gene in the VMH.

BDNF produced in non-PVH neurons in the control
of energy expenditure

We have shown that BDNF expressed in the PVH plays
a critical role in regulating both energy intake and energy
expenditure (11). The results described above show that
BDNF expressed in the VMH is also involved in the con-
trol of energy intake. We employed the Nkx2.1-Cre trans-
gene, which starts to express Cre recombinase at embry-
onic day 10.5 and is specific to the hypothalamus and
interneurons in the brain (17), to investigate if BDNF
expressed in other hypothalamic areas plays any role in
the regulation of energy balance. We first determined in
which brain regions Nkx2.1-Cre could ablate BDNF by
comparing �-galactosidase immunoreactivity between
BdnfLacZ/� mice and Nkx2.1-Cre;Bdnfklox/� mice (Figure
4A). Except the PVH where no �-galactosidase-express-
ing cells were observed in Nkx2.1-Cre;Bdnfklox/� mice
(Figure 4, A1 and A2), the patterns of �-galactosidase
expression in the 2 genotypes of mice were comparable in
the DMH (Figure 4, A3 and A4), VMH (Figure 4, A5 and
A6), lateral hypothalamus (Figure 4, A7 and A8), ventral
premammillary nucleus (Figure 4, A9 and A10), and me-

dial mammillary nucleus (Figure 4,
A11 and A12). In agreement with
the fact that interneurons do not ex-
press BDNF (21), we did not detect
�-galactosidase-expressing cells in
any brain region outside the hypo-
thalamus in Nkx2.1-Cre;Bdnfklox/�

mice (data not shown). These results
indicate that the Nkx2.1-Cre trans-
gene is capable of ablating BDNF in
non-PVH hypothalamic neurons.
Indeed, in situ hybridization re-
vealed that Bdnf mRNA was not de-
tectable in the VMH of Nkx2.1-Cre;
Bdnflox/lox mutant mice (Figure 4B).

Both male and female Nkx2.1-
Cre;Bdnflox/lox mice developed mod-
est obesity, and their body weights
on average were 22% and 46%
heavier than sex-matched Bdnflox/lox

control mice at 15 weeks of age, re-
spectively (Figure 4, C and D). The

obesity was associated with increased linear growth (Fig-
ure 4E), increased lean mass (Figure 4F), and elevated
levels of serum BDNF (444 � 41 pg/mL for female
Nkx2.1-Cre;Bdnflox/lox mice vs 223 � 88 pg/mL for fe-
male Bdnflox/lox mice, P � .05).

Nkx2.1-Cre;Bdnflox/lox mice had similar daily food in-
take to control mice (Figure 5A). However, these mutant
mice had significantly lower VO2 than control mice at 6
weeks of age when these 2 genotypes of mice had compa-
rable body weights (Figure 5, B and C). These results
indicate that Nkx2.1-Cre;Bdnflox/lox mice develop obesity
mainly due to reduced energy expenditure.

Mice consume energy in many biological processes
such as adaptive thermogenesis, physical activity, and
basal metabolism. In adaptive thermogenesis, UCP1 in
BATs allows the energy generated from �-oxidation of
fatty acids to dissipate as heat in response to physiological
and environmental stimuli such as overeating and cold by
uncoupling the proton gradient from ATP synthesis in
mitochondria (22, 23). Nkx2.1-Cre;Bdnflox/lox mice had
normal locomotor activity (Figure 5D), normal core body
temperature (Figure 5E), and normal body temperature
response to cold exposure (Figure 5E), indicating that
physical activity and adaptive thermogenesis are not sig-
nificantly altered in these mutant mice. In agreement with
the observation of normal adaptive thermogenesis, ex-
pression of UCP1 was normal in the interscapular BAT
(iBAT) of Nkx2.1-Cre;Bdnflox/lox mice (Figure 5, F and
G). We did find that the level of tyrosine hydroxylase in
iBAT was drastically reduced in Nkx2.1-Cre;Bdnflox/lox

Figure 3. Deletion of the Bdnf gene in the DMH of adult mice. A, Analysis of injection sites in
mice with AAV targeted to the DMH. B, A representative image showing AAV-Cre-GFP
transduction in the DMH. The image was from animal AAV-Cre-GFP1-5. Scale bar, 250 �m. C,
Body weight of female Bdnflox/lox mice injected with either AAV-GFP (n � 5) or AAV-Cre-GFP
(n � 4) into the DMH. Two-way ANOVA indicates a significant effect of AAV injection on body
weight: F1,70 � 16.4, P � .001. Error bars indicate SEM.
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Figure 4. BDNF expressed in non-PVH hypothalamic cells is involved in the control of body weight. A, Immunohistochemistry images showing
�-galactosidase expression in various hypothalamic areas of BdnfLacZ/� and Nkx2.1-Cre;Bdnfklox/� mice. B, Representative images of in situ
hybridization for Bdnf mRNA. Arrows denote the VMH. C, Body weight of male Bdnflox/lox (n � 8) and Nkx2.1-Cre;Bdnflox/lox (n � 13) mice. Two-
way ANOVA indicates a significant effect of genotypes on body weight: F1,240 � 280.4, P � .0001. D, Body weight of female Bdnflox/lox (n � 11)
and Nkx2.1-Cre;Bdnflox/lox (n � 8) mice. Two-way ANOVA indicates a significant effect of genotypes on body weight: F1,204 � 272.6, P � .0001.
E, Body length of 12-week-old female control (n � 8) and mutant (n � 6) mice. F, Body composition of 10-week-old female mice (n � 8 and 7 for
control and mutant mice, respectively). Fat tissues were 5.8% and 11.3% of body weight in control mice and mutant mice, whereas lean tissues
were 67.3% and 66.0% of body weight in control mice and mutant mice, respectively. Scale bar, 50 �m. Error bars indicate SEM. LH, lateral
hypothalamus; ML, lateral part of medial mammillary nucleus; MM, medial part of medial mammillary nucleus; PMV, ventral premammillary
nucleus.
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mice, compared with Bdnflox/lox mice (Figure 5, F and G).
Tyrosine hydroxylase in iBAT is inside the innervating
axons of sympathetic neurons, and it is the rate-limiting
enzyme of the norepinephrine synthesis pathway and its
amount is indicative of sympathetic activity. Thus,
Nkx2.1-Cre;Bdnflox/lox mice could have lower sympa-
thetic outflows than control mice, leading to reduced rest-
ing metabolic rate and thereby lower energy expenditure.

Discussion

In this study, we demonstrate that BDNF ablation in the
adult VMH leads to significant hyperphagic obesity, in-
dicating an important role of VMH BDNF in the control
of food intake. Furthermore, we found that BDNF ex-
pressed in non-PVH and non-VMH hypothalamic neu-
rons is involved in the control of energy expenditure.

Figure 5. Nkx2.1-Cre;Bdnfklox/� mice show reduced energy expenditure. A, Daily food intake was measured when mice were 8 weeks old (n � 5,
6, 4, and 5 mice for female Bdnflox/lox, female Nkx2.1-Cre;Bdnflox/lox, male Bdnflox/lox, and male Nkx2.1-Cre;Bdnflox/lox, respectively). B, Distribution
of VO2 over a 24-hour period in female mice at 6 weeks of age. Two-way ANOVA for the effect of genotype: F1,288 � 31.10 (n � 6–8 per
genotype), P � .0001. C and D, VO2 and locomotor activity of female mice at 6 weeks of age (n � 6–8 mice per genotype). E, Rectal temperature
of 8-week-old female mice after exposure to 10°C (n � 6–8 mice per genotype). F and G, Immunoblotting analysis and quantification of UCP1
and tyrosine hydroxylase (TH) in the iBAT of 12-week-old female mice. Levels of UCP1 and TH were normalized to those of �-tubulin in the same
samples (n � 4 mice per genotype). Error bars indicate SEM.
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Deletion of the Bdnf gene in the adult DMH and VMH
using AAV-Cre has been found to cause modest hy-
perphagic obesity (12). We were able to reproduce this
finding and further narrow down the appetite-controlling
BDNF neurons to the VMH. Our MBH-BDNF KO mice
developed more severe obesity than the mutant mice re-
ported by Unger et al (12). This probably results from a
difference in the completeness of Bdnf deletion in the
VMH between the 2 strains of mutant mice. In addition,
the gender difference in mice used in the 2 studies should
contribute to the difference in obesity severity. The cur-
rent study used female mice, whereas the previous study
used male mice (12). It has been documented that female
Bdnf mutant mice develop more severe obesity than male
counterparts (6, 18). The genetic evidence on the role of
VMH BDNF in the control of energy intake is consistent
with the pharmacological observation that administra-
tion of recombinant BDNF into the VMH suppressed
food intake (24).

Our study also confirms the observation that Sf1-Cre;
Bdnflox/lox mice have a normal body weight (14, 15). The
lack of an obesity phenotype in these mice is not the result
of incomplete BDNF ablation, because we found that
Bdnf mRNA was basically gone in the VMH of Sf1-Cre;
Bdnflox/lox mice. The phenotype discrepancy between Sf1-
Cre;Bdnflox/lox mice and MBH-BDNF KO mice should be
due to the difference in the timing of Bdnf deletion be-
tween the 2 mouse mutant strains. SF1 is expressed during
embryogenesis (20), and thereby the Bdnf gene in Sf1-
Cre;Bdnflox/lox mice is deleted in the VMH during early
development. After early Bdnf deletion, neural network
reorganization may compensate for the effect of VMH
BDNF loss on food intake. In support of this explanation,
we previously found that deleting the Bdnf gene in the
adult PVH produced much more marked hyperphagia
than deleting the Bdnf gene in the embryonic PVH (11).
Similarly, it has been demonstrated that although specific
ablation of neurons expressing agouti-related protein in
adult mice results in loss of appetite, ablation of the same
neurons during early postnatal life has no impact on body
weight (25).

It appears that developmental compensation only
works for the regulation of energy intake. Although the
Nkx2.1-Cre transgene is expressed in embryos (17),
Nkx2.1-Cre;Bdnflox/lox mice still develop obesity due to
reduced energy expenditure. Because we found that
Nkx2.1-Cre did not ablate BDNF in the PVH and that
BDNF ablation in the embryonic VMH does not alter
body weight, reduced energy expenditure in Nkx2.1-Cre;
Bdnflox/lox mice should be the consequence of Bdnf dele-
tion in non-PVH and non-VMH hypothalamic neurons.
Daily energy expenditure of a sedentary mouse is com-

posed of 4 major components: the thermic effect of feed-
ing, spontaneous physical activity, adaptive thermogene-
sis, and resting metabolic rate (26). Because daily food
intake, locomotor activity, UCP1 expression, and cold
exposure response were comparable in Nkx2.1-Cre;Bdn-
flox/lox mice and control mice, the first 3 components of
energy expenditure should be normal in Nkx2.1-Cre;Bd-
nflox/lox mice. This suggests that reduced energy expendi-
ture in Nkx2.1-Cre;Bdnflox/lox mice be due to a decrease
in resting metabolic rate. In support of this explanation,
we found that the level of tyrosine hydroxylase in sympa-
thetic axons, an indicator of sympathetic tone, was re-
duced in the iBAT of Nkx2.1-Cre;Bdnflox/lox mice. To-
gether with the finding that BDNF expressed in distinct
groups of PVH neurons is required for the regulation of
locomotor activity and adaptive thermogenesis (11),
these findings suggest that hypothalamic BDNF could
regulate various aspects of energy expenditure through
distinct neural circuits.

This study and our previous study (11) have identified
that the VMH and PVH are 2 key brain regions that
produce BDNF to regulate food intake. Because the 2
studies were done in mice with the same gender and ge-
netic background, using the same viral vectors, and in the
same animal facility, it is possible to determine the relative
importance of the 2 groups of BDNF neurons in suppress-
ing food intake by comparing the results from the 2 stud-
ies. Deletion of the Bdnf gene in the VMH and PVH of
adult female mice increased food intake by 17% and
60%, respectively. Thus, BDNF neurons in the PVH
could be more potent than BDNF neurons in the VMH in
suppressing food intake.

Estrogens have antiobesity effects in women and fe-
male mammals (27, 28), and there are many estrogen-
responsive neurons in the VMH (29). It is tempting to
speculate that estrogens and BDNF interact in the VMH
to regulate body weight. Although deletion of estrogen
receptor-� in the embryonic VMH using the Sf1-Cre
transgene does not lead to hyperphagia in mice (30), it
remains possible that the receptor in the mature VMH
does regulate food intake in light of our finding that
BDNF ablation in the adult VMH, but not embryonic
VMH, causes hyperphagia. Because estrogens have been
shown to increase BDNF levels in the prefrontal cortex
and hippocampus (31), it would be interesting to investi-
gate whether estrogens control food intake in part by
regulating the expression of VMH BDNF in future
studies.

The relationship between serum BDNF levels and obe-
sity is unclear. As expected, serum BDNF levels are re-
duced in obese human subjects with 1 nonfunctional Bdnf
allele (9, 10); however, serum BDNF levels in obese sub-
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jects without obvious mutations in the BDNF gene were
found to be increased (32, 33) or unchanged (34, 35),
compared with nonobese subjects. We found that serum
BDNF levels were significantly elevated in obese mice in
which the Bdnf gene was deleted in the adult mediobasal
hypothalamus or with the Nkx2.1-Cre transgene. In the
future studies it would be interesting to find out whether
the elevated serum BDNF level results from BDNF up-
regulation in peripheral tissues (eg, adipose tissue) and/or
in the PVH neurons, some of which are magnocellular
neurosecretory cells (11) and could release BDNF into the
circulation system.

In conclusion, several populations of hypothalamic
neurons produce BDNF to regulate energy balance. These
include neurons in the PVH and VMH, which produce
BDNF to suppress food intake, and neurons in the PVH
and an unidentified hypothalamic nucleus, which pro-
duce BDNF to promote locomotor activity, thermogene-
sis, and resting metabolic rate.
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