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Abstract

Brain-derived neurotrophic factor (BDNF) plays important roles in the development, maintenance,
and plasticity of the mammalian forebrain. These functions include regulation of neuronal
maturation and survival, axonal and dendritic arborization, synaptic efficacy, and modulation of
complex behaviors including depression and spatial learning. Although analysis of mutant mice
has helped establish essential developmental functions for BDNF, its requirement in the adult is
less well documented. We have studied late-onset forebrain-specific BDNF knockout (CaMK-
BDNFKO) mice, in which BDNF is lost primarily from the cortex and hippocampus in early
adulthood, well after BDNF expression has begun in these structures. We found that although
CaMK-BDNFXO mice grew at a normal rate and can survive more than a year, they had smaller
brains than wild type siblings. The CaMK-BDNFXC mice had generally normal behavior in tests
for ataxia and anxiety, but displayed reduced spatial learning ability in the Morris water task and
increased depression in the Porsolt swim test. These behavioral deficits were very similar to those
we previously described in an early-onset forebrain-specific BDNF knockout. To identify an
anatomical correlate of the abnormal behavior, we quantified dendritic spines in cortical neurons.
The spine density of CaMK-BDNFXO mice was normal at P35, but by P84, there was a 30%
reduction in spine density. The strong similarities we find between early- and late-onset BDNF
knockouts suggests that BDNF signaling is required continuously in the CNS for the maintenance
of some forebrain circuitry also affected by developmental BDNF depletion.
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INTRODUCTION

BDNF, a member of the neurotrophin family of secreted proteins, was initially identified
based upon its ability to support the survival of peripheral sensory neurons (Barde et al.,
1982). Subsequent studies demonstrated the widespread expression of BDNF within the
central nervous system (CNS) (Leibrock et al., 1989; Maisonpierre et al., 1990; Hofer et al.,
1990), and its ability to influence the survival of many neuron types. BDNF has been shown
to affect morphological features of specific neurons, such as soma size and dendritic
arborization, as well as biochemical characteristics such as expression of biosynthetic
enzymes and transporters for neurotransmitters (McAllister et al., 1999; Bibel, 2000). In
addition, BDNF has been demonstrated to play a role in modulating synaptic transmission in
many circuits within the brain, often potentiating synaptic strength, but sometimes reducing
it (Tao and Poo, 2001; Lu et al., 2008; Waterhouse and Xu, 2009; Cunha et al., 2010; Yoshii
and Constantine Paton, 2010). Given that neural activity can regulate BDNF expression and
release, the fact that BDNF modulates synaptic transmission provides a molecular
mechanism by which neural activity can modify the functional and structural features of
neural circuitry (Thoenen, 1995; Cohen and Greenberg, 2008; Kuczewski et al., 2009;
Greenberg et al., 2009; Cohen-Cory et al., 2010). Thus, this versatile signaling protein is
utilized at many stages of life to accomplish diverse tasks in the development, maintenance,
and plasticity of the brain. In addition, reduced BDNF expression has been identified in
many neurodegenerative diseases, and augmenting BDNF signaling has received support as
a potential therapeutic strategy (see Zuccato and Cattaneo, 2009; Nagahara and Tuszynski,
2011).

BDNF exerts many of its effects by binding to the receptor tyrosine kinase TrkB and
triggering an intracellular kinase cascade (see Miller and Kaplan, 2001; Chao, 2003;
Reichardt, 2006). BDNF can also exert effects on cells via the pan-neurotrophin receptor
p75NTR a member of the TNF receptor super-family that binds pro-BDNF with much higher
affinity than the mature form of BDNF, indicating that the processing of BDNF can be an
important regulatory step (see NyKkjaer et al., 2005; Underwood and Coulson, 2008; Barker,
2009; Greenberg et al., 2009; Teng et al., 2010). Both TrkB and p75 are expressed
throughout the developing CNS (Yan and Johnson, 1988; Buck et al., 1988; Merlio et al.,
1992). Expression of p75NTR becomes restricted primarily to basal forebrain cholinergic and
striatal neurons in the adult forebrain (see Yan and Johnson, 1988; Kiss et al., 1988; Koh et
al., 1989; Sobreviela et al., 1994; Lee et al., 1998), while TrkB remains widely expressed in
the adult forebrain (Merlio et al., 1992; Valenzuela et al., 1993). Forebrain-specific mutants
of BDNF or TrkB share many similar phenotypes and altering BDNF or TrkB in cultured
hippocampal and cortical neurons leads to similar outcomes. These data together suggest
that BDNF exerts many of its cortical and hippocampal effects in the intact, healthy brain via
TrkB activation (see also Conover and Yancopoulos, 1997; McAllister et al., 1999).
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Both BDNF and TrkB null mutant mice lose specific populations of sensory neurons through
apoptotic cell death, indicating that BDNF is necessary for the survival of a subset of
sensory neurons in the peripheral nervous system (PNS) (Klein et al., 1993; Jones et al.,
1994; Ernfors et al., 1994; Huang and Reichardt, 2003). In contrast, only minor cell losses
have been reported in the CNS of the null mutants (see Alcantara et al., 1997; Minichiello et
al., 1999). However, the essential roles of BDNF and TrkB cannot be fully evaluated in null
mutant mice, because they are retarded in their postnatal growth and die within the first few
weeks of life, a period during which there is extensive neuronal differentiation, cell death,
and synapse formation in the CNS. To circumvent the neonatal lethality of BDNF and TrkB
null mutations and allow the study of CNS requirements for BDNF and TrkB signaling,
several groups have used the Cre/lox system to engineer conditional BDNF and TrkB
mutants that are viable into adulthood, and these mice have been useful in defining the
functions of this signaling system in the forebrain (Minichiello et al., 1999; Xu et al., 2000a;
2000b; Rios et al., 2001; Vyssotski et al., 2002; Gorski et al., 2003a; 2003b; Zdrner et al.,
2003; Baquet et al., 2004; Chen et al., 2005). By selective deletion of BDNF or TrkB in
different cell populations using tissue-specific promoters or viruses to direct Cre
recombinase expression, it is possible to define the precise pathways in which they act (e.g.
Rios et al., 2001; Eisch et al., 2003; Monteggia et al., 2004; Heldt et al., 2007; Unger et al.,
2007; Li et al., 2008; Graham et al., 2009; Lobo et al., 2010). Additionally, it is possible to
distinguish the developmental versus maintenance roles of BDNF and TrkB in the CNS by
using strategies including antisense oligonucleotides, early-onset versus late-onset promoters
to direct expression of Cre recombinase, or by using a mutant version of TrkB that can be
inhibited with a drug, (e.g. see Ma et al., 1998; Mizuno et al., 2000; Luikart et al., 2005;
Chen et al., 2005; Chan et al., 2006; Johnson et al., 2008). The combination of these types of
studies continues to shed light on the precise spatial and temporal roles of BDNF-TrkB
signaling.

One of the fascinating aspects of the BDNF-TrkB signaling system is its relevance to a huge
variety of mammalian behaviors, including learning and memory, depression, obesity,
aggression, anxiety, and development of visual acuity (see Duman and Monteggia, 2006;
Chen et al., 2006, 2008; Lu et al., 2008; Minichiello, 2009; Heimel et al., 2010; Castren and
Rantamadki, 2010; Rios, 2011; Rosas-Vargas et al., 2011). Given the widespread expression
of BDNF and TrkB in the central nervous system, their involvement in so many aspects of
mammalian life is not surprising. However, the precise neural circuitry in which BDNF and
TrkB act to influence specific behaviors is largely unknown. BDNF can potentially signal in
anterograde, autocrine, paracrine or the classic retrograde manner (see Altar et al., 1997;
Altar and DiStefano, 1998; Nawa and Takei, 2001), thus analysis of both ligand and receptor
requirements are essential for understanding signaling direction in any given behavior.

Many of the analyses studying BDNF-TrkB signaling in behavior have relied upon null
mutants in which this signaling pathway is affected during development as well as in the
adult. There are low levels of BDNF expression in most of the CNS at birth and levels rise
during the first few weeks of life, reaching maximum levels in young adulthood
(Maisonpierre et al., 1990; Schoups et al., 1995; Katoh-Semba et al., 1998). It is important
to determine whether BDNF-TrkB signaling has requirements for maintenance and plasticity
of mature brain circuitry that are distinct from those during development. Here, we have
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performed both behavioral and anatomical analyses of an early adult-onset forebrain-specific
BDNF mutant mouse. We find compelling similarities with an embryonic-onset forebrain-
specific BDNF mutant mouse we previously described (Gorski et al., 2003a; 2003b),
suggesting that sustained adult BDNF expression is essential for maintenance of some of the
same brain circuitry that is sensitive to the loss of BDNF during development.

EXPERIMENTAL PROCEDURES

Generation of forebrain-specific BDNF knockout mice

All animal procedures were approved by the University of Colorado Institutional Animal
Care and Use Committee and conform to NIH guidelines. To generate mutant mice,
CaMKcre mice (Xu et al., 2000a; 2000b) were mated to BDNF"€° heterozygous mice (Jones
et al., 1994) to create mice that were CaMKcre, BDNF"0. These CaMKcre; BDNF"€0 mice
were heterozygous for the BDNF gene, but, as reported before, (Jones et al., 1994; Ernfors et
al., 1994) the mice appeared similar to wild type though they were sometimes obese,
consistent with other observations in BDNF null mutant heterozygous mice (Lyons et al.,
1999; Kernie et al., 2000). Male CaMKcre; BDNF"® mice were then mated to female
BDNF!°% mice (Gorski et al., 2003a) to produce mutant mice (CaMKcre; BDNFN€o/
BDNF!X), These CaMKcre; BDNF"€/BDNF!X mice are late-onset, forebrain specific
BDNF knockouts and are referred to as CaMK-BDNFKO mice. As controls we used wild
type (this included both true wild-type and CaMKcre/+ mice) and for heterozygous controls
we used BDNF€?/BDNF!°* and BDNF"%/+ mice. All mice were backcrossed to C57BL/6J
(The Jackson Laboratory, Bar Harbor, ME) and mice used in behavioral studies were at least
85% C57BL/6J with remaining contributions of 129/sv, CBA/J and DBA. Mice used for the
dendritic spine analyses were greater than 99% C57BL/6J. Mice were genotyped using PCR.
Using this PCR assay and standard DNA samples with a known ratio of unrecombined lox:
recombined lox, we estimated the amount of recombination in different tissues.
Recombination at 8 weeks was primarily in forebrain with highest levels in cortex and
hippocampus and there was no apparent recombination elsewhere in the body except for the
testes.

Histochemistry

X-gal staining of brain slices was performed as described in previously (Vigers et al., 2000).
Adult mice were deeply anesthetized with 20 pl/g 2.5% Avertin in phosphate-buffered saline
(PBS; 10 mM sodium phosphate, 150 mM NaCl, pH 7.4: 100% Awvertin is 10 g
tribromoethanol, 10 ml tert-amyl alcohol). Mice were perfused with ice-cold 4%
paraformaldehyde in 0.1 M sodium phosphate, pH 7.4. Brains were removed and postfixed
in the same fixative for one hour. Brains were cryoprotected overnight in 22% sucrose in 0.1
M sodium phosphate, pH 7.4 at 4°C, then mounted in OCT compound (VWR International,
LLC) and stored at —80 °C until sectioning. Cryostat sections (40um) were cut and thaw-
mounted onto Superfrost plus slides (Fisher Scientific, Fair Lawn, NJ). Slices were dried at
room temperature and washed twice (7 minutes each) in X-gal wash (0.1 M sodium
phosphate, pH 7.4, 2 mM MgCl,, 5 mM EGTA, 0.01% sodium deoxycholate, 0.02%
Nonidet P-40) and stained overnight at 37°C in X-gal staining solution (X-gal wash plus 5
mM potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mg/ml 5-bromo-4-chloro-3-
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indolyl-p-D-galactopyranoside (X-gal, US Biological, Swampscott, MA)). Slides were then
washed twice in X-gal wash for 7 minutes each. After a brief rinse in water, slides were
counterstained with neutral red, dehydrated in an ethanol series (70%, 95%, and 100%
ethanol), then in xylene, and mounted with Permount (Fisher Scientific).

Protein analyses

We used a quantitative enzyme-linked immunosorbent assay (ELISA, G6981, Promega Inc.,
Madison, WI) to measure BDNF concentrations in tissue extracts. The method described in
the Promega kit (protocol # TB257) was used to prepare extracts, except the lysis buffer was
50 mM Tris-HCI, pH 7.4, 0.6 M NaCl, 0.2% Triton-X100, 1% BSA, 0.1 M benzathonium
chloride, 1 mM benzamidine, 0.1 mM PMSF. BDNF was measured in the extracts exactly as
described in protocol # TB257.

Behavioral tests

Behavioral tests were performed on adult littermates (aged 8-16 weeks old, unless otherwise
stated). Animals were group housed (2—4 per cage) and kept under a 12-hour day-night cycle
(7am/7pm), with free access to food and water. For conditioned fear, Porsolt, and Morris
water maze tests, the numbers of each genotype (CaMK-BDNFKO = KO, heterozygous
controls = HET, wild type controls = WT) and the numbers of each sex (female = F, male =
M) are shown in the individual method descriptions. More females were used than males
because females can be group housed and most CaMK-BDNFKXO males were aggressive,
thus preventing group housing. The performance of males and females in behavioral tests
was only found to be different in the conditioned fear test as described below. All tests were
performed between the hours of 8am and 1pm. Data was plotted and statistical analyses
performed using Prism (GraphPad Software, San Diego, CA). Analysis of variance
(ANOVA) was performed and results of a Tukey post-hoc analysis are given. Data are
presented as the mean + SEM. Anxiety testing was performed using Black / White box and
mirrored chamber as previously described (Gorski et al., 2003b).

Contextual fear conditioning

Contextual fear was measured essentially as described previously (Gorski et al., 2003b),
with 14 KO (12 F, 2 M), 15 HET (9 F, 6 M) and 14 WT (9 F, 5 M) mice. On day 1, mice
were placed in a conditioning chamber (54cm x 27cm x 30cm high) with a metal grid floor
(parallel wire bars 1/16” diameter, separated by 1/4” space) and a plexiglass rectangular
cover (26.1cm x 18.5cm) with a wire mesh top. For a total of 5 minutes, freezing behavior
(the absence of all but respiratory movements) was monitored every 10 sec. During the first
2 min animals were allowed to explore (baseline behavior), then were exposed to an 80dB, 6
clicks per sec auditory clicker for 30 sec, followed immediately by a 0.35mA foot shock (2
sec duration). There followed another 2 min period of free exploration then another 30 sec of
clicker paired with foot shock. Mice spent a final 30 sec in the chamber after the 2nd foot
shock, and then were returned to their home cages. On day 2, animals were returned to the
conditioning chamber at the same time of day by the same experimenter and allowed to
explore for 5 min, during which time freezing behavior was noted (context). Approximately
1 hour later animals were placed in an altered chamber (in a different room, plexiglass floor
replaces metal grid floor, addition of a divider to make a triangular shape (234.5 cm?2), and
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addition of orange extract to change the olfactory cue). Mice had 3 min in the altered
chamber and then were exposed to the same tone as before (80dB, 6 clicks per sec auditory
clicker) for 3 min. Freezing was monitored before the tone (altered context) and during the
tone (conditioned stimulus).

Porsolt described this test as a measure of depression in animals (Porsolt, 2000). Mice (10
KO (6 F, 4 M), 11 HET (7 F, 4 M) and 9 WT (7 F, 2 M)) were placed in a clear glass
cylinder (12cm diameter and 40cm high) filled to a height of 25cm with water (22-23° C).
Two swim sessions were performed - an initial 10-minute swim on day 1 and a second 5
minute swim on day 2. After each swim session, mice were placed on a dry paper towel to
remove excess water before being replaced in their home cages. The swim sessions were
videotaped and scored later. Initially animals actively try to escape by swimming, exploring,
jumping, rearing, sniffing or diving. This active time is followed by a period of immobility
where the mouse stops struggling and merely makes the movements necessary to keep its
head above the water. The time spent in these 2 activities (active and immobile) was scored
for the 2 swim sessions.

Morris water task

The Morris water task (Morris, 1984) was adapted for mice and performed essentially as
described previously (Gorski et al., 2003b). The apparatus was a 121 cm diameter
galvanized steel tank which was three-quarters filled with water (22—-23°C) made opaque
with non-toxic white tempura paint. An 11.4 cm x 11.4 cm square plexiglass platform was
placed 1cm under the surface of the water. The tank was located in a room that had visual
cues the animals could use in navigating. The visual cues included a cage rack, posters and
dark colored poster board cut in asymmetric shapes attached to the walls, a black door, video
recording equipment and the experimenter (who always stood in the same location during
trials). All cues remained in the same position every day of the experiment. For the non-
spatial “visible platform” version of the task a white sail (7.5 x 9 cm) from a child’s toy boat
was used as a visible flag to mark the platform. Because the mice performed poorly during
this test, the white sail was subsequently covered with black paper for the last of the visible
trials to provide better contrast with the white water and white tank walls.

Mice (aged 12-16 weeks; 8 KO (7 F, 1 M), 8 HET (5 F, 3 M), 8 WT (7 F, 1 M)) were trained
to swim to the visible platform (4 days with the white sail, then 5 days with the black sail)
and then to swim to the hidden platform (3 days). Each training day consisted of three
sessions, with four swim trials per session and each session separated by approximately 1 h.
The location of the platform was changed to a new position in a random order between
sessions for the visible task, but in the hidden task, the platform remained fixed in one
quadrant (quadrant 2) of the pool. Each swim trial within a session was initiated at one of
four different starting positions at the outer edge of the pool, so the mice had to use visual
cues located outside the tank in the room (see above) to reach the hidden platform. Upon
reaching the platform, each mouse was allowed to rest for twenty seconds on the platform. If
the mouse did not reach the platform within 60 s, the trial was aborted, the mouse was given
a score of 60 and it was either guided to the platform or picked up and placed on it. After
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each session each mouse was returned to its home cage where it rested until the next session.
On the last day of spatial training (hidden platform) each mouse was tested in a probe trial
which consisted of removing the hidden platform, placing the mouse at the quadrant
opposite where the hidden platform had been and following the mouse’s swim path for 1
min. All trials were videotaped and the tape of the probe trial was used to score number of
platform crossings, time in each quadrant and distance swum. Thigmotaxis was scored in
two ways, either as percent time spent within 20 cm of the wall or percent time spent with
nose against wall. Maximum swim speeds were measured on the last trial block of the last
day with a black sail and an average swim speed calculated.

Ataxia was measured using a rotarod apparatus (Ugo Basile, Italy). The rotarod was
accelerated gradually from 4 to 40 rpm over the course of 5 min. Mice were placed on the
apparatus and rotation was initiated. Latency to fall was recorded automatically. Mice that
were still on the wheel at 5 min were removed from the wheel and the time was noted as
300s. Trials were given approximately an hour apart, with 3 trials on day 1 and 3 trials on
day 2.

Golgi staining

Golgi staining was performed as per manufacturer’s instructions using FD Rapid
GolgiStain™ Kit (FD Neurotechnologies Inc., Ellicott City, MD). Animals used were 5
week old CaMK-BDNFKO mice (5KO (2 F, 3M), 5 HET (5 F, OM), 5 WT (2F, 3M), 12 week
old CaMK-BDNFKO mice (5KO (3F, 2M), 5 HET(2F, 3M), WT (3F, 2M) , 5 week old Emx-
BDNFKO mice (4 KO (2F, 2M), 4 HET (3F, 1M), 4 WT (2F, 2M). In brief, animals were
killed by cervical dislocation, brains removed rapidly, rinsed briefly in water and placed in
impregnation solution (mixture of Golgi solutions A and B) for 14 days in the dark at room
temperature (the impregnation mixture was replaced once after 12—24 hours of
impregnation). The brains were transferred into Golgi solution C and stored at 4°C in the
dark for 2—6 days (Golgi solution C was replaced 12—24 hours after immersion). Brains were
mounted with minimal amounts of OCT and frozen in dry ice. Sections (100 um) were cut
on a cryostat (at —23°C) and slices mounted on gelatin-coated slides in a drop of Golgi
solution C. Excess Golgi solution C was removed from the slide with filter paper and slides
were allowed to dry in the dark at room temperature for 24—48 hours. Sections were then
stained using Golgi solutions D and E in the kit, dehydrated in an ethanol series followed by
xylenes, and mounted in Permount (Fisher Scientific). Slides were stored at room
temperature in the dark.

Spine counting

Spines on basal dendrites of layer 2/3 pyramidal neurons in primary monocular visual cortex
(V1M) were imaged on a Zeiss Axioplan 2 microscope with a Hamamatsu digital camera.
Spines were imaged on segments (20-35um) of dendrites that contained no branches and
were at least 20 um from the cell body. For each animal, spines were counted using
OpenLab software (Improvision, PerkinElmer Inc., Waltham, MA) on 2 segment lengths
from each of 7 neurons.
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Photography and Anatomy

Photographs were taken using a Nikon Optiphot microscope with a MicroFire camera
(Optronics, Goleta, CA). Photos were processed in Adobe Photoshop 5 and anatomical
assignments were made from Franklin and Paxinos (1997).

Statistical analyses

RESULTS

Statistical tests were performed on data from spine density studies and behavioral tests using
Prism (GraphPad Software Inc., La Jolla, CA). One-way analysis of variance (ANOVA)
with a Tukey post-hoc analysis was used to compare three different genotypes and an
unpaired t-test was used to compare 2 different genotypes.

CaMKcre can be used to deplete BDNF in the young adult forebrain

Although the CaMKcretransgene used in our studies has been previously characterized (Xu
et al., 2000a; 2000b), some reports indicate that Cre transgenes can cause different tissue-
specific patterns and timing of recombination with different floxed target genes. Thus, we
determined the extent and timing of recombination occurring in CaMKcre, BDNF!%/+ mice
at different ages using histochemistry. In BDNF!°X mice, Cre-mediated recombination
deletes the BDNF coding region and brings E. coli /acZunder control of the BDNF
promoters (Gorski et al., 2003a). Thus, the fraction of BDNF-expressing cells that have
undergone Cremediated recombination can be readily assessed by comparison of the j3-
galactosidase distributions in CaMKcre, BDNF'°%/+ mice and BDNF'2°Z/+ mice (in which
lacZ replaces the BDNF coding region in all cells (Bennett et al., 1999)). This comparison
showed that recombination occurs extensively in neurons of the cerebral cortex,
hippocampus and amygdala, with only sporadic cells recombined in the thalamus,
hypothalamus, midbrain and hindbrain (Fig. 1A,B). This regional pattern is similar to the
Cre-mediated recombination we observed in early-onset BDNF forebrain-specific mutants
generated using £mx1/RESce (Emx-BDNFKO mice, Gorski et al., 2003a). However, the
timing is quite different; £mx1/RESCre directs recombination during mid-embryogenesis,
whereas CaMKcre-directed recombination becomes extensive around the fourth postnatal
week, well after the onset of BDNF production in the hippocampus and neocortex (Fig. 1A).

At P20, scattered CA3 cells and a minority of dentate granule cells are recombined in the
hippocampus, while in the visual cortex occasional recombined cells were scattered
throughout the layers (Fig. 1A panels a & c). The fraction of recombined cells increases
substantially in both structures between P20 and P28, and by P56 the density of X-gal-
stained cortical and hippocampal neurons in the CaMKcre, BDNF!%%/+ and BDNF!acZ/+
mice appears similar, suggesting near-complete recombination has occurred in the BDNF-
expressing cells present in these structures (Fig. 1A). Although Xu and co-workers (2000b)
found similar timing and widespread neocortical recombination with CaMKcre mice, they
found that hippocampal recombination of TrkB was limited to CA1 cells. The pattern of X-
gal staining was similar in multiple different individuals at each age, indicating that
recombination occurs consistently with respect to timing and tissue specificity.
Recombination did not appear to spread further as the mice aged, since staining in sections
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from 1-year old animals was similar to that from P56 mice (D.S. Amin, unpublished
observations).

Although the histochemical analyses provide qualitative evidence that extensive loss of
BDNF occurs in neurons of the cortex and hippocampus of CaMK-BDNFKO mice by ~8
weeks of age, we sought to directly measure BDNF amounts. Compared to wild-type mice,
the BDNF protein concentration in P84 CaMK-BDNFXO mice is reduced 89% in
hippocampus and 97% in visual cortex (Fig. 2A). There is a 50-70% decrease in BDNF
protein in most brain areas of P84 BDNF"e/BDNF!°X transheterozygotes compared to wild
type, which is consistent with previous observations that BDNF expression is reduced about
50% in heterozygous null mutants (Kolbeck et al., 1999) and with reduced BDNF
production by the BDNF!°X allele in some brain regions. Importantly, and as predicted from
the histochemical analyses, BDNF levels in CaMK-BDNFKO mice are significantly lower
than those in the BDNF"€?/BDNF°% transheterozygotes in regions where CaMKcreis
expressed including the cortex (Fig. 2A VIiC, p<0.05) and hippocampus (Fig. 2A Hp,
p<0.05). In contrast, in brain areas where CaMKcre is not expressed, such as the thalamus/
hypothalamus and midbrain/hindbrain, BDNF levels are similar in both BDNF"€?/BDNFox
transheterozygotes and CaMK-BDNFXO mice (Fig. 2A and see Fig. 1B also). Thus, CaMK-
BDNFKO mice lose BDNF from the vast majority of cortical and hippocampal neurons in
early adulthood. Although BDNF levels are reduced elsewhere in these animals, comparison
to heterozygotes provides a control for this reduction.

Forebrain-specific BDNF mutants appear grossly normal

CaMK-BDNFKO mice are born in Mendelian ratio and are not noticeably smaller than their
littermates throughout their postnatal life. Both males and females mate and are fertile, and
the females can give birth to viable pups and suckle them. However, most CaMK-BDNFKO
mice do not live as long as wild type siblings, and many die by about 10 months of age for
unknown reasons. A subset of 3 month-old CaMK-BDNFXC mice and their heterozygous
siblings (both BDNF"€/BDNF!°X and BDNF"€%/+) become obese (Fig. 2B).
Haploinsufficiency of BDNF is known to cause obesity in both mice and humans (Lyons et
al., 1999; Kernie et al., 2000; Rios et al., 2001; Coppola and Tessarollo, 2004; Gray et al.,
2006; Han et al., 2008) and the severity of obesity is positively correlated with the severity
of BDNF signaling perturbation (Lyons et al., 1999; Rios et al., 2001; Xu et al., 2003). A
hypothalamic source of BDNF has been suggested to be essential in maintenance of normal
weight (Xu et al., 2003, Chan et al., 2006, Unger et al., 2007). In contrast, CaMKcre,
BDNF!°%/+ mice, heterozygous for BDNF only in cells in which CaMKcre causes Cre/lox
recombination, have a weight distribution similar to wild type mice (Fig. 2B). This suggests
that CaMKcre does not drive recombination in the cells in which BDNF is necessary for
maintaining normal body weight, consistent with the paucity of hypothalamic recombination
driven by CaMKcre (Fig. 1B, panels s&t). Interestingly others using conditional BDNF
mutants having broad forebrain deletion of BDNF did not observe obesity in those animals,
suggesting that the neuron-specific enolase promoter used in those mice is also not
expressed in the cells that affect obesity (Monteggia et al., 2004).
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Evidence for generalized fear in CaMK-BDNFKC mice

As CaMK-BDNFXO mice appeared grossly normal, we tested them in a series of behavioral
paradigms to determine how adult loss of forebrain BDNF impacts their behavior. In two
different anxiety tests, the light-dark box and mirrored box, CaMK-BDNFXC mice behaved
similar to controls suggesting that their baseline anxiety, like that of Emx-BDNFKO mice
(Gorski et al., 2003b), is not significantly altered by the loss of forebrain BDNF (Table 1).
To gain insight into the learning ability of CaMK-BDNFKO mice, we used a contextual and
cued fear-conditioning test. In this assay, an initially neutral environmental context robustly
elicits a fear response (measured as immobility) in normal animals after it has been paired
with an aversive foot shock stimulus (associated with an auditory cue) during training.
Normal animals are able to distinguish between the environmental context in which aversive
training has occurred and an altered context (i.e. altered visual and olfactory cues),
displaying decreased immobility in the altered context. The fear component of this
conditioned behavior is influenced by the amygdala and the contextual component requires
the function of the hippocampal formation (Kim and Fanselow, 1992; Phillips and LeDoux,
1995; Logue et al., 1997; Maren et al., 1998). We found that CaMK-BDNFXO mice, as well
as heterozygous and wild type controls, displayed high levels of freezing after the auditory
cue 24 hours post training, demonstrating robust cued fear conditioning (Fig. 3A).

Wild type (wt) and heterozygous (het) mice froze significantly more in the context than in
the altered context indicating that they can discriminate between these two environments
(Fig. 3A). The CaMK-BDNFKO mice displayed elevated levels of freezing in both the
context and altered context, so, although they froze less in altered context than in context,
the difference was not quite significant (p=0.06). Interestingly, when only female mice were
scored in this test, the difference between context and altered context became significant (p
=0.03). These results suggest that the CaMK-BDNFXC mice may be able to discriminate
between environments, though their high level of freezing in all environments somewhat
obscures this ability. It is also possible there are sex-specific differences in this behavior in
CaMK-BDNFXO mice, consistent with observations that lack of forebrain BDNF can lead to
increased susceptibility to some depression-like behaviors in female, but not male mice
(Autry et al. 2009)

The most striking observation in this test is that CaMK-BDNFXO mice froze significantly
more than either wild type or heterozygous controls in both context (P< 0.001 CaMK-
BDNFKO mice vs wt, P< 0.01 CaMK-BDNFXO mice vs het) and in altered context (P<
0.001 CaMK-BDNFXO mice vs wt or het). This indicates that CaMK-BDNFKO mice display
a generalized freezing response to multiple contexts after aversive training, behavior that
was also observed in the Emx-BDNFKXC mice (Gorski et al., 2003b). These combined results
suggest that the similar region-specific lack of forebrain BDNF occurring in these mice
either during development or in adulthood leads to generalized fear responses.

CaMK-BDNFKO mice display signs of increased depression

Upon immersion in water, rodents swim and struggle for some time, before displaying
immobility and floating. In the Porsolt test, floating behavior after immersion is measured,
and effective anti-depressant drugs typically reduce immobility in this test (Porsolt, 2000).
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Numerous studies have suggested that BDNF plays a role in depression, and BDNF infused
into the midbrain has been shown to alleviate depression by reducing floating behavior in
the Porsolt test (Siuciak et al., 1997). We found that CaMK-BDNFXC mice had a
significantly shorter latency to the first immobilization compared to heterozygotes and wild
types (Fig. 3B), suggesting that CaMK-BDNFKO mice are more depressed than controls.

CaMK-BDNFKO mice have impaired spatial learning

A large body of literature indicates that normal BDNF function is essential for learning and
memory in animals and humans (see Minichiello, 2009; Cunha et al., 2010). However,
developmental versus ongoing requirements for BDNF in learning and memory processes
have not been well defined. The Morris water maze task (MWM) is a test of spatial learning
and memory that requires hippocampal function in mice (Morris, 1984; Logue et al., 1997).
Mice were tested at 12-16 weeks of age initially using a visible platform version of the
Morris water task where a white flag marked the position of the platform. The white flag
contrasted weakly with the white colored water and white tank sides, and CaMK-BDNFXO
mice performed especially poorly, with significantly longer swim times than wild type or
heterozygous mice (Fig. 4A, white). To attempt to improve performance by making the flag
more visible, a black flag was substituted, and time to reach the platform decreased for all
genotypes (Fig. 4A, black). Although most animals (including CaMK-BDNFKO mice) swam
directly and quickly to the black sail, the CaMK-BDNFKO mice as a group did not reach the
platform as quickly as control genotypes even after several days of training (Fig. 4A), but
there was not a statistically significant difference between the performances of any of the
genotypes on the last day of the visible platform training.

The black sail was then removed and, since each swim trial was initiated at one of four
different starting positions at the outer edge of pool, the mice had to use visual-spatial cues
in the room to navigate to the hidden platform (Fig. 4A, hidden). Wild-type mice reached the
hidden platform almost three times as fast as the CaMK-BDNFXO mice (Fig. 4B, P<0.001
wt vs. CaMK-BDNFKO), indicating a profound defect in spatial learning in CaMK-BDNFXO
mice. After 3 days of hidden platform trials, the mice were tested in a probe trial (the
platform is removed and mice swim, trying to locate the platform). During the probe trial the
wild type and heterozygous mice showed a trend towards crossing the former platform site
more often than equivalent positions in other quadrants of the tank. The CaMK-BDNFXO
mice showed no spatial preference, indicating that they had not learned the position of the
hidden platform (Fig. 4C).

Some mice show deficiencies in the Morris water maze due to thigmotaxis, which is a
tendency to swim around the outside of the tank, near the wall, but the impaired performance
of the CaMK-BDNFKO mice did not appear to be due to increased thigmotaxis (P>0.05
between all genotypes using two measures of thigmotaxis (time spent within 20 cm of tank
walls and time spent with nose against tanks walls). The swim speed of CaMK-BDNFKO
mice (measured during the last visible trial) was slower than that of wild types or
heterozygotes and this may at least partly explain the increased latency to locate the visible
platform during the initial training trials (wild type mice 1.24 m/s, CaMK-BDNFXO mice
0.69 m/s, p< 0.001). However, the CaMK-BDNFKO mice did not display abnormalities in
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the accelerating rotarod assay for ataxia (Fig. 3C and Table 1). Similarly, Emx-BDNFKO
mice performed well in a rotarod test (Baquet et al., 2004), indicating that they, like the
CaMK-BDNFXO mice do not have severe motor impairments.

CaMK-BDNFKO mice have smaller brains with generally normal cytoarchitecture

Given the behavioral deficits we detected in CaMK-BDNFKO mice as well as the /7 vivoand
in vitro evidence that BDNF supports development of normal neuronal size and dendritic
structure in multiple brain regions (McAllister et al., 1999), we sought to determine whether
there were neuroanatomical abnormalities that might relate to the behavioral deficits. We
found that CaMK-BDNFXO mice had significantly smaller brains than control mice. . Brains
from female non-perfused 12—-24 week old CaMK-BDNFKO mice weighed 10% less than
those of either heterozygous or wild type controls (0.43+ 0.03g; n = 19 for CaMK-BDNFXO
mice versus 0.48+ 0.02g; n = 24 for heterozygous and 0.48+ 0.03g; n = 24 for wild-type
siblings, p<0.001 between CaMK-BDNFKO and het or wt). A comparison of brain weights
from older (24-52 week) CaMK-BDNFKO mice compared to younger CaMK-BDNFKO
mice (< 24 wks) showed no significant difference, suggesting no overt loss of brain weight
with increasing age (<24 wks n =9, >24 wks n = 10, p=0.58). The cytoarchitecture of
CaMK-BDNFKO jn Nissl-stained sections appeared generally normal, although the cortex
appeared thinner (compare Fig. 5a & 5c), similar to our findings in Emx-BDNFXC mice
(Gorski et al., 2003a) and as described by others in forebrain-specific TrkB mutants (Xu et
al., 2000a).

Although BDNF in the cortex appears to be expressed by excitatory neurons but not
inhibitory interneurons (Cellerino et al., 1996), it profoundly affects the maturation and
phenotype of interneurons (Marty, 1997; Hong et al., 2008). However, we found no
qualitative differences between genotypes in expression of GABA or the calcium-binding
proteins calbindin, parvalbumin, calretinin and PEP-19, suggesting a relatively normal
abundance of interneurons (Fig. 5d—f and A. J. Vigers, unpublished observations). We also
saw no major differences in expression of several neuropeptides expressed by subsets of
interneurons including met-enkephalin, vasoactive intestinal protein, somatostatin,
neuropeptide Y, and dynorphin (Fig. 5g—I and A.J. Vigers, unpublished observations). Thus,
overall interneuron abundance appears relatively normal in both CaMK-BDNFKO and Emx-
BDNFKO mice (Gorski et al., 2003b), but it is possible that some alterations in expression of
proteins are not readily detectable in our immunocytochemical analyses.

However, we did find an altered pattern of CCK like-immunoreactivity (CCK-LI) in the
hippocampus. There are 2 major locations of CCK-LI in the mouse hippocampus; the inner
molecular layer of the dentate gyrus is labeled by projections of hilar polymorph neurons
that give rise to dentate commissural and ipsilateral associational pathways, and the mossy
fiber axons of the dentate granule cells that project to CA3 are also labeled (Gall et al.,
1986). We found a consistent decrease in CCK-LI in mossy fibers of the dentate granule
cells of CaMK-BDNFXC mice (Fig. 5j-0, arrows). In contrast, CCK-LI in the inner part of
the molecular layer of the dentate gyrus from hilar mossy cell axons was unchanged (Fig. 5j-
I, arrowheads). Interestingly, CCK-LI is reduced in the hippocampal formation of aged,
memory-impaired rats (Croll et al., 1999) and there is a selective reduction of CCK-LI in

Neuroscience. Author manuscript; available in PMC 2016 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VIGERS et al.

Page 13

mouse hippocampal mossy fibers following electrolytic- or kainate-induced seizures (Gall,
1988). Following these seizures, enkephalin-LI was elevated and dynorphin-LI was reduced
in mossy fibers (Gall, 1988), but we did not observe alterations in opioid peptides in CaMK-
BDNFXO mice, indicating that depletion of forebrain BDNF has a specific effect on the
CCK system. Since a similar loss of CCK-LI in mossy fibers was also noted in Emx-
BDNFKO mice (J.A. Gorski, unpublished observations), it is possible that the reductions we
observe in mossy fiber CCK relate to a pattern of altered hippocampal activity in BDNF
forebrain mutants. Notably, the morphology of mossy fiber terminals has been found to
display abnormalities in conditional TrkB mutants (Danzer et al., 2008).

BDNF is essential to maintain visual cortical dendritic spine density

The behavioral deficits we detected in CaMK-BDNFXO mice are consistent with sensory
and/or hippocampal deficits. Although BDNF is known to modulate hippocampal synaptic
function, analyses of several BDNF and TrkB conditional mutants have failed to detect
morphological abnormalities in the hippocampus (Baquet et al., 2004, Chakravarthy et al.,
2006, Rauskolb et al., 2010). On the other hand, added BDNF can modulate synaptic
function and dendritic spine density in cultured cortical neurons (Waterhouse and Xu, 2009)
and we found that BDNF is required during postnatal development to stabilize the dendritic
arbors of layer 2/3 pyramidal neurons in the visual cortex (Gorski et al., 2003a). In addition,
loss of TrkB leads to dendritic tree collapse in layer 2/3 pyramidal neurons in neocortex (Xu
et al., 2000a) while overexpression of a truncated TrkB receptor leads to impaired visual
acuity and reduced spine density on cortical, but not hippocampal neurons (Chakravarthy et
al., 2006, Heimel et al., 2010). Since spine density in layer 2/3 pyramidal neurons of the
primary visual cortex is known to be influenced by altered visual experience (Tropea et al.,
2011), we chose to analyze whether BDNF affects spine density on basal dendrites of layer
2/3 pyramidal neurons in primary monocular visual cortex (V1M).

We used the Golgi technique to analyze 5 week old CaMK-BDNFKO mice and control mice,
an age at which some recombination driven by the CaMKII promoter has occurred but
recombination is not yet complete (Fig. 1). We also analyzed mature adult mice at 12 weeks,
well after recombination appears complete. Representative Golgi-stained neurons and
dendritic segments are shown in Fig. 6A-D. At 5 weeks of age there was no significant
difference in spine densities in CaMK-BDNFXC mice compared to wild type mice or
heterozygous siblings (Fig. 6E).

At 12 weeks, the spine densities in V1M in wild-type mice were similar to those in wild-
type mice at 5 weeks (Fig. 6E,F). Thus, spine density has reached a mature level by 5 weeks
of age, consistent with previous observations (Ballesteros-Yafiez et al., 2006). Strikingly, at
12 weeks of age the spine density in CaMK-BDNFXO mice was significantly lower than in
either wild-type or heterozygous siblings (30% and 23% reductions respectively Fig. 6F). In
comparison to the wild-type mice, the spine density in the 12-week old CaMK-BDNFXO
mice was reduced by 29% compared to 5-week old CaMK-BDNFXO mice. This
demonstrates the necessity for continued BDNF signaling in the adult cortex to maintain
normal spine density in visual cortical neurons.
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In related work, we have analyzed dendritic spine density in layer 2/3 cortical neurons of
Emx-BDNFXO mice by labeling mice with dil and have detected developmental defects
(S.R. Zeiler et al., unpublished observations). Consistent with the findings obtained by
labeling with Dil, we found using Golgi staining that 5 week old Emx-BDNFXO mice have
reduced spine density compared to wild type mice (Fig. 6G). Thus, whether BDNF is
ablated embryonically, before expression begins, or in P35 mice, when expression has
already reached adult levels, a similar reduction in dendritic spine density occurs in the
neocortex.

DISCUSSION

Developmental and Adult Loss of BDNF Lead to Behavioral Similarities

Here we have described specific behavioral and anatomical deficits in adult-onset BDNF
mutant mice generated using Cre-loxP recombination. The behavioral phenotypes of these
mutants are strikingly similar to those of an early-onset forebrain-specific BDNF mutant we
previously described (Gorski et al., 2003b). Although the regional specificity of these two
conditional mutants within the CNS is similar, it might have been anticipated that loss of
BDNF during mid-embryogenesis in the early-onset mutants would lead to more extensive
behavioral deficits due to impacts on developmental processes not affected in the adult-onset
mutants. The rise of most BDNF expression in the cortex and hippocampus does occur after
many cell migration and differentiation events are complete. However, it corresponds with a
period of extensive synaptogenesis. It could be speculated that loss of BDNF either before or
after it functions in the establishment of a subset of circuitry would lead to similar
impairments in that circuitry, resulting in similar behavioral deficits in both the early- and
late-onset mutants. Related to this speculation, we found that neocortical dendritic spine
density falls when BDNF is removed in adulthood, suggesting that some excitatory circuitry
continues to require BDNF in the adult for stabilization. Our findings emphasize the
importance of continued BDNF expression in the forebrain, and support the hypothesis that
disruptions in BDNF expression can lead to structural changes in the adult brain related to
pathological processes.

An Ongoing Requirement for BDNF in Maintaining Dendritic Spines

Most excitatory synapses in the forebrain occur on dendritic spines (see Nimchinsky et al.,
2002). Dendritic spine density on cortical and hippocampal neurons rises postnatally as
synapse density rises. (see Ballesteros-Yafiez et al., 2006; Alvarez and Sabatini, 2007).
Many experiments have shown that BDNF-TrkB signaling can influence dendritic spine
density in cortical and hippocampal neurons (see Cohen-Cory et al 2010; Gottman et al,
2009; McAllister et al, 1999). We previously reported decreased spine density on striatal
medium spiny neurons in early onset Emx-BDNFKO mice (Baquet et al., 2004). We
speculate that losses of dendritic spines and related synapses may lead to larger scale deficits
in dendritic branching in these neurons due to an essential function for synapses in
stabilizing dendritic arbors, as proposed in the synaptotrophic hypothesis (Cline and Haas,
2008). We previously observed defects in visual cortical pyramidal neuron dendritic
branching in Emx-BDNFXO mice (Gorski et al., 2003a), thus, we sought to determine
whether a similar reduction of spines on pyramidal neurons in visual cortex occurs in
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CaMK-BDNFXO mice, consistent with the possibility that visual impairments contribute to
the poor performance of both of these mutants in the Morris water task.

Interestingly, we found that although cortical spine density appeared normal in 5 week-old
CaMK-BDNFKO mice, it is significantly reduced by 12 weeks, indicating an essential and
ongoing role for BDNF in maintaining normal spine density in visual cortical neurons.
Notably, although TrkB is required both presynaptically and postsynaptically during
development for normal synapse density in the hippocampus, ablation of TrkB after synapse
formation did not appear to affect CA1 synapse density (Luikart et al., 2005). There is some
controversy regarding the role of BDNF-TrkB signaling in CAL, both no change in spine
density after developmental BDNF ablation (Rauskolb et al., 2010), and increased spine
density accompanying a lack of BDNF messenger RNAs having a long 3’-untranslated
region (An et al., 2008) have been reported. An extensive body of /n vitro experiments
documents a role for BDNF-TrkB signaling in modulating dendritic spine and synapse
density (see Gottmann et al., 2009; Yoshii and Constantine-Paton, 2010). It is possible that
the ongoing /n vivo requirements for BDNF-TrkB signaling vary in different brain regions
and at different developmental stages, perhaps in part due to homeostatic processes
(Turrigiano, 2011). It would be of interest to extend the study of spine densities in the
CaMK-BDNFXO mice to additional brain regions and cell types within these regions to gain
deeper insight into how the ongoing requirements for BDNF may vary, and how structural
abnormalities might relate to the behavioral deficits we have observed. Documenting
structural defects in these mutants could also lead to further insights into how BDNF
expression abnormalities in the adult may lead to pathological conditions. Lower dendritic
spine densities have been documented in Alzheimer’s, Huntington’s and Parkinson’s
diseases and other pathological states in various brain regions (see (Alvarez and Sabatini,
2007; Harms and Dunaevsky, 2007; Holtmaat and Svoboda, 2009; Bhatt et al., 2009). BDNF
levels are also reduced in the brains of patients with these same diseases (Connor et al.,
1997; Murer et al., 2001). Our results suggest further effort is warranted in exploring
whether BDNF reductions contribute to dendritic spine and synapse losses in these diseases.

We previously found that the early-onset Emx-BDNFKO mice display smaller neuron soma
sizes and reduced dendritic arborization in both the cortex and striatum (Gorski et al., 2003a;
Baquet et al., 2004). We also found reduced cortical and striatal volumes in the Emx-
BDNFKO mice, but hippocampal volumes were not significantly affected at both P35 and
P120 (Baquet et al., 2004). Forebrain-specific TrkB mutants directed by CaMKcre
transgenes also display cortical thinning and reduced dendritic arborization (Minichiello et
al., 1999; Xu et al., 2000a; 2000b). We did not find overt evidence of progressive brain
weight loss in CaMK-BDNFXC mice aged up to one year, but we cannot rule out the
possibility that there would be additional progressive brain deterioration with age. There is
evidence for modest striatal cell losses in Emx-BDNFKO mice over one year old, but this is
many months after the initial loss of dendrites and spines were noted (Baquet et al., 2004).
Minor cell losses have also been reported in the TrkB null and conditional mutants
(Minichiello and Klein, 1996; Alcantara et al., 1997; Xu et al., 2000a). Altogether these
results are consistent with the BDNF-TrkB system playing an essential role in maintaining
neuronal morphology, particularly in the cortex and striatum. Structural and functional
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impairments in neurons resulting from BDNF-TrkB signaling dysfunction may create
susceptibility that can lead to later neuronal cell losses.

BDNF-TrkB Signaling Requirements in Learning and Memory

BDNF is widely believed to be an important effector in aspects of learning and memory.
BDNF levels increase in the rodent brain following activities related to enhanced cognitive
performance, such as spatial learning (Kesslak et al., 1998; Hall et al., 2000; Mizuno et al.,
2000; Berchtold et al., 2010), exercise (Oliff et al., 1998; Russo-Neustadt et al., 2000;
Berchtold et al., 2010) and environmental enrichment (Young et al., 1999; Ickes et al., 2000).
MWM is a hippocampal-dependent task (Morris, 1984; Logue et al., 1997), and a variety of
evidence supports an important role for hippocampal BDNF. Blockade of endogenous
BDNF activity in the hippocampus with antisense (Ma et al., 1998; Mizuno et al., 2000),
with anti-BDNF antibodies (Mu et al., 1999), by viral removal (Heldt et al., 2007) or by
over-expression of truncated TrkB receptors (Saarelainen et al., 2000) impaired spatial
learning in MWM. In contrast, ICV infusion of BDNF had no effect on learning in adult
(Cirulli et al., 2000) or aged rats (Fischer et al., 1994).

Supporting a role for BDNF in learning and memory, studies in humans with the BDNF
Val66Met polymorphism suggested that the Val66Met variant leads to cognitive impairment
including a deficit recalling places and events, and susceptibility to neuropsychiatric
diseases such as depression and schizophrenia (see Bath and Lee, 2006). In BDNF mutant
mice, conflicting results have been obtained in testing heterozygous BDNF null mutants;
one group described a learning deficit (Linarsson et al., 1997), while another found no
impairment (Montkowski and Holshoer, 1997). Interestingly, mice over-expressing BDNF
also showed learning deficits (Croll et al., 1999; Cunha et al., 2009; Papaleo et al., 2011),
suggesting that a setpoint level of BDNF is required for optimal learning, and that too much
or too little BDNF may lead to memory impairment. This is intuitively reasonable given that
BDNF is important for both LTP and LTD, as well as playing a role in modulating both
excitatory and inhibitory circuits (Lu et al., 2008; Cunha et al., 2010). It is possible that
BDNF heterozygotes are near the set point, leading to individual variability in their
performance.

The CaMK-BDNFKO mice were severely impaired in both the hidden platform and visible
platform portions of our MWM test. Similarly, late-onset TrkB mutants are also impaired in
both of these tasks (Minichiello et al., 1999), consistent with an ongoing and necessary
function for BDNF-TrkB signaling in cortical and/or hippocampal BDNF pathways in
learning and memory. Importantly, the performance of the CaMK-BDNFXO mice improved
in the visible platform portion of the test when the flag was changed from white to black,
presumably because the black flag contrasted better against the white background.
Impairments in the visible platform task can result from impaired visual acuity, motor
function, and/or motivation. Reduced visual acuity may be a particularly important
contributor to this deficit in the CaMK-BDNFKO mice as highlighted by the recent finding
that mice over-expressing the truncated form of TrkB (lacking the tyrosine kinase domain)
have reduced visual acuity due to a reduction in contrast discrimination ability (Heimel et
al., 2010).
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Our hidden platform MWM tests, administered after training with the visible flag-marked
platform, required the CaMK-BDNFXO mutants to switch to using more distant and abstract
visual cues present in the room. It seems likely that visual impairments also hamper
performance in this portion of the test. Additionally, the mutants may lack the behavioral
flexibility necessary for this switch. The latter possibility is supported by results indicating
that BDNF is required for both behavioral flexibility and coping strategies in a novel
situation (Alonso et al., 2002; Vyssotski et al., 2002; Cirulli et al., 2004). A lack of
flexibility may also play a role in the generalized freezing response that was apparent in
CaMK-BDNFXO mice during the conditioned fear test.

Overall, the CaMK-BDNFKO mice display sensory and motor deficits as well as an inability
to learn the MWM task. Dissection of the specific role of BDNF-TrkB signaling in learning
and memory remains a difficult problem, and further elucidation of its functions will require
more specific tools for manipulating this signaling system as well as more sophisticated
behavioral tests.

BDNF-TrkB Signaling and Fear

After exposure to training with a footshock, increased freezing of CaMK-BDNFKO mice
was observed in all conditions of the contextual fear test, as was also found in Emx-
BDNFKO mice (Gorski et al., 2003b). These observations could suggest an overall increased
level of fear and/or stress in these mutants, consistent with important functions of amygdala-
derived BDNF. Although CaMK-BDNFKO mice display generalized fear expression, they
respond to a conditioned stimulus with increased freezing. This suggests that they have
retained cue conditioning, an amygdala-dependent behavior (Maren and Fanselow, 1996).
BDNF is highly expressed in the amygdala, and both fear-conditioning and conditioned taste
aversion paradigms increase levels of BDNF mRNA and protein as well as TrkB
phosphorylation in the amygdala (Maren and Fanselow, 1996; Rattiner et al., 2004, Ma et
al., 2011). In humans BDNF Val66Met status is associated with an impaired ability to
extinguish fearful memories (Frielingsdorf et al., 2010), consistent with the generalized fear
we found in CaMK-BDNFXO mice.

Other studies have shown that infusing BDNF antisense cDNA into the hippocampus
prevented the consolidation of contextual fear conditioning, an effect that was reversed by
co-administration of BDNF (Lee et al., 2004) In contrast, late-onset conditional forebrain
TrkB knock-out mice were reported as having retarded acquisition of a freezing response to
repeated foot shocks, and impaired freezing to tone in an altered context but normal freezing
in the conditioned context at later times of testing (Minichiello et al., 1999). This substantial
difference between forebrain-specific BDNF and TrkB mutants could suggest that the
increased freezing response we observed is due to removal of forebrain-produced BDNF that
normally acts on subcortical TrkB receptors.

BDNF-TrkB Signaling and Depression

BDNF has been shown in a variety of studies to be both necessary and sufficient for anti-
depressant drug action (see Duman and Monteggia, 2006; Banasr and Duman, 2008;
Schmidt et al., 2008; Castren and Rantamaki, 2010; Yu and Chen, 2011). BDNF levels are
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decreased during both acute and chronic stress, as well as in monopolar and bipolar
depression and many antidepressants as well as electroconvulsive shock (ECS) increase
expression of both BDNF and its receptor TrkB in the hippocampus. Early studies in humans
with BDNF Val66Met SNPs suggested a susceptibility to neuropsychiatric disorders such as
depression, anxiety and bipolar disorder (see Castren and Rantaméki, 2010; Yu and Chen,
2011). There is however, still much controversy in this field, with many conflicting results
(see Groves, 2007; Kozisek et al., 2008; Taliaz et al., 2009; Castren and Rantamaéki, 2010).

The Porsolt or forced swim test has been used extensively to evaluate potential anti-
depressants, and this test was used to show that midbrain injection of BDNF produces an
anti-depressant effect and reduces floating behavior (Siuciak et al., 1997). Subsequent
studies showed that ventricular administration of BDNF or infusion into the dentate gyrus
produced a long-lasting anti-depressant effect in the forced swim test, while transgenic mice
over-expressing BDNF in the forebrain also showed decreased depression in the Porsolt test
(Shirayama et al., 2002; Hoshaw et al., 2005; Govindarajan et al., 2006). Our finding that
that the CaMK-BDNFXO mice appear more depressed than wild type controls in the forced
swim test is consistent with these findings and further implicates continued BDNF
expression in the mature forebrain as essential for preventing depression.

Interestingly, several other conditional BDNF mutants have performed differently in
depression-related behavioral assays. The Rios group found that although their early- and
late-onset forebrain-specific BDNF mutants showed increased depressive behavior in the tail
suspension test, they had reduced depressive behavior in the Porsolt test (Chan et al., 2006).
The latter suggests that the brain regions responsible for depressive behavior in the tail
suspension and Porsolt tests may be at least partially distinct. Monteggia et al. (2004) found
that their early- and late-onset BDNF mutants performed normally in the Porsolt test, but
showed that BDNF is required for the anti-depressant effect of desipramine, and more
recently that loss of BDNF increases susceptibility to depression-like behavior in female but
not male mice (Autry et al., 2009). Further complicating the effort to identify a specific
locus of BDNF modulation of depression, infusion of BDNF to the ventral tegmental area
(VTA) or nucleus accumbens (NAc) has a pro-depression effect, whereas blocking BDNF
action in the VTA or NAc has an anti-depressant effect (Eisch et al., 2003; Berton et al.,
2006). These studies combined suggest that BDNF has an anti-depressant effect in some
brain areas but depressive effects in other brain regions, emphasizing how a capability for
targeting BDNF-TrkB signaling in a highly region-specific manner is essential in the design
of any related therapeutics (see also Nagahara and Tuszynski, 2011).

Our results demonstrate that continued expression of BDNF in the forebrain of the adult
mouse is essential for some aspects of behavior, and for the maintenance of dendritic spine
density on cortical pyramidal neurons. These observations are consistent with the hypothesis
that reduced levels of BDNF in the adult human forebrain may contribute to the sensory and
cognitive impairment, synapse loss, and neuronal atrophy that occur in diseases such as
Alzheimer’s disease (Arancio and Chao, 2007).
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Highlights
Adult forebrain BDNF knockouts have smaller brains and many normal behaviors

Adult forebrain BDNF knockouts have reduced spatial learning and increased
depression

Spine density is reduced by P84 in adult forebrain BDNF knockouts

Neuronal BDNF is necessary in adulthood to maintain normal spine density and
behavior
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Fig 1.

1A Postnatal development of recombination is driven by CaMKcre in hippocampus and
visual cortex (Vis cortex) of BDNF!?%*/+ mice. Sections from CaMKcre, BDNF!9X/+
(CKCBIox) mice (a,c,e,g,i,k) and BDNF'a°Z/+ (BLacZ) mice (b,d,f,h,j,I) were stained with
X-gal and counter-stained with neutral red. Slices shown are rostral hippocampus
(a,b,e,f,i,j), and visual cortex (c,d,g,h,k,1). Panels are from mice aged postnatal day 20
(a,b,c,d), P28 (e,f,g,h), and P56 (i,j,k,I) . Scale bar in panel a is 500um for all hippocampal
images, scale bar in panel ¢ is 100um for all visual cortex panels.

1B Substantial recombination is apparent in amygdala, but not thalamus, hypothalamus,
midbrain or hindbrain of CaMKcre; BDNF!%/+ mice at 8 weeks. Sections are from 8 week
old CaMKcre, BDNF'%/+ (CKCBIlox) mice (m,0,g,s,u,w) and BDNF'2Z/+ (BLacZ) mice
(n,p,n,t,v,x). Slices shown are amygdala (m,n), anterior thalamus (0,p), posterior thalamus
(9,r), hypothalamus (s,t), midbrain (u,v) and hindbrain (w,x). Scale bar in panel t is 500pm
for amygdala, hypothalamus and thalamus panels, scale bar in panel x is 1mm for midbrain
and hindbrain images.
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Fig. 2.
A) BDNF protein levels are reduced in the brain of CaMK-BDNFKO mice. Levels of BDNF

protein in 12 week old mice were measured in wild-type mice (n=5, black bars),
BDNF"e%;BDNF!°X mice (n=3, gray bars) and CaMK-BDNFKO mice (n=5, white bars). ViC
= visual cortex, Hp = hippocampus, T/Hy = thalamus/hypothalamus, M/Hi = mid/hindbrain,
DRGs = dorsal root ganglia. B) Body weights of wild type, BDNF heterozygotes (Het),
CaMKcre, BDNF'9%/+ (CKCBIlox) mice and CaMK-BDNFKO mice. Histograms show the
body weights of animals aged 12-48 weeks, with the weights binned in 5 gram amounts.
(On the abscissa 25 = 20.0-24.9¢, 30 = 25.0-29.5g etc.)
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A) CaMK-BDNFKO mice show increased freezing in the conditioned fear test ( n= 14 for
wild type and CaMK-BDNFXO mice, n= 15 for heterozygous controls). Percentage freezing
is shown for pre2 (before any tone or shock is applied), context, altered context (alt cont)
and in the presence of the conditioning stimulus tone (CS).

B) CaMK-BDNFKO mice are impaired in the Porsolt swim test (n = 10 CaMK-BDNFKO
mice, n = 11 for heterozygous controls and n = 9 for wild type). Latency to the first
immobilization is plotted. In both panels A) and B), wild type (wt) mice are shown with
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black bars, heterozygous mice (het) with gray bars and CaMK-BDNFKO mice with white
bars. * p< 0.05, ** p< 0.01, *** p< 0.001.

C) CaMK-BDNFKO mice are not ataxic (n = 8 for all genotypes). Time spent on the
accelerating rotarod is plotted for each of 6 trials. There is no significant difference between
any of the genotypes in any of the trials (P> 0.05 in each trial).
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Fig. 4.

CaMK-BDNFXO mice are impaired in the Morris water maze. Adult animals (12-16 weeks,
n= 8 for all genotypes) were tested in Morris water maze. Trial blocks consisted of 4 swims
and three trial blocks were performed each day. Swim times for each day were averaged and
plotted in A and times for the final day of the hidden platform are shown in panel B. During
the training trials, the hidden platform was in quadrant 2 (quad 2). In the probe trial, the
platform was removed and the number of times the animal swam across the area of each
possible platform position is shown in C. * p< 0.05, ** p< 0.01, *** p< 0.001. Black
asterisks indicate differences between CaMK-BDNFKO mice and wild type mice, gray
asterisks indicate differences between CaMK-BDNFKO and heterozygous controls.
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CaMK-BDNF ko Heterozygote Wild Type

Fig. 5.

Agatomy of the CaMK-BDNFKO brains does not differ grossly from heterozygote or wild
type controls. (a—c) Cresyl violet stain of the adult hippocampus from CaMK-BDNFXO mice
(a), heterozygous (b) and wild type (c) controls. Immunocytochemistry for calbindin (d-f),
met-enkephalin (g-i) and CCK (j-I) was performed. Genotypes are CaMK-BDNFXOC (g, d, g
and j), heterozygous (b, e, h and k) and wild type (c, f, i and I). Panels m—o show
enlargements of CCK-LI in mossy fibers from panels j—I, respectively. Scale bar in panel a is
500um; panels b-I are the same magnification as a. Scale bar in panel m is 250um; panel n
and o are the same magnification as m.
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Fig. 6.
Spine density in visual cortex is reduced in CaMK-BDNFXC mice at 12 weeks, but not at 5

weeks. A) and B) Typical layer 11/111 pyramidal cell in visual cortex V1M of wild type (A)
and CaMK-BDNFKO mice (B). C) and D) Spines on basal dendrites of layer 11/111 pyramidal
cells in wild type (C) and CaMK-BDNFKXC mice (D). E) Spine density is unaltered in 5
week old CaMK-BDNFKXO mice compared to wild type controls (n = 70 dendritic segments
on 35 neurons from 5 animals of each genotype). F) Spine density is reduced in 12 week old
CaMK-BDNFXO mice compared to wild type controls (n = 70 dendritic segments on 35
neurons from 5 animals of each genotype). G) Spine density is reduced in 5 week old Emx-
BDNFKO mice compared to wild type controls (n = 56 dendritic segments on 28 neurons
from 4 animals of each genotype). *** p< 0.001.
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