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Brain-derived neurotrophic factor (BDNF) has trophic effects on
serotonergic (5-HT) neurons in the central nervous system. How-
ever, the role of endogenous BDNF in the development and
function of these neurons has not been established in vivo because
of the early postnatal lethality of BDNF null mice. In the present
study, we use heterozygous BDNF*/~ mice that have a normal life
span and show that these animals develop enhanced intermale
aggressiveness and hyperphagia accompanied by significant
weight gain in early adulthood; these behavioral abnormalities are
known to correlate with 5-HT dysfunction. Forebrain 5-HT levels
and fiber density in BDNF*/~ mice are normal at an early age but
undergo premature age-associated decrements. However, young
adult BDNF+/~ mice show a blunted c-fos induction by the specific
serotonin releaser-uptake inhibitor dexfenfluramine and alter-
ations in the expression of several 5-HT receptors in the cortex,
hippocampus, and hypothalamus. The heightened aggressiveness
can be ameliorated by the selective serotonin reuptake inhibitor
fluoxetine. Our results indicate that endogenous BDNF is critical for
the normal development and function of central 5-HT neurons and
for the elaboration of behaviors that depend on these nerve cells.
Therefore, BDNF*/~ mice may provide a useful model to study
human psychiatric disorders attributed to dysfunction of seroto-
nergic neurons.

he neurotrophin brain-derived neurotrophic factor (BDNF)

influences the phenotype, structural plasticity, and perhaps
survival of central serotonergic (5-HT) neurons (1-3). Distur-
bances in brain 5-HT systems have been implicated in psychiatric
syndromes characterized by behavioral dyscontrol, such as ob-
sessive-compulsive disorder, bulimia, chronic impulsivity/
aggression, and violent suicide (4-7). Many of these psychiatric
syndromes are being treated with compounds that augment
5-HT neurotransmission in the brain, including selective sero-
tonin reuptake inhibitors and 5-HT receptor agonists (8, 9).
Pharmacological studies indicate that exogenously administered
BDNF has trophic effects on 5-HT neurons. For example, BDNF
administration increases 5-HT metabolism in the brain (3) and
stimulates the local sprouting of 5-HT fibers in the cerebral
cortex and spinal cord (2, 10, 11). The enhancement of 5-HT
neurotransmission by exogenous BDNF potentiates several be-
haviors regulated by serotonin (12, 13) and has antidepressant-
like effects in animal models of depression (14). However, the
role of endogenous BDNF in the normal development and
function of 5-HT neurons has not been determined.

A major obstacle in elucidating the role of endogenous BDNF
has been the early postnatal lethality of BDNF~/~ mice. How-
ever, recent studies confirmed the presence of several nonlethal,
functional defects within the peripheral and central nervous
systems of heterozygous animals with one functional BDNF
allele, suggesting that BDNF is haploinsufficient. For example,
targeted mutation of the BDNF locus causes deficits in hip-
pocampal synaptic function and mechanosensitivity and in the

development of the peripheral nervous system in heterozygous
as well as homozygous BDNF null mice (15-17). In the present
study, we use heterozygous BDNF*/~ mice to examine whether
a deficiency in BDNF during the development and maturation of
brain serotonergic neurons leads to abnormalities in the struc-
ture and function of these nerve cells and in behaviors that
depend on central 5-HT neurotransmission.

Materials and Methods

Mice. BDNF*/~ mice generated as described (18) were back-
crossed for 10-12 generations to a C57BL/6 genetic background,
a strategy resulting in great reduction of the genetic heteroge-
neity present in the original 129 Sv-C57BL/6 mixed background.
Forebrain BDNF mRNA and protein levels in these mice were
~50% of the wild-type (WT) (data not shown; refs. 15, 16, and
19). Unless otherwise stated, mice were group-housed under
standard conditions, three to five per cage with food and water
available ad libitum and were maintained on a 12-h light/dark
cycle. Mice were fed a standard chow diet containing 9% crude
fat (PMI Nutrition, Brentwood, MO) and were treated in
compliance with National Institutes of Health guidelines for
animal care and use. Except for the studies on intermale
aggression, all experiments included matched numbers of male
and female mice, and no significant sex differences were found
in any measures.

Evaluation of Forebrain 5-HT Innervation. Brain tissue was processed
for 5-HT immunocytochemistry as described (2) by using an
antibody directed against serotonin (1:15,000; Incstar, Stillwater,
MN). For neurochemical measures, fresh-frozen brain areas
were assayed for levels of 5-HT and its metabolite 5-hydroxy-
indoleacetic acid (5-HIAA) by using HPLC with electrochemical
detection as described (20).

c-Fos Induction. WT or BDNF*/~ mice at 3—-6 months of age were
administered dexfenfluramine (dFen) (3 or 10 mg/kg, i.p.) or
vehicle; 2 h later, mice were killed, and brain tissue was processed
for c-Fos immunocytochemistry as described (2), using an an-
tibody directed against the c-fos N-peptide (AB-5; Oncogene
Science; diluted 1:20,000).

Abbreviations: BDNF, brain-derived neurotrophic factor; 5-HT, serotonin; dFen, dexfenflu-
ramine; Flx, fluoxetine; WT, wild type; s, sense; as, antisense; 5-HIAA, 5-hydroxyindoleacetic
acid; LF cortex, lateral frontal cortex.
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Reverse Transcription-PCR. First strand cDNA was synthesized
from total cellular RNA by using the SuperScript Preamplifica-
tion System (GIBCO/BRL). AmpliWax (Perkin-Elmer) gem-
facilitated hot-start PCR was performed with the following 5-HT
receptor-specific 3*P-end-labeled primers: 5-HT1, 5'-ACCAT-
CTACTCCACTTTCGGCG-3' [sense (s)], 5S'-TTCACTGTCT-
TCCTCTCACGGG-3' [antisense (as)]; 5-HT24, 5'-CCAACC-
TCTCCTGCGAAGGG-3' (s), 5'-GCGGCTATGGTGAATG-
GGG-3' (as); 5-HT1g, 5'-AGGAGCAGGGTATTCAGT-
GCG-3' (s), 5'-TGTCCAGCGTCCAGTGACCG-3' (as);
5-HT2¢, 5'-CCTACGCCGTCAAACCCTG-3' (s) and 5'-GC-
CTTCCCACAAAGCACCGACAG-3' (as). As a control for
RNA input, levels of glyceraldehyde-3-phosphate dehydroge-
nase were assayed by using the primer sequences 5'-ACCACA-
GTCCATGCCATCAC-3' (s) and 5'-TCCACCACCCTGTTG-
CTGTA-3' (as). Amplification was conducted in the linear
range, and the amplified products were resolved on 1.6% agarose
gels. Gels were apposed to a Storage Phosphor Screen (Molec-
ular Dynamics), and PCR products were quantified with IMAGE-
QUANT software (Molecular Dynamics). PCR products were
identified by size and restriction digest analysis. For each 5-HT
receptor subtype, PCR amplifications from BDNF*/~ and WT
littermates (6—9 months of age) were processed together, and the
amplified products were resolved on the same gel. The data were
calculated as the ratio of 5-HT-receptor to glyceraldehyde-3-
phosphate dehydrogenase mRNA levels and were expressed as
a percentage of the mean value found in WT controls.

Resident-Intruder Aggression Assay. For isolation-induced aggres-
sion, male resident test mice were isolated for at least 4 weeks.
Cages were changed once per week, but not during the week
preceding testing. Aggressive behaviors in 2.5- to 4.5-month-old
test mice were monitored during 5-min exposures to WT
C57BL/6 male intruder mice that had been group-housed (five
per cage) and carefully matched with resident mice for body
weight. Five test sessions were conducted (one trial per day). The
latency to first biting attack and the total number of biting
attacks were recorded from videotapes of each test session. For
mice that failed to attack, the latency was scored as 5 min. In a
separate experiment, WT and BDNF*/~ mice were chronically
administered either fluoxetine (FIx) (5 mg/kg/day s.c.) or
vehicle, initiated at the start of the 4-week isolation and con-
tinued through the testing period. After three conditioning
sessions, attack latencies and numbers were monitored during
two additional testing trials; because measures did not differ
between the two testing trials, data were collapsed for analysis.

Measurement of Food Intake. Several groups of mice, beginning at
1-5 months of age, were monitored for food intake over a 2- to
6-month period by using powder feeders containing ground
standard chow. Mice were housed one per cage and were given
free access to food and water.

Open Field Testing. Locomotor activity was quantified by using an
open-field arena with an automated optical animal activity
system (Digiscan RXYZCM, Omnitech Electronics, Columbus,
OH). Measures of horizontal activity (number of horizontal
beam interruptions), total distance (centimeters), vertical activ-
ity (number of vertical beam interruptions), and center time
(seconds) were obtained over a 10-min period.

Results

Brain Serotonin Abnormalities in BDNF*/~ Mice. BDNF*/~ mice at
3-6 months of age did not show any obvious structural damage
to 5-HT axons, as assessed by 5-HT immunocytochemistry and
HPLC analysis of total tissue content of 5-HT and its metabolite
5-hydroxyindoleacetic acid (5-HIAA). Forebrain 5-HT axon
densities appeared normal, and there were no significant differ-
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ences in the levels of 5-HT or 5-HIAA or in the 5-HIAA/5-HT
ratios in neocortex, hippocampus, or hypothalamus between
3-month-old BDNF*/~ mice and WT littermates (Fig. 1). Like-
wise, 10-day-old homozygous BDNF~/~ null mice did not exhibit
any apparent differences in forebrain 5-HT-immunoreactive
fibers when compared with WT controls (not shown). However,
a progressive loss of 5-HT axons was observed in 12- to 18-
month-old BDNF*/~ mice compared with age-matched WT
littermates (Fig. 1 C and D); in support of the morphological
observations, forebrain levels of 5-HT and 5-HIAA were sig-
nificantly lower in older BDNF*/~ mice relative to WT mice of
the same age (Fig. 1 E and F). Moreover, the 5-HIAA/5-HT
ratio was lower in the hypothalamus of 18-month-old BDNF*/~
mice (0.49 = 0.02) relative to age-matched WT mice (0.61 =
0.05; P < 0.05), suggesting a decreased turnover of 5-HT in this
brain area. These patterns suggest that endogenous BDNF is not
required for the survival or structural integrity of 5-HT neurons
during development and in early adult life, but may be required
for the structural maintenance of these neurons in advanced age.

Although total tissue contents of 5-HT and 5-HIAA were
normal in the younger mutant mice, these measures might not
reflect functional perturbations in 5-HT neurotransmission.
Moreover, recent pharmacological studies suggest that BDNF
administration modulates the physiology and plasticity of 5-HT
neurons (2, 3, 10, 11) while failing to promote the survival of
injured 5-HT axons in young adult rats (21). Thus, it was
necessary to assess the functional state of 5-HT neurons in
BDNF*/~ mice during earlier adulthood (in 3- to 9-month-old
mice) before the appearance of structural 5-HT deficits in the
aged animals.

As a measure of 5-HT release by terminals, we studied the
transcriptional activation of the immediate early gene c-fos in
response to dFen administration in 3-to 6-month-old BDNF*/~
mice. The induction of c-Fos has been used in vivo to measure
neuronal activation in response to a variety of stimuli (22),
including drugs such as dFen that activate specific neurotrans-
mitter systems. dFen stimulates a Ca?*-dependent, exocytotic
release of serotonin from 5-HT nerve terminals while also
inhibiting 5-HT reuptake (23). This compound induces c-Fos
expression exclusively through 5-HT release at several brain
sites, including the frontal cortex, cingulate cortex, and the
paraventricular nucleus of the hypothalamus (24), thus providing
a measure of 5-HT neurotransmission at these sites. Baseline
expression of c-Fos assessed by immunocytochemistry in WT,
vehicle-treated mice was absent or low in the above areas;
BDNF*/~ mice showed similar patterns (Fig. 2 4 and B). dFen
(3 or 10 mg/kg, i.p.) administered to WT mice caused a
dose-dependent increase in c-Fos expression in neurons with a
regional pattern of activation that is characteristic for rodents
(25, 26). Although dFen elicited a robust induction of c-Fos in
the lateral frontal (LF) cortex and paraventricular nucleus of
WT mice, this response was blunted in BDNF*/~ mice (Fig. 2
C-H). BDNF*/~ mice also showed an attenuated c-Fos response
in the bed nucleus of the stria terminalis, the central nucleus of
the amygdala, parts of the caudate-putamen, the shell region of
the nucleus accumbens, and the midline thalamic nuclei. In some
areas, such as the cingulate cortex and in caudal areas of
neocortex, BDNF/~ mice showed c-Fos inductions comparable
to that of WT mice. Consistent with previous observations (25,
26), dFen did not induce c-Fos expression in the hippocampus of
WT mice, despite evidence that this compound stimulates
hippocampal 5-HT release (27); in contrast to the lack of
response in the WT, BDNF*/~ mice displayed a moderate c-Fos
activation in pyramidal neurons of the hippocampus after dFen
administration (not shown). Thus, our results suggest that
BDNF*/~ mice show anomalous patterns of neuronal activation
upon dFen-induced 5-HT release: i.e., a decreased activation of
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Fig. 1. Serotonergic innervation and neurochemical levels of 5-HT and 5-HIAA in the forebrain of BDNF*/~ or WT mice. Darkfield photomicrographs (A-D) of
5-HT-immunoreactive axons (sagittal sections) in WT (A and C) and BDNF*/~ mice (B and D) at 3 months (A and B) or 18 months (Cand D) of age. There is a normal
5-HT axon density in neocortex and hippocampus of younger BDNF*/~ mice but a loss of axons in 18-month-old BDNF*/~ mice relative to WT mice of the same
age; we also observed a loss of 5-HT axon density in some of the 12-month-old BDNF*/~ mice relative to age-matched WT controls (not shown). The total tissue
contents of 5-HT (E) and its metabolite 5-HIAA (F) in the neocortex, hippocampus, and hypothalamus of BDNF*/~ and WT littermates at 3, 12, or 18 months of
age were measured by HPLC (n = 6-9/group). Data is expressed as a percentage of the mean value found in age-matched WT controls. Repeated measures
ANOVA revealed significant reductions in the levels of 5-HT (F1 16 = 7.42, P < 0.05) and 5-HIAA (F1,16 = 8.04, P < 0.05) in 18-month-old BDNF*/~ mice relative

to WT littermates but not in the younger mutant mice (P > 0.05) in these brain areas. *, P < 0.05.

many target areas, including the frontal cortex and paraven-
tricular nucleus, and an excessive activation of the hippocampus.

Abnormalities in the patterns of neuronal activation by 5-HT
in BDNF*/~ mice may reflect perturbations in 5-HT signaling—
e.g., a deficient 5-HT release or transduction via 5-HT receptors.
At least 15 different subtypes of 5-HT receptors mediate the
diverse physiologic effects of serotonin in the brain (28). To
determine whether 5-HT receptor expression was perturbed in
the brains of BDNF*/~ mice, we used a semiquantitative reverse
transcription-PCR methodology and focused on the mRNA
levels of four postsynaptic 5-HT receptors (5-HTa, 5-HTg,
5-HT»4, and 5-HT>¢) in LF cortex, hippocampus, and hypothal-
amus of 6- to 9-month-old BDNF*/~ and WT mice. These
receptors play a prominent role in the regulation of mood,
aggression/impulsivity, and feeding behavior (4-8, 26, 29-32).
Repeated-measures ANOVA revealed significant changes in
mRNA levels for these receptors in the brains of BDNF*/~ mice
that varied by brain region (Fig. 3): when compared with WT
littermates, BDNF*/~ mice showed significantly higher 5-HT
receptor mRNA levels in LF cortex (Fy 12 = 5.72, P < 0.05) and
hypothalamus (Fy 12 = 32.8, P < 0.001) whereas lower levels were
found in the hippocampus (Fi12 = 6.41, P < 0.05). Post hoc
comparisons pointed to particular alterations in 5-HT g, 5-HT2a,
and 5-HT,c mRNA levels, as depicted in Fig. 3. These results
indicate that postsynaptic 5-HT receptor expression is altered in
the brains of BDNF*/~ mice. These receptor perturbations may
represent a primary defect in the 5-HT system of BDNF-
deficient mice or may reflect compensatory adaptations in
response to anomalies in presynaptic 5-HT function.

Behavioral Abnormalities in BDNF*/~ Mice. An extensive body of
research indicates a role for central 5-HT neurotransmission in
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the control of aggressive behavior and appetite/food intake
(5-9, 26, 29-35); moreover, both behaviors and their link to
5-HT functioning have been well characterized in rodent models.
Thus, we investigated whether the 5-HT abnormalities in the
brains of BDNF*/~ mice are associated with altered aggressive-
ness and/or eating behaviors.

To investigate aggressive behavior, we measured offensive
intermale fighting in BDNF*/~ and WT mice by using a
resident-intruder paradigm (29). Offensive aggression was mea-
sured by determining the latency to first biting attack and total
number of attacks instigated by isolated resident mice during the
first 5 min of exposure to a WT intruder mouse. BDNF*/~
residents attacked the intruder more rapidly than did WT
residents, with significantly shorter attack latencies apparent as
early as the first trial (Fig. 44). The biting attack latencies of
BDNF*/~ mice became progressively shorter over successive
trials whereas WT mice displayed fairly constant attack latencies
over the course of testing. The number of biting attacks was also
significantly higher in the BDNF*/~ group (Fig. 4C). Although
not quantified, the type of aggressive behavior was strikingly
different between BDNF*/~ and WT mice. WT residents ini-
tially appeared cautious of the intruder while exploring their
environment and engaging in social interest behaviors directed
at the intruder; later, they instigated offensive behaviors (chas-
ing, tail rattling) and biting attacks. In contrast, BDNF*/~
residents appeared agitated and intolerant of the intruder and
engaged in offensive behaviors at the onset of testing. In
addition, the severity and duration of biting attacks were greater
in BDNF*/~ mice. These results suggest that BDNF*/~ mice are
more aggressive and possibly more irritable and impulsive than
WT mice. Such behaviors have been linked to deficient 5-HT
neurotransmission in the brain (5, 6, 8, 9, 29) and are found in
mice with a targeted disruption of the 5-HT;p receptor (35).
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Fig. 2. Induction of c-Fos immunoreactivity 2 h after dFen administration (3
or 10 mg/kg, i.p.) in 3-to 6-month-old WT and BDNF*/~ mice (n = 4-5/group).
In LF cortex (A-F), c-Fos immunoreactivity was low or absent after a vehicle
injection in WT (A) or BDNF*/~ (B) mice. dFen (10 mg/kg) elicited a robust
induction of c-Fos immunoreactivity in the upper part of layer V in LF cortex
of WT mice (C; higher magnification shown in E), which is in precise register
with a dense band of 5-HT,a/2c receptors and a dense plexus of 5-HT axon
terminals found in this zone (43). This induction was blunted in BDNF*/~ mice,
as indicated by the lower number and staining intensity of c-Fos immunore-
active neurons (D; higher magnification in F). The lower dose of dFen (3
mg/kg) elicited a weak-to-moderate c-Fos induction in LF cortex of WT mice
whereas no response was observed in BDNF*/~ mice at this dose (not shown).
dFen-induced activation of c-Fos was also attenuated in the paraventricular
nucleus of the hypothalamus in BDNF*/~ mice (H) relative to WT controls (G),
a brain area suggested to mediate the anorectic effects of dFen (39).

To assess whether the aggressive phenotype of BDNF+/~ mice
could be alleviated by strategies that augment 5-HT neurotrans-
mission in the brain, we treated mutant and WT mice with the
selective serotonin reuptake inhibitor Flx. Chronic Flx treatment
(5 mg/kg/day, s.c., initiated 4 weeks before testing) normalized
the attack latencies and number of biting attacks in BDNF*/~
mice to levels seen in WT controls (Fig. 4 B and D). Locomotor
activity in an open-field test (36) was not reduced by Flx
treatment (horizontal activity, Flx-treated BDNF*/~ mice,
2,033 + 171 units; vehicle-treated WT mice, 2,133 = 155, P >
0.05; total distance traveled, flx- BDNF*/~, 1,098 = 255 cm;
veh-WT, 1,304 = 124, P > 0.05), a pattern indicating that the
effects of FIx on aggression were not caused by sedation. These
findings suggest that the overaggressiveness in BDNF*/~ mice
may be linked to acute perturbations in central 5-HT neuro-
transmission, rather than irrevocable developmental compensa-
tions.

Brain 5-HT systems have been strongly implicated in the
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Fig. 3. Reverse transcription-PCR analysis of 5-HTa, 5-HT1g, 5-HT2a, and
5-HT,c receptor mRNA levels in lateral frontal cortex (LF Cortex), hippocam-
pus, and hypothalamus of WT and BDNF*/~ mice. (A) Example of ethidium
bromide-stained agarose gels demonstrating 5-HTqg and corresponding glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) amplication products
(=330 and 450 bp, respectively) in the indicated brain areas of three WT and
three BDNF*/~ mice. (B) 5-HT receptor mRNA levels were measured in WT and
BDNF*/~ mice (6-9 months of age) by reverse transcription-PCR (see Materials
and Methods; n = 6-7/group). There were significant (ANOVA, P < 0.05)
up-regulations of 5HT1g and 5HT;a receptors in LF cortex and hypothalamus,
an up-regulation of the 5HT,c receptor in hypothalamus, and a down-
regulation of the 5HT,c receptor in the hippocampus of BDNF*/~ mice relative
to WT controls; a marginal (P = 0.05-0.1) up-regulation of the 5HT,c receptor
was found in LF cortex, and marginal down-regulations of the 5HTa and
5HT, receptors were found in the hippocampus of BDNF*/~ mice. *, P < 0.05.

neural regulation of appetite. Impairment of 5-HT neurotrans-
mission can lead to bulimia and obesity whereas 5-HT direct and
indirect agonists are potent appetite suppressants (31, 33, 34). To
assess eating behavior in BDNF*/~ mice, we measured daily
food intake of 1-to 7-month-old BDNF*/~ and WT mice (Fig.
54). BDNF*/~ mice showed an age-related increase in food
intake beginning at 6 weeks of age. By 4-7 months of age,
BDNF*/~ mice were consuming ~25% more food than their
WT littermates. Chronic Flx treatment (5 mg/kg/day) partially
suppressed the daily food intake of BDNF*/~ mice relative to
vehicle-treated mutants (not shown).

In conjunction with the chronic hyperphagia, BDNF*/~ mice
developed an age-dependent obesity, occurring gradually over
the lifespan of the animals (Fig. 5B). Significant differences in
body weight between BDNF*/~ and WT mice were first evident
by 2—-4 months of age. By 12-18 months of age, the body weight
of BDNF*/~ mice was on average 34% higher than that of their
WT littermates. Body length of 3- or 12-month-old BDNF*/~
mice was not significantly different from age-matched WT
controls (3-month-old BDNF*/~,9.8 = 0.2 cm, versus WT, 9.9 *

Lyons et al.
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Fig. 4. Offensive intermale aggression in BDNF*/~ and WT littermates as
assessed in a resident-intruder assay (n = 8-12/group; 2.5-4.5 months of age).
(A) Latency to first biting attack. (C) Number of biting attacks measured during
five consecutive trials. Repeated measures ANOVA revealed significant dif-
ferences between the BDNF*/~ and WT groups for both biting attack latency
(F1,14 = 13.67, P < 0.005) and number of attacks (F1,14 = 9.98, P < 0.01), evident
as early as the first trial. (B and D) Chronic FIx treatment in BDNF*/~ mice
(BDNF*/~ flx) normalized both the attack latency (B) and number of attacks
(D) to levels found in WT mice administered either vehicle (WT veh) or FIx (WT
flx). *, P < 0.05 (ANOVA,; different from all other treatment groups whereas
no differences were found between the other three groups).

0.1, P > 0.05; 12-month-old BDNF*/~, 10.8 * 0.1, versus WT,
10.8 = 0.1, P > 0.05), implicating an increased body fat content
rather than a linear increase in growth or size as the primary
cause for the increased body mass. Mice heterozygous for other
neurotrophins or neurotrophin receptors (NT-3/~, TrkC*/~, or
TrkA*/~) did not show significant deviations in body weight by
15 months of age (Fig. 5C), demonstrating the specificity of the
BDNF gene for influencing this phenotype. To determine
whether reduced locomotor activity contributed to the obesity of
BDNF*/~ mice, we measured the activity of the mice in the
open-field test. No significant differences were detected between
mutant and WT mice in horizontal activity (BDNF*/~, 2,218 =
115 units, versus WT, 2238 = 189; P > 0.05) and total distance
traveled (BDNF'/~, 1,271 = 77 cm, versus WT, 1,412 = 147; P >
0.05), a pattern indicating normal levels in locomotor activity.
However, BDNF*/~ mice engaged in significantly less vertical
activity (rearing) and spent more time in the center of the testing
chamber than did WT mice (not shown). Finally, the serum
insulin level was about doubled in 12-month-old BDNF*/~ mice
(15.1 £ 1.9 ng/ml) relative to that of WT littermates (8.1 = 1.6;
P < 0.05). Interestingly, this constellation of behavioral/
metabolic phenotypes in BDNF*/~ mice is remarkably similar to
that characterized in 5-HT,c receptor null mice that develop
chronic hyperphagia and obesity associated with insulin resis-
tance and type 2 diabetes (30, 32).

Discussion

Our results suggest that a partial impairment in BDNF expres-
sion causes physiological disturbances in central 5-HT neurons in
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Fig. 5. BDNF*/~ mice develop hyperphagia and elevated body mass. (A)
Daily food intake (g/day) of BDNF*/~ and WT mice (n = 12-13/group). Values
indicate the mean = SEM of daily food intake averaged over a 2-week interval.
Food intake of BDNF*/~ mice wassignificantly higher than in age-matched WT
controls (ANOVA, P < 0.05). (B) Growth curves for BDNF*/~ and WT mice (n =
110-115/group) indicate that BDNF*/~ mice have a significantly higher body
weight than WT littermates, beginning at 10 weeks of age (ANOVA, P <
0.001). (C) Body weight of 15-month-old WT, BDNF*/~, and mice heterozy-
gous for other members of the neurotrophin (NT-3¥/7) or neurotrophin
receptor family (trkA*/~ and trkC*/~). *, P < 0.05 compared with WT.

early adulthood and leads to a structural deterioration of these
neurons in advanced age. The early functional deficits in the
5-HT system of heterozygous BDNF null mice are revealed by
the blunted neuronal activation in response to dFen-induced
5-HT release and by the altered expression of several postsyn-
aptic 5-HT receptors in forebrain areas such as the frontal
cortex, hippocampus, and hypothalamus. These functional def-
icits suggest impaired 5-HT signaling mechanisms in the younger
BDNF*/~ mice (evident before the age-related loss of 5-HT
axons) and are associated with exaggerated aggressiveness and
bulimia (excessive appetite/food intake). In human and animals
studies, both aggressive behavior and bulimia are closely linked
to deficient 5-HT neurotransmission within complex brain cir-
cuits involving the hypothalamus and limbic cortex (5, 6, 29, 31,
33, 34). The heightened aggressiveness in BDNF*/~ mice can be
ameliorated by chronic treatment with the selective serotonin
reuptake inhibitor FIx, a strategy that augments 5-HT neuro-
transmission in the brain. Our data indicate that endogenous
BDNF is not required for the survival or structural integrity of
5-HT neurons during development and in early adult life.
However, normal BDNF levels are required for the proper
functioning of the 5-HT system. These results represent in vivo
evidence that the 5-HT system is highly sensitive to endogenous
levels of BDNF. Thus, even partial disruptions in BDNF expres-
sion lead to perturbations in 5-HT neuronal functioning and in
behavioral abnormalities associated with this neurotransmitter
system.

Serotonin-releasing drugs such as fenfluramine and dFen
have been widely used in clinical studies as a probe for brain
5-HT functioning. For example, severe depression and aggres-
siveness in humans correlate with a blunted prolactin response
to fenfluramine, a pattern suggesting reduced 5-HT activity
within brain circuits (37). Consistent with these observations in
human subjects, BDNF*/~ mice show a blunted c-Fos response
to dFen in widespread cortical/limbic areas, including the
frontal cortex and hypothalamus. Hippocampal neurons display
an opposite pattern; i.e., they are excessively activated by dFen
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in the mutants. These anomalous patterns of neuronal activation
by 5-HT release could reflect disturbed pre- or postsynaptic
5-HT mechanisms. Future studies that directly assess presynaptic
5-HT functioning (e.g., by in vivo microdialysis) in BDNF*/~
mice may clarify this issue.

Postsynaptic 5-HT receptor expression is also disturbed in the
brains of BDNF*/~ mice and involve several receptor subtypes
in at least three forebrain regions. The dysregulation of multiple
5-HT receptors at multiple brain sites may impair the functioning
of the 5-HT system in BDNF*/~ mice and may lead to abnor-
malities in impulse regulation and eating behaviors. Nearly
identical behavioral abnormalities are found in mice with tar-
geted disruptions of the 5-HT;p (35) and 5-HT,c (30, 32)
receptors, two receptors found perturbed in BDNF*/~ mice.
Serotonin receptor alterations in BDNF™/~ mice may also
represent compensatory adaptations in response to presynaptic
5-HT dysfunction, i.e., 5-HT receptor up-regulation in response
to a decreased availability of presynaptic 5-HT in frontal cortex
and hypothalamus. In this regard, it is interesting to note the
inverse relationship of a blunted c-Fos response combined with
5-HT receptor up-regulation in frontal cortex and hypothalamus
versus the opposite pattern in the hippocampus of BDNF*+/~
mice. Interestingly, alterations in the levels of 5-HT receptors in
the brains of violent suicide victims—i.e., increased SHT; bind-
ing in prefrontal cortex and decreased SHT; binding in hip-
pocampus (7, 38)—are strikingly similar to the abnormal pat-
terns of 5-HT receptor expression found in BDNF-deficient
mice. Chronic antidepressant treatment can reverse these re-
ceptor alterations by down-regulating 5-HT, binding in prefron-
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tal cortex and sensitizing 5-HT, 4 receptors in the hippocampus
(39, 40) and, in doing so, ameliorate behavioral abnormalities in
humans and experimental animals. The results of these studies
are in congruence with the effects of FIx on behavioral abnor-
malities of BDNF-deficient mice.

In concert, a less-than-total deletion of endogenous BDNF
causes marked 5-HT abnormalities in the brain and is associated
with 5-HT-sensitive behavioral disturbances in the regulation of
aggression and appetite. These observations suggest a profound
dependency of 5-HT neurons on this neurotrophin. BDNF
expression is rapidly and dynamically regulated by various
physiological stimuli, including alterations in neuronal activity
(41) and psychosocial stressors (42). Thus, alterations in BDNF
expression induced by physiological or complex environmental/
psychological conditions may lead to dysfunction of central 5-HT
systems and may cause behavioral changes, especially in the
realm of aggression and impulsivity. BDNF*/~ mice may pro-
vide a useful model to study these complex interactions and shed
light onto psychiatric disorders associated with brain 5-HT
dysfunction.
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