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BDNF regulates components of cognitive processes and has been implicated in psychiatric disorders. Here we report that
genetic overexpression of the BDNF mature isoform (BDNF-tg) in female mice impaired working memory functions
while sparing components of fear conditioning. BDNF-tg mice also displayed reduced breeding efficiency, higher
anxiety-like scores, high self-grooming, impaired prepulse inhibition, and higher susceptibility to seizures when placed in
a new empty cage, as compared with wild-type (WT) littermate controls. Control measures of general health, locomotor
activity, motor coordination, depression-related behaviors, and sociability did not differ between genotypes. The
present findings, indicating detrimental effects of life-long increased BDNF in mice, may inform human studies evaluating
the role of BDNF functional genetic variations on cognitive abilities and vulnerability to psychiatric disorders.

Brain-derived neurotrophic factor (BDNF) is a member of the
neurotrophin family of growth factors and is most highly con-
centrated in the hippocampus and frontal cortex (Baquet et al.
2004). BDNF has been implicated in a number of processes includ-
ing cognition, neurogenesis, depression, anxiety, neurodegenera-
tion, diabetes, obesity, seizures, and synaptic plasticity (Genoud
et al. 2004; Goldberg and Weinberger 2004; Scharfman 2005;
Duman and Monteggia 2006; Martinowich et al. 2007; Schmidt
and Duman 2007; Lynch et al. 2008; Chaldakov et al. 2009;
Zuccato and Cattaneo 2009). In particular, BDNF is critically
involved in learning and memory processes (Bekinschtein et al.
2008; Galloway et al. 2008; Chen et al. 2010; Peters et al. 2010).
Genetic modifications altering BDNF might be important in
the development of aberrant cognitive abilities and psychiatric
disorders. A human BDNF genetic polymorphism in which a
methionine (Met) substitutes for a valine (Val) amino acid, which
disrupts activity-dependent BDNF neural secretion (Egan et al.
2003; Chen et al. 2006), is associated with altered cognitive func-
tions and predisposition to psychiatric illnesses such as schizo-
phrenia, Alzheimer’s, depression, substance-related, and eating
disorders (Egan et al. 2003; Dempster et al. 2005; Gratacos et al.
2007; Fukumoto et al. 2010; Soliman et al. 2010; van Wingen
etal. 2010; Verhagen et al. 2010). In mice, reduced genetic expres-
sion of BDNF impairs hippocampal-dependent memory processes
(Gorski et al. 2003; Monteggia et al. 2004), and the BDNF Met
mutation disrupts extinction and increases anxiety-like behaviors
(Chen et al. 2006; Soliman et al. 2010). Interestingly, genetic
manipulations that increase BDNF expression in mice similarly
increased anxiety-like behaviors, but decreased immobility in
the forced swim test (Govindarajan et al. 2006). Moreover,
BDNF overexpression in mice resulted in memory impairments
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on passive avoidance, eight-arm radial maze, and Morris water-
maze tests (Croll et al. 1999; Cunha et al. 2009). Thus, current evi-
dence indicates that genetic mutations that both decrease and
increase BDNF levels might have detrimental effects.

The present experiments were designed to extend the evalu-
ation of behavioral phenotypes in BDNF overexpressing trans-
genic mice (BDNF-tg) on additional cognitive tasks and several
other behavioral domains in which BDNF has been implicated.
Our experiments tested only female BDNF-tg and WT littermates,
since females have not been tested previously and we wanted to
discover whether females showed phenotypes similar to those
reported for males. This approach enables the investigation of
the life-long effects of genetic variation as a result of a relative
increase of BDNF expression as found in humans with functional
genetic modifications in the BDNF gene. We compared BDNF-tg
and WT littermates on a T-maze working memory task that is
dependent on the prefrontal cortex (PFC) (Kellendonk et al.
2006) and on contextual and cued fear conditioning that is
dependent on the hippocampus and amygdala (LeDoux 1996;
Fanselow and Poulos 2005). In addition, we comprehensively
evaluated measures of general health that could introduce arti-
facts in interpreting cognitive phenotypes. Lastly, we character-
ized BDNF-tg mice on a series of additional behaviors relevant
to different psychiatric disorders including anxiety, depression,
schizophrenia, epilepsy, and autism.

Results

Overexpression of mature BDNF in BDNF-tg

The amount of BDNF overexpression in male mice of this line was
previously reported as approximately fivefold higher for mRNA
and 1.8- to 12-fold higher for protein levels in neocortex,
hippocampus, amygdala, and striatum (Huang et al. 1999;
Govindarajan et al. 2006; Cunha et al. 2009). To evaluate BDNF
protein overexpression in behaviorally tested female BDNF-tg
mice in the present colony, we performed a BDNF-specific quanti-
tative ELISA. Quantitative assessment of total BDNF protein levels
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in the PFC showed ~3.5-fold higher BDNF levels in BDNF-tg as
compared with WT littermate females (t= —5.13; df =21; P<
0.0001) (Fig. 1A). Similarly, ~1.7-fold higher BDNF levels in the
hippocampus were present in BDNF-tg compared with WT litter-
mates (t= —3.32; df = 16; P < 0.005) (Fig. 1B). Activity-depen-
dent BDNF neural secretion in BDNF-tg mice was not assayed in
the present experiments, but will be important for future studies.

BDNF is initially synthesized as a precursor protein (pro-
BDNF) that, following different cleavage processes, produces
two isoforms of ~28 kDa (truncated BDNF) and 14 kDa mature
BDNF (mat-BDNF) (Seidah et al. 1999; Greenberg et al. 2009;
Carlino et al. 2010). Both pro-BDNF and mat-BDNF are biologi-
cally active with suggestions that pro-BDNF and mat-BDNF elicit
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Figure 1. Elevated mature BDNF isoform in BDNF-tg mice. Tissue levels
of total BDNF protein in (A) the prefrontal cortex and (B) the hippo-
campus of BDNF-tg and WT female littermates determined by ELISA.
(**) P<0.005 and (***) P<0.0001 vs. WT littermates. For PFC: n=9
WT, n=14 BDNF-tg. For hippocampus: n=7 WT, n=11 BDNF-tg.
(C—E) Western blot with sc-546 (N-20) anti-BDNF antibody to determine
(C) precursor, (D) truncated, and (E) mature BDNF protein levels in the
PFC of BDNF-tg and WT female littermates. BDNF increase in these
BDNF-tg mice was primarily due to the mature form. (**) P < 0.005 vs.
WT littermates. N=9 WT, n=9 BDNF-tg. Western blot with AB9042
anti-proBDNF antibody, to determine (F) precursor and (G) truncated
BDNF protein levels in the PFC of BDNF-tg and WT female littermates.
N =6 WT, n=6 BDNF-tg. Results are expressed as percentage of the
WT group for each experiment. Values represent mean = SEM throughout
Figures 1-8.
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opposing synaptic effects through activation of distinct receptors:
p75NT® and Trk receptor tyrosine kinases (Greenberg et al. 2009).
Moreover, different levels of specific BDNF isoforms have been
correlated with schizophrenia and its cognitive impairments
(Carlino et al. 2010). BDNF-tg male mice show a significant
increase in total BDNF levels without apparent changes in the
pro-BDNF protein (Cunha et al. 2009). To investigate which spe-
cific BDNF isoforms are altered in the BDNF-tg mice, we assayed
the different BDNF isoforms in the PFC of our mice. PFC mat-
BDNF protein immunoreactivity was increased in female BDNF-
tg vs. WT littermates (t = —3.56; df = 16; P < 0.005) (Fig. 1E). In
contrast, no changes were present for truncated BDNF
(t= —0.84; df = 15; P = 0.41) (Fig. 1D) and BDNF precursor iso-
forms (t= —1.24; df = 16; P = 0.23) (Fig. 1C). The BDNF (N-20):
sc-546 antibody used might also cross react with other proteins
around the same molecular weight as pro-BDNF (Matsumoto
et al. 2008). Thus, we also used another antibody specific to
pro-BDNE, confirming that our female BDNF-tg mice do not
have increased levels of pro-BDNF (t= —0.75; df = 10; P = 0.47)
(Fig. 1F) and trunc-BDNF (t= 0.20; df = 10; P =0.84) (Fig. 1G)
in their PFC. These results demonstrate that the line of BDNF over-
expressing mice used in the present behavioral experiments selec-
tively overexpress the BDNF mature form.

General health parameters in BDNF-tg

Control measures of general health and motor functions were
evaluated to detect any physical artifacts that could confound
the interpretation of phenotypes on more complex behavioral
tasks (Table 1). Grooming behavior in an empty cage was
increased in BDNF-tg female mice as compared with WT litter-
mates (t=—3.68;, df=23; P<0.005 for grooming time;
t=—2.27; df =23; P<0.05 for number of grooming events).
No BDNF genotype-dependent differences were present for body
weight (t = 1.32; df = 23; P = 0.20), and no BDNF-tg or WT litter-
mates presented any abnormality in coat condition, whisker pres-
ence, piloerection, body and limb tone, and general physical
aspect. No BDNF genotype-dependent differences were present
for motor ability measures including wire hang (t= —0.39; df =
23; P=0.70), rearing (t=1.11; df =23; P=0.28), and digging
(t=0.01; df = 23; P = 0.99). Similarly, no BDNF-tg or WT litter-
mates presented any abnormality in trunk curl, positional passiv-
ity, exploration, and reflexes including righting, eye blink, ear
twitch, whisker twitch, forepaw reaching, and petting escape.
No genotype differences were detected on pain responses mea-
sured in the hot plate (t=0.87; df =17; P =0.40) and tail-flick
tests (t= —0.18; df =17; P=0.85). Thus, BDNF overexpression
in female mice had no effect on most of the general health param-
eters measured, including physical characteristics and neurologi-
cal reflexes, but did elevate self-grooming.

Reduced breeding efficiency in BDNF-tg

BDNF-tg females displayed poor breeding as compared with WT
littermates. In particular, of the 19 pregnancies of BDNF-tg
male x B6 female dams, 91 pups survived, with an average of
about 4.5 pups per pregnancy. Of the 22 pregnancies of B6 male x
BDNF-tg female dams, 53 pups survived, with an average of about
2.4 pups per pregnancy. Of the 17 pregnancies of BDNF-tg male x
BDNF-tg female dams, O pups survived. Female mice of both
genotypes became pregnant and gave birth, but large numbers
of pups from BDNF-tg dams died during the first 10 d of life.
Causes for the miscarriages and pup mortalities are not known.
Investigations of maternal behavior deficits or a variety of other
factors represent an important subject for future investigation.
Thus, for this line of genetically modified mice, a BDNF-tg male x
B6 female breeding scheme is suggested. It is useful to note that

Learning & Memory



Working memory deficits in BDNF-tg mice

Table 1. Measures of general health and reflexes

General health WT (14) BDNF-tg (11)
Body weight (g) 19.9+0.6 18.9+0.5
Poor coat condition (%) 0 0
Bald patches (%) 0 0
Missing whiskers (%) 0 0
Piloerection (%) 0 0
Body tone (% of good) 100 100
Limb tone (% of good) 100 100
Physical abnormalities (%) 0 0
Motoric abilities
Trunk curl (%) 100 100
Forepaw reaching (%) 100 100
Wire hang (sec) 58.1+1.9 59.0£1.0
Positional passivity (%) 0 0
Reflexes (% of mice normal)
Righting reflex (%) 100 100
Corneal (%) 100 100
Ear twitch (%) 100 100
Whisker twitch (%) 100 100
Reactivity
To handling (3-point scale) 2.0£0.0 2.0£0.0
Petting escape (%) 100 100
Empty-cage behavior
Transfer freezing (%) 0 0
Wild running (%) 0 9
Exploration (3-point scale) 2.0£0.0 2.0£0.0
Grooming (sec) 8.0+1.8 23.7 £ 4.2
Grooming (events) 2.7+0.5 4.3 +0.5%
Rearing (events) 50.0+1.9 473+1.4
Digging (events) 8.1+1.9 8.1+3.5
Pain sensitivity
Hot plate (latency in sec) 10.5+0.8 9.6 0.7
Tail flick (latency in sec) 3.2+0.8 34106

(*) P<0.05; (**) P < 0.005 vs. WT littermates.

the pups that did survive displayed normal scores on measures of
general health as adults.

Working memory impairments in BDNF-tg

On a discrete paired-trial T-maze working memory task, which
depends on intact medial PFC functions (Kellendonk et al.
2006), all seven WT mice reached criterion. Six out of seven
BDNF-tg mice also reached criterion. Among the mice that were
able to learn this task, a genotype difference was detected for
the number of days needed to reach the criterion for acquisition.
WT mice required an average of 6.5 d, while BDNF-tg littermates
required an average of 11 d (t= —2.94; df=11; P<0.01)
(Fig. 2A). During the habituation phase of the task, no genotype
difference was detected on latency to eat (F(1,11)=0.11; P=
0.75) (Fig. 2B), which has been used as an index of simple refer-
ence memory and motivation to run to receive the food pellet
reinforcers (Olton et al. 1979; Wenk 2001; Papaleo et al. 2008).
There was a significant repeated measures effect (F(1,11) = 14.03;
P < 0.005) (Fig. 2B), with all mice running faster on the second
day of habituation to retrieve the reward pellets, independent of
genotype.

Mice were then tested in the discrete paired-trial T-maze
paradigm under more demanding conditions, consisting of four
different intratrial delays, and decreasing the intertrial delay to
20 sec, instead of 20 min. Analysis of the percentage of correct
choices at the different intratrial delays revealed both a genotype
effect (F(1,44)=19.07, P <0.0001) and a delay effect (F(344)=
4.34, P<0.01). All groups displayed delay-dependent perfor-
mance, but BDNF-tg showed consistently worse performance
compared with WT littermates (P < 0.0005) (Fig. 2C).
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In response to the stress of placement in a new cage contain-
ing clean litter, the percentage of correct choices at the different
intratrial delays again showed a genotype difference (F(1 44)=
9.61, P < 0.005). BDNF-tg displayed impaired performance com-
pared with WT littermates (P < 0.005) (Fig. 2D). These results
indicate that in female mice genetic modifications resulting in
increased BDNF expression lead to significant deficits in working
memory.

Normal contextual and cued fear conditioning in BDNF-tg
On fear conditioning, both genotypes displayed high levels of
freezing subsequent to the CS—-US pairings on the training day
(F1,18) = 88.35, P < 0.0001) (Fig. 3A). While genotypes did not
differ on amount of baseline freezing prior to the CS-UCS pair-
ings (tq,18y= —1.14, P=0.16) (Fig. 3A), genotype differences
were detected subsequent to the CS-US pairings (F,18) = 6.57,
P < 0.05), and a genotype by phase of training interaction was
significant (F1,18) = 10.25, P <0.01). Newman-Keuls post-hoc
analysis indicates that BDNF-tg female mice freeze less than their
WT littermates during the post-CS—UCS pairing on the training
day (P < 0.05) (Fig. 3A). During the test for freezing to the identi-
cal context 24 h later, genotypes did not differ (f,15 = —1.14,
P =0.27) (Fig. 3A). During testing of freezing to the auditory cue
48 h after training, both genotypes showed increased freezing
scores during the cue presentation (F(;,1s) = 49.45, P < 0.0001)
(Fig. 3B), indicating that both genotypes associated the auditory
cue with footshock 2 d after training. There was no effect of ge-
notype on freezing either during the cue off or cue on phase
(F1,18) = 1.58, P=0.22), and no significant interaction between
genotype and cue (F 48 = 3.53, P=0.08). Thus, associative
learning and memory processes dependent on amygdala and/or
hippocampus appear to be unaffected by BDNF overexpression.
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Figure 2. Working memory impairment in BDNF-tg. (A) Days to reach
criteria and (B) latency to retrieve the hidden food pellet displayed by WT
and BDNF-tg littermates during training on the discrete paired-trial
T-maze task. (C,D) Percentage of correct choices displayed by the same
WT and BDNF-tg littermates during the discrete paired-trial variable-delay
T-maze test with different intratrial delays randomly presented (4, 30, 60,
and 240 sec) and an intertrial delay of 20 sec under normal conditions (C)
and after the mild stress of placement in a new home cage 15 min before
testing (D). The dotted line corresponds to chance levels (50%) of correct
choices. (*) P < 0.05, (**) P < 0.005, and (***) P < 0.0005 vs. WT litter-
mates; (3%) P < 0.0005 vs. day 1 of the habituation. N=7 WT, n=7
BDNF-tg.
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Figure 3. Normal cued and contextual fear conditioning in BDNF-tg.
Mice were trained to learn an association of chamber context and a
white noise cue to mild footshock during standard delay fear condition-
ing. Freezing behavior displayed by WT and BDNF-tg littermates (A) at
baseline, post-training, and 24 h after training in the identical context
(context 24 h). (*) P<0.05 vs. WT littermates. (B) Freezing behavior
during testing for cued conditioning in the altered context without (CS
off) and with (CS on) the auditory cue, 48 h after training. N=11 WT,
n=9 BDNF-tg.

In contrast, the initial response to the footshock stress during the
training session was lower in the female BDNF-tg.

Acoustic startle and prepulse inhibition (PPI) impairments
in BDNF-tg

BDNF-tg showed lower acoustic startle reactivity to the 120-dB
stimulus (genotype x acoustic sound interaction effect: F(; 16, =
4.61, P < 0.05) (Fig. 4A), while levels of basal activity in the appa-
ratus when no stimulus was presented did not differ (P = 0.90)
(Fig. 4A). Analysis of PPI with a 120-dB acoustic startle stimulus
showed a main genotype effect (Fq,16 = 11.80, P <0.005)
(Fig. 4B), with BDNF-tg mice displaying less PPI than WT litter-
mates (P < 0.005). Thus, these results suggest that genetic modifi-
cations resulting in increased BDNF protein expression decrease
acoustic startle and PPI responses.

Normal motor functions in BDNF-tg

BDNF-tg and WT littermates showed no genotype differences in
basal locomotor activity in the novel open field under dim light-
ing (F1,12) = 1.95, P=0.19) (Fig. SA). Both genotypes decreased
the distance traveled over time (F(3,=28.18, P < 0.0001)
(Fig. 5A), indicating normal habituation to the novelty of the
open field arena.

BDNF-tg and WT littermates showed no genotype differences
on the rotarod. Latency to fall over the eight trials increased, as
expected, representing a significant effect of training (F(1,16) =
12.15, P < 0.001) (Fig. 5B). No genotype differences across trials
(F1,16)=0.33, P=0.57) and no genotype x training interaction
effect was detected (F(7,16) = 0.70, P = 0.67). Thus, BDNF overex-
pression did not alter general locomotor activity or motor coordi-
nation in female mice.

Increased seizure susceptibility in BDNF-tg
At age 5-6 mo, four out of seven BDNF-tg females placed in a new
cage with clean litter and bright room light (~820 lux) displayed
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seizures, whereas none of the seven WT females displayed seizures
when placed into a new cage with clean litter (P < 0.05) (Fig. 5C).
Magnitudes of seizing were represented by stage 4 and/or 5 of the
modified Racine’s seizure scoring system (Croll et al. 1999). All
seizures observed included bilateral forelimb clonus. Mice lost
postural control and arched their backs, looking straight up. The
observed seizures did not fit the definition of stage 6, as the dura-
tion of individual seizures were too short (Fig. 5D). None of the
seizure events resulted in death. Younger (2-mo-old) BDNF-tg
female mice did not show any seizure events when exposed to a
novel empty cage. Moreover, no mice showed a seizure event dur-
ing any phase of the other behavioral tasks adopted. All of the
other behavioral tests were conducted before age 5 mo and under
dim light conditions. Thus, the seizures induced by placing mice
into a bright clean empty cage at ages 5—-6 mo had no direct effect
on any of the scores reported for other tests.

Partial increase in anxiety-like traits in BDNF-tg

In the light<—dark test, BDNF-tg made fewer transitions between
the light and the dark compartments (t = 2.72, df = 16, P < 0.05)
(Fig. 6A) and spent more time in the dark chamber (t= —3.11,
df =16, P < 0.01) (Fig. 6B) as compared with WT littermates, rep-
resenting an anxiety-like phenotype in the two major parameters
of this approach-avoidance conflict task. No differences between
genotypes were observed on the latency to first entry into the dark
chamber (t= —1.02, df = 16, P = 0.32) (Fig. 6C).

In the elevated plus-maze, BDNF-tg and WT littermates did
not differ on time spent in the open arms (t = 0.95, df =17, P=
0.35) or number of entries into the open arms (t = —0.92, df =
17, P=0.37) (Fig. 6D). Overall activity in the closed arms did
not differ between genotypes (t = 0.78, df =17, P = 0.45). Total
number of arm entries did not differ between genotypes (f =
0.68, df =17, P = 0.50) (Fig. 6E).

These results suggest that genetic overexpression of BDNF
results in an increase in anxiety-like traits in female mice on
one standard anxiety-related test for mice, but not on the other.

Depression-related phenotypes are not altered

in BDNF-tg

To explore whether increased BDNF impacted depression-related
phenotypes in female mice, BDNF-tg, and WT littermates were
tested in two of the most widely used tests of mouse behaviors sen-
sitive to antidepressant treatments, Porsolt forced swim and tail
suspension. Similar immobility times were seen in BDNF-tg and
WT littermates over the 4-min scoring portion of the 6-min forced
swim task (t=-1.19, df=19, P=0.25) (Fig. 7A). Similar
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Figure 4. Acoustic startle and PPl are decreased in BDNF-tg. (A) Startle
amplitude in WT and BDNF-tg female littermates during no stimulus trials
and following the presentation of a 120-dB stimulus (startle). (B) Percent
prepulse inhibition of the acoustic startle response displayed by the same
mice after the presentation of 74, 78, 82, 86, and 90 dB prepulse sound
stimuli. N=9 WT, n=9 BDNF-tg. (*) P<0.05 and (**) P < 0.005 vs.
WT littermates.
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Figure 5. Normal locomotor abilities, but increased susceptibility to motor seizures in BDNF-tg. (A)
Total distance traveled in 5-min intervals during the first 1-h exposure to the open field arena. N = 7 WT,
n= 7 BDNF-tg. (B) Latency to fall from an accelerating rotarod, with a 300-sec maximum latency. Each
subject was given eight total trials over 2 d, four trials per day, with a 30-60-min intertrial interval. N =
9 WT, n=9 BDNF-tg. (C) Number of BDNF-tg and WT littermates that seized or did not seize when
placed in a bright, clean, empty cage for the 3-min general health evaluation. (D) Duration of seizures
(in seconds), during the 3-min physical health assessment in the clean empty cage. N=7 WT, n=7

BDNF-tg.

immobility times were seen in BDNF-tg and WT littermates in the
tail suspension test (t= —1.7, df =19; P = 0.10) (Fig. 7B). Thus,
these results suggest that genetic overexpression of BDNF does
not impact depression-like traits in female mice.

Normal social abilities in BDNF-tg

Sociability, defined as spending more time in the chamber
with the novel mouse than in the chamber with the novel
object, was significant in both WT (F(; 9, = 268.8, P <0.0001)
and BDNF-tg (F(1,10)=35.6, P <0.0001) (Fig. 8A) littermates.
Similarly, the time spent sniffing the novel mouse was greater
than the time spent sniffing the novel object for both WT
(Fa,00=959.8, P<0.0001) and BDNF-tg (F1,100=59.3, P<
0.0001) (Fig. 8B) littermates. Entries into the left and right side
chambers did not differ for WT (F4,10)=1.14, P=0.31) or
BDNF-tg (F1,10) = 1.21, P = 0.29) littermates, nor between geno-
types (F(1,19) = 1.82, P = 0.19) (Fig. 8C). No innate side preference
was observed across genotypes during the 10-min habituation ses-
sion before the start of social testing (data not shown). Thus, these
data indicate that general sociability was not impaired by excess
BDNF expression.

Discussion

BDNF regulates synaptic plasticity in the brain and plays a critical
role in maintaining normal PFC function (Savitz et al. 2006; Woo
and Lu 2006), leading to the hypothesis that BDNF may regulate
working memory (Galloway et al. 2008). Previous reports from
BDNF heterozygous knockouts and knockdowns revealed impair-
ments in cognitive functions (Monteggia et al. 2004; Heldt et al.
2007). We predicted that BDNF overexpression could improve per-
formance on cognitive tasks. Remarkably, our findings in female
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BDNF-tg mice instead revealed that a
genetically induced elevation in BDNF
levels in the brain impaired working
memory functions. BDNF-tg required
more days to acquire a discrete paired-
trial alternation T-maze task than did
their WT littermates. Moreover, during
the discrete paired-trial variable-delay
T-maze test, performance in the BDNF-
tg mice was significantly worse than
WT littermate controls. These results
clearly indicate that increased BDNF lev-
els result in working memory deficits, at
least in females. Consistent with our
results, diminished working memory
- performance in aged female rats posi-
tively correlated with high BDNF levels
in the PFC (Bimonte et al. 2003). Simi-
larly, in male BDNF-tg mice, mild cogni-
tive deficits were reported in an
eight-arm radial maze protocol, in which
each arm was baited and mice were
allowed to move freely through them
(Cunha et al. 2009). The paradigm
adopted by Cunha and colleagues, how-
ever, might suffer from possible response
patterns, because guillotine doors were
not used and mice might choose the cor-
rect arms by response habits or memory
for previous choices (Olton 1987). Thus,
the paradigm used in males might not
address working memory performance
as specifically as an eight-arm radial
maze delayed nonmatch to sample or win-shift protocol (Kesner
and Holbrook 1987; Seamans et al. 1995; Papaleo et al. 2009). In
contrast, the specific T-maze task used here better recapitulates
elements of human working memory tasks and is dependent
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Figure 6. Anxiety-like phenotype in BDNF-tg on the light<>dark test,
but not on the elevated plus-maze. (A) Transitions between the light and
dark compartments in the light<—dark exploration test; (*) P < 0.05 vs.
WT littermates. (B) Time spent in the dark chamber; (*) P < 0.05 vs. WT
littermates. (C) Latency to enter the dark compartment. (D) Percentage
of time spent in the open arms and number of visits to the open arms
of an elevated plus-maze. (E) Total number of arm entries by WT and
BDNF-tg littermates during the elevated plus-maze test. N=9 WT, n=
9 BDNF-tg.
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Figure 7. Normal depression-relevant immobility in female BDNF-tg
mice. Percentage of time spent immobile during the last 4 min of the
test session for the forced swim task (4) and during the 6-min test session
for the tail suspension task (B). N=10 WT, n=11 BDNF-tg for the
forced swim task; n= 10 WT, n= 13 BDNF-tg for the tail suspension test.

on the medial PFC in mice (Aultman and Moghaddam 2001;
Kellendonk et al. 2006; Papaleo et al. 2008). Considering these
facts, it would be interesting in future studies to address the per-
formance of BDNF-tg male mice in a discrete paired-trial variable-
delay T-maze task.

Working memory deficits are core features of schizophrenia
(Elvevag and Goldberg 2000). In the PFC of patients with schizo-
phrenia, BDNF protein expression was reported to be reduced in
cohorts that included a higher number of males (Wong et al.
2010), but PFC BDNF levels were higher in cohorts of schizo-
phrenic patients when more females than males were included
(Durany et al. 2001). Thus, these previous reports in humans
and our present results in mice suggest that, especially in female
subjects, functional genetic modifications that produce increased
cortical BDNF levels might be detrimental to working memory.

Genetic reduction in BDNF impaired hippocampal-depen-
dent cognition in mice (Gorski et al. 2003; Monteggia et al.
2004). Similarly, infusions of anti-BDNF antibodies or antisense
BDNF oligonucleotides impaired spatial learning and memory
in rats (Mu et al. 1999; Mizuno et al. 2000). Conversely, single
intrahippocampal BDNF administration improved performance
in the Morris water-maze test for spatial memory in adult rats
(Cirulli et al. 2004). In agreement with these results, the BDNF
Met variant, which reduces BDNF levels, is associated with poorer
episodic memory and abnormal hippocampal activation in
humans (Egan et al. 2003; Hariri et al. 2003). No genotype differ-
ences were detected between BDNF-tg and WT littermates on con-
textual or cued fear-conditioning components that are dependent
on intact hippocampal and amygdala functions (LeDoux 1996;
Fanselow and Poulos 2005). Less freezing after footshock was
seen in BDNF-tg on the training day, although pain sensitivity
did not differ between genotypes (Table 1), raising a point that
will require future experiments to understand completely.

It is noteworthy that BDNF-tg female mice show features
reminiscent of other schizophrenia models in animals, including
working memory and PPI deficits. Acoustic startle and PPI
are thought to be distinct behavioral responses with distinct
mechanisms (Plappert et al. 2004). Phencyclidine treatments
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used as models of schizophrenia induce BDNF up-regulation in
corticolimbic regions and disrupt PPI abilities (Jentsch and Roth
1999; Takahashi et al. 2006). Conversely, glutamate receptor &2
heterozygote mice that present reduced BDNF forebrain levels
(Takahashi et al. 2006) show both increased acoustic startle and
PPI responses (Takeuchi et al. 2001). Thus, the present findings
extend earlier reports that support an interpretation that BDNF
levels modulate sensorimotor gating.

BDNF-tg female mice were more prone to seizures when
exposed to a new clean cage in a bright environment. Conven-
tional transgenic mice that constitutively overexpress BDNF
show increased seizure severity after kainic acid injection and
increased hippocampal excitability (Croll et al. 1999). Conversely,
BDNF heterozygote knockout mice have decreased seizures
susceptibility (Kokaia et al. 1995). Limbic seizures increase BDNF
expression in the brain and BDNF infusion induces seizures
(Isackson et al. 1991; Duman and Vaidya 1998; Scharfman
2005). Moreover, there is evidence for an association between
BDNF polymorphisms and partial epilepsy (Kanemoto et al.
2003) and between BDNF mRNA expression and epilepsy (Murray
et al. 2000). Thus, these results strongly indicate a proconvulsant
effect of increased BDNF levels in the brain, further highlighting
BDNF as an interesting pharmacologic target for treating epilepsy.
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Figure 8. Normal sociability in female BDNF-tg mice. (A) Time spent in
the side chamber with the novel mouse, in the side chamber with the
novel object and in the empty center chamber during the sociability
test in an automated photocell-equipped three-chambered arena. Both
genotypes spent more time in the side chamber with the novel mouse
vs. time spent in the side chamber with the novel object; (*) P < 0.05.
(B) Both genotypes displayed significantly more time spent sniffing the
novel mouse than time spent sniffing the novel object; (*) P < 0.05. (C)
No genotype differences were seen in the number of entries into the
side chambers. N=9 WT, n= 11 BDNF-tg.
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High self-grooming in rodents is often consistent with higher
stress responses and anxiety-like phenotypes (Kalueff and
Tuohimaa 2005; Shmelkov et al. 2010). BDNF-tg female mice
showed a moderate anxiety-like phenotype as compared with
WT littermates, consistent with a previous report in BDNF-tg
male mice (Govindarajan et al. 2006). BDNF-tg displayed reduced
transitions and increased time spent in the dark during the light
<—>dark task. This was not an effect of altered exploratory locomo-
tion, as no differences were present between BDNF-tg and WT lit-
termates in the open field or on total arm entries in the elevated
plus-maze. No genotype differences were detected in open arm
entries in the elevated plus-maze. However, the elevated plus-
maze test may be less sensitive to manipulations that change
anxiety-like responses in female mice (File 2001). In previous
reports, a cohort of male BDNF-tg mice displayed increased
anxiety-like phenotypes (Govindarajan et al. 2006), whereas a
study including both females and males of another line of BDNF
overexpressing mice did not show altered anxiety-like behaviors
using the elevated plus-maze task (Croll et al. 1999). Two inde-
pendent lines of BDNF knockout female mice showed lower
anxiety-like behaviors (Monteggia et al. 2007). Similarly, in
humans, genetic variations that result in higher BDNF activity-
dependent release were associated with higher anxiety traits
(Lang et al. 2005), while a genetic polymorphism reducing
BDNF activity was protective against anxiety (Jiang et al. 2005).
Taken together, these studies indicate that genetic variations
that increased BDNF levels result in increased anxiety-related
phenotypes, while those decreasing BDNF activity decreased
anxiety-related phenotypes.

Female BDNF-tg did not differ from WT littermates on immo-
bility times in either the Porsolt forced swim or tail suspension
tests. In contrast, male BDNF-tg mice were reported to display
lower depression-related immobility in the forced swim task
(Govindarajan et al. 2006). This dichotomy is similar to findings
in BDNF heterozygous mice, in which male heterozygous BDNF
knockouts displayed higher immobility times on the forced
swim test, while scores from females were comparable to their
WT littermates (Advani et al. 2009). Similarly, male conditional
BDNF knockout mice displayed normal depression-like behavior,
while their female counterparts showed higher depression-like
behavior (Monteggia et al. 2007; Autry et al. 2009). Finally, a
recent meta-analysis revealed that a human functional BDNF
genetic polymorphism is associated with a major depressive
disorder, but with a sex-dependent effect (Verhagen et al. 2010).
Thus, these findings suggest an interesting sexual dimorphism
in the effects of BDNF genetic modifications on depression-related
phenotypes.

BDNF genetic variations in humans might show sex differ-
ences on cognitive components, reactivity to stress, and predispo-
sition to psychiatric illnesses (Raz et al. 2009; Shalev et al. 2009;
Fukumoto et al. 2010; van Wingen et al. 2010; Verhagen et al.
2010; Pregelj et al. 2011). Similarly, genetic BDNF disruption in
mice showed sex differences, at least for parameters such as loco-
motor activity, stress reactivity, and anxiety- and depression-like
behaviors (Monteggia et al. 2007; Autry et al. 2009). To date, all
previous studies investigating the effects of increased BDNF
genetic modifications have used only males or have overlooked
the distinct behavioral consequences in females (Chen et al.
2006; Govindarajan et al. 2006; Cunha et al. 2009; Yu et al.
2009; Soliman et al. 2010). It is important to consistently and
separately study both sexes. In fact, females present specific
behavioral characteristics in cognitive disorders and psychiatric
abnormalities such as schizophrenia, anxiety, depression, drug
addiction, epilepsy, and autism (Kessler et al. 1993; Aleman
et al. 2003; Knickmeyer and Baron-Cohen 2006; Papaleo and
Contarino 2006; McHugh and Delanty 2008; Andreano and
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Cahill 2009; Grant et al. 2009). In this study we reported the
behavioral consequences of a genetic modification that increased
BDNF in females.

The present studies demonstrate that transgenic overexpres-
sion of BDNF impairs performance on a PFC-dependent work-
ing memory task, impairs sensorimotor gating abilities, confers
susceptibility to seizures, increases some components of anxi-
ety-related behaviors, increases self-grooming, and reduces re-
productive success. Our comprehensive phenotyping results
yield a profile of normal general health, neurological reflexes,
motor functions, hippocampal-dependent learning and memory,
depression-related behaviors, and social behavior in female mice
overexpressing BDNF. Increased BDNF expression may play a
larger role in PFC-dependent executive functions, demonstrating
that both excess and insufficient BDNF can be detrimental
to some cognitive abilities, but in different specific domains
(Gorski et al. 2003; Monteggia et al. 2004; Chen et al. 2006;
Govindarajan et al. 2006; Cunha et al. 2009). It is important to
note that the present study demonstrates the behavioral effects
in adulthood of increased BDNF expression throughout the life-
span, but does not address the behavioral effects of acute manip-
ulations of BDNF. Our findings converge on human association
studies evaluating the effects of BDNF functional genetic modifi-
cations in cognitive abilities and vulnerability to psychiatric dis-
orders. It would be of interest for future studies to understand
when the present behavioral abnormalities first appear during
development and their correlated developmental dysfunctions.
Understanding the molecular mechanism(s) underlying the
BDNF genetic impact in mental illnesses may lead to the develop-
ment of individualized therapeutic strategies that target the con-
sequences of harboring unusual BDNF alleles.

Materials and Methods

Subjects

All procedures were approved by the NIMH Animal Care and Use
Committee and followed the NIH Guidelines “Using Animals in
Intramural Research.” Breeding pairs of male and female hemizy-
gous BDNF transgenic mice (BDNF-tg) were purchased from The
Jackson Laboratory (Bar Harbor, ME) and housed in a conven-
tional vivarium at the National Institute of Mental Health
(Bethesda, MD). Breeding at NIMH was conducted with three
approaches: BDNF-tg males bred with C57BL/6] (B6) females, B6
males bred with BDNF-tg females, and BDNF-tg males bred with
BDNF-tg females. As described in the Results section, only the first
two approaches produced viable litters, with the highest yield
obtained from matings of BDNF-tg males and B6 females.
Breeding efficiency issues described in the Results section limited
the available numbers of mice for behavioral testing. Because
practical issues limited the availability of male mice, the present
experiments were conducted with females only. Littermates
were used for all experiments. This line of BDNF-tg mice, which
was originally generated on a CaMKIla promoter by Huang and
coworkers at the Massachusetts Institute of Technology, overex-
presses BDNF primarily in the brain (Huang et al. 1999). The
genetic background for the original line was B6, permitting main-
tenance of the B6 background for the present experiments. Mice
bred in Bethesda were genotyped by PCR analysis of tail DNA.
Identification was either by ear cuts, paw tattoos with animal tat-
too ink (Ketchum green paste, Ketchum Manufacturing Inc.), or
subcutaneous barcode chip implants (BioMedic Data Systems
Inc.). Littermates were group housed by sex after weaning, two
to four per cage, in a climate-controlled animal facility (22°C *
2°C) and maintained on a 12-hr light/dark cycle, with free access
to food and water, except for the T-maze experiment. All behav-
ioral testing was conducted during the light phase of their circa-
dian cycle. The female subject mice were not tested for estrus
cycle, since the training and testing phases of the T-maze task
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lasted 4 d or more, thus spanning the entire estrus cycle and min-
imizing its effects on behavior. Similarly, estrus cycle was not
tested for the single-day behavioral tasks, which were conducted
across consecutive days, because we have not detected higher var-
iance (standard error bars) among females as compared with males
for these tasks. If estrus cycle introduced a major effect on a
parameter, then much higher variability would be expected in a
group of females that included mixed stages of their estrus cycles,
which was not seen in the present datasets. Experimenters were
blind to the genotype of the subject mice during behavioral test-
ing sessions. Mice were handled by the experimenter on alternate
days during the week preceding the tests. Mice were acclimated in
aroom adjacent to the testing room at least 1 h prior to the start of
a behavioral test.

BDNF protein quantification by ELISA

Mice were sacrificed by cervical dislocation and decapitated.
Brains were rapidly extracted, tissue regions of interest freshly
microdissected, weighed, flash-frozen using isopentane, tempo-
rarily stored on dry ice, and stored long-term at —70°C. Tissue
samples were homogenized in 20 vol of homogenization buffer.
The homogenates were incubated at 4°C for 30 min and centri-
fuged at 14,000¢ for 30 min. BDNF protein levels were measured
by enzyme-linked immunosorbent assay (ELISA). Sandwich-style
ELISAs were performed using the Chemikine BDNF ELISA kit
(Chemicon International) according to the manufacturer’s
instructions. Briefly, 96-well plates, coated with rabbit polyclonal
antibodies generated against human BDNF, were incubated over-
night at 4°C with 400 pL of tissue sample and 10% BSA. Plates
were washed thoroughly and incubated for 2-3 h at room temper-
ature with diluted biotinylated mouse anti-BDNF monoclonal
antibody. Plates were thoroughly washed again and incubated
with diluted streptavidin-HRP conjugate solution. Plates were
developed with the addition of streptavidin-enzyme substrate
and stop solution. BDNF content was interpolated from standard
curve runs for each plate (linear range of 0-500 pg/mL). BDNF
protein content was divided by tissue weight in each sample to
determine the amount of peptide per microgram starting tissue.

Immunoblotting

The PFC was dissected from BDNF-tg and WT littermates. The
dissected cortical area refers to medial PFC, which comprise ante-
rior cingulate, prelimbic, and infralimbic cortices (Holmes and
Wellman 2009). The brain tissues were then homogenized and
diluted to 2 pg/pL of total protein content in lysis buffer. After
being denatured, the same amount of protein from each sample
was loaded onto precast 4%-12% Bis-TRIS polyacrylamide gels
(Invitrogen), and proteins were separated by electrophoresis.
Each gel contained a molecular weight marker ladder (SeeBlue
Plus 2; Invitrogen) and pooled sample used for interblot normal-
ization. Gels were transferred onto nitrocellulose membranes
with the iBlot gel transfer system (Invitrogen) for 11 min.
Membranes were blocked for 1 h in 5% milk in Tris buffered saline
(TBS) with 0.1% Tween-20 (TBS-T) and then incubated with
anti rabbit BDNF (N-20):sc-546 (1:500 dilution; Santa Cruz
Biotechnology) or with anti pro-BDNF AB9042 (1:1000 dilution;
Chemicon International). Blots were rinsed in TBS-T, incubated
in the peroxidase-conjugated goat anti-rabbit (1:1,000 dilution,
Santa Cruz Biotechnology) separately for 1h in 5% milk in
TBS-T, and rinsed in TBS-T. Blots were developed in ECL-plus
(GE Healthcare) and exposed to Kodak Bio-Max film. Films were
digitized using a scanner, and the resulting images were analyzed
using the NIH Scion Image. The values for all samples were
expressed as a percentage of the mean of WT on the same gel.

Discrete paired-trial variable-delay T-maze task

A cohort of naive female BDNF-tg and WT littermates of 3-mo-old
was tested in a paired-trial nonmatch to sample T-maze task as
described previously (Papaleo et al. 2008, 2010). Subject mice
were presented with a sequence of randomly chosen forced
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runs, each followed by a choice run, so that they were required
to integrate information held online (the forced run) with the
learned rule (nonmatch to sample).

Open field

At least 2 wk after the end of the T-maze task, the same mice were
tested in a Plexiglas Digiscan automated open field (Accuscan;
42 x 42 x 30 cm), evenly illuminated by overhead red lighting
(9 £ 1 lux), as previously described (Papaleo et al. 2008, 2010).

Physical health

Measures of general health and neurological reflexes were assayed
in the same mice at least 10 d after the open field test and in
another separate cohort of mice between 9 and 11 wk of age in
an empty cage (15 x 15 x 10 cm) with sawdust bedding (Harlan
Teklad) as previously described (Crawley 2007; Chadman et al.
2008; Papaleo et al. 2008, 2010).

Seizures

During the 3-min empty-cage observation test for the physical
health assessment, seizure behavior was scored in the same mice
used for the T-maze task at ages 5-6 mo and a separate cohort at
2 mo of age following a modification of Racine’s seizure scoring
system (Croll et al. 1999). Length of seizure time (in seconds)
was simultaneously quantified. Seizures were defined as begin-
ning when the mouse clearly displayed a tonic-clonic seizure
and as ending when the mouse regained motor control.

Acoustic startle response and prepulse inhibition (PPI)
Four-month-old female BDNF-tg and WT littermates were tested
in San Diego Instruments startle chambers using standard meth-
ods as described previously (Papaleo et al. 2008, 2010). In brief,
a sudden acoustic stimulus elicits the startle response, while an
acoustic, nonstartling prepulse preceding the startle stimulus
inhibits the startle response (PPI). The startle response elicited
by sudden sensory stimuli and its PPI are between the most widely
studied phenotypes that are highly conserved across mammalian
species.

Elevated plus-maze, light<>dark exploration, accelerating
rotarod, social approach, cued and contextual fear

conditioning, forced swim, and tail suspension tasks
Tasks were performed in a separate cohort of mice. The order of
testing was as follows:

1. Five-minute elevated plus-maze test at age 5-6 wk.

2. Ten-minute light<—dark exploration at age 6—7 wk.

3. Five-minute rotarod (Ugo Basile accelerating rotarod for mice)
at age 7-9 wk.

4. Ten-minute adult social approach in a three-chambered appa-
ratus at 8—10 wk.

5. Pain sensitivity on hot plate and tail flick at age 9-11 wk.

6. Contextual and cued fear conditioning (Med Associates), 1 and
2 d after training, respectively, at age 11-12 wk.

7. Porsolt forced swim and tail suspension at age 20-22 wk.

Each task was conducted using standardized procedures as previ-
ously described (Holmes et al. 2002; Bailey et al. 2007; Crawley
2007; Chadman et al. 2008).

Statistical analysis

Results are expressed as mean * standard error of the mean (SEM)
throughout. Latency to eat the food reinforcer in the T-maze task
was analyzed with a Two-Way Analysis of Variance (ANOVA),
using genotype (BDNF-tg and WT) as the between-subjects factor
and day of habituation (first or second) as a repeated measures
within-subjects factor. Student’s t-test was used to compare
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BDNF-tg vs. WT on BDNF expression levels in PFC and hippo-
campus, some general health parameters, seizure duration, days
needed to reach criterion in the T-maze task, elevated plus-maze,
light— dark exploration, and contextual fear conditioning. Two-
tailed Fisher exact analyses were used to compare genotypes for
the other general health parameters. The percentage of mice of
each genotype that reached criterion on the T-maze task and
showed or did not show seizure behavior during the general
health testing were compared with 2 x 2 x* analyses. A Two-
Way ANOVA with genotype (BDNF-tg vs. WT) as one variable
and intratrial delays (4, 30, 60, or 240 sec) as the second indepen-
dent variable was used to examine the percentage of correct
choices made in the T-maze task. Two-Way ANOVA with genotype
(BDNF-tg vs. WT) as a between-subjects factor and within-session
5-min intervals as the within-subject factor was used to analyze
the total distance traveled in the open-field arena. Accelerating
rotarod, open-field locomotion, fear conditioning pre- and post-
training responses, and pre- and post-cue responses were analyzed
with Repeated Measures ANOVA. Social approach was analyzed
using a within-groups Repeated Measures ANOVA to compare
time spent in the two side chambers of the sociability test appara-
tus. Since the time spent in each of the three chambers added to
10 min, and therefore were not independent, the test condition
factor compared time spent only in the right vs. left chambers.
Center chamber times are shown in the graphs for illustrative pur-
poses. Time spent sniffing the novel object vs. the novel mouse,
and entries into the side chambers, were similarly analyzed by
within groups Repeated Measures ANOVA. The accepted value
for significance was P < 0.0S.
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