
Brain-Derived Neurotrophic Factor Transgenic Mice Exhibit
Passive Avoidance Deficits, Increased Seizure Severity and In
Vitro Hyperexcitability in the Hippocampus and Entorhinal Cortex

S. D. Croll*,†, C. Suri*, D. L. Compton*, M. V. Simmons*, G. D. Yancopoulos*, R. M.
Lindsay*, S. J. Wiegand*, J. S. Rudge*, and H. E. Scharfman‡,§

*Regeneron Pharmaceuticals, 777 Old Saw Mill River Road, Tarrytown, NY 10591, U.S.A.

‡Neurology Research Center, Helen Hayes Hospital, New York State Department of Health, West Haverstraw,
New York, U.S.A.

§Departments of Pharmacology and Neurology, Columbia University, College of Physicians and Surgeons,
New York, New York, U.S.A.

Abstract
Transgenic mice overexpressing brain-derived neurotrophic factor from the β-actin promoter were
tested for behavioral, gross anatomical and physiological abnormalities. Brain-derived neurotrophic
factor messenger RNA overexpression was widespread throughout brain. Overexpression declined
with age, such that levels of overexpression decreased sharply by nine months. Brain-derived
neurotrophic factor transgenic mice had no gross deformities or behavioral abnormalities. However,
they showed a significant passive avoidance deficit. This deficit was dependent on continued
overexpression, and resolved with age as brain-derived neurotrophic factor transcripts decreased. In
addition, the brain-derived neurotrophic factor transgenic mice showed increased seizure severity in
response to kainic acid. Hippocampal slices from brain-derived neurotrophic factor transgenic mice
showed hyperexcitability in area CA3 and entorhinal cortex, but not in dentate gyrus. Finally, area
CA1 long-term potentiation was disrupted, indicating abnormal plasticity.

Our data suggest that overexpression of brain-derived neurotrophic factor in the brain can interfere
with normal brain function by causing learning impairments and increased excitability. The results
also support the hypothesis that excess brain-derived neurotrophic factor could be pro-convulsant in
the limbic system.
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Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family of
neurotrophic factors, is found in high concentrations throughout the adult brain. It is especially
enriched in areas known to be involved in learning, memory, excitability, and plasticity such
as the hippocampus and cortex.19,64,85,118 BDNF mRNA has been shown to increase after
learning-related events.13,16,83 BDNF can modulate physiological plasticity in CA1 of the
hippocampus.28,44,45 BDNF heterozygote knock-out mice, who have reduced levels of
BDNF, show reduced long-term potentiation (LTP) in CA1 of the hippocampus.4,50,51,82
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Because of its localization and the correlation with activity in learning-related structures, it is
possible that BDNF plays a role in behavioral plasticity and excitability.

Mechanistic studies have shown that acute BDNF exposure enhances excitatory transmission
(for reviews see Refs 10 and 62). Increases in spontaneous and evoked excitatory post-synaptic
currents (EPSCs) were first demonstrated in nerve–muscle co-cultures after BDNF
application63 and later shown in multiple systems, such as adult rat hippocampal and visual
cortical slices.15,28,44,45,53–55,82 The effects of BDNF appear to be mediated by trk
receptors, because they are blocked by a tyrosine kinase antagonist, K252a.15,44,54,95
Presumably, trkB receptors are involved, because BDNF binds trkB selectively and with high
affinity.46,107,110

The exact mechanisms of BDNF's actions are unclear. Evidence that BDNF acts
presynaptically to increase glutamate release comes from data showing that miniature EPSCs
increase in frequency but not amplitude after exposure to BDNF,15,53,63 as well as studies of
paired-pulse facilitation (PPF) and responses to trains of afferent stimulation.28,35,44 BDNF
appears to phosphorylate synapsin, a presynaptic protein that is involved in synaptic
transmission.43 BDNF also stimulates glutamate release from synaptosomes.111 Post-
synaptic actions are indicated by the blockade of BDNF's effects by intracellular postsynaptic
application of K252a.54 BDNF also phosphorylates N-methyl-D-aspartate receptors which are
primarily postsynaptic.57,116 TrkB immunoreactivity is present on axons, dendrites and
somata,30,76,119 indicating that trkB may reside at several sites.

Thus, BDNF may be an endogenous modulator of excitability in adult brain. In support of this
hypothesis, acute application of exogenous BDNF increases evoked responses at sites of BDNF
and trkB expression. In the dentate gyrus, where granule cell axons (mossy fibers) show
perhaps the strongest BDNF immunoreactivity in brain,19,91,118 evoked responses to mossy
fiber stimulation are extremely sensitive to BDNF.95 The entorhinal cortex, which receives
BDNF-immunoreactive afferents, is also sensitive to exogenous BDNF. In both areas,
repetitive stimulation of afferents leads to spontaneous activity and spreading depression after
BDNF application.95 BDNF also increases excitotoxic damage in brain and cultures.48,91
These data suggest that exposure to BDNF could lead to hyperexcitability. Consistent with this
hypothesis, kindling was suppressed in BDNF knockouts.49 A trkB fusion protein (“TrkB-
Fc”), which scavenges BDNF, inhibits kindling.11 However, chronic infusion of BDNF has
attenuated kindling elsewhere,52,81,90 perhaps owing to chronic changes in BDNF or trkB
receptors.

Studies looking at the effects of BDNF on learning or excitability have, to date, relied on the
administration of exogenous BDNF to the brain. Unfortunately, BDNF does not distribute well
in the brain, and tissue concentrations therefore tend to be extremely high at the infusion site
and negligible in more distant areas.5 Therefore, findings of no effect or detrimental effects of
BDNF on learning and memory29,84 (S. D. Croll et al., unpublished observations) or
excitotoxicity91 could be based on poor diffusion which can result in high local tissue
concentrations of BDNF immediately adjacent to the cannula site.

One approach to enhancing tissue levels of BDNF at more physiologically relevant
concentrations, but with a wide distribution, is to create animals which overexpress BDNF.
These animals synthesize additional BDNF by making it not only from its own promoter, but
also from another promoter. Here we report the generation and characterization of a BDNF
transgenic mouse overexpressing BDNF from the β-actin promoter. We tested this mouse for
learning and memory ability, as well as other behavioral changes. In addition, brains were
examined for any gross abnormalities. As a behavioral reflection of increased excitability,
motor seizure severity in response to the convulsant kainate was also evaluated. Finally, we
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examined evoked responses in area CA1, area CA3, dentate gyrus and entorhinal cortex of
hippocampal slices.

We hypothesized that endogenous BDNF would increase brain excitability. This increased
excitability was expected to alter learning and memory, increase seizure severity, increase
neuronal excitability in hippocampal slices and alter hippocampal plasticity.

Experimental Procedures
Creation and gross characterization

Brain-derived neurotrophic factor transgenics—The human β-actin promoter
construct was kindly provided by Dr Larry Kedes (Stanford University, refer to Ref. 36). This
construct contains 3 kb of the promoter sequences followed by 0.078 kb of 5′UTR, 0.832 kb
of the first intron, multiple cloning sites and an SV40 polyadenylation signal. Human BDNF
cDNA was modified by polymerase chain reaction to include a consensus Kozak sequence just
upstream of the ATG and a myc epitope immediately following the last codon, prior to the stop
codon. This modified BDNF (which had been tested in vitro for activity on dorsal root ganglion
neurons) was placed into the multiple cloning sites. The final construct was tested in a
previously described fibroblast transformation assay,34 to ensure that BDNF was indeed being
secreted, before being injected into mice.

Bacterial sequences were removed from the construct, and the DNA was extensively purified
and injected into F2 CBA × C57Bl/6 embryos.

Southern analysis—Ten micrograms of tail DNA was digested with BamH1 enzyme, run
on a 1% agarose gel and processed using standard techniques.65

Northern analysis—Heart, lung, liver, kidney, spleen, gonads (ovary/testis), muscle, cortex,
cerebellum, midbrain, hindbrain, thalamus, striatum, hippocampus and olfactory bulbs were
dissected from young adult transgenic mice (two to three months old). Tissues were
immediately placed on dry ice and frozen at −80°C. They were then homogenized in 3 M LiCl
and 6 M urea.6 Ten micrograms of total RNA was electrophoresed through a 1% agarose–
formaldehyde gel. The gel was processed using standard techniques.65 The membrane was
probed with a 32P-labeled hBDNF fragment.

In situ hybridization—Brains were collected and embedded in a mold containing OCT
embedding medium. The mold containing the tissues was placed on dry ice/ethanol until frozen,
and stored at −80°C until ready to cut. Brain sections were cut 10 μm thick, adhered to Probe
On Plus microscope slides (Fisher Biotech, Pittsburgh, PA) and stored at −80°C.

The BDNF probe was a 35S-UTP-labeled 800 base pair (bp) fragment from the coding region
of the BDNF gene as previously described.64 The trkB probe was a 35S-UTP-labeled 530 bp
fragment coding the kinase domain of the full-length TrkB receptor, as previously described.
4 In situ hybridization was performed on the tissue as previously described.64 In brief, the
riboprobes were hydrolysed to the appropriate length and hybridized on the tissue overnight.
Slides were subsequently washed, dehydrated, air dried and placed on autoradiography film.
After observing appropriate signal on the autoradiography film, slides were dipped in Kodak
NTB-2 emulsion (Rochester, NY) and developed after 10–14 days of exposure. Slides were
then counterstained with Hematoxylin and Eosin and coverslipped from xylenes.

Brain-derived neurotrophic factor enzyme-linked immunosorbent assays—Four
transgenic (varying zygosity) and four wild-type mice were assayed for BDNF protein levels
by enzyme-linked immunosorbent assay (ELISA). Animals were killed by cervical dislocation,
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and tissue was rapidly dissected and immediately placed in liquid nitrogen. Three brain regions,
the hippocampus, striatum and cortex, were collected, as well as two peripheral organs, the
heart and liver. All tissues were homogenized and assayed using a modification of the BDNF
two-site ELISA procedure previously described.88 Modifications from the original protocol
included diluting the tissue homogenization buffer 1:1 with water, performing incubation at
room temperature, using Kierkegaard and Perry Labs (KPL) 1% bovine serum albumin (BSA)
Block Diluent Solution (Gaithersburg, MD) for blocking and reporting rather than a Tween
solution, and substituting KPL Wash buffer for phosphate-buffered saline (PBS)/0.02% Tween
in the washes. This ELISA uses a monoclonal capture antibody and a biotinylated rabbit
polyclonal antibody (Dr Qiao Yan, Amgen) as the reporter.

Gross characterization—Mice were examined in their home cages by a behaviorist blind
to genotype for any overt signs of behavioral abnormalities. In addition, as mice were killed,
a gross subjective examination of their anatomy was performed. Finally, brains fixed with 4%
paraformaldehyde were collected from transgenics and wild-types. Brains were sectioned at
30 μm horizontally and were stained with Thionin as previously reported for rats.20 An
evaluator blind to genotype observed the slides to determine whether there were any gross
abnormalities of brain structure.

Subjects—Subjects were BDNF overexpressing mice and their wild-type littermates or wild-
type parallel-bred controls created and bred at Regeneron Pharmaceuticals and, for physiology,
later transferred to Helen Hayes Hospital. Animals were group-housed with same-sex
littermates in standard temperature and humidity-controlled colony conditions at Regeneron,
and were individually housed at Helen Hayes Hospital. Food and water were available ad
libitum. Animals were maintained on a 12:12-h light:dark cycle (lights on 06.00). All animals
were allowed to acclimate to any changes in housing for at least one week before testing. All
experiments were conducted in strict compliance with protocols approved by Regeneron's
Institutional Animal Care and Use Committee or the New York State Department of Health.
All protocols were prepared in accordance with guidelines established by the National Institutes
of Health. Every effort was made to ensure the humane and ethical treatment of the animals,
and to reduce animal usage.

Behavioral analyses
Eight homozygote transgenics, 12 heterozygote transgenics and 10 wild-types in two separate
cohorts were tested at the age of six to eight weeks for performance on various behavioral
assays. Three separate naive cohorts consisting of a total of 22 homozygote transgenics, 19
heterozygote transgenics and 16 wild-types were also tested at the age of six to eight months.
Not all of the older animals were tested on all tasks, but at least two cohorts of animals were
tested on each task, and all of the animals were tested for passive avoidance ability. The task
order was counterbalanced to control for order effects. All behavioral tests were conducted
between 10.00 and 16.00, with each animal being tested at about the same time each day for
each task which ran across multiple days. Animals were placed into the behavioral testing room
for approximately 1 h before testing to allow for acclimation to the testing environment. The
behavioral experimenter was blind to animal genotype at the time of testing.

Passive avoidance—All animals were tested on a shuttlebox step-through passive
avoidance task. During the acquisition trial, animals were placed in the less desirable bright
chamber of a two-chamber shuttlebox apparatus (Coulbourn Instruments, Allentown, PA).
When animals crossed to the more desirable dark side, a guillotine door between the chambers
was automatically shut and the animals received a 0.8 mA, 3 s shock. The latency to cross
during this trial was recorded as the latency to spontaneous crossover. Twenty-four hours, 48
h, and one week later mice were again placed in the chamber and the latency to cross to the
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dark side was recorded as a measure of retention. Animals received no additional shocks during
the retention trials. A 3 × 3 (group × delay) mixed factorial ANOVA was used to analyse the
crossover latencies. An independent groups ANOVA was used to compare latencies of
spontaneous crossover between the groups.

Hot-plate test—Animals were tested on the hot-plate test to evaluate their pain thresholds.
Animals were placed on a 50–52°C hot plate, and remained there for 40 s or until they attempted
to escape or licked their hindpaws. The latency to respond was recorded, with the maximum
latency of 40 s used to prevent tissue damage. An independent groups ANOVA was used to
compare the hot-plate latencies across groups.

Swim T-maze—Mice were also trained on the swim T-maze (for example see Ref 108). The
swim T-maze was a clear Plexiglass T-maze submerged in opaque water. The mice could not
touch the bottom of the maze. A hidden escape platform was located at one side of the T.
Animals were placed at the base of the T and were allowed only one arm choice. Animals
received one trial per day until they achieved criterion (three consecutive correct trials) or had
been trained for 15 trials. Animals were scored by the number of trials it took them to reach
criterion. Animals that did not reach criterion received a score of 15. An independent groups
ANOVA was used to compare trials to criterion across groups.

Anxiety testing—Because anxiety levels can affect performance on learning tasks, BDNF
overexpressing mice and their wild-type littermates were tested on two anxiety tests, the
elevated plus maze61 and the staircase test.101 In brief, the elevated plus maze was a plus-
shaped maze consisting of two white, open arms and two black arms with high walls. Anxious
mice tend to spend more time in the closed than the open arms relative to non-anxious mice.
Mice were placed on the plus maze for 5 min, and the time which the animals spent on the
open versus closed arms, as well as the number of entries into each type of arm, were recorded.
For the staircase test, mice were placed on a small staircase for 3 min and the number of times
the animal reared relative to the number of steps climbed was measured. Step climbing is a
measure of general activity, whereas rearing is a sign of decreased anxiety.101,113 An
independent groups ANOVA was used to compare measures across groups.

Locomotion—Mice were tested for general activity using a gridded table as previously
described for rats.20 In addition, the number of steps climbed in the stair climbing task and the
total number of arms entered for the elevated plus maze are both measures of general locomotor
activity. Independent groups ANOVAs were used to compare the three groups on these
measures.

Kainate experiments
Seizure induction—Mice were injected with 30 mg/kg kainic acid i.p. at eight to 10 weeks
of age. Animals were observed for behavioral signs of seizures by two experimenters who were
blind to genotype. Animals were scored using a modification of Racine's seizure scoring
system.86 Specifically, a score of 1 represented behavioral arrest or staring, 2 represented head
nodding, gnawing, facial automatisms, or mild tremors, 3 represented unilateral forelimb
clonus, 4 represented bilateral forelimb clonus, 5 represented severe seizures with prolonged
loss of postural control or prolonged tonus, 6 represented status epilepticus defined as 10 min
or more of continuous or closely spaced seizures with no return to normal behavior, 7
represented status epilepticus which included a stage 5 seizure, and 8 represented seizure-
induced death. Any animal which had more than one stage 5 seizure in 5 min or reached stage
7 was immediately injected with 10 mg/kg diazepam i.p. All other animals were given diazepam
after 1 h of status epilepticus or, if they never reached status, 2.5 h after the kainate injection.
The maximum seizure stage attained was recorded, as well as the latency to generalized clonus
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(stage 4). Seizure scores and latency to clonus were analysed using Student's independent
groups t-test.

Histology—One week after kainate injection, animals were killed by exsanguination after
receiving an overdose of chloral hydrate/pentobarbital i.p. Animals were perfused with a brief
flush of heparinized saline followed by 4% phosphate-buffered paraformaldehyde (pH 7.0),
containing 7.5% saturated picric acid (v/v). Brains were removed and placed in a 30% sucrose
solution for three to seven days. Once the brains had sunk in sucrose solution, they were
sectioned coronally at 30 μm, mounted and stained with Thionin to look for cell damage in the
hippocampus after kainate.

General electrophysiology
Slice preparation—Mice were deeply anesthetized with ether and the brain was removed
immediately. It was placed in ice-cold artificial cerebrospinal fluid (ACSF) containing sucrose
instead of NaCl (sucrose–ACSF, in mM, 126 sucrose, 5.0 KCl, 2.0 CaCl2, 2.0 MgSO4, 26.0
NaHCO3, 1.25 NaH2PO4 and 10.0 D-glucose, pH = 7.4). The hippocampus was cut horizontally
into 400-μm-thick slices using a Vibroslice (Stoelting Instruments, Wood Dale, IL), and all
slices were immediately placed in a recording chamber (modified from Fine Science Tools
Model no. 21000-02, Foster City, CA), where they were semi-submerged, warmed to 32–33°
C and oxygenated with 95% O2/5% CO2. After 30 min, perfusion was switched from sucrose–
ACSF to ACSF containing NaCl, substituted equimolar for sucrose (NaCl–ACSF). NaCl–
ACSF was used to perfuse slices for the rest of the experiment. Recordings were started 30–
45 min after the change from sucrose–ACSF to NaCl–ACSF. In the Results section, the number
of slices is large because five to 10 slices (both hippocampi were sliced) could be maintained
in the recording chamber at once.

Recording and stimulation—Extracellular recordings were made with a 2–4 MΩ
resistance glass microelectrode filled with NaCl–ACSF. Monopolar stimulating electrodes
were made from Teflon-coated stainless steel wire (75 μm diameter). The stimulating electrode
was placed at the slice surface and the recording electrode was 50 μm below the surface.
Rectangular current pulses were used for stimulation (10–200 μA, 10 μs) and were triggered
with a stimulus isolator (Model A340, World Precision Instruments, Sarasota, FL) and an
interval generator (Pulsemaster, World Precision Instruments, Sarasota, FL). Recordings were
made with an Axoclamp 2B Amplifier (Axon Instruments, Foster City, CA) and saved on
diskette using Nicolet programming (Nicolet Instruments, Model 410, Madison, WI).

Recording and stimulating parameters in different regions
Area CA3—The response to hilar stimulation was recorded in the area CA3 pyramidal cell
layer on the border between area CA3b and c. The hilar stimulating electrode was placed just
below the granule cell layer at the junction between the upper and lower blades (the “crest”).
A half-maximal stimulus strength was used to test responses to repetitive stimulation, which
consisted of 10 pairs of stimuli at 1 Hz. Each pair of stimuli was 40 ms apart. If multiple
population spikes were evoked by any of the stimuli during this repetitive train, area CA3 was
considered to be abnormally excitable. The frequency of hyperexcitable slices in each group
was analysed using a chi-square test for 2 × 2 contingency tables. Area CA3 data were not used
if a single maximal stimulus, tested prior to repetitive stimulation, did not evoke a response
that exceeded 3 mV in peak amplitude, because intracellular recordings from such tissue
demonstrated that most neurons were unhealthy.

Entorhinal cortex—The white matter input to the medial entorhinal cortex was tested using
a stimulating electrode placed at the white matter/layer VI border of the medial entorhinal
cortex. Recordings were made in the deep (layer V, VI) and superficial (layer II, layer III)
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layers of the adjacent cortex, along a tangent to the pia that intersected the stimulation site.
94 In adult rat slices, a single stimulus to the white matter evokes a stereotypical response in
each of the layers and contains no more than two components (orthodromic and antidromic)
unless a convulsant is added.41,42,89,94 A hyperexcitable response was defined as a field
potential with more than two components that was evoked by a single stimulus. The stimulus
strength chosen was that which evoked a maximal response in layer VI. The entorhinal cortex
was defined as abnormally excitable if multiple field potentials were evoked to this stimulus
in both superficial and deep layers. The frequency of hyperexcitable slices in each group was
analysed using a chi-square test for 2 × 2 contingency tables. Slices with a maximal response
which included an antidromic component less than 5 mV in amplitude and an orthodromic
component less than 1 mV were excluded from the study, because intracellular recordings of
neurons in such slices showed that most neurons were unhealthy.

Dentate gyrus—To examine the perforant path input to dentate gyrus granule cells, the outer
molecular layer was stimulated near the hippocampal fissure, just below the subiculum, while
recording at the granule cell layer/hilar border at the crest or center of the dorsal blade. Paired-
pulse inhibition was tested using a maximal stimulus intensity and a 20- or 40-ms interstimulus
interval. To address paired-pulse inhibition or facilitation, population spike amplitude of the
first and second response to two identical stimuli was measured. Population spike amplitude
was defined as the average of both rapid deflections that comprise the spike. Repetitive
stimulation was tested by triggering pairs of stimuli (40 ms interval) at 1 Hz for a total of 10
pairs of stimuli. Hyperexcitability was defined as a response to a single stimulus with more
than one population spike. The dentate gyrus was studied only in those slices in which the
response to a maximal stimulus included a “population excitatory postsynaptic potential
(EPSP)” (defined as the positive potential upon which the population spike is superimposed)
greater than 4 mV.

Area CA1—Recordings were made in area CA1b at a site 50–100 μm below the surface of
the slice. The same recording site was used to test responses to Schaffer collateral and stratum
lacunosum-moleculare stimulation. In all experiments, responses to single and paired stimuli
of both pathways were assessed prior to tetanization (100 Hz, 1 s). Data included in the Results
section were from slices that had robust responses to Schaffer collateral stimulation (a maximal
population spike > 5 mV). Slices that did not meet this criterion also failed to show robust
responses to other stimuli, such as stimulation of stratum lacunosum-moleculare or stratum
oriens, and were judged to be unhealthy. Population spike amplitude was defined as the average
of the two rapid deflections that comprise the population spike.

To stimulate the Schaffer collaterals, the stimulating electrode was placed on the surface of
the slice, approximately 150 μm from the border of stratum pyramidale and stratum radiatum
in area CA2. An opaque band was present in this area, reflecting the Schaffer collateral axons,
and was used to guide the electrode position. To stimulate stratum lacunosum-moleculare, the
stimulating electrode was placed in the center of this layer, approximately 200 μm from the
hippocampal fissure, and near the border of CA1 and the subiculum.

Paired-pulse inhibition/facilitation was based on responses to two identical stimuli triggered
20 or 40 ms apart. Paired pulse inhibition was defined by a population spike evoked by a second
stimulus that was smaller than the spike evoked by the first stimulus, and PPF was defined by
a larger second response. These tests were made using several stimulus intensities and results
were consistent regardless of intensity. To compare paired pulse responses in different slices
statistically, a half-maximal stimulus was used.

Input–output slope was defined as the maximal increase in population spike amplitude per 10
μA change in stimulus strength. Input–output data were obtained using a 10-μs stimulus
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duration and current was increased in 10-μA steps between the minimum and maximum
responses.

For tetanic stimulation, a 100-Hz train was triggered for 1 s, using a stimulus intensity that was
approximately half-maximal. Stimuli were tested before tetanization using < 0.05 Hz frequency
for 5–10 min. Potentiation was defined as an increase in amplitude of the population spike
greater than two standard deviations of the baseline average. Short-term potentiation (STP)
was defined by measurements made 1 min after tetanization. LTP was defined on the basis of
amplitude measurements 30 min after tetanization.

Results
Creation and gross characterization of brain-derived neurotrophic factor transgenic mice

Generation of the transgenics—DNA was injected into F2CBA × C57Bl/6 embryos.
Thirty-five pups were born, out of which nine were found to be transgenic by Southern analysis.
Out of the nine founders, three had multiple integrations and were therefore not used to establish
lines. Homozygote mice were generated with two lines that had the transgene integrated at
only one site. Both lines had two copies of the transgene. Pilot studies were conducted using
animals from both lineages (northern analysis, Southern analysis, behavioral tasks). Both
lineages showed overexpression of BDNF in a similar ratio from tissue to tissue, and both
lineages had similar behavioral abnormalities (i.e. passive avoidance, activity, etc.) relative to
wild-types (data not shown). Because of limited space and resources, the decision was made
to continue breeding only one line. All data in this report were collected using animals from
the selected lineage. For the behavioral studies, most animals were littermates, although some
of the animals were drawn from a first-generation parallel breeding of wild-type-only and
homozygote-only breeding pairs in order to increase the sample size in the wild-type and
homozygote groups. No difference was noted in the behavior of wild-type or homozygote
animals bred in this manner relative to those bred from heterozygote–heterozygote breeding
pairs to obtain littermates of mixed genotype. For the physiology experiments, all animals were
tested with littermate controls, but the majority of transgenic animals tested was heterozygotes
owing to the increased availability of these animals. Both heterozygotes and homozygotes
showed the physiological abnormalities reported, although the homozygotes had a more
striking phenotype.

Northern analysis—Northern analysis of tissues collected from young adult BDNF
transgenic mice showed that the BDNF transgene was expressed in most tissues (Fig. 1).
Neither the BDNF transgene nor the endogenous BDNF transcript was observed in liver. The
BDNF transgene was observed in all other tissues, with the lowest levels in the kidney, and
the highest levels in the heart, muscle and gonads. In the brain, the lowest levels of the transgene
were observed in the thalamus, with fairly high levels observed across all other brain regions
examined. The greatest increases in BDNF (i.e. transgene relative to endogenous BDNF)
appeared to occur in the gonads and muscle in the periphery, and the striatum, cerebellum and
hindbrain in the brain. The striatum was the most striking of the brain regions with almost no
endogenous BDNF message, but fairly high expression of the BDNF transgene.

In situ hybridization—In situ hybridization studies were performed on brains from eight-
week-old and nine-month-old transgenic and wild-type mice for both BDNF and trkB. The in
situ hybridization analysis for BDNF in the brain agreed with the results found by northern
analysis. That is, BDNF mRNA in eight-week-old mice was increased fairly ubiquitously, with
the least overexpression occurring in the thalamus and the most dramatic overexpression
occurring in the striatum (Fig. 2B, compared with wild-type, Fig. 2A). Interestingly, the in
situ hybridization results revealed that the expression of the BDNF transgene dropped as the
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animals went from young adulthood (Fig. 2B) to middle adulthood (Fig. 2C). The trkB in
situ hybridization revealed no obvious differences between the wild-type and transgenic mice
in any region of the brain (data not shown).

Brain-derived neurotrophic factor enzyme-linked immunosorbent assays—
BDNF ELISAs were performed on four wild-types and four transgenics at approximately eight
weeks of age. Tissue was collected from the heart, liver and three brain regions: the striatum,
cortex and hippocampus. Mean tissue levels of BDNF are provided in Table 1. Levels of up-
regulation were modest and averaged 28%. The striatum and hippocampus showed the most
up-regulation at 39% and 32%, respectively. A two-way ANOVA revealed an overall
significant BDNF elevation in the transgenics (F1,24 = 7.145, P < 0.037).

Gross characterization—BDNF overexpressing mice could not be distinguished from their
wild-type littermates on the basis of size, physical appearance or overt behavior. They were
viable and fertile. BDNF transgenics had no gross abnormalities in peripheral anatomy, nor
did they show any gross abnormalities in brain structure by Thionin stain (data not shown; for
hippocampus, see Fig. 4).

Behavioral characterization
To determine whether the BDNF transgenics were behaviorally different from their wild-type
littermates we tested them on tasks evaluating learning, anxiety, pain and locomotion. These
behaviors were selected partly on the basis of observations in rats of the effects of exogenous
BDNF on pain thresholds (increased; Refs 102 and 103), learning (decreased, unpublished
observations) and reactivity (increased, unpublished observations). Because BDNF was
increased most substantially in the striatum, we started by testing the animals on a task in which
the striatum plays a role, passive avoidance.24,79,92

Passive avoidance—Six- to eight-week-old BDNF homozygote transgenic mice were
significantly impaired on passive avoidance retention 24 h, 48 h and one week after acquisition
compared with both wild-type and heterozygote mice (group F2,27 = 9.077, P < 0.001, Fig.
3A). The impairment remained consistent and did not change between the delays (delay
F2,54 = 0.462, P > 0.64). Heterozygote mice had a latency intermediate to that of the wild-types
and homozygotes (Fig. 3A). This deficit is not likely to be accounted for by a tendency to cross
more quickly into the more desirable dark chamber, because there was no difference between
the groups in spontaneous crossover during the acquisition trial (F2,27 = 0.003, P > 0.99, Table
2). To determine whether the passive avoidance deficit observed at six to eight weeks was
dependent on continued high levels of BDNF overexpression, six- to eight-month-old
transgenics were also tested on passive avoidance. In contrast to the effect observed in six- to
eight-week-old transgenics, six- to eight-month-old transgenics showed no significant passive
avoidance deficit (F2,54 = 1.506, P > 0.23, Fig. 3B; spontaneous crossover F2,54 = 0.622, P >
0.54, Table 2).

Hot-plate test—There was no significant difference between the wild-type and BDNF
transgenic mice from either age group in hot-plate latency (six to eight week F2,27 = 0.06, P >
0.94; six to eight month F2,41 = 0.016, P > 0.98, Table 2). Therefore, the difference in passive
avoidance retention observed in the younger animals was not likely to be accounted for by
differences in pain threshold.

Swim T-maze—Neither six- to eight-week-old nor six- to eight-month-old BDNF transgenic
mice differed from their wild-type littermates in swim T-maze performance, measured by trials
to criterion (six to eight weeks F2,27 = 0.490, P > 0.61; six to eight months F2,42 = 0.607, P >
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0.55, Table 2). Therefore, the passive avoidance deficit is not likely to reflect a non-specific,
generalized learning impairment.

Anxiety tests—Young BDNF transgenics did not show significantly different anxiety levels
from their wild-type controls on either the staircase test (rears F2,27 = 0.678, P > 0.51; rears
per step F2,26 = 0.991, P > 0.38, Table 2) or the elevated plus maze (proportion of open entries
F2,27 = 0.324, P > 0.72; proportion of open time F2,27 = 0.643, P > 0.53, Table 2). In contrast,
the older BDNF transgenics showed significantly increased rears/step in the staircase test
(F2,45 = 5.622, P < 0.007; rears F2,45 = 2.05, P > 0.14, Table 2). They did not, however, show
a significant decrease in anxiety in the elevated plus maze (proportion of open entries F2,42 =
1.890, P > 0.16; proportion of open time F2,42 = 1.517, P > 0.23, Table 2).

Locomotion—In neither age group did transgenics show significantly different locomotor
activity on a gridded table from wild-type controls (six to eight week F2,27 = 1.975, P > 0.158;
six to eight month F2,42 = 0.009, P > 0.99, Table 2), although the younger transgenic animals
did have a slight tendency to spend more time mobile. This slight tendency to spend more time
mobile also was apparent in the step climbing measure of locomotion, in which the homozygote
mice showed an increased tendency to climb stairs which approached significance (F2,27 =
2.976, P > 0.06, Table 2). In addition, the young transgenics showed a significant elevation in
the number of total elevated plus maze arm entries, an indication of increased general locomotor
activity (F2,27 = 4.852, P < 0.016, Table 2). This tendency decreased in the older transgenics
such that the increased arms entered only approached significance (F2,42 = 2.856, P > 0.06,
Table 2) and the number of steps climbed on the staircase was no different from wild-types
(step climbing F2,45 = 0.383, P > 0.68, Table 2).

Kainate experiments
Seizure behavior—Initial observations of transgenic animals indicated that they were
hyperexcitable because some of the transgenics, but none of the wild-type littermates had
spontaneous motor seizures that could reach stage 5. To examine seizure susceptibility
systematically, nine BDNF transgenics and eight wild-types were injected with kainic acid.
Animals were observed by two experimenters blind to genotype for behavioral signs of
seizures. BDNF transgenics had significantly more severe seizures than their wild-type
littermates (t15 = 1.042, P < 0.011, Table 2). The latencies to reach stage 4 for the two groups
were not significantly different (t14 = 1.042, P > 0.31, Table 2).

Histology—No hippocampal damage was observed in the brains of either the transgenic or
wild-type animals after kainic acid treatment (Fig. 4). This result was not entirely surprising,
because the mice were made on a C57BL/6 background, and these mice have been shown to
be less susceptible to seizure-induced cell death than other strains.96

Hippocampal physiology
In the first series of experiments from transgenic and wild-type mice, slices from six transgenics
were compared with slices from eight wild-type mice. All mice were approximately the same
age (two to three months). There were no differences in the behavior or phenotype of the mice
to indicate differences to the experimenter, who was blind to the genotype in five cases (n = 3
transgenics; n = 2 wild-type). The blind experimenter who recorded physiological responses
was able to predict the genotype of each animal solely on the basis of its evoked responses.
Thus, slices from the transgenics exhibited more hyperexcitable responses than slices from
wild-type animals (described below).

Area CA3—Area CA3 responses to single stimuli of the dentate hilus were qualitatively
similar in slices from transgenics and wild-types (Fig. 5). In contrast, responses to repetitive
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stimulation of the hilus differed between the two types of mice. Ten pairs of stimuli at 1 Hz,
using a half-maximal stimulus, led to multiple population spikes in 24/39 (62%) transgenic
animal slices vs 4/20 wild-type slices (20%), a statistically significant difference (χ2 = 9.18,
P < 0.01; Table 3, Fig. 5). In at least one slice of every transgenic animal, repetitive stimulation
led to spreading depression, whereas spreading depression was not evoked in any slice from a
wild-type mouse. Each spreading depression episode was heralded by spontaneous population
spikes, which were immediately followed by a rapid and large direct current (d.c.) negative
shift (−12 to −26 mV). During the d.c. shift, all spontaneous activity ceased, and stimulus-
evoked responses could not be evoked. This was followed by a slow recovery of the d.c.
potential and evoked responses, taking approximately 3–5 min. These events are similar to
spreading depression episodes that have been reported in studies of rat cortex or hippocampus.
106 The hyperexcitability in area CA3 of the transgenics, occurring in the absence of exogenous
BDNF, was similar to the responses of control rat slices after exposure to synthetic BDNF, in
which 1 Hz stimulation for less than 10 s induced spreading depression after exposure, but not
before.95

Entorhinal cortex—Responses to white matter stimulation were tested in deep and
superficial layers of all slices that demonstrated a robust response in layer VI to a single
stimulus. In wild-type mice, as in control rat slices, a maximal white matter stimulus evoked
a short latency (less than 2 ms to peak) antidromic population spike (amplitude >5 mV),
followed by a longer latency (2–4 ms to peak) orthodromic population spike (amplitude, 1–4
mV; Fig. 6). Responses to the same stimulus that were recorded in the superficial layers (i.e.
layer III) consisted of a slow negative wave94(Fig. 6).

In slices from transgenics and wild-types, initial responses to white matter stimulation were
similar, but in the transgenics they were followed in many cases by additional field potentials
(Fig. 6). After a single stimulus, 13/33 (39%) of transgenic slices exhibited more than two field
potentials in both deep and superficial layers after a single stimulus, whereas this occurred in
only 3/37 (8%) of wild-type slices, a statistically significant difference (χ2 = 9.84, P < 0.01;
Table 3).

Age dependence of hyperexcitability in transgenics—To determine whether
physiological abnormalities were related to age-related BDNF expression, similar to the
behavioral alterations, the results from young animals were compared with those from older
animals. Three older animals were examined, two that were eight months old and one that was
12 months old. In the animals that were eight months old, hyperexcitability in area CA3 and
the entorhinal cortex (as defined previously) was present in comparable frequency to young
transgenics (area CA3: 2/8 slices or 25%, entorhinal cortex 3/9 slices or 33%). In the animal
that was 12 months old, hyperexcitability was absent in all but one slice in area CA3 (1/4 slices
or 25%) and absent in all slices of entorhinal cortex (0/4 slices or 0%). Spreading depression
after hilar stimulation did not occur in the tissue from the 12-month-old mouse at all, and
occurred once in the slices from the eight-month-old mice. Thus, for all three animals,
spreading depression occurred in 1/12 slices (8.3%), whereas it occurred in 5/24 slices (20.8%)
of the younger group. This difference in frequency was not statistically significant (χ2 = 0.95,
P > 0.20).

Dentate gyrus—There was no detectable difference between transgenic and wild-type tissue
in the responses to single stimuli of the outer molecular layer that were recorded in the granule
cell layer. Large population EPSPs were recorded at all stimulus intensities, with small
population spikes superimposed upon them, similar to adult rat slices.22,93 The maximal
population EPSP amplitudes were not different (Table 4). The maximal population spike
amplitudes were also not different (Table 4). Upon repetitive 1 Hz stimulation there was no
evidence of multiple population spikes in the granule cell layer in any slice tested.
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In contrast to normal rat slices,93 paired-pulse stimulation using a short (20 ms) interstimulus
interval often elicited facilitation in mouse slices, regardless of stimulus strength. The
percentage of slices with facilitation was similar among transgenic and wild-type tissue. For
paired pulses with a 20-ms interval and a maximal stimulus strength, 4/6 slices from transgenics
exhibited PPF, and 4/7 of wild-type slices exhibited PPF (χ2 = 0.00, not significant, P < 0.99).
For paired pulses with a 40-ms interval, transgenic slices facilitated in 5/6 slices, whereas 5/5
slices from wild-types facilitated. However, the paired pulse ratio, defined as the population
spike amplitude evoked by the second stimulus as a function of the first, was significantly
different in transgenics when the 40-ms interval was analysed. There was less facilitation using
the 40-ms interval in transgenics (t9 = 2.33, P < 0.045; Table 4). There was no significant
difference for the 20 ms interval (t8= 1.394, P > 0.201; Table 4).

Area CA1—Responses to single stimuli. Slices from nine BDNF transgenics were compared
with slices from seven wild-type littermates. The transgenics were two to three months old
(n = 6) or nine to 11 months old (n = 3). The wild-types were two to three months old (n = 4)
or nine to 11 months old (n = 3). Data from the two age groups were combined, because the
results were equivalent. A total of 37 slices was examined from transgenic and 28 from wild-
type mice. There were no differences in the behavior or phenotype of the mice to indicate
differences to the experimenter, who was blind to the genotype in many of the experiments
(transgenics, n = 3; wild-types, n = 3, all two to three months old). Results from blinded
experiments were equivalent to those of non-blinded experiments.

Area CA1 responses to single stimulation of both Schaffer collaterals and stratum lacunosum-
moleculare in transgenics did not differ significantly from wild-types in any experiments. The
general morphology of the response was qualitatively similar. The stimulus strength required
to produce a maximal response to Schaffer collateral stimulation (t32 = 0.60, P > 0.55, Table
5) or a minimal response (t32 = 0.58, P > 0.56, Table 5) was not different. The maximal
population spike amplitude was not different (t33 = 0.54, P > 0.58, Table 5). In contrast, the
input–output curves, while not significantly different, showed a statistical trend (t30 = 1.996,
P > 0.05, Table 5) towards a steeper response in the transgenics than in their wild-type controls.
In four slices from transgenics, but in none from the wild-types, more than one population
spike was evoked in response to a single stimulus.

Responses to paired stimulation. Responses to paired stimuli revealed similar PPF at a 40-ms
interval in both wild-type and transgenic mice to Schaffer collateral stimulation (t28 = 1.117,
P > 0.27, Table 5). In contrast, wild-type mice rarely exhibited PPF when a 20-ms inter-stimulus
interval was used, while transgenic mice showed significantly more facilitation at this interval
(t29 = 2.740, P < 0.01, Table 5).

Responses to tetanic stimulation. STP and LTP of the population spike were studied in BDNF
transgenics and wild-type mice in vitro using Schaffer collateral stimulation. STP was
measured 1 min post-tetanus and LTP was measured 30 min post-tetanus.

There were no significant differences between wild-types and transgenics in the amplitude of
potentiation for either STP (t16 = 1.011, P > 0.32, Table 5) or LTP (t12 = 1.579, P > 0.14, Table
5). However, LTP was induced in 7/7 (100%) wild-type slices, but only 6/13 (43%) transgenic
slices (a significant difference; χ2(1) = 5.8, P < 0.02, Fig. 7). In addition, the transgenics showed
significantly more population spikes during tetanus than the wild-types [13/19 (68%)
transgenics vs 2/11 (18%) wild-types, χ2(1) = 7.04, P < 0.01, Fig. 8]. Furthermore, two of the
transgenic slices showed spreading depression after tetanus, whereas none of the wild-types
showed this effect (Fig. 8).
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Discussion
Summary

We generated BDNF transgenic mice that overexpressed BDNF from the β-actin promoter.
These mice showed no gross brain abnormalities or overt behavioral abnormalities. Behavioral
testing revealed a significant passive avoidance deficit which was dependent on continued high
levels of BDNF expression, and did not reflect a non-specific learning impairment. In addition,
BDNF transgenic mice were more active than their wild-type littermates overall, and this
activity also diminished when BDNF levels dropped.

This study also demonstrated markedly increased excitability in BDNF transgenics compared
with wild-type littermates. Specifically, motor seizure severity was greater in transgenics after
kainic acid injection. In vitro, area CA3 and entorhinal cortex field potentials evoked in
transgenics demonstrated increased excitability. In addition, repetitive stimulation of the mossy
fiber axons of granule cells produced spreading depression episodes in CA3 pyramidal cells
in transgenic but not wild-type mice. Evoked responses in CA1 showed differences which
suggested that the abnormal excitability in the transgenics may have interfered with normal
LTP induction.

These data support the hypothesis that BDNF predisposes the hippocampal region to become
epileptiform. In addition, the hyperexcitability in these animals may contribute to deficits in
learning and plasticity. Thus, although BDNF is neurotrophic and neuroprotective in many
areas, particularly during development, in the adult animal it may disrupt learning, enhance
excitability and even be proconvulsant.

Plasticity and learning
Hippocampal CA1 physiology—Although the BDNF transgenic mice showed similar
CA1 evoked responses to single stimuli as their wild-type littermates, their responses to
multiple stimuli were different. Specifically, the transgenics showed what appeared to be an
increase in excitability because there was increased PPF, increased excitatory activity during
tetanic stimulation and spreading depression after tetanic stimuli. The observation of increased
excitatory activity during tetanic stimulation is interesting in light of the studies of Figurov et
al.,28 who showed that, in normal rats, exposure to BDNF had a similar effect. In addition,
BDNF transgenics did not exhibit LTP as consistently as wild-types, although their LTP, when
induced, appeared normal in magnitude. Although the mechanisms of impaired LTP induction
are uncertain, the most parsimonious explanation is that the hyperexcitability in the transgenics
interfered with normal CA1 plasticity.

Learning and memory—Our most striking behavioral finding was a reliable and dramatic
impairment of passive avoidance performance. This deficit is unlikely to be a consequence of
the slight tendency towards increased motor activity, both because of the magnitude of the
impairment, and because of the finding of absolutely no difference between transgenics and
wild-types in tendency to spontaneously cross over in the shuttlebox apparatus. Our discovery
that the passive avoidance impairment resolves as the BDNF mRNA levels begin to drop in
middle adulthood is reassuring, because it suggests that the impairment is due to the elevated
BDNF and not to permanent developmental changes in circuitry. Because we have found a
physiological abnormality in CA1 of the hippocampus, it is possible that abnormalities in this
region of the brain underlie the passive avoidance deficit measured in the BDNF transgenic
mice. This possibility seems unlikely, however, because the passive avoidance deficit resolves
when the BDNF levels drop with age, but the disruptions in CA1 physiology remain. Therefore,
it is possible that some other structure in the brain underlies the passive avoidance deficit. The
striatum is a likely candidate, because it shows the greatest relative up-regulation of BDNF in
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these mice, and has also been shown to mediate the successful performance of passive
avoidance tasks.24,79,92

The role of brain-derived neurotrophic factor in learning, memory and plasticity
—Learning and learning-related processes have previously been shown to be associated with
increases in BDNF,13,16,25,27,83 although the effects of decreased amounts of BDNF on
learning have been controversial.60,72 However, the addition of exogenous BDNF has resulted
in either no change or impairments in learning and memory29,84 (S. D. Croll et al., unpublished
observations). These findings, combined with the present data, suggest that although it is
possible that BDNF is involved in the modulation of normal learning and memory, too much
BDNF may have adverse effects on these processes. That is, abnormally high levels of BDNF
may result in learning impairments. These impairments may result from too much excitability
in the circuits involved in learning, or from too much plasticity, leading to a loss of synaptic
refinement. Indeed, our finding of increased excitability in CA1 provides support for this
explanation. It is also consistent with other studies showing that excess activation of
hippocampal circuits involved in plasticity interferes with learning in “LTP saturation” studies.
12,17,69,74

Age dependence of brain-derived neurotrophic factor overexpression and
transgenic phenotype—BDNF overexpression was initially very high and fairly
ubiquitous in the adult mouse brain, but began to decrease as the animals approached eight to
nine months of age. Because the behavioral deficits resolved as BDNF transcript levels dropped
with age, the data suggest that BDNF overexpression could underlie the behavioral deficits.
The results argue against the possibility that BDNF overexpression during development caused
permanent alterations in the brain that led to abnormal behavior. However, the changes in
physiology were less clearly correlated with the age of the transgenic mice that were examined,
although they did suggest some decreases in excitability in the older animals. One possibility
is that changes in excitability require lower levels of BDNF overexpression than behavioral
alterations. Further studies are necessary to determine whether the changes in physiology were
due directly to overexpression of BDNF, or whether there were also developmental changes
or alterations in circuitry caused by seizures that contributed to the observed hyperexcitability
and disruption of LTP.

Seizures and excitability
Brain-derived neurotrophic factor and hyperexcitability—Recordings in area CA3
and entorhinal cortex from BDNF transgenics were similar to those observed after recombinant
BDNF exposure in normal rat hippocampal slices,95 suggesting that there could be a similar
underlying mechanism of hyperexcitability. Thus, in transgenics, we hypothesize that
repetitive stimulation of afferents containing increased BDNF led to BDNF release at high
concentrations that enhanced excitatory transmission. Because of the robust paired-pulse
inhibition in the dentate gyrus in transgenics, and the lack of change in paired-pulse responses
in area CA3 (see Fig. 5), it is unlikely that a reduction in inhibition led to the hyperexcitability.
However, there was a reduction in paired-pulse inhibition in area CA1, and Tanaka et al.112
showed that BDNF can decrease IPSCs (inhibitory postsynaptic currents) of CA1 pyramidal
cells. Therefore, changes in GABAergic neurons or GABA receptors in transgenics cannot be
ruled out.

The restriction of hyperexcitability to areas with the most endogenous BDNF is consistent with
BDNF release mediating hyperexcitability in transgenics. However, it has not been proved that
BDNF is released upon afferent stimulation, although it is known that BDNF is anterogradely
transported.3,19,120 Therefore, other reasons for transgenic hyperexcitability are important to
consider. Increased BDNF during development could have played a role because BDNF has
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effects on synaptogenesis, morphological development of neurons,40,47,56,59,68,105 and the
morphology and phenotype of GABA neurons.71,77,115 These effects could lead to
hyperexcitability independent of released BDNF during recordings. Spontaneous seizures in
transgenic mice are also potentially relevant, because they could influence excitability. Even
brief excitatory activity in rats leads to alterations in gene expression.31,100 Repetitive
activity, if sufficient, can lead to neuronal damage or loss, consequent reactive gliosis, synaptic
reorganization and further alterations in function. An argument against the possibility that
severe cell loss occurred is that transgenic animals, even after kainic acid injection, did not
exhibit obvious hippocampal cell loss. Still, alterations in gene expression and subtle
anatomical changes could have had effects that led to a hyperexcitable state.

Comparing rat and mouse excitability—Caution is appropriate concerning the term
“hyperexcitability.” Hyperexcitability was defined, for the purposes of this study, on the basis
of rat experiments, in which decades of hippocampal slice analyses have distinguished normal
and abnormal synaptic responses to afferent inputs.23,98,99 Multiple field potentials and
spreading depression are both indications of hyperexcitability because such events occur in
response to application of high concentrations of potassium or convulsants. However, what is
true for the rat may not be true for the mouse.

It is important to bear in mind that there is some strain-dependent hyperexcitability in wild-
type mice.96 For the purposes of the present study, this issue is perhaps less of a problem
because the strain used (C57BL/6) is relatively seizure resistant.96 Therefore, it was
unexpected that hyperexcitability occurred in transgenics of this strain at all. Because of the
strain used, the data more strongly support the hypothesis that BDNF may be an important
regulator of neuronal excitability than if the strain was seizure sensitive.

Changes in dentate gyrus—There was more facilitation in paired pulse tests (40-ms
interval) of the dentate gyrus in slices from wild-type mice than slices from transgenics. This
finding is different from the case in CA1, where there was more PPF in the transgenics.
However, these results are actually consistent because paired-pulse inhibition in the dentate
gyrus appears to increase, paradoxically, in animal models of epilepsy with chronic seizures.
Thus, in the dentate gyrus of rats that have been treated with the convulsant kainic acid, there
is a chronic increase in paired-pulse inhibition.14,104 However, in the presence of GABA
antagonists, underlying hyperexcitability is revealed in slices at the chronic stage.21 In the
kindling model of epilepsy, paired-pulse inhibition in dentate gyrus also increases.80,87,114
In Oliver and Miller's80 studies, increased inhibition occurs only at long interstimulus intervals,
similar to the BDNF transgenics. Thus, there are similarities between transgenic mice
overexpressing BDNF and rat models of epilepsy, not just in area CA3 and entorhinal cortex,
but also in the dentate gyrus and CA1. This supports the hypothesis that BDNF may have some
actions that are similar to convulsants, or produce long-lasting changes that are similar to the
end result of convulsant treatment and chronic seizures.

Implications for epilepsy—If endogenous BDNF enhances limbic excitation, its actions
may be relevant to the etiology of neurological diseases such as epilepsy. Indeed, anatomical
studies in human tissue resected from medically intractable temporal lobe epileptics show
increased mRNA for BDNF in granule cells.67 Thus, human granule cells are likely to
synthesize BDNF, and increased BDNF may be present after seizures, similar to rat.7,9,26,
38,39,75,78,91,97 Because mice overexpressing BDNF were hyperexcitable in hippocampus,
and normal rat hippocampus treated with BDNF becomes hyperexcitable,95 increased
hippocampal excitability may also occur in humans after seizures due to increased BDNF.

Based on these observations, we hypothesize that, in the normal animal, endogenous BDNF
may not increase excitability dramatically. Synaptic effects that do occur could actually be
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beneficial rather than pathological, as suggested by CA144,50,82 and dentate gyrus studies in
vivo70 showing that BDNF application induces LTP, and hence could be involved in learning
and memory. After seizures, when one would predict that BDNF expression is enhanced,
effects of BDNF might increase excitability, and possibly lead to spontaneous seizures. Since
each seizure may further increase BDNF expression, one seizure could lead to another.
Enhanced excitation, specifically of mossy fiber targets and neurons in superficial layers of
entorhinal cortex, may eventually lead to damage or cell loss. Perhaps it is no coincidence that
these areas are vulnerable regions observed upon autopsy of temporal lobe epileptics.32,66

Conclusions
BDNF may have beneficial effects in developing systems, and could be neuroprotective or
neurorestorative after some injuries to CNS structures,1,2,8,18,33,37,58,73,109,117 but in the
adult hippocampus and entorhinal cortex, high levels of BDNF might have very different,
potentially detrimental, effects on learning, plasticity and excitability.
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ACSF  

artificial cerebrospinal fluid

BDNF  
brain-derived neurotrophic factor

bp  
base pairs

d.c.  
direct current

ELISA  
enzyme-linked immunosorbent assay

EPSC  
excitatory postsynaptic current

EPSP  
excitatory postsynaptic potential

LTP  
long-term potentiation

PPF  
paired-pulse facilitation

STP  
short-term potentiation
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Fig. 1.
Northern analysis showing the expression of the endogenous BDNF transcript (E) and the
BDNF transgene (T) in various tissues collected from two- to three-month-old transgenic mice.
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Fig. 2.
Dark-field photomicrographs of the BDNF in situ hybridization emulsion autoradiography
showing BDNF mRNA in the brains of (A) a wild-type, (B) an eight-week-old BDNF
transgenic, and (C) a nine-month-old BDNF transgenic.
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Fig. 3.
Bar graphs showing passive avoidance retention, expressed as latency to cross, for (A) six- to
eight-week-old mice (n = 10 wild-types, 12 heterozygotes, and 8 homozygotes) and (B) six-
to eight-month-old mice (n = 16 wild-types, 19 heterozygotes, and 22 homozygotes). *P < 0.05
compared with wild-types, Tukey–Kramer post hoc test.
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Fig. 4.
Nissl-stained sections of hippocampus from wild-type and transgenic mice. (Left) A Nissl-
stained coronal section from a wild-type mouse. (Right) A Nissl-stained section from a
comparable level of a transgenic mouse. Scale bar = 200 μm.
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Fig. 5.
Hyperexcitability in area CA3 in transgenic mice. (Left) Top: Responses to two stimuli of the
hilus were recorded in the area CA3 pyramidal cell layer. These stimuli were identical in
intensity and the population spike (arrow) demonstrated strong facilitation. Stimulus artifacts
in this figure, and other figures, are indicated by the dots and are truncated. Bottom: 10 pairs
of stimuli were triggered at 1 Hz (1 pair every second) and the 10th pair is illustrated. Note
that in this example there was an increase in the population spike amplitudes, but this did not
happen in all cases. (Right) Top: Responses to hilar stimulation are shown for a transgenic
mouse slice. Intensity of stimulation was adjusted so that it was half-maximal, as in “wild
type”. Note that the extent of facilitation is less than in “wild type”, but this was not observed
in all transgenic slices. Bottom: Responses to the 10th pair of stimuli demonstrated multiple
population spikes (asterisks).
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Fig. 6.
Hyperexcitability in the entorhinal cortex of transgenic slices. (Left) A typical response to a
maximal stimulus to the white matter, recorded in layer III (Top) or layer V/VI (Bottom) of a
slice from a wild-type mouse. The response recorded in layer VI consists of a short-latency
antidromic population spike (arrow) followed by an orthodromic population spike (arrowhead).
(Right) A representative response from a transgenic slice. Note that a maximal stimulus evoked
similar field potentials immediately after the stimulus as in the wild-type mouse, and in addition
secondary field potentials occurred (asterisks).
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Fig. 7.
Responses of CA1 pyramidal cells to tetanic stimulation of the Schaffer collateral axons in
slices from transgenic and wild-type mice. (A) Recordings from a transgenic mouse slice. The
response to a 100 Hz train of stimuli for 1 s to the Schaffer collaterals, recorded in the CA1
cell body layer extracellularly, is shown. The horizontal line marks the tetanus. Note that after
tetanic stimulation there were spontaneous population spikes (star) that led to a spreading
depression episode. The onset of spreading depression is indicated by the asterick. Spreading
depression began with a large d.c. negative shift in the extracellular potential, and during
spreading depression all spontaneous evoked activity ceased, as is typical of these events. The
extracellular potential recovered within 1–2 min and the evoked responses recovered in 10–
15 min. Stimulus artifacts are truncated. (Calibration = 2 mV, 50 ms). Inset: The beginning of
the tetanus is shown with a different time base (calibration at right, 2 mV, 10 ms). Stimulus
artifacts are clipped and indicated by dots. The arrow points to the population spike evoked by
the first stimulus, and the arrowhead indicates the population spike following the second
stimulus. Note the large size of population spikes occurring after the first stimulus. This tetanus
led to STP and LTP, as did all tetanic trains in wild-type mice (see text). This was not the case
in transgenics (see text). (B) The response to tetanic stimulation is shown, recorded from a
slice of a wild-type mouse. Calibration as for A. This tetanus, as well as all others recorded
from wild-type tissue, was not followed by spontaneous activity or changes in the extracellular
potential. Inset: The beginning of the tetanus is shown. The arrow points to the population
spike evoked by the first stimulus. Note that the response to the second stimulus (open
arrowhead) is small relative to the analogous stimulus in part A. Successive stimuli also evoked
minimal responses.
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Fig. 8.
LTP in BDNF transgenic and wild-type mice. (A) Population spike amplitude is expressed as
per cent of the mean amplitude (± S.E.M.) prior to tetanic stimulation (at time zero, marked
by the arrow) for transgenics (circles, n = 6) and wild-type mice (squares, n = 7). Excluded are
experiments that demonstrated no LTP and experiments in which spreading depression
occurred immediately after the tetanus. (B) Analogous to part A, population spike amplitude
is plotted as a function of time in relation to tetanic stimulation. Only those experiments in
which LTP did not occur are included. Because this only occurred in transgenic mice, all data
are from transgenics. Circles are data from experiments in which LTP and spreading depression
did not occur (n = 5); squares include data from one experiment in which spreading depression
occurred (n = 6). (C–D) The two experiments from transgenic mice, in which spreading
depression followed tetanic stimulation, are shown. In C, LTP followed spreading depression,
and in D, LTP did not.
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Table 1
Brain-derived neurotrophic factor enzyme-linked immunosorbent assay data for two- to three-month-old brain-derived
neurotrophic factor transgenic mice (mixed zygosity) and their wild-type littermates

Region Wild-types Transgenics % increase

Hippocampus 44.75 ± 3.82 59.00 ± 7.63 32%
Striatum 19.75 ± 2.67 27.40 ± 5.81 39%
Cortex 26.25 ± 3.76 28.50 ± 2.51 9%
Heart 32.52 ± 7.35 41.40 ± 6.28 27%
Liver 101.58 ± 10.13 130.55 ± 9.49 28%
Overall mean 44.97 ± 7.20 57.37 ± 9.19 28%

Values are given in ng BDNF/g tissue. Means ± S.E.M. are given for each region. Four BDNF transgenics and four wild-type littermates were used to
measure these values. The statistical analysis is included in the Results section.
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Table 2
Means ± S.E.M. for wild-type, heterozygote brain-derived neurotrophic factor overexpressing mice and homozygote
brain-derived neurotrophic factor overexpressing mice on all behavioral measures except for passive avoidance
retention

Task Wild-types Heterozygote Homozygote

Passive avoidance spontaneous crossover (s) 21.8 ± 3.2 21.3 ± 5.1 21.6 ± 5.6
48.5 ± 10.7 35.0 ± 6.8 41.3 ± 7.5

Hot-plate test: latency (s) 18.8 ± 3.2 18.0 ± 1.8 17.6 ± 24
16.4 ± 2.4 17.9 ± 2.0 18.1 ± l.4

Swim T-maze: trials to criterion 7.7 ± 1.7 7.2 ± 0.8 9.2 ± 1.8
5.9 ± 0.5 7.1 ± 0.9 6.6 ± 0.7

Grid locomotor: no. of grid crosses 19.8 ± 3.9 22.6 ± 4.5 31.5 ± 2.6
27.2 ± 2.7 26.5 ± 2.9 26.8 ± 3.6

Elevated plus maze:
 Proportion of entries into open arms 0.31 ± 0.08 0.25 ± 0.04 0.30 ± 0.03

0.19 ± 0.04 0.17 ± 0.04 0.25 ± 0.02
 Proportion of time in open arms 0.19 ± 0.09 0.12 ± 0.03 0.21 ± 0.04

0.15 ± 0.05 0.10 ± 0.02 0.18 ± 0.03
 Total arm entries 11.1 ± 2.18 10.75 ± 1.61 19.88 ± 3.12*

9.1 ± 1.63 10.93 ± 2.43 15.22 ± 1.63
Stair climbing task:
 Number of rears 10.7 ± 2.2 8.0 ± 1.6 9.9 ± 1.3

17.5 ± 2.1 14.8 ± 1.5 12.7 ± 1.4
 Number of steps 24.3 ± 4.1 19.2 ± 3.2 32.5 ± 4.3

39.6 ± 6.7 40.2 ± 4.4 45.1 ± 4.3
 Rears per step 0.403 ± 0.045 0.438 ± 0.073 0.319 ± 0.033
Behavioral motor seizures after kainic acid
injections:

0.502 ± 0.065 0.398 ± 0.054 0.301 ± 0.027

Wild-types Transgenics
(n = 8/7†) (n = 9)

 Seizure score 5.00 ± 0.66 7.11 ± 0.35*
 Latency to stage 4 (s) 19.71 ± 2.29 15.00 ± 3.55

Six- to eight-week-old data are provided in the first row and six- to eight-month-old data are provided in the second, bold, row (when available).

*
Significantly different from wild-types, P < 0.05. For seizure measurements, transqenics are mixed zygosity.

†
Eight animals are included in the seizure score, but only seven in the latency because one animal did not achieve stage 4 seizures in the wild-type group.
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Table 3
Hyperexcitability in brain-derived neurotrophic factor transgenics vs wild-type mice

Area CA3 Entorhinal cortex
Hyperexcitability Spreading depression Hyperexcitability

Transgenics (n = 8 mice) 23/39 (62%) 6/33 (15%) (one slice per animal*) 13/33 (39%)
Wild-types (n = 7 mice) 4/20 (20%) 0 3/37 (8%)
P-Value: < 0.01 > 0.05 < 0.01

The number of slices in which hyperexcitable responses or spreading depression were evoked by stimulation is shown as a fraction of the total number
of slices tested, and is also listed as a percentage. Hyperexcitability was defined as multiple population spikes and judged in area CA3 by the response to
10 half-maximal stimuli at 1 Hz. Hyperexcitability was assessed in the entorhinal cortex by the response to a single maximal stimulus to the white matter.
For stimulation and recording sites, see Experimental Procedures.

*
One slice from every animal exhibited spreading depression; 15% of the total number of slices tested.
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Table 4
Dentate gyrus evoked responses in transgenics and wild-type mice

Parameter Wild-types Transgenics P-Value

Mean population EPSP amplitude 7.2 ± 0.87 7.5 ± 1.00 > 0.802
 mV ± S.E.M.
 (wt n = 8; trsg n = 10)
Mean population spike amplitude 1.4 ± 0.7 3.2 ± 1.5 > 0.265
 mV ± S.E.M.
 (wt n = 16; trsg n = 15)
Paired pulse ratio (20 ms ISI) 378 ± 142 205 ± 44 > 0.201
 (pS2/pS1)% ± S.E.M.
 (wt n = 7; trsg n = 6)
Paired pulse ratio (40 ms ISI) 643 ± 190 189 ± 83 < 0.044*
 (pS2/pS1)% ± S.E.M.
 (wt n = 5; trsg n = 6)

Responses to stimulation of the outer molecular layer were recorded in the granule cell layer as described in the Experimental Procedures. Population
EPSP amplitude was measured from baseline to peak. Population spike amplitude was defined as the average of the two fast deflections that comprise the
population spike. Paired pulse ratios were based on responses to an identical pair of stimuli with a 20 or 40 ms interstimulus interval (ISI) and are expressed
as the ratio of the second population spike amplitude (pS2) to the first (pS1). trsg, transgenic; wt, wild-type.

*
Statistically significant (Student's t-test, P < 0.05).

Neuroscience. Author manuscript; available in PMC 2008 August 9.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Croll et al. Page 35

Table 5
Physiological data for CA1 responses to Schaffer collateral stimulation

Parameter Wild-types Transgenics

Maximal input–output slope (mV/μA) 3.2 ± 0.4 4.7 ± 0.6
 (wt n = 15; trsg n = 17)
Current for maximum response (μA) 112.7 ± 9.6 104.2 ± 10.0
 (wt n = 15; trsg n = 19)
Current for minimum response (μA) 30.7 ± 3.6 28.3 ± 2.4
 (wt n = 15; trsg n = 19)
Maximum spike amplitude (mV) 13.0 ± 1.0 12.0 ± 1.1
 (wt n = 15; trsg n = 20)
% change, 20 ms paired pulse 91.7 ± 12.4 159.7 ± 19.0*
 (wt n = 13; trsg n = 18)
% change, 40 ms paired pulse 162.6 ± 15.6 204.3 ± 32.0
 (wt n = 14; trsg n = 16)
% change, STP† 332.1 ± 51.3 269.6 ± 37.0
 (wt n = 7; trsg n = 11)
% change, LTP† 178.7 ± 9.7 213.6 ± 19.8
 (wt n = 7; trsg n = 6)
Potentiation in BDNF transgenic mice
(wild-type mice all exhibited LTP and no spreading depression)

STP LTP
All experiments 228.2 ± 41.9 162.1 ± 19.6
 (n = 13)
Experiments with no spreading depression 269.6 ± 37.1 160.6 ± 18.4
 (n = 11)
Experiments with LTP 316.1 ± 51.5 214.1 ± 20.1
 (n = 7)
Experiments with LTP and no spreading depression 322.8 ± 160.4 203.2 ± 20.0
 (n = 6)

Data expressed as means ± S.E.M. Transgenic values which are significantly different than wild-type values are indicated by *. Not all slices were measured
for all parameters; therefore the number of slices used for wild-types (wt) and transgenics (trsg) is included. Full statistics are included in the Results
section, and a description of the measurements is included in the Experimental Procedures.

†
Experiments with no spreading depression.
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