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BDNF regulates eating behavior and locomotor
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Brain-derived neurotrophic factor (BDNF) was studied
initially for its role in sensory neuron development.
Ablation of this gene in mice leads to death shortly
after birth, and abnormalities have been found in both
the peripheral and central nervous systems. BDNF and
its tyrosine kinase receptor, TrkB, are expressed in
hypothalamic nuclei associated with satiety and loco-
motor activity. In heterozygous mice, BDNF gene
expression is reduced and we find that all heterozygous
mice exhibit abnormalities in eating behavior or loco-
motor activity. We also observe this phenotype in
independently derived inbred and hybrid BDNF
mutant strains. Infusion with BDNF or NT4/5 can
transiently reverse the eating behavior and obesity.
Thus, we identify a novel non-neurotrophic function
for neurotrophins and indicate a role in behavior that
is remarkably sensitive to alterations in BDNF activity.
Keywords: brain-derived neurotrophic factor (BDNF)/
hypothalamus/neurotrophins/obesity/TrkB

Introduction

In the last decade, many genes responsible for the signals
underlying eating behavior and obesity have been identi-
fied. These factors include well described peripheral
mediators such as insulin, glucocorticoids and leptin, as
well as central mediators that are less well understood
(Rosenbaum et al., 1997). The current animal models of
obesity focus upon the hypothalamus as the anatomical
area within the brain that controls eating behavior. In the
1940s, it was shown that hypothalamic lesions cause
hyperphagia and obesity (Hetherington and Ranson, 1942).
Today, several genetic models give further insight into the
hypothalamus and weight regulation. In the ob and db
mouse models, either leptin (ob) or its hypothalamic
receptor (db) are mutated and rendered non-functional,
resulting in severe early-onset obesity (Coleman, 1978;
Caro et al., 1996; Chen et al., 1996; Lee et al., 1996).
Overexpression of the agouti peptide or gene-targeted
deletion of the hypothalamic receptor it antagonizes, the
melanocortin-4 receptor, also result in obesity (Lu et al.,
1994; Huszar et al., 1997). Each of these models demon-
strates the importance of various specific nuclei within
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the hypothalamus including the arcuate, dorsomedial,
ventromedial and paraventricular nuclei (Chua et al., 1996;
Fan et al., 1997). Additionally, at least two new families
of peptides, the orexins and cocaine- and amphetamine-
related transcript (CART), have been localized to the
hypothalamus. These factors are thought to mediate feed-
ing behavior in response to neural cues that act upon the
satiety centers of the hypothalamus (Kristensen et al.,
1998; Sakurai et al., 1998).

The neurotrophin (NTF) family is composed of four
structurally related proteins with similar functions in
promoting neuronal survival within the peripheral nervous
system (PNS) (Barde, 1994; Snider, 1998). NTF-deficient
mice have been particularly useful in studying nervous
system development, as nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF) and neurotrophin-3
(NT3) null mice exhibit diverse neural abnormalities and
die as neonates (Snider, 1994). Signaling is mediated for
each NTF through a specific Trk family receptor tyrosine
kinase (TrkA, B and C) (Kaplan et al., 1991a,b; Klein
et al., 1991a,b; Soppet et al., 1991; Parada et al., 1992).

The functions of neurotrophins in the central nervous
system (CNS) appear more diverse than the target-derived
paradigm that serves as a useful model in the PNS. BDNF
protein is widely distributed in the CNS, beginning early
in development and extending throughout the organism’s
life span. BDNF is known to play key roles early in
embryogenesis by enhancing the differentiation of CNS
stem cell neuronal precursors as well as being a critical
component of early neural tube development in the chick
(Ahmed et al., 1995; Jungbluth et al., 1997). In later stages
of development, BDNF has been shown to regulate cortical
dendritic growth, optic nerve branching and remodeling,
development of dopaminergic networks and differentiation
of hippocampal neurons (Cohen-Cory and Fraser, 1995;
Vicario-Abejon et al., 1995; McAllister et al., 1997;
Cellerino et al., 1998).

In the mature CNS, BDNF protein is most abundant in
the hippocampus and hypothalamus (Nawa et al., 1995).
The hippocampus contains areas critical to synaptic
plasticity and relies on activity-dependent changes to
function. BDNF and TrkB have been shown to function
in the plasticity of synaptic connections involved with
learning and memory, and mice heterozygous for the
BDNF gene have impaired long-term potentiation (Korte
et al., 1995, 1998; Patterson et al., 1996). Activity-
dependent variations in neuronal BDNF synthesis within
sympathetic neurons have also been shown to result in
long-term alterations in synaptic input (Causing et al.,
1997). In the hypothalamus, BDNF function is less well
defined. Its expression is known to increase in response
to osmotic or immobilization stress, though little is known
about the physiological relevance that this increase may
have (Castren et al., 1995; Smith et al., 1995).
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The present study arose from our observation that mice
with only one functional BDNF allele exhibited a tendency
toward obesity. We confirm that variation of BDNF levels
in the CNS has profound behavioral effects on mice. One
hundred percent of the BDNF heterozygous mice exhibit
a behavioral phenotype. These data may have correlates
in humans where it has been noted that individuals with
WAGR (Wilms’ tumor, aniridia, genitourinary anomalies
and mental retardation) contiguous gene syndrome whose
deletions extend into the BDNF locus are obese.

Results

Weight and appetite

Mice heterozygous for targeted disruption of BDNF,
NT4/5, NT3, TrkC and TrkA (Snider, 1994; Liebl et al.,
1997, 2000; Tessarollo, 1997) were weighed every 8 days
between the ages of 28 and 270 days and compared with
wild-type littermates. Of these mutant strains, generated
in our laboratory and maintained under identical housing
and feeding conditions, only the BDNF mutants (BH)
showed a significant variance in weight from wild-type.
Figure 1A and B shows the individual weight charts for
male and female wild-type (green) and BDNF hetero-
zygous (black) mice. Two features are evident from
examination of these panels. First, the range of weight
is considerably increased for the BDNF heterozygous
population; and secondly, a significant weight increase
was present in a subset of BDNF mutant males (50%)
and females (27%). Figure 1C–F shows a subgrouping
of the BDNF heterozygous population into fat BDNF
heterozygous mutant (FBH) mice (Figure 1C and D; blue)
defined as weighing greater than two standard deviations
above the mean weight of wild-type mice, and non-fat
BDNF heterozygous mutant (NBH) mice. Over time, more
mutant animals in our population became obese, with only
12% obese at 3 months, 23% at 6 months and 50% at 9
months. Figure 1E and F shows the overlapping values
of NBH (red) and wild-type mice, and Figure 1G and H
shows the average weights of each of the three populations.
At 6 months of age, the average weights of male and
female FBH mice were increased 44 and 33%, respectively.
Feeding behavior reflected the increased FBH weight,
where, on average, FBH mice consumed 47% more food
per day (6.6 g) than NBH and wild-type mice (not shown).
Similar increases in weight have been seen in heterozygous
knockout mice for the melanocortin-4 receptor (Huszar
et al., 1997).

Increased locomotor activity

Locomotor activity tends to be depressed in obese mice,
presumably due to abnormal neuroendocrine metabolism
(Erickson et al., 1996). Neither FBH nor NBH mice
appeared lethargic. Direct observation of BDNF hetero-
zygous mice revealed a hyperactive behavior as compared
with wild-type littermates (Figure 2). Activity monitors
were employed to evaluate activity quantitatively at
6 months of age. These monitors consisted of 15 photo-
electric beams spaced 3 cm apart encompassing the length
of the cage. Activity was measured as the total number
of beam disruptions during a nocturnal 4 h monitoring
period (see Materials and methods). As for weight, an
increased variance in the distribution of locomotor activity
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Fig. 1. BDNF heterozygous (BH) mice exhibit increased weight
variation with increased age (A and B). Mutant mice are subdivided
based on weight into fat heterozygous (FBH; blue), non-fat
heterozygous (NBH; red) and wild-type (WT; green) groups for both
males (C, E and G) and females (D, F and H). FBH mice weigh
greater than two standard deviations above the mean weight of wild-
type mice and fall outside the wild-type range (C and D), while NBH
mice fall within the wild-type weight distribution (E and F). The
growth curve for males (G) represents 13 FBH, 13 NBH and 40 wild-
type mice, whereas that for females (H) includes nine FBH, 21 NBH
and 17 wild type. Values represent the mean � SEM.

of the BDNF mutant mice was observed (Figure 2A). To
examine whether a relationship exists between weight
increase and locomotor activity, the two values for
individual mice were compared. Figure 2B shows that
while wild-type animals show little correlation between
weight and activity, BDNF mutants show an inverse
relationship between increasing locomotor activity and
decreasing weight. This negative correlation showed a
coefficient of –0.58 with a p-value �0.001. When the
BDNF heterozygotes are separated into two populations
by weight (Figure 1C–F), mice that fall within the NBH
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Fig. 2. BDNF heterozygous mice (BH) show increased variance of activity when compared with wild-type (WT) (A). A correlation coefficient
of –0.58 for activity plotted against weight (p �0.001) was obtained using a Spearman rank order test for correlation of BH mice (B). Photoelectric
beam disruptions for wild-type, NBH and FBH mice are quantified in (C) (see Materials and methods). Values represent the mean � SEM.
**p �0.01. N � 9 for wild-type, and 10 each for FBH and NBH.

population exhibit more than twice the locomotor activity
of wild-type and FBH mice (Figure 2C). Thus, BDNF
heterozygous mice exhibit at least one of two behavioral
phenotypes. While NBH mice have a tendency for
increased locomotor activity, FBH mice exhibit wild-type
values. This is in contrast to other obese mouse models
such as ob and agouti, which tend to exhibit lethargic
behavior and decreased activity (Erickson et al., 1996).
This difference in the obese BDNF heterozygotes
therefore suggests a relative increased locomotor activity
and, furthermore, may indicate that all BDNF heterozy-
gotes have increased activity.

Fat content

To determine whether the increased weight of FBH mice
reflected increased adiposity, FBH, NBH and wild-type
mice were examined using proton spectroscopy,
nuclear magnetic resonance (NMR) imaging and histo-
logical analysis (see Materials and methods; Figure 3).
Figure 3A–C shows representative NMR sections of the
wild-type, FBH and NBH animals in a mid-horizontal
plane and illustrates the size gain of the retroperitoneal
fat pad in the FBH animal. Increased fat content can
result from either an increase in adipocyte number (hyper-
plasia) or an increase in cell size (hypertrophy). Histological
analysis of the inguinal fat pads indicates that the obese
BDNF heterozygotes have adipose cellular hypertrophy
(Figure 2D–F). Inguinal fat pad measurements of 6-month-
old mice confirmed that FBH mice have adipocyte diameters
~3-fold greater (144.3 � 21 µm) than NBH (55.1 � 7.0 µm)
or wild-type (51.7 � 7.6 µm) fat cells. Adipose cell hyper-
trophy is characteristic of human obesity. Finally, proton
spectroscopy was used to quantify the percentage of fat by
measuring the ratio of total lipid to water content (Stein
et al., 1995). Figure 3G shows that FBH mice have a 4-fold
increase in the percentage of lipid to water, while NBH mice
are not different from wild-type littermate controls. This
translates to 8.5% body fat content in the wild-type and
NBH mice, while FBH mice have �30% body fat.

Serum levels

Changes in the serum levels of leptin, insulin, glucose
and corticosterone have been associated with obesity

1292

(Spiegelman and Flier, 1996). To determine whether FBH
mice have alterations in any of these substances, the serum
of FBH, NBH and wild-type mice was analyzed (Figure 4).
Six-month-old FBH mice were found to have 4- to 5-fold
more serum leptin as compared with NBH and wild-type
littermates (Figure 4A). This increase in leptin is consistent
with the increase in adipocyte cell size. Both human and
animal genetic and dietary models of obesity associate
high levels of leptin with increasing adiposity (Caro et al.,
1996; Friedman, 1997). Insulin is the primary modulator
of glucose metabolism (Rosenbaum et al., 1997) and FBH
mice have an 8-fold increase in insulin levels when
compared with wild-type and NBH mice (Figure 4B).
However, examination of serum glucose levels showed
no significant difference between the three genotypes
(Figure 4C). This suggests that FBH animals maintain
normal serum glucose levels by compensating with
increased insulin levels.

Corticosterone is an adrenal hormone produced in
response to stress, and its levels can be abnormal in
some models of obesity (Spiegelman and Flier, 1996;
Rosenbaum et al., 1997). FBH, NBH and wild-type mice
showed no significant difference in serum corticosterone
levels (Figure 4D). Thus, FBH mice are similar to obese
humans and to mouse obesity models showing increased
levels of leptin and insulin (Lu et al., 1994; Huszar et al.,
1997). Unlike ob and db mice (Coleman, 1978), FBH
mice can still regulate glucose and corticosterone levels.
Abnormalities in thyroid gland activity can also affect
eating behavior and activity. To determine whether BDNF
heterozygotes had altered thyroid activity, thyroid hormone
measurements were performed on cohorts of wild-type,
FBH and NBH mice. No differences in thyroid hormone
levels were detected in the three populations (not shown).

Independent BDNF knockouts exhibit similar

phenotypes

To rule out the possibility that the observed phenotypes
resulted from the inadvertent alteration of a second gene
in our original BDNF homologous recombinant embryonic
stem (ES) cell line, we examined an independently derived
BDNF knockout mouse strain (Ernfors et al., 1994). This
second BDNF mutant line, maintained in a pure C57Bl/6
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Fig. 3. FBH mice are obese and show adipocyte hypertrophy. NMR images (A–C) of whole-body horizontal sections are taken at the approximate
midline. White density denotes fat, and arrows point to areas of significant fat accumulation in retroperitoneal fat pads. (D–F) Fat histology of
inguinal fat pads with the bar representing 70 µm. Quantification of lipid is based on spectroscopy of lipid and water peaks (G) (see Materials and
methods). Values represent the mean � SEM. Wild-type (n � 15), FBH (n � 11) and NBH (n � 8) are labeled accordingly.

Fig. 4. FBH mice are leptin and insulin resistant. Plasma
concentrations of leptin (A), insulin (B), glucose (C) and
corticosterone (D) were measured from wild-type, FBH and NBH
mice. Blood was drawn and processed as described in Materials and
methods. Each value represents the mean � SEM of 9–23 (wild-type),
12–24 (FBH) and six (NBH) mice. ***p �0.001; *p �0.05.
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background, has confirmed the presence of altered eating
and motor activity behavior. Males from three litters were
evaluated at 7–8 months of age for weight and activity.
Figure 5A illustrates that the average weight of the wild-
type and NBH mice is similar, whereas the FBH mice have
a 30% average weight increase. As shown in Figure 5B,
locomotor activity levels for the wild-type and FBH mice
are also similar, while the NBH mice show a �3-fold
increase in activity. Thus, the behavioral alterations seen
in BDNF heterozygotes result from the mutation of one
BDNF allele and not of inadvertently mutated nearby
genes. Moreover, the preservation of phenotype in the
129Sv�C57Bl/6 hybrid or the inbred C57Bl/6 background
suggests that changes in these genetic backgrounds do not
significantly affect the two phenotypes described here.

Hypothalamic expression of BDNF and TrkB

The hypothalamus is the CNS regulatory center for feeding
behavior and weight control. We examined changes in
BDNF or TrkB mRNA expression in BDNF heterozygous
mice. RNase protection was employed to examine quanti-
tative differences in BDNF and TrkB transcripts, while in
situ hybridization evaluated regional distribution. Densito-
metric readings demonstrated that both FBH and NBH
mice have ~50% reduction in BDNF transcripts compared
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Fig. 5. Independently derived BDNF mutant mice in a pure C57Bl/6
background are obese and hyperactive (Ernfors et al., 1994).
(A) Representative weights at 7–8 months of age; (B) activity levels in
the same animals. Data represent male animals (n � 3 for each group)
from two litters. Values represent the mean � SEM.

with wild-type controls (Figure 6B and E). Quantitative
values were normalized to a β-actin control. No differences
were observed in TrkB transcripts from the hypothalamus
of wild-type, FBH and NBH mice (Figure 6A and D).

In situ hybridization was employed next to examine
expression of BDNF and TrkB in specific hypothalamic
nuclei. All studies were performed on four brains each of
wild-type, FBH and NBH mice. The FBH and NBH mice
represent mean values for obesity in the FBH group and
locomotor activity in the NBH group. The areas of the
hypothalamus associated with weight and feeding behavior
include the paraventricular (PV), the arcuate (A), the
dorsomedial (DMH) and the ventromedial (VMH) nuclei.
As shown in representative sections from two independent
brains (Figure 7A), BDNF is normally expressed in the
PV and lateral hypothalamic area (LHA) of the anterior
hypothalamus (panels 1, 4, 7 and 10). Consistent with the
RNase protection data, FBH and NBH littermates appear
to have reduced BDNF expression at these two nuclei
(panels 2, 5, 8 and 11, and 3, 6, 9 and 12, respectively).
However, comparison of LHA (Figure 7A, arrows)
consistently indicates considerably lower BDNF signal in
NBH sections. While TrkB hybridization was equivalent
in adjacent sections (panels 13–15) controlling for
hybridization efficiency, the NBH sections have reduced
BDNF signal (panels 6, 9 and 12). BDNF is also expressed
normally at high levels in the VMH (Figure 7B, panels 16,
19, 22 and 25). FBH and NBH mice showed decreased

Fig. 7. TrkB and BDNF transcripts are expressed in satiety and locomotor hypothalamic nuclei. (A) Schematic of the anterior hypothalamus
including the paraventricular (PV) nucleus, lateral hypothalamic area (LHA) and anterior nucleus (AN). Nissl-stained sections (1–3) represent each
population. The series labeled BDNF-1 and BDNF-2 indicate representative sections from two of four total serially sectioned wild-type, FBH and
NBH brains probed with BDNF. TrkB indicates an adjacent section to the section in BDNF-2. BDNF (4–9) expression is seen in the PV and LHA of
wild-type, FBH and NBH mice. Arrows (4–9) encompass the right LHA region. LHA indicates panels 10–12 showing magnification of the LHA in
panels 7–9. TrkB transcripts are present throughout the anterior hypothalamus (13–15). (B) The schematic to the left of the panel depicts a more
posterior section than (A) of the hypothalamus including the dorsomedial (DMH), ventromedial (VMH) and arcuate (A) nuclei. BDNF (19–24) is
expressed asymmetrically in the VMH of wild-type, FBH (arrows) and NBH (arrowheads) mice. TrkB transcripts are found throughout (25–27).
n � 4 each for wild-type, FBH and NBH animals.
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Fig. 6. BDNF heterozygotes have decreased BDNF but not TrkB
transcripts in the hypothalamus. RNase protection in (A) demonstrates
equivalent TrkB-protected fragments (420 bp), whereas (B) shows
decreased intensity of BDNF-protected fragments (350 bp) in the FBH
and NBH mutant populations. Unprotected probes are shown in (C).
Densitometric quantitation is shown for TrkB (D) and BDNF (E).

BDNF signal in these nuclei. We also noted an asymmetry
in BDNF expression of the heterozygote VMH. FBH
mice preferentially retained the dorsomedial expression
(panels 20 and 23; arrows) seen in wild-type, whereas
NBH (hyperactive heterozygotes) retained the lateral but
not the medial expression (panels 21 and 24; arrowheads).
Hybridization of adjacent sections with a TrkB probe
showed widespread expression and no discernible qualita-
tive changes in expression between the three genotypes
(wild-type, NBH and FBH) (Figure 7B, panels 25–27).
Thus, regional reductions in BDNF expression within the
hypothalamic nuclei implicated in feeding behavior and
locomotor activity may account for the phenotypes seen
in BDNF heterozygous mice. Asymmetry in the reduction
in BDNF expression correlates with the distinct phenotypes
and may underlie the behavioral differences.

Hypothalamic expression of NPY, CART and leptin

receptor

Neurotransmitters regulate neural activity in satiety
centers of the hypothalamus, where alteration in neuro-
peptides results in abnormal feeding behavior (for a
review, see Elmquist et al., 1999). Neuropeptide Y
(NPY)-expressing neurons are located in several hypo-
thalamic nuclei, including the A nucleus, which projects
NPY-expressing neurons to the PV nucleus to regulate
feeding behavior. Immunohistochemical examination of
NPY afferents in the PV (Figure 8A, panels 1–3), DMH
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(Figure 8B, panels 7–9) and A (Figure 8B, panels 20–
22) nuclei of wild-type, FBH and NBH mice showed
no significant alteration in expression. CART is also
highly expressed in the DMH (Figure 8B, panels 10–
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12), VMH (Figure 8B, panels 15–17) and A (Figure 8B,
panels 23–25) nuclei, and to a lesser extent in the PV
(Figure 8A, panels 4–6) nucleus. In situ hybridization
of CART mRNA was employed, and no differences
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were observed in CART expression between wild-type,
FBH and NBH mice.

We next examined whether the observed leptin
resistance was the direct result of changes in expression
of the leptin receptor (LR). We found no significant
difference in LR expression in the DMH (Figure 8B,
panels 13 and 14), VMH (Figure 8B, panels 18 and
19) or A (Figure 8B, panels 26 and 27) nuclei of wild-
type and FBH mice. The results indicate that while
BDNF transcripts are differentially regulated in hypothal-
amic nuclei that control feeding and locomotor behavior,
the expression of other mediators (i.e. NPY, CART and
LR) in the same nuclei is not altered. Thus, either
BDNF functions downstream or independently of the
leptin/NPY axis.

FBH phenotype is reversible

The above data are consistent with the interpretation that
reduction of BDNF in the hypothalamus causes increased
locomotor activity and eating behavior. This outcome
could result via two alternative models. Either reduction
of BDNF levels in the heterozygous mutants results in
the developmental atrophy of hypothalamic cells required
for the regulation of eating behavior and activity, or
reduction in endogenous BDNF levels modifies the physio-
logical function of otherwise intact hypothalamic cells. In
the former case, it would not be anticipated that infusion
of exogenous BDNF would reverse the phenotype since
the cells in question would be absent or incompetent. In
the latter model, addition of exogenous BDNF would be
expected to compensate for the reduced endogenous levels
and thus lead to phenotypic reversal. To discriminate
between the alternative models, BDNF, NT4/5, NGF or
phosphate-buffered saline (PBS) vehicle were infused into
the third ventricle of FBH mice for 14 days via cannulation
and application of a subcutaneous mini-pump (Figure 9).
Infusion of NGF or PBS vehicle resulted in a small (10–
15%), but significant, decrease in weight as compared
with pre-infusion weight. We attribute this reduction to
the aftermath of intracranial surgery and pump implant-
ation. The infusion of either TrkB ligand, BDNF or NT4/5
had significantly greater effects. Weight loss in the obese
(FBH) mice averaged 30% by 16 days post-infusion.
This represents a decrease from an average of 42 g (pre-
infusion baseline) to an average of 29 g, and approximates
the average wild-type weight at a similar age. The loss in
weight reflects a decrease in adipose cell size and not
systemic illness or protein wasting (not shown). By day
21 post-infusion, each group of infused mice demonstrated
evidence of regaining weight. After 90 days, all groups
of mice had regained weight back to the pre-operative
baseline (Figure 9). When wild-type mice were infused
with BDNF under identical conditions, �5% loss in weight
was observed (Figure 9). Food consumption showed a
similar profile to weight in BDNF-infused mice. There
was a 40% decrease in eating by day 14, which was
followed by a post-infusion increase in feeding that
reached pre-infusion levels 4 days after the infusions were
completed (not shown).

These results give strong support to the model that
reduction of endogenous BDNF levels in the hypothalamus
of BDNF heterozygotes can result in eating behavior
disorders. BDNF most probably functions through its
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receptor tyrosine kinase, TrkB, since similar results were
obtained with NT4/5 infusion, but not NGF, although each
of these NTFs can interact with the p75 low affinity
receptor.

Discussion

The gene family of NGF-related neurotrophins is widely
recognized to have important neurotrophic functions in
the sculpting of the PNS. The widespread expression of
these molecules and their receptors in the CNS has
prompted the search for additional functions in this tissue.
Numerous reports have implicated BDNF in long-term
potentiation (LTP) (Korte et al., 1995, 1996; Chen et al.,
1996; Patterson et al., 1996; Kang et al., 1997; Korte and
Bonhoeffer, 1997) and synaptic plasticity (Levine et al.,
1998). An assessment of the potential function of neuro-
trophins in behavior has been more difficult due to the
fact that complete ablation of gene function for NGF,
BDNF, NT3 or their cognate Trk family receptors is
inconsistent with survival past early infancy. Nonetheless,
it has been reported that mice carrying only one functional
BDNF allele exhibit deficiencies in learning behavior that
can be correlated to altered LTP responses (Patterson
et al., 1996; Linnarsson et al., 1997). Thus, BDNF emerges
as a molecule with broad and important roles beyond
those implicated in sensory neuronal development, and
probably functions to maintain mature neurons in brain
areas other than the hippocampus.

In the present study, we identify novel behavioral
abnormalities in mice with only one functional BDNF
allele. In addition to learning deficiencies (Linnarsson
et al., 1997), these animals appear to have the propensity
towards increased motor activity. About half of BDNF
heterozygous mice develop an eating behavior disorder
leading to obesity, as reflected by a 300% increase in fat
content by 9 months of age. These mice are apparently
resistant to leptin as their endogenous levels are increased,
in addition to having abnormally high insulin levels.
These features parallel the human condition of obesity.
Comparison of locomotor activity between the obese
BDNF heterozygous mice and their wild-type littermates
has not revealed differences. The fact that the obese BDNF
heterozygotes are not lethargic suggests that these fat
mutant mice are relatively hyperactive but, for reasons
not understood, become more obese than their hyperactive
and normal sized littermates.

Leptin and its receptor are essential mediators of feeding
behavior at the level of the hypothalamus (Friedman,
1997; Elmquist et al., 1998). The increased leptin in
BDNF heterozygotes and apparent leptin resistance cannot
be attributed to reductions in the leptin receptor (Chen
et al., 1996; Lee et al., 1996). Hypothalamic peptides are
also expressed in satiety nuclei and have been thought to
mediate feeding behavior in response to neural cues.
In vitro, NPY is regulated by BDNF in hippocampal
interneurons (Marty et al., 1996) and, in vivo, NPY
immunoreactivity is decreased in BDNF null mice (Jones
et al., 1994). In BDNF heterozygous mice, we detect no
difference in NPY immunoreactivity. We also did not find
differences in expression of CART in the hypothalamus.
These negative results suggest that the behavioral changes
induced in mice by genetic reduction of endogenous
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Fig. 8. NPY, CART and leptin receptor expression in hypothalamic nuclei. (A) Coronal section of the anterior hypothalamus at the level of the
paraventricular nuclei. Panels 1–6 represent bilateral paraventricular nuclei immunostained for neuropeptide Y (NPY) (1–3) and hybridized with
CART mRNA transcripts (4–6) in wild-type, FBH and NBH mice, respectively. (B) Coronal section of the posterior hypothalamus at the level of the
dorsomedial, ventromedial and arcuate nuclei. Panels 7–9 and 20–22 represent bilateral NPY immunoreactivity in the DMH (7–9) and A (20–22)
nuclei of wild-type, FBH and NBH mice, respectively. Panels 10–12, 15–17 and 23–25 represent bilateral hybridization for CART mRNA in the
DMH (10–12), VMH (15–17) and A (23–25) nuclei of wild-type, FBH and NBH mice, respectively. Panels 13, 14, 18, 19, 26 and 27 represent
bilateral hybridization for leptin receptor (LR) mRNA in DMH (13 and 14), VMH (18 and 19) and A (26 and 27) nuclei of wild-type and FBH
mice, respectively.

BDNF are either downstream of these eating behavior
mediators or function in parallel pathways that impinge
on eating behavior and locomotor activity.

The coding domain for the BDNF gene, like that of all
neurotrophins, is contained in one exon. Thus, our mutant
mice completely ablate the function of the recombinant
allele by insertion of a neo cassette within the coding
region (Liebl et al., 1997). The phenotypic similarity
in two independent BDNF knockouts confirms that the
observed behavioral phenotypes are attributable to BDNF
function. To gain an understanding of how mutation of
one BDNF allele could lead to such altered behavior, we
examined the expression in the hypothalamus where the
nuclei that regulate satiety and locomotor activity are
localized. We did not detect overt morphological differ-
ences in this region between the wild-type and BDNF
mutant mice, suggesting that no dramatic changes in cell

1297

number had occurred. However, BDNF and TrkB are
expressed in the hypothalamus, and heterozygotes have
reduced levels of BDNF transcripts. Thus, the BDNF/
TrkB signaling system is present in the regions of the
CNS that regulate satiety and activity. In situ hybridization
is not a quantitative technique, but permitted us to focus
regionally on nuclei within the hypothalamus that have
been identified as key in regulating eating behavior. The
LHA is important as a negative regulator of activity. When
specific receptors in the LHA are antagonized, locomotor
hyperactivity ensues (Morutto and Phillips, 1997). While
the fat heterozygotes showed a reduction by about half in
the LHA, we were unable to detect BDNF expression in
the LHA of the four non-fat hyperactive heterozygotes
examined. Similarly, asymmetric reduction of BDNF was
observed in the VMH. Ablation of one germline BDNF
allele may lead to the selective down-regulation or exclu-
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Fig. 9. Intra-cranial infusion of BDNF or NT4/5 into the third
ventricle of FBH mice causes a reversion in weight. PBS (d, n � 7),
NGF (m, n � 2), BDNF (j, n � 8) or NT4/5 (., n � 3) were infused
into the third ventricle for 14 days. After 3 months, the animals’
weight returned to baseline in all groups. Infusion of PBS (s, n � 5)
or BDNF (u, n � 5) in the wild-type produced no significant change
in weight. Values represent the mean � SEM.

sion of the other allele in selective centers of the brain,
resulting in a functional knockout in the nuclei that
regulate activity or satiety.

Neurotrophins have been implicated indirectly in regu-
lating appetite by infusion of either NGF or BDNF in
non-obese rats (Williams, 1991; Lapchak and Hefti, 1992;
Pelleymounter et al., 1995). At the highest doses, BDNF
infusion in rats has been shown to cause a weight loss of
10–15% from pre-infusion baseline (Pelleymounter et al.,
1995). In our studies, infusion of BDNF into wild-type
mice produces a weight loss of �10%, which accounts
for all of the fat stores, as we have shown that under our
housing conditions wild-type and NBH mice have an
average fat content of 8.5%. Infusion of vehicle or NGF
in obese BDNF heterozygous mice similarly produces a
modest weight loss of ~10%. This is in contrast to
infusions of BDNF or NT4/5 in obese BDNF mutant
mice, which produced a 30% weight loss. These results
indicate that regional cellular physiology can be corrected
by the re-infusion of BDNF. Thus, the observed behavioral
change in the heterozygous mice is not due to cell
death caused by regional reduction of BDNF during
development.

Another issue arising from our study concerns the
genetic configuration of our mice and the possibility
that segregating loci may modify the BDNF locus in
determining whether the mice will gain weight or become
hyperactive. The present studies were originated in hetero-
zygous mice that were hybrid for the C57Bl/6 and 129Sv
genetic backgrounds. Upon our initial observation that a
significant number of the heterozygotes were obese, we
initiated genetic crosses of the null BDNF allele to the
CD1, 129Sv or C57Bl/6 strains. After six generations, we
do not yet observe a segregation of the two traits. In
addition, we have crossed every possible combination of
mutant animals (FBH with NBH, NBH with NBH, FBH
with wild-type, etc.) and have observed both fat and non-
fat offspring from every combination. Thus, we are unable
at this time to provide evidence for modifier loci that may
contribute to the two differing phenotypes.

In mice and humans, the BDNF gene is linked to the
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Wilms’ tumor (WT-1) and Pax-6 genes. In humans, the
WAGR contiguous gene syndrome results from deficien-
cies in chromosome 11p13 that affect some or all of these
gene functions. Two rare patients with WAGR syndrome
have been reported to be obese, leading to speculation
that an obesity-related gene may be present at one extreme
of this locus (Marlin et al., 1994; McGaughran et al.,
1995). We have inspected the data for these two patients
and noted that both harbor deletions that encompass the
BDNF gene (Marlin et al., 1994; McGaughran et al.,
1995). This observation in humans correlates with our
results in mice and raises the possibility that mutation of
the BDNF gene may account for obesity in these patients.

The underlying perturbations caused by reduction of
endogenous BDNF leading to behavioral modification
remain unclear. The absence of changes in the leptin, NPY
and CART pathways does not rule out the possibility that
reduced TrkB signaling may modify one of the pathways.
However, emerging data implicating BDNF and TrkB in
synaptic plasticity and its modulation may provide the
eventual explanation for the present results (Bonhoeffer,
1996; Chen et al., 1999). Reduction of local BDNF levels
in hypothalamic nuclei may affect the strength of synaptic
connections or dendritic spine density leading to altered
behaviors. Modulation of plasticity in the hippocampus
as monitored by LTP has been implicated in spatial learning
and behavior (Malenka and Nicoll, 1999). Alterations of
BDNF expression in this region have been reported to
affect LTP and learning (Korte et al., 1998), thus implicat-
ing synaptic interactions as the cellular basis for these
effects. It is possible that similar mechanisms may be at
play in the hypothalamus. A corollary of this model is
satisfied by the observation that re-introduction of BDNF
restores a normal behavioral response. Development and
application of sensitive electrophysiological assays that
currently are applied to the hippocampus will permit more
detailed examination of this model.

Materials and methods

Weight measurements and food intake
BDNF-deficient mice were generated and genotyped as previously
described (Liebl et al., 1997). BDNF, NT3, NT4/5 and TrkA mutant
mice were maintained in a C57Bl/6 and 129Sv mixed F2 background.
All mice were kept in a pathogen-free environment on a 12 h light–dark
schedule. They were housed 2–3 per cage and given water and mouse
chow ad libitum. Weight was measured every eighth day between
4 and 36 weeks of age. Five- to six-month-old mice were isolated
for at least 1 week prior to any measurements. Food was monitored
for spillage, which was negligible. Daily intake was determined by
averaging a 5–7 day total. Mean and standard errors were evaluated
between wild-type and mutant groups, and the significance was
determined by a Student–Newman–Keuls test.

MRI and fat histology
Magnetic resonance imaging (MRI) data were generated as previously
described (Stein et al., 1995). Wild-type and BDNF mutant animals were
taken at 5–6 months of age, anesthetized with 0.1 ml of ketamine:xylazine
(100:0.2 mg/ml) diluted 1:1 with sterile water per 25 g of mouse weight,
and magnetic spectroscopy was performed. To examine fat histology,
mice were anesthetized (as described above) and perfused with 0.1 M
PBS pH 7.4, and 4% paraformaldehyde (PFA) in PBS. Inguinal fat pads
were dissected, post-fixed with 4% PFA for 24 h, embedded in paraffin,
and 10 µm sections stained with hematoxylin and eosin. Significance in
the lipid:water ratio was determined using a Kruskal–Wallis one-way
analysis of variance on ranks. Fat cell diameters were determined by
measuring all the intact cells in a high power field (n � 100 for each)
and using the longest diameter as the final measurement.
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Serum levels
Mice were terminally bled under anesthesia via cardiac puncture,
collected in tubes with 50 mM EDTA, and the serum was isolated and
instantly frozen in liquid nitrogen. To obtain glucose levels, 50 µl of
serum were analyzed utilizing a hexokinase enzymatic reaction (Hitachi
747). Insulin and leptin levels were determined in duplicate using 50 µl
of serum with radioimmunoassay kits to insulin and leptin (Linco
Research). Basal corticosterone levels were determined in a separate set
of animals, which were handled daily 2 h into their light cycle for
2 weeks prior to bleeding. Assays were performed in duplicate using
10 µl of serum with a rat radioimmunoassay kit (ICN). Statistical
significance was determined using a Student–Newman–Keuls test for
the leptin, insulin and corticosterone assays, and a one-way analysis of
variance for the glucose assay.

RNase protection
Hypothalamic RNA was obtained from wild-type and BDNF mutant
mice by killing animals with CO2 and removing the entire brain.
Individual hypothalami were dissected by making a rostral cut at the
optic chiasm, a caudal cut after the mamillary bodies and a dorsal cut
at the thalamic–hypothalamic interface. Samples were then snap-frozen
in liquid nitrogen and stored at –80°C. Total RNA was removed using
Trizol reagent, and 25–35 µg of total RNA were obtained from each
hypothalamus. TrkB- (420 bp) and BDNF- (370 bp) specific [32P]UTP-
labeled probes (gift of Carlos Ibanez) were hybridized with 1 and 2 µg
of total RNA, respectively, using a Hybspeed RPA kit (Ambion).
Protected fragments were run and visualized on a 5% acrylamide–8 M
urea denaturing gel. Each sample was run with a 250 bp β-actin control.
Protected fragments were quantified by densitometry readings utilizing
a Bio-Rad GS-525 phosphoimager and Molecular Analyst Software.
Band intensity was standardized to the internal β-actin control.

In situ hybridization/immunohistochemistry
Six-month-old wild-type and BDNF mutant animals were anesthetized
and perfused with 4% PFA in PBS pH 7.4. Brains were post-fixed with
4% PFA in PBS for 1–2 days then cryoprotected in 25% sucrose for
24 h, embedded in OCT compound, and 10 µm sections cut on a
cryostat. In situ hybridization was performed on every tenth serial section
encompassing the entire hypothalamus from four brains each for wild-
type, FBH and NBH with TrkB- and BDNF-specific probes of 420 and
370 bp, respectively, and labeled with [35S]UTP as per previously
described protocols (Tessarollo and Parada, 1995). CART probe was
generated from a single cell PCR-generated E13.5 mouse DRG cDNA
library and corresponds to ~270 bp at the C-terminal end of CART
cDNA. The LR probe specific to the Ob-Rb isoform was RT–PCR
generated from hypothalamic RNA as previously described (Fei et al.,
1997). NPY antibody was purchased from Biogenesis and used as per
the manufacturer’s protocol.

Activity
Six-month-old wild-type and BDNF mutant mice were monitored for
total activity over a period of 4 h during the active cycle using an
Opto-Varimex Mini activity monitor (Columbus Instruments). Activity
monitors consisted of 15 photoelectric beams spaced 3 cm apart that
encompass the length of the cage. Activity was measured as the total
number of beam disruptions during the 4 h monitoring period. Each
animal was monitored on two consecutive nights and the average value
used for analysis. Statistical significance was determined using a Student–
Newman–Keuls test. Nine wild-type and 10 each of the FBH and NBH
animals were studied.

Neurotrophin infusions
Obese BDNF mutant and wild-type control mice were isolated at least
24 h prior to pump implantation. Osmotic pumps (Alza) designed to
deliver 0.25 µl/h for 14 days were each filled with 100 µl of sterile PBS
or human recombinant neurotrophin (BDNF and NT5 from Regeneron,
NGF from Sigma) in PBS at a concentration of 200 ng/µl. The pumps
were then attached to an Alzet brain infusion kit and the entire apparatus
was primed overnight in sterile saline at 37°C. Mice were anesthetized
with ketamine:xylazine and placed in a stereotactic apparatus. The tip
of the infusion catheter was positioned stereotactically in the third
ventricle –1.8 mm relative to Bregma in the midline and 5 mm deep.
The cannula was secured with Loctisite 454 (Loctite) and the pump was
placed subcutaneously on the animal’s dorsal side. Weights and food
intake were measured as described previously every other day for the
subsequent 4 weeks. Animals were excluded from analysis if they either
died or appeared systemically ill after �3 days post-pump implantation.

1299

Systemic illness was determined if animals showed at least two of the
following: became ataxic, showed poor grooming manifested by hair
sticking out on end, or became lethargic, which was defined as activity
of �1000 counts during the 4 h monitoring period. No bias was observed
between control and treatment groups. Upon completion of the monitoring
period, 1% methylene blue was injected to confirm placement of the
cannula tip into the third ventricle, and the pumps were aspirated to
ensure that all vehicle/neurotrophin had been depleted. Statistical analyses
were performed using a Student–Newman–Keuls test.
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