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Scharfman, Helen E. Hyperexcitability in combined entorhinal / al. 1994; Knüsel et al. 1991; Kokaia et al. 1994; Lindholm
hippocampal slices of adult rat after exposure to brain-derived et al. 1993; Lowenstein and Arsenault 1996; Morse et al.
neurotrophic factor. J. Neurophysiol. 78: 1082–1095, 1997. Ef- 1993), it has become clear that brain-derived neurotrophic
fects of brain-derived neurotrophic factor (BDNF) in area CA3, factor (BDNF) has acute effects on synaptic transmission
the dentate gyrus, and medial entorhinal cortex were examined (Berninger and Poo 1996; for review see Lo 1995). One ofelectrophysiologically by bath application of BDNF in slices con-

the first studies to show that BDNF had effects on synaptictaining the hippocampus and entorhinal cortex. Bath application
transmission demonstrated that the frequency of miniatureof 25–100 ng/ml BDNF for 30–90 min increased responses to
and evoked excitatory postsynaptic currents at neuromuscu-single afferent stimuli in selective pathways in the majority of
lar synapses increased after BDNF application (Lohof et al.slices. In area CA3, responses to mossy fiber stimulation increased

in 73% of slices and entorhinal cortex responses to white matter 1993). Subsequently it was shown in cultured hippocampal
stimulation increased in 64% of slices. After exposure to BDNF, neurons that excitatory postsynaptic currents are enhanced
these areas also demonstrated evidence of hyperexcitability, be- by BDNF (Leßmann et al. 1994; Levine et al. 1995, 1996).
cause responses to repetitive stimulation (1-Hz paired pulses for In addition, it has been shown in adult rat hippocampal
several s) produced multiple population spikes in response to

slices that BDNF produces a long-lasting potentiation ofmossy fiber stimulation in CA3 or multiple field potentials in re-
extracellularly recorded excitatory postsynaptic potentialssponse to white matter stimulation in the entorhinal cortex. Repeti-
(EPSPs) (Kang and Schuman 1995). Figurov et al. (1996)tive field potentials persisted after repetitive stimulation ended and
showed that BDNF facilitated induction of long-term poten-usually were followed by spreading depression. Enhancement of

responses to single stimuli and hyperexcitability were never evoked tiation (LTP) in area CA1, and Korte et al. (1995) demon-
in untreated slices or after bath application of boiled BDNF or strated deficits in area CA1 LTP in BDNF knockout mice.
cytochrome C. The tyrosine kinase antagonist K252a (2 mM) Patterson et al. (1996) showed that BDNF knockouts had a
blocked the effects of BDNF. In area CA3, both the potentiation deficit in basal synaptic transmission, as well as LTP, which
of responses to single stimuli and hyperexcitability showed afferent could be reversed by exogenous application of BDNF.specificity, because responses to mossy fiber stimulation were af-

Despite the rapid progress in awareness of the acute syn-fected but responses to fimbria or Schaffer collateral stimulation
aptic effects of BDNF in peripheral neurons, cultured prepa-were not. In addition, regional specificity was demonstrated in that
rations, or area CA1 of slices, effects have not been reportedthe dentate gyrus was much less affected. The effects of BDNF in

area CA3 were similar to those produced by bath application of in adjacent areas of the hippocampus such as area CA3 and
low doses of kainic acid, which is thought to modulate glutamate the dentate gyrus or adjacent areas of the limbic system such
release from mossy fiber terminals by a presynaptic action. These as the entorhinal cortex. Nevertheless, BDNF message has
results suggest that BDNF has acute effects on excitability in differ- been found throughout the brain (Hofer et al. 1990; Phillips
ent areas of the hippocampal-entorhinal circuit. These effects ap- et al. 1990; Wetmore et al. 1990). Both message and proteinpear to be greatest in areas that are highly immunoreactive for

have been found in the dentate gyrus and area CA3 (Dugich-BDNF, such as the mossy fibers and the entorhinal cortex. Al-
Djordjevic et al. 1995; Kawamoto et al. 1996; Schmidt-though the present experiments do not elucidate mechanism(s)
Kastner et al. 1996a,b) . Staining in the granule cell layerdefinitively, the afferent specificity, similarity to the effects of
and pyramidal cell layer for BDNF message and protein iskainic acid, and block by K252a are consistent with previous

hypotheses that BDNF affects acute excitability by a presynaptic prominent, indicating that these cells are likely to produce
action on trkB receptors that modulate excitatory amino acid trans- BDNF. BDNF mRNA expression has also been demon-
mission. However, we cannot rule out actions on inhibitory syn- strated in entorhinal cortex (Castrén et al. 1993), and, as is
apses or postsynaptic processes. the case for other areas of neocortex (Schmidt-Kastner et

al. 1996a,b) , it appears to be located diffusely, throughout
layers II–VI. Messenger RNA encoding trkB, the high-af-I N T R O D U C T I O N
finity receptor for BDNF, has also been found in the granule
cells, area CA3 pyramidal cells, and neocortex (Altar et al.In addition to its well-documented effects on neuronal
1994; Anderson et al. 1995; Cabelli et al. 1996; Wetmoregrowth and survival of peripheral (Acheson et al. 1995;
et al. 1994). trkB receptors are located on the somata andHofer and Barde 1988; Yan et al. 1992) and central neurons

(Alderson et al. 1990; Cheng and Mattson 1994; Ghosh et dendrites of granule cells, pyramidal cells of hippocampus,
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the pyramidal cell layer, near the CA1/CA2 border. The recordingand pyramidal cells of neocortex (Cabelli et al. 1996; Fryer
site in the pyramidal cell layer was either in CA3b/c or CA3b.et al. 1996; Zhou et al. 1993). Recent anatomic data illustrate

For medial entorhinal cortical recordings, only those slices inthat BDNF may be preferentially localized in the dentate
the ventral third of the hippocampus were used. To stimulate thegyrus granule cells (Conner et al. 1997; Yan et al. 1997)
white matter of the medial entorhinal cortex, the stimulating elec-and the superficial layers of the entorhinal cortex (Conner
trode was placed on the border of layer VI and the white matteret al. 1997). Therefore we examined whether BDNF has in the center of the medial entorhinal cortical area (Scharfman

acute effects in these areas. 1996). Placement of recording electrodes in cortical layers was
aided by an ocular micrometer, so that the distances from the pia
that correspond to the different layers could be estimated. When

M E T H O D S
the effects of BDNF on responses to single white matter stimuli
were examined, recordings in layer III and VI were made simulta-Preparation and maintenance of slices
neously and electrodes were maintained in the same locations
throughout the first 90 min of drug application. In the same experi-Animal care and use was in accordance with the guidelines
ments, responses were sampled in each layer before and after re-set by the National Institutes of Health and the New York State
cordings were made in layer III /VI, to obtain a laminar profileDepartment of Health. Sprague-Dawley rats were anesthetized with
before and ú90 min after drug application (Fig. 6) . For suchether and decapitated. The age range was 28–42 days old, mostly
laminar analyses, attempts were made to reposition the recording30–35 days (1 rat was õ30 days and 2 rats were ú35 days) . The
electrode in the same sites. Repositioning was guided with the usebrain was removed and placed in 47C buffer (composition, in mM:
of micrometer readings and landmarks in the tissue (such as blood126 sucrose, 5 KCl, 2 CaCl2 , 2 MgSO4, 26 NaHCO3, 1.25
vessels) . Indeed, it appeared that recording electrodes were placedNaH2PO4, and 10 D-glucose, pH 7.4) . After Ç60 s the brain was
in similar locations, because amplitudes and latencies of short-hemisected and trimmed to contain a block of tissue surrounding
latency evoked potentials were similar throughout those experi-the hippocampus. This block was submerged in ice-cold buffer and
ments (Fig. 6) . However, it is acknowledged that recording sitesthe ventral two-thirds was cut horizontally into 400-mm sections,
for these laminar profiles were not identical. Therefore it was im-which were immediately placed on a nylon net in an interface-type
portant that the data obtained from recordings made simultaneouslyrecording chamber; there they were perfused with buffer (1–2 ml/
in layers III and VI, in which recording sites were not moved,min), oxygenated (95% CO2-5% O2), and maintained at 31–337C.
agreed with the data obtained from laminar analyses, where elec-After 30 min in the chamber, the buffer was changed to artificial
trodes were moved.cerebrospinal fluid, which contained the same constituents as the

The effects of repetitive stimulation in the dentate gyrus andbuffer except that NaCl was substituted equimolar for sucrose. The
area CA3 were tested with the use of paired pulses (40-ms interval)substitution of sucrose for NaCl has been used by several other
at 1 Hz for up to 10 s. In the medial entorhinal cortex, repetitivelaboratories because it appears to protect neurons from the damag-

ing procedures of slice preparation. After the dissection and switch stimulation was similar except that the interval was 100 ms. These
to NaCl-containing buffer, there appear to be no differences from intervals were chosen because in previous experiments such fre-
slices prepared in NaCl-containing buffer entirely (Aghajanian and quencies produced epileptiform activity in the presence of convul-
Rasmussen 1989; Lipton et al. 1995; Richerson and Messer 1995). sants but not in naive slices (Scharfman 1996).

Recording and stimulation Criteria for accepting slices for study
Extracellular recordings were made with borosilicate glass filled

Immediately after the dissection, all slices were placed in thewith artificial cerebrospinal fluid and pulled to 1–5 MV resistance.
recording chamber and remained there for the entire experiment.Intracellular electrodes were filled with 1 M potassium acetate;
Viability was tested 1 h after the dissection, and only areas ofresistance was 75–100 MV. Recordings were made with a two-
slices that were acceptable were studied.channel intracellular amplifier (Axoclamp 2A, Axon Instruments) .

The dentate gyrus and area CA3 were acceptable if responsesData were digitized at 22 kHz (Neurocorder Model #DR-484, Neu-
met the following criteria. First, the response recorded in the gran-rodata Instruments) and stored on tape for analysis off-line. All
ule cell layer to a molecular layer stimulus was composed of aextracellular recording sites were 50 mm below the surface of the
positivity ú5 mV. Second, population spikes were completely in-slice.
hibited when two identical stimuli were triggered with a 20-msStimulating electrodes were fabricated from Teflon-coated stain-
interval (Fig. 5; ‘‘paired-pulse inhibition’’) . Third, a stimulusless steel wire (Ç75 mm diam, including Teflon). Current pulses
to the border of the granule cell layer and hilus produced a popula-(50–100 mA, 10–100 ms) were triggered by an interval generator
tion spike in the CA3b/c pyramidal cell layer that was ¢2 mV.(Model #1830; World Precision Instruments) for stimulation of

The entorhinal cortex was accepted for study if the maximalafferent pathways. To test for responses to single stimuli, the stimu-
response to white matter stimulation, recorded in layer VI, includedlus frequency was 0.016–0.33 Hz. The stimulation site for the
an initial antidromic population spike (amplitude ú5 mV) and arecordings in the dentate gyrus granule cell layer was located in
subsequent orthodromic population spike (ú1 mV). In addition,the outer molecular layer just below the hippocampal fissure, adja-
it was required that the same stimulus that produced a maximalcent to the subiculum. The recording site wasÇ400–500 mm away,
response in layer VI also produced a slow negative wave in layeron the border of the granule cell layer and the hilus of the upper
III (ú2 mV in amplitude; Fig. 6) .blade. For recordings in the area CA3 pyramidal cell layer, the

These criteria were chosen because in other experiments suchstimulation site was either in the outer molecular layer, the granule
slices had many neurons in the dentate gyrus, in area CA3, andcell layer (at the crest of the dentate gyrus) , or the hilus (150 mm
throughout the deep and superficial layers of the medial entorhinalfrom the granule cell layer at the crest) . For stimulation of the
cortex that were healthy when recorded intracellularly; slices with-fimbria, the electrode was placed in the ventral aspect of the fim-
out such field potentials lacked neurons that were healthy whenbria, on the border of the alveus. For Schaffer collateral stimulation,

the electrode was placed in stratum radiatum, 100–150 mm from impaled intracellularly.
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Drug application

Recombinant human BDNF was supplied by Amgen-Regeneron
Partners. It was supplied as a 1-mg/ml solution in 150 mM NaCl
and 10 mM sodium phosphate buffer, pH 7.0. It was diluted in
sterile phosphate-buffered saline (pH 7.4) or 0.3% bovine albumin
and frozen in aliquots (0207C) until use. The final concentration
of bovine albumin that was bath applied to slices was õ0.01%,
and perfusion of 0.01% bovine albumin without BDNF had no
effects (see RESULTS, Controls) . There were no detectable differ-
ences between BDNF diluted in phosphate-buffered saline or bo-
vine albumin. BDNF was used no later than 4 mo after initial
dilutions were used.

Kainic acid (Sigma, 0.5–1 mM) was added to the perfusate
immediately before use. Cytochrome C (from Saccharomyces cer-
evisiae, Sigma) was dissolved in sterile H2O as a concentrated
stock solution; an aliquot was added to the perfusate immediately
before use to reach a final concentration of 100 ng/ml. K252a
(Alexis, 2 mM) was dissolved in 0.3% dimethyl sulfoxide
(DMSO); 0.3% DMSO alone did not have any effects and did not
block the effects of BDNF (see RESULTS, Controls) .

FIG. 1. Potentiation of area CA3 evoked responses to stimulation inData analysis
dentate gyrus after application of brain-derived neurotrophic factor

Measurements for comparison of pre- and post-BDNF responses (BDNF). A : stimulation in areas of the slice that activate mossy fiber axons
to single stimuli used two time points: 0–15 min before BDNF of granule cells evokes responses that increase in amplitude after BDNF
bath application and 60–90 min after the start of BDNF bath bath application. A1 : stimulation of the outer molecular layer before (PRE)

and 1 h after (POST) bath application of 50 ng/ml BDNF. Recording site:application. To assess hyperexcitability, responses to multiple stim-
CA3b/c. In this and other figures, dots mark stimulus artifacts, which areuli were tested 0–15 min before and 2 h after the start of BDNF
truncated. A2 : stimulation of the granule cell layer before and 1 h afterbath application. These time periods were chosen because slices
BDNF bath application. Recordings in A1 and A2 were made at same site.that had potentiated responses exhibited potentiation before 90 min
B : stimulation of areas of the slice that do not activate mossy fibers doesof exposure to BDNF, and potentiation did not appear to change
not evoke responses that are increased by BDNF. B1 : stimulation of the

if perfusion with BDNF was continued; slices that became hyperex- fimbria in another slice before (PRE) and 75 min after (POST) bath applica-
citable showed evidence of hyperexcitability before 2 h had elapsed tion of 50 ng/ml BDNF. Recording site: CA3b. B2 : stimulation of hilus
and did not appear to become more hyperexcitable if perfusion before and 75 min after application of BDNF. Same recording site as in
with BDNF was prolonged. Furthermore, slices that did not exhibit B1. C : recording of the evoked response to mossy fiber stimulation illus-

trates that the volley (X ) and population spike (Y ) amplitude were measuredpotentiation or were not clearly hyperexcitable by 2 h did not
from baseline to peak.develop potentiation or hyperexcitability by perfusion with BDNF

for longer periods (up to 4 h).
Evoked responses were measured as shown in Figs. 1 and 5.

area CA3 were examined on 46 slices (10 ng/ml, n Å 7; 25For area CA3 responses, the amplitude of the volley and the popula-
ng/ml, n Å 15; 50 ng/ml n Å 12; 100 ng/ml, n Å 12). Re-tion spike was measured from baseline to peak. The volley was
sponses were recorded extracellularly in the pyramidal cellonly measured in those cases where its peak was distinct from the
layer of area CA3b or CA3b/c, and the stimulating electrodeorthodromic population spike (Fig. 1, A2 and C) . The latency of

the population spike was measured from the stimulus artifact to was placed in the dentate gyrus (molecular layer, 3 slices;
the peak of the population spike. For responses recorded in the granule cell layer, 32 slices; hilus, 4 slices). Responses to
dentate gyrus, the positivity on which the population spike was stimulation of the Schaffer collaterals (n Å 3) or fimbria
superimposed is referred to as the population EPSP and was mea- (n Å 5) were also monitored in eight of the experiments.
sured from baseline to peak (Fig. 5) . The population spike ampli- Initial experiments focused on responses to single stimuli.tude was defined as the average amplitudes of the two deflections

The higher concentrations of BDNF (25–100 ng/ml) in-composing the population spike (initial, negativegoing phase and
creased population spike amplitude in response to molecularthe later, positivegoing phase; Fig. 5) . To assess responses to
layer, granule cell layer, or hilar stimulation in many butpaired pulses, measurements were made from slices exposed to the
not all slices. Of the 36 slices tested with granule cell layerhighest concentration (100 ng/ml) . The amplitude of the popula-
or hilus stimulation, there were increases in 40% (6/15)tion spike evoked by the second stimulus was divided by the ampli-

tude of the response to the first stimulus to produce a ratio (Table tested with 25 ng/ml, 55% (6/11) tested with 50 ng/ml,
1) . Interstimulus intervals between 10 and 20 ms were chosen to and 80% (8/10) tested with 100 ng/ml. When an increase
assess paired-pulse inhibition because inhibition is strong when occurred, the increase was apparent regardless of the stimu-
such interstimulus intervals are used. A 70-ms interval was chosen lus intensities chosen, which included weak (õ2-mV popula-
to assess paired-pulse facilitation because paired-pulse facilitation tion spike) , intermediate, and high (ú4-mV populationis near maximal when this interval is used.

spike) intensities. The mean increase in amplitude for the
100 ng/ml concentration, measured 90 min after the start ofR E S U L T S
BDNF bath application, was 235 { 35% (mean { SE; range

Area CA3 130–303%). In slices where the responses were increased,
there were no detectable changes in population spike latency-EFFECTS OF BDNF ON RESPONSES TO SINGLE AFFERENT STIM-

ULI. The effects of bath-applied BDNF (10–100 ng/ml) in to-peak or amplitude of the volley (Fig. 1; Table 1). There
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TABLE 1. Effects of BDNF bath application on responses to mossy fiber stimulation recorded in area CA3

Responses to Paired Pulses, %
Mean Population Mean Population Mean Volley Interstimulus Interval
Spike Amplitude, Spike Latency, Amplitude,

mV ms mV 10 ms 70 ms

Pre-BDNF 3.1 { 0.31 2.5 { 0.11 0.40 { 0.09 22 { 10 390 { 25
Post-BDNF 7.1 { 1.0 2.4 { 0.09 0.46 { 0.10 25 { 8 350 { 39
N 7 7 4 7 7

Pre- and post-brain-derived neurotrophic factor (BDNF) values are means { SE. N, number of slices. Dose: 100 ng/ml. Stimulation site: granule cell
layer. Recording site: pyramidal cell layer. Stimulus strength was approximately half the stimulus used to evoke a maximal response. Pre-BDNF: mean
of measurements taken 15, 10, and 5 min and immediately before the start of BDNF bath application. Post-BDNF: mean of measurements taken between
1 h, 50 min and 2 h, 10 min after the start of BDNF bath application. For measurement of population spike amplitude, latency, and volley, see METHODS.
For Responses to Paired Pulses, the amplitudes of the population spike evoked in response to the 1st and 2nd stimuli were compared. A ratio of the 2
population spikes was calculated by dividing the 2nd by the 1st (i.e., amplitude of the population spike in response to the 2nd stimulus divided by the
amplitude of the population spike in response to the 1st stimulus).

also were no apparent changes in paired-pulse inhibition or between the last stimulus and onset of the DC shift (start
of spreading depression) was õ5 s. The values are as fol-facilitation (Table 1). Regardless of the dose, effects were

never apparent until ¢30 min after the start of bath applica- lows. After bath application of 25 ng/ml for 2 h, repetitive
stimulation (1-Hz paired stimuli with 40-ms interstimulustion. There were no effects of BDNF on responses to Schaf-

fer collateral or fimbria stimulation in slices where there intervals for õ10 s) led to multiple population spikes in
40% (4/10) of slices, and spreading depression occurredwere clear effects on responses to mossy fiber stimulation

(50 ng/ml: n Å 1 slice tested with Schaffer stimulation, thereafter in 33% (3/10) of slices. The three slices with
spreading depression had multiple population spikes imme-n Å 3 fimbria; 100 ng/ml: n Å 2 Schaffer, n Å 2 fimbria) .
diately before the spreading depression episodes. After 50EFFECTS OF BDNF ON RESPONSES TO REPETITIVE AFFERENT
ng/ml, multiple population spikes occurred in 55% (5/9) ofSTIMULATION. Responses to repetitive 1-Hz stimulation of
slices, and 33% (3/9) of slices exhibited spreading depres-the mossy fibers were also enhanced after BDNF. The repeti-
sion thereafter. The three slices with spreading depression alltive train was not very long (õ10 s) but was extremely
had multiple population spikes immediately before spreadingeffective in producing abnormal responses consisting of mul-
depression. After 100 ng/ml, 80% (8/10) of slices exhibitedtiple population spikes and spreading depression. Such re-
multiple population spikes, and all eight slices exhibitedsponses never occurred in control slices, even when high
spreading depression immediately thereafter. In the twostimulus strengths, higher frequencies of stimulation, and
slices treated with 100 ng/ml that did not exhibit multiplelonger trains were tested.
population spikes, repetitive stimulation led to spreading de-A representative example of responses to repetitive stimula-
pression. In these two slices, the field potentials decreasedtion is shown in Fig. 2. After four pairs of stimuli to the granule
until no response was evoked, and the typical large DCcell layer at 1 Hz, multiple population spikes occurred in area
shift heralding spreading depression occurred immediatelyCA3 in response to each stimulus. Afterõ1 s, small population
thereafter. In summary, there was no strong evidence ofspikes occurred spontaneously, followed by a spreading depres-
dose dependence in the number of stimuli required to evokesion episode (Fig. 2). In all slices where spreading depression
hyperexcitability. However, there was some evidence foroccurred, there was a large negative DC shift (range 016 to
dose dependence because hyperexcitability occurred in more022 mV). At the peak of the DC shift there were no spontane-
slices as dose was increased.ous or evoked responses to any stimuli (Fig. 2). Recovery

from spreading depression included a slow return of the DC SELECTIVITY OF BDNF’S EFFECTS. The data above indicated
that the effects of BDNF on responses to single and repetitivepotential and a slow recovery of responses to stimulation. In

some slices, spontaneous negative potentials occurred intermit- stimuli were relatively specific for the mossy fiber pathway.
No potentiation of responses to single stimuli occurred iftently during the recovery period (Fig. 2B5). Full recovery of

evoked responses required up to 5 min. The slice from which the Schaffer collaterals or fimbria were stimulated, but po-
tentiation did occur if the molecular layer, granule cell layer,data shown in Fig. 2 were taken was exposed to 25 ng/ml

BDNF and required four pairs of stimuli at 1 Hz to evoke or hilus was stimulated. In addition, hyperexcitability was
only observed in response to repetitive stimulation of thespreading depression; other slices required one to eight pairs

of stimuli. There was no evidence that shorter periods of stimuli dentate gyrus mossy fibers; similar stimulation of the Schaf-
fer collaterals or fimbria did not have these effects, evenwere required in slices that were exposed to higher doses of

BDNF. after the highest dose of BDNF.
Figure 3 shows an example of this selectivity. The dataAs was the case for potentiation of responses to single

stimuli, hyperexcitability was not observed in all slices. In were recorded from a slice that was exposed to BDNF for
3 h and was first stimulated in the hilus at 1 Hz; multipleaddition, some slices exhibited multiple population spikes

in response to repetitive stimulation but did not have a population spikes and spreading depression occurred
shortly thereafter (Fig. 3A, left ) . Approximately 15 minspreading depression episode thereafter. When spreading de-

pression did follow multiple population spikes, the interval later (a period much longer than the recovery period from
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FIG. 2. Repetitive stimulation in the dentate gyrus leads to spreading depression in area CA3 after BDNF bath application.
A : responses to repetitive stimulation (granule cell layer stimulation, 4 pairs of pulses with 40-ms intervals at 1 Hz) 2 h
after the start of BDNF bath application led to spreading depression. Areas marked by horizontal bars are expanded in B as
indicated by arrows. B, left : start of spreading depression shown in A is illustrated with higher gain. Spreading depression
episode began with negative (DC) shift and multiple population spikes. B1–B3 are illustrated at faster time base in C. B,
right : part of the recovery of the spreading depression episode in A. During this period, test stimuli demonstrated gradual
recovery of the evoked response. In addition, there were spontaneous negative potentials that occurred between stimuli (B5) .
B4–B6 are illustrated at a faster time base in C. C : parts of B indicated by horizontal bars are illustrated with a different
time base. C1 : initial responses to a pair of stimuli (2 identical stimuli, 40-ms interval) were 2 large population spikes
superimposed on a negativity. C2 : 4th pair of stimuli evoked responses that were followed by several small population spikes
(arrows). C3 : during the onset of spreading depression, small population spikes (arrows) occurred spontaneously. C4 : during
the initial period of recovery from spreading depression there was no response to a single stimulus. Same stimulus strength
as in C1. C5 : spontaneous negative potential that occurred during the recovery period. C6 : during the late part of the recovery
period there was partial recovery of evoked responses to a pair of stimuli. Eventually the response recovered completely
(not shown). Same stimuli as in C1. Vertical calibration in B applies to B and C. Horizontal calibration under trace 3 only
applies to trace 3. Horizontal calibration for traces 1, 2, 4, 5, and 6 is 100 ms, as shown below trace 5.

the 1st spreading depression episode) , the stimulating and small population spikes. Figure 4C illustrates that kai-
electrode was moved to the Schaffer collaterals of the same nic acid, like BDNF, increased the amplitude of responses
slice. The recording electrode remained in the same loca- to mossy fiber stimulation. Also as with BDNF, paired-
tion. A repetitive stimulus train to the Schaffer collaterals pulse inhibition was maintained (Fig. 4C ) . There was no
was triggered at an intensity that produced a near maximal consistent effect of kainic acid on paired-pulse facilitation
response. This train did not evoke multiple population (data not shown) , similar to the lack of effect of BDNF
spikes and it did not evoke spreading depression, even on paired-pulse facilitation. Kainic acid was also similar
though stimulus strength was relatively high and more to BDNF because it appeared to affect CA3 pyramidal cells
stimuli were triggered (Fig. 3A, middle ) . Minutes later, more than granule cells; there were no clear effects of 750
the stimulating electrode was moved back to the hilus, and mM kainic acid on intracellularly recorded granule cell re-
a shorter, weaker stimulus train evoked spreading depres- sponses to molecular layer stimulation (n Å 8; data not
sion (Fig. 3A, right ) . (The 3rd stimulus train was used to shown) . Furthermore, both BDNF and kainic acid did not
ensure that the mechanisms underlying hyperexcitability always produce an increase in responses to mossy fiber
had remained intact, indicating that deterioration of the stimulation. Of 12 slices exposed to 500 (n Å 4) or 750
slice was not the reason for the inability of Schaffer collat- (n Å 8) nM kainic acid for 10 min, area CA3 population
eral stimulation to evoke abnormal activity.) In all eight spikes evoked by hilar stimulation increased in amplitude
slices tested for responses to more than one input, dentate in 4 slices. The appearance of positive potentials and small,
gyrus stimulation could evoke hyperexcitability but fim- spontaneous population spikes occurred in 7 of the 12 slices
bria stimulation (n Å 5) or Schaffer collateral stimulation exposed to kainic acid. (The fact that kainic acid did not
(n Å 3) could not. have universal effects could have been due to the low dose,

although higher concentrations such as 1 mM also had ef-COMPARISON OF THE EFFECTS OF BDNF AND KAINIC ACID.
fects only in a subset of slices tested.) Another similarityThe effects of BDNF were similar to those produced by
between the effects of BDNF and kainic acid was thatbath application of 500–750 nM kainic acid, which, at
repetitive stimulation of the dentate gyrus, in the presencesuch low doses, appears to modulate glutamate release from
of either compound, produced spreading depression in areamossy fiber terminals (Chitajallu et al. 1996; de Montigny
CA3. Furthermore, spreading depression was only evokedet al. 1987; Ferkany et al. 1982; Malva et al. 1995; Okazaki
by dentate gyrus stimulation. In the presence of kainic acid,et al. 1988) . Figure 4A illustrates the effects of BDNF
three to eight single stimuli at 1 Hz produced spreadingand kainic acid on extracellularly recorded activity in the
depression in all six pyramidal cells tested with molecularpyramidal cell layer. In each case, there was an increase

in ‘‘noise’’ and the appearance of small positive potentials layer stimulation, but spreading depression did not follow
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FIG. 3. Effects of BDNF on responses to repetitive stimulation of mossy fibers or fimbria. A, left : repetitive stimulation
of the hilus led to a spreading depression episode. A, middle : 15 min after recovery from spreading depression, the fimbria
was stimulated at the same frequency and for a longer period, but there was no indication of hyperexcitability. Same recording
site as at left. A, right : 15 minutes subsequent to fimbria stimulation (middle) , the granule cell layer was stimulated again,
at the same frequency, and spreading depression ensued. Same recording site as at left. B : some of the responses to stimulation
in A, left (hilus stimulation site) are illustrated with higher gain. B1 : 1st pair of stimuli produced 1 population spike after
each stimulus. B2 : 2nd pair of stimuli produced additional population spikes. B3 : 3rd pair of stimuli produced more population
spikes that were larger in amplitude. C : some of the responses to stimulation in A, middle (Schaffer collateral stimulation
site) . C1 : responses to the 1st pair of stimuli. C2 : responses to the 10th pair of stimuli illustrate that multiple population
spikes were not evoked. Note that stimulus strengths for each stimulation site were set at an intensity that produced Ç75%
of the maximal response to single stimulus; other stimulus strengths for the Schaffer collateral site were tested as well. All
stimulus trains were composed of paired pulses (40-ms interval) at 1 Hz. Regardless of stimulus strength, Schaffer collateral
stimulation never produced multiple population spikes or spreading depression.

this stimulus train when the fimbria was the stimulation gyrus indicated that there was abnormal excitability in that
subfield, it was possible that spreading depression episodessite (n Å 4 of the 6 pyramidal cells ) .
merely spread to the dentate gyrus but originated in area
CA3. This possibility was raised by the results describedDentate gyrus
above showing that molecular layer stimulation could acti-

The effects of BDNF on responses recorded in the granule vate area CA3 pyramidal cells and that BDNF potentiated
cell layer to molecular layer stimulation were tested in 22 these responses (Fig. 1A) . It was supported by additional
slices (10 ng/ml, n Å 4; 25 ng/ml, n Å 7; 50 ng/ml, n Å experiments in which two recording sites were employed in
7; 100 ng/ml, n Å 4). Unlike area CA3, there were no the same slice (1 site in the granule cell layer and 1 site in
detectable effects of up to 50 ng/ml BDNF on responses the pyramidal cell layer) . In these experiments (n Å 3),
recorded in the granule cell layer, even after prolonged appli- repetitive 1-Hz hilar stimulation caused spreading depression
cation (ú3 h). Neither responses to single stimuli or paired in area CA3 whenever it was tested. In two of the slices,
stimuli (20- or 70-ms interval) were effected. Repetitive spreading depression occurred in the dentate gyrus as well,
stimulation at 1 Hz for 10 s led to depression of evoked and when it did, it always followed spreading depression in
responses in slices not exposed to BDNF (n Å 22), and the area CA3. Repetitive stimulation of the molecular layer at
same occurred after BDNF. However, after higher-frequency 100 Hz produced the same results as 1-Hz hilar stimulation.
stimulation (100-Hz single stimuli for 1 s, twice in succes- After prolonged exposure to 100 ng/ml BDNF (ú30 min)
sion with a 10-s interval) , spreading depression occurred in there were effects on responses recorded in the granule cell
43% of slices exposed to BDNF (25- and 50-ng/ml data layer to single stimuli of the molecular layer. There was an
pooled, 14 slices total) . In slices not exposed to BDNF, increase in the positivity that the population spike rides on,
exposed to 10 ng/ml BDNF, or exposed to 25–50 ng/ml the ‘‘population EPSP’’ (Fig. 5; n Å 4 of 4 slices tested;
BDNF forõ30 min, such stimulation did not lead to spread- mean increase in amplitude 155 { 13%). This occurred
ing depression. regardless of stimulus intensity, including stimuli too weak

to evoke a population spike, as well as those that reachedAlthough spreading depression episodes in the dentate
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FIG. 4. Effects of BDNF and kainic acid
on area CA3 baseline activity and evoked po-
tentials were similar. A and B : both kainic acid
(A) and BDNF (B) increased ‘‘noise’’ in ex-
tracellular recordings from the CA3 pyramidal
cell layer. In addition, small positivities (ar-
rowheads) or population spikes (arrows) were
observed in some slices. A : extracellular re-
cording of spontaneous activity in pyramidal
cell layer before (A1) and 10 min after (A2)
perfusion with 750 nM kainic acid. B : extracel-
lular recording of spontaneous activity in pyra-
midal cell layer before (B1) and 2 h after (B2)
perfusion with 100 ng/ml BDNF. C : kainic
acid increased the amplitude of responses to
stimulation of the hilus without impairing
paired-pulse inhibition. C1 : responses re-
corded in CA3b pyramidal cell layer to 2 iden-
tical stimuli to the hilus (20-ms interval) be-
fore bath application of kainic acid (750 nM).
C2 : responses to the same stimuli as in C1, 10
min after bath application of 750 nM kainic
acid.

threshold (Fig. 5) . In all of these slices there also were layer III were usually the largest (Fig. 6) . In this layer, and
increases in population spike amplitude (Fig. 5; mean in- sometimes in layer II, there also was an increase in noise
crease in amplitude 136 { 11%). There were no detectable associated with the late part of the field potential, indicating
changes in responses to paired pulses; when interstimulus that a subpopulation of neurons depolarized or discharged
interval was 20 ms, the population spike was completely synchronously (Fig. 6; note that recording electrode resis-
inhibited both before and after BDNF (Fig. 5) . When inter- tance did not change, so this was not likely to be responsible
stimulus interval was 70 ms, the mean ratio (population for the noise) . As was the case in the hippocampus, the
spike evoked by 2nd stimulus vs. 1st population spike) was effects on responses to single stimuli were not observed in
270 { 42% pre-BDNF and 281 { 34% post-BDNF. all slices and were observed more often after higher doses.

Although 100 ng/ml BDNF potentiated responses to sin- Whenever the responses in one layer were effected, so were
gle stimuli, it did not appear to produce hyperexcitability. responses in other layers. For the 25-ng/ml dose, 2/10
Even after 4 h of perfusion with 100 ng/ml BDNF, repetitive (20%) of slices were effected; for 50 ng/ml, 7/13 (54%)
paired (40-ms interval) 1-Hz stimulation did not evoke mul- of slices were effected; for the 100 ng/ml dose, 5/7 (71%)
tiple population spikes, even after 20 stimuli (n Å 4 slices) . of slices were effected.
Spreading depression was triggered by 100-Hz stimulation Hyperexcitability was evident in responses to repetitive
in two of four slices, similar to the effects of lower doses. stimulation following perfusion with 25–100 ng/ml BDNF

for ú30 min. Paired pulses (100-ms interval) at 1 Hz for
Entorhinal cortex õ10 s produced spontaneous potentials that outlasted the

stimuli and sometimes were followed by spreading depres-To examine the effects of BDNF on evoked potentials in
sion (Fig. 7) . Figure 7 shows examples of hyperexcitabilitythe medial entorhinal cortex, responses to a white matter
recorded in layer III, but repetitive field potentials andstimulus were recorded simultaneously in layer III and layer
spreading depression could also be recorded in the otherVI during the initial 90 min of exposure to BDNF. The
layers. The percentage of slices exhibiting spontaneous po-stimulus strength was fixed at the intensity that evoked a
tentials and spreading depression increased as dose was in-near-maximal response in layer VI. In addition, both before
creased, but never reached 100%. For the 25-ng/ml dose,and after recordings were made in layers III /VI, recordings
20% (2/10) of slices exhibited spontaneous potentials, andin other layers in response to the same stimulus were made
there was no subsequent spreading depression (slices wereto examine a laminar profile (see METHODS; Fig. 6) .
examined for 2–10 min after the end of spontaneous fieldResponses recorded in the medial entorhinal cortex to
potential activity to confirm that delayed spreading depres-single and repetitive stimulation of the white matter changed
sion did not occur) . For the 50-ng/ml dose, 46% (6/13) ofafter all doses of BDNF (10 ng/ml, n Å 8; 25 ng/ml, n Å
slices had spontaneous activity, and there was no spreading10; 50 ng/ml, n Å 13; 100 ng/ml, n Å 7). These changes
depression. For the 100-ng/ml dose, there were spontaneouswere qualitatively similar to those observed after exposure
potentials in 57% (4/7) of slices, and spreading depressionof slices to convulsants such as bicuculline (Jones 1989),
occurred in three of the four slices within seconds of thepilocarpine (Nagao et al. 1996), or amino-oxyacetic acid
spontaneous activity.(Scharfman 1996). That is, there was an increase in the

One possible reason for the abnormal activity in the ento-amplitude and duration of long-latency, negative-going com-
rhinal cortex was that abnormal activity occurred in the hip-ponents of field potentials, with no clear change in anti-
pocampus and spread to the entorhinal region via knowndromic potentials or other short-latency components of field

potentials (Fig. 6) . The effects on responses recorded in synaptic pathways. To rule out this possibility, the effects
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FIG. 5. Effects of BDNF on extracellularly recorded responses in the granule cell layer to outer molecular layer stimulation
were apparent only at the maximal dose of BDNF (100 ng/ml) . A : when BDNF was bath applied for 45 min (100 ng/ml)
there was an increase in amplitude of evoked responses recorded in the granule cell layer. A1 : response to a single stimulus
recorded before BDNF application. A2 : response of the same stimulus 45 min after BDNF bath application. A3 : response
to a higher-intensity stimulus before BDNF exposure. A4 : response to the same stimulus as in A3 45 min after BDNF bath
application. Note that although these traces were sampled at 45 min, all measurements were made 60–90 min after BDNF
application (see RESULTS). B : BDNF bath application had little effect on responses to paired pulses. Same recording and
stimulation sites as in A. B1 : responses to a pair of identical stimuli, 20 ms apart, before BDNF exposure. B2 : responses to
the same stimuli as in B1 45 min after bath application of BDNF. B3 : responses to a pair of identical stimuli, 70 ms apart,
before BDNF exposure. B4 : responses to the same stimuli as in B3 45 min after BDNF bath application. Next to the response
to the 2nd stimulus is an illustration of how potentials were measured. Population excitatory postsynaptic potential (EPSP)
was defined as amplitude X . Population spike amplitude was measured as the average of amplitudes Y and Z .

of BDNF were tested in additional experiments with the use site of action of BDNF that promoted hyperexcitability was
likely to reside within the entorhinal region rather than theof slices that were cut between the hippocampus and the

entorhinal region. A cut was made immediately after slices hippocampus.
were placed in the recording chamber. The cut passed
through the subiculum, from the white matter to the hippo- Controls
campal fissure, completely separating the entorhinal area
from the hippocampus. In these slices (n Å 3), the effects No effects of BDNF on responses to single or repetitive

stimuli were observed when 10 ng/ml BDNF was perfused,of BDNF in the entorhinal cortex persisted. Therefore the

FIG. 6. Epileptiform activity in the medial en-
torhinal cortex evoked by BDNF bath application.
Responses to single stimuli of the white matter
were recorded sequentially in all layers of the
medial entorhinal cortex before (A) and after (B)
BDNF (25 ng/ml) was bath applied for 1 h. Note
the prolonged responses and increase in amplitude
of a long-latency, negative-going component of
the field potential (arrows). Small spontaneous
potentials appeared in responses recorded in layer
III (arrowheads) .
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FIG. 7. Epileptiform activity in the medial entorhinal cortex evoked by BDNF bath application. A1 : after BDNF bath
application (25 ng/ml, 90 min), repetitive stimulation of the white matter (4 pairs of stimuli, 100-ms interstimulus interval,
at 1 Hz), produced spontaneous activity that was recorded in layer III. Spontaneous activity included negative potentials
that were superimposed on a negative DC shift. DC shift gradually recovered after spontaneous potentials stopped. Calibration:
2 mV, 2 s. A2 : initial period of stimulation and spontaneous activity that is marked by bar in A1 is illustrated (calibration
in A1 : 2 mV, 250 ms). B : in a different slice, BDNF bath application had a similar effect. B1 : the 1st pair of stimuli of the
train (paired pulses with 100-ms interstimulus intervals at 1 Hz). B2 : 3rd pair of stimuli led to repetitive negative potentials
(Z) . B3 : representative sample of spontaneous activity occurring immediately after stimulus train ended.

even after 4 h of bath application (area CA3, n Å 7; dentate responses to orthodromic stimulation. This occurred in area
CA3 in response to mossy fiber stimulation, and in the ento-gyrus, n Å 4; entorhinal cortex, n Å 8). There were no

effects of prolonged application of 10 ng/ml BDNF on rhinal cortex in response to white matter stimulation, after
prolonged exposure to 25–100 ng/ml BDNF. Only at thepaired-pulse inhibition (10- or 20-ms interval) or facilitation

(70-ms interval) tested in area CA3 and the dentate gyrus. highest dose tested, 100 ng/ml, was there an increase in the
response of dentate gyrus granule cells to perforant pathThere also were no effects of bath application of dilute bo-

vine albumin, used to dilute BDNF (0.01%, n Å 5 slices) . stimulation, indicating regional variability of this effect. The
second effect of BDNF was hyperexcitability evoked byBath application of BDNF that was boiled for 5 min had no

effect (100 ng/ml; n Å 3 slices) , nor did exposure to 100 repetitive stimulation, including multiple population spikes
and spreading depression. This was similar to the first effectng/ml cytochrome C (n Å 8 slices) . Cytochrome C was

used to control for the effects of adding a large protein to in that it was only apparent in area CA3 after mossy fiber
stimulation, in the entorhinal cortex after white matter stimu-slices, because the molecular weight of cytochrome C is

similar to that of BDNF (Ç13,000). Cytochrome C also has lation, and the dentate gyrus was less affected.
Although striking when they occurred, the effects did notphysical chemical properties similar to those of BDNF (Yan

et al. 1992). occur in all slices, and they were not always dose dependent.
In addition, there was a long time-to-onset. These aspectsThe nonspecific tyrosine kinase antagonist K252a (2 mM)

blocked the effects of BDNF. K252a was bath applied for of the results could reflect that BDNF does not diffuse well
into tissue (Altar et al. 1994; Anderson et al. 1995). In60 min before and during bath application of 100 ng/ml

BDNF, and there was no potentiation of responses to single addition, BDNF may have a complex, multistep mechanism
of action that is dependent on labile receptor-effector sys-stimuli (mossy fiber responses recorded in area CA3, n Å

4 slices; layer III and VI responses to white matter stimula- tems or afferent pathways that are not maintained well in
slices. The lack of dose dependence of some of BDNF’stion, n Å 4 slices) and no hyperexcitability in any subfield

in any of the 32 slices tested. During the initial period of effects may reflect that BDNF acts in an all-or-none fashion
to a certain extent and that its effects are limited more byK252a application, before exposure to BDNF, responses in

layer III and VI to white matter stimulation were monitored glutamate stores or available ATP than by the concentration
of BDNF. Further experiments will be necessary to addresssimultaneously, or responses to mossy fiber stimulation were

monitored in area CA3. There was no detectable effect of the extent to which BDNF diffusion, limitations of the slice
preparation, or other factors were responsible for the results.K252a in layer III or area CA3. The only effects were in

layer VI, where the late, slow negativity was decreased in
two of four slices. However, the larger components of that Comparison with other studies of BDNF’s actions
field potential, antidromic and orthodromic population

ELECTROPHYSIOLOGICAL STUDIES IN AREA CA1. The poten-spikes, were not affected detectably. Note that the late slow
tiation of responses to single afferent stimuli was similar tonegativity in layer VI is not always present under control
the effects that have been reported in area CA1 previously,conditions. The final concentration of DMSO that was bath
which include potentiation of extracellularly recorded EPSPsapplied (0.03%; 3% DMSO was used to dissolve K252a)
and facilitation of LTP (Figurov et al. 1996; Kang and Schu-did not block effects of 100 ng/ml BDNF (n Å 10 slices) .
man 1995; Patterson et al. 1996). Therefore it appears that
at several different glutamatergic synapses, not just in area

D I S C U S S I O N CA1, BDNF promotes excitatory transmission. However,
there were some differences that indicate that BDNF’s ac-Summary
tions are not necessarily identical in the different areas. First,
prolonged incubation was required in area CA3 and the den-The results demonstrate that BDNF application had two

major effects that were selective for certain subfields and tate gyrus; such long periods of exposure were not necessary
for the potentiation of extracellularly recorded EPSPs (Kangcertain afferent pathways. The first effect was to increase
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and Schuman 1995), although prolonged periods of applica- attempt was made to circumvent this potential problem by
examining responses to paired pulses with long intervals (70tion were required by others (Figurov et al. 1996; Patterson

et al. 1996). The disparities may be due to technical differ- ms), but that approach is imperfect because, although g-
aminobutyric acid-A (GABAA)-receptor-mediated inhibi-ences rather than differences in BDNF’s actions, because in

studies requiring prolonged exposure, BDNF was applied tion has waned by 70 ms, GABAB-receptor-mediated inhibi-
tion is present. In area CA3, responses to paired-pulse stimu-slowly, but in the study that required short exposure times,

BDNF was perfused rapidly (Figurov et al. 1996; Kang and lation are difficult to interpret because recurrent excitation
is particularly strong relative to the dentate gyrus and areaSchuman 1995; Patterson et al. 1996). Indeed, Kang et al.

(1996) have reported recently that the rate of application of CA1. Therefore the effects of polysynaptic circuits in area
CA3 could mask presynaptic effects of BDNF on responsesBDNF is an important variable.

Another difference between the present study and the studies to mossy fiber stimulation.
performed in area CA1 was the effect of BDNF on paired- STUDIES OF BDNF’S EFFECTS ON EXCITABILITY. Hyperexcit-
pulse facilitation. Paired-pulse facilitation was consistently de- ability produced by BDNF in the present study is consistent
pressed in the studies of Kang and Schuman (1995), indicating with an earlier report concerning mutant mice that lack the
a possible presynaptic locus of action. However, there was no BDNF gene. Although homozygotes were not viable, hetero-
such effect of BDNF in the present study either in area CA3 zygotes survived, and kindling was suppressed in the hetero-
or the dentate gyrus. There also is some discrepancy in studies zygotes relative to wild-type mice (Kokaia et al. 1995). In
of paired-pulse facilitation in slices from BDNF knockouts addition, Binder et al. (1996) showed that animals receiving
(the slices were not exposed to exogenous BDNF). Patterson intraventricular infusions of trkB immunoadhesin (which
et al. (1996) found that paired-pulse facilitation was depressed scavenges BDNF) required more stimulations to reach a
compared with that in wild-type mice, but Korte et al. (1995) fully kindled state than control rats.
did not. There could be several reasons why the present experi- In contrast, two other groups have shown that under some
ments did not demonstrate changes in paired-pulse facilitation. conditions BDNF appears to decrease excitability. One labo-
For example, the stimulation site employed in the dentate ratory showed that infusion of BDNF suppressed kindling
gyrus was not completely selective for mossy fiber inputs, so (Larmet et al. 1995; Reibel et al. 1996). Those researchers
contamination by other inputs could have obscured a change also found that the number of tonic-clonic seizures occurring
in facilitation of the mossy fiber input. In addition, it is im- after injection of the convulsant pentylenetetrazol was re-
portant to consider that the CA1 studies used recording sites duced in animals that had received BDNF infusions (Reibel
in the dendritic layer (stratum radiatum) and measured the et al. 1996). Another group infused BDNF into the hilus
slope of the rising phase of the extracellularly recorded EPSP. chronically and found that animals required more stimula-
The responses reported here were recorded in the cell layers tions to reach the fully kindled state relative to controls
and population spikes or population EPSP amplitudes were (Osehobo et al. 1996). One possible explanation for the
measured. If recordings were closer to the site of synaptic discrepancy between the studies of chronic BDNF infusion
input and slopes of EPSPs were measured, a different degree (Larmet et al. 1995; Osehobo et al. 1996; Reibel et al. 1996)
of facilitation might have been recorded. However, in the CA3 and the other studies (Binder et al. 1996; Kokaia et al. 1995;
pyramidal dendritic layer where mossy fibers innervate pyra- present study) is that chronic infusion of BDNF may have
midal cells (stratum lucidum), the population EPSP usually altered the BDNF system (BDNF message, protein, or trkB)
merges with a large presynaptic volley and the EPSP slope or affected other neurotrophins or modulators (such as neu-
is obscured. This made extracellular EPSP slope difficult to ropeptides) (Croll et al. 1994; Nawa et al. 1993). Indeed,
measure in pilot experiments. it has been shown that mRNA for BDNF or trkB can be

It is also important to point out that processes that are increased or decreased by a variety of experimental manipu-
partly dependent or completely dependent on presynaptic lations (Arai et al. 1996; Balları́n et al. 1991; Beck et al.
mechanisms, such as LTP, are not necessarily accompanied 1993; Cosi et al. 1993; Falkenberg et al. 1992; Frank et al.
by changes in paired-pulse facilitation (Schulz et al. 1994, 1996; Humpel et al. 1993; Kokaia et al. 1993; Lindefors et
1995). This may be due to the fact that responses to paired- al. 1992; Lindvall et al. 1992; Merlio et al. 1993; Mudò et
pulse stimulation reflect not only presynaptic function but al. 1993, 1996; Nibuya et al. 1995; Schmidt-Kastner et al.
also activity in polysynaptic inhibitory and excitatory cir- 1996a; Zafra et al. 1991).
cuits. These circuits differ in area CA1, the dentate gyrus, Until more experiments address this issue, the conditions
and area CA3, providing a possible explanation for the dis- required for BDNF to promote or protect against seizure
crepancy between the present results and those of Kang and activity will remain unclear. However, it is notable that the
Schuman (1995). In the dentate gyrus, the effects of inhibi- effects on excitability usually require higher concentrations
tory circuits appear to have a stronger influence than in area (ú15 ng/ml) than do the effects on growth and maintenance
CA1, because the test response to a conditioning stimulus of neurons (õ15 ng/ml) . Therefore the trophic role of
is usually inhibited for interstimulus intervals of 5–40 ms; BDNF may be the more potent one, and effects on excitabil-
in area CA1 facilitation can be observed at these intervals. ity might require different and perhaps unusual conditions
Thus a potential change in presynaptic function might be (see below).
obscured by inhibitory circuits in the dentate gyrus more

Possible mechanism(s) of action of BDNFthan in area CA1. This could explain why there was no
change in paired-pulse facilitation when dentate granule cell Although anatomic studies of BDNF localization have not

demonstrated selectivity in the distribution of BDNF in theresponses were enhanced by the highest dose of BDNF. An
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different subfields of hippocampus (Dugich-Djordjevic et al. a role in BDNF’s actions in area CA1 (Kang et al. 1996),
and a similar role may be involved in the effects of BDNF1995; Kawamoto et al. 1996), recent studies in which a

different antibody and fixation procedure were used have shown in the present study. However, caution is necessary in
making interpretations based on the time course of BDNF’sshown that BDNF is particularly prominent in the mossy

fibers of the dentate granule cells relative to other afferents actions because, as mentioned above, the long time-to-onset
of the effects of BDNF might be due to poor diffusion ofto area CA3 pyramidal cells (Conner et al. 1997; Yan et al.

1997). This is consistent with the results of the present BDNF into slices.
study, which indicated a selective physiological effect of
BDNF on CA3 pyramidal cells after mossy fiber stimulation Implications for understanding potential endogenousversus stimulation of other inputs. actions of BDNFThe evidence of specificity with respect to the mossy fi-
bers, taken together with previous hypotheses that BDNF ISSUES TO CONSIDER. When relating the present results to
acts presynaptically (DiStefano et al. 1992; Kang and Schu- potential effects of endogenous BDNF, it is important to
man 1995; Lindsay et al. 1994), suggests that BDNF might consider that the manner and concentration in which BDNF
act on mossy fiber terminals to enhance release of glutamate is released from neurons is still a subject in its infancy. It
on area CA3 pyramidal cell dendrites. At the present time has only recently been shown that BDNF can be transported
one cannot rule out the possibility that there are additional in the anterograde direction and might be released from
postsynaptic effects of BDNF (Levine et al. 1995), addi- nerve terminals (Gall et al. 1996; Zhou and Rush 1996).
tional effects of BDNF release from nonneuronal popula- Therefore one cannot predict whether the concentrations and
tions (Zhou et al. 1993), or effects of BDNF that are not conditions used to produce effects in the present study reflect
mediated by trkB (Rodriguez-Tébar et al. 1990). what occurs in vivo. One can argue that it is unclear whether

Several other aspects of the results support the hypothesis BDNF would ever be released in sufficient concentrations
that BDNF acts presynaptically. First, the effects of BDNF to produce the type of potentiation or hyperexcitability ob-
in area CA3 were similar to the effects of 500–750 nM served in this study.
kainic acid, which is thought to act presynaptically at mossy

CONDITIONS THAT COULD LEAD TO ENHANCED EXCITABILITYfiber terminals (Chitajallu et al. 1996; de Montigny et al.
BY BDNF. Because BDNF might not be produced in suffi-1987; Ferkany et al. 1982; Malva et al. 1995; Okazaki et al.
cient concentration under normal conditions to have effects1988). Second, the lack of effect of BDNF on the latency
on excitability, it is important to consider the situations inof the population spike and amplitude of the volley suggests
which BDNF and trkB receptors become ‘‘up-regulated.’’that there were no effects on axon conduction or the time
Numerous events trigger increases in BDNF message andcourse of synaptic transmission. The preservation of paired-
protein and message-encoding trkB. These include focal me-pulse inhibition after BDNF application suggests that BDNF
chanical injury (Mudò et al. 1993), seizures (Balları́n et al.did not cause hyperexcitability by impairing GABAergic
1991; Ernfors et al. 1991; Humpel et al. 1993; Isackson etinhibition. However, a recent presentation (Tanaka et al.
al. 1991; Merlio et al. 1993; Mudò et al. 1996; Nawa et al.1996) described depressive effects of BDNF on area CA1
1995; Nibuya et al. 1995; Schmidt-Kastner et al. 1996a),pyramidal cell inhibitory postsynaptic currents, raising the
increased activity in the entorhinal cortex (Falkenberg etpossibility that BDNF may indeed affect some aspect of
al. 1992) or medial septal nucleus (Lindefors et al. 1992),GABAergic function in area CA1.
spreading depression (Kokaia et al. 1993), and hypoglyce-One argument against the hypothesis that BDNF acts pre-
mic coma or cerebral ischemia (Arai et al. 1996; Lindvallsynaptically is the fact that paired-pulse facilitation did not
et al. 1992). BDNF mRNA can also be modulated by sub-change after exposure to BDNF. Others have used paired-
stances such as excitatory amino acids (Zafra et al. 1991),pulse facilitation as an index of presynaptic function (Kang
N-methyl-D-aspartate (NMDA) (Gwag and Springer 1993),and Schuman 1995; Manabe et al. 1993), although it is not
the inhibitory neurotransmitter GABA (Zafra et al. 1991),always straightforward (Schulz et al. 1994, 1995). However,
muscarinic agonists (Knipper et al. 1994), glucocorticoidsas mentioned above, there are several possible reasons why
(Cosi et al. 1993; Smith et al. 1996), and antidepressantsa change in paired-pulse facilitation might have been ob-
(Nibuya et al. 1995). Increases in BDNF mRNA and proteinscured in the present study (see Comparison with other stud-
are most striking in the dentate granule cells, but increasesies of BDNF’s actions) .
have also been described in the entorhinal cortex followingThe long time-to-onset of BDNF’s effects indicates that
injection of MK-801 (Castrén et al. 1993). Unpublished dataits mechanism might involve a long process, such as activa-
also show that seizures enhance BDNF in the entorhinaltion of a second-messenger system, rather than an action as
cortex (J. Rudge and S. Wiegand, personal communication),a simple agonist at a neurotransmitter receptor. Indeed, it
as does cortical spreading depression (N. Kawahara, S.has been proposed that BDNF acts to phosphorylate trkB
Croll, S. Wiegand, and I. Klatzo, personal communication).(Frank et al. 1996; Ip et al. 1993; Knüsel et al. 1991) or
Thus, after insult or injury, the endogenous effects of BDNFsynapsin I (Jovanic et al. 1996). Consistent with this hypoth-
predicted by the present study may be facilitated because itsesis is evidence in cultured neurons that BDNF raises intra-
concentration and receptors become up-regulated.cellular calcium (Berninger et al. 1993). A rise in intracellu-

lar calcium might be a trigger in a cascade of events that IMPLICATIONS FOR UNDERSTANDING MECHANISMS OF EPILEP-

TOGENESIS. Although counterintuitive given BDNF’s neu-ends in, for example, protein phosphorylation or dephos-
phorylation. Protein synthesis has been demonstrated to play roprotective actions (Acheson et al. 1995; Beck et al. 1994;
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the relative abundance and distribution of high-affinity and low-affinityCheng and Mattson 1994; Hofer and Barde 1988; Kokaia et
neurotrophin receptors. J. Comp. Neurol. 357: 296–317, 1995.al. 1994; Morse et al. 1993; Yan et al. 1992), it is possible

ARAI, S., KINOUCHI, H., AKABANE, A., OWADA, Y., KAMII, H., KAWASE,
that the up-regulation of the BDNF system after an initial M., AND YOSHIMOTO, T. Induction of brain-derived neurotrophic factor
insult could actually have adverse effects by increasing excit- (BDNF) and the receptor trkB mRNA following middle cerebral artery

occlusion in rat. Neurosci. Lett. 211: 57–60, 1996.ability. If the initial insult were a seizure, and BDNF was
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CASTRÉN, E., DA PENHA BERZAGHI, M., LINDHOLM, D., AND THOENEN, H.sights into epileptogenesis by providing a novel experimen-

Differential effects of MK-801 on brain-derived neurotrophic factortal model of epilepsy. This is indicated by the differences in
mRNA levels in different regions of the rat brain. Exp. Neurol. 122:

hyperexcitability produced by BDNF and hyperexcitability 244–252, 1993.
observed in other experimental models of epilepsy, such as CHENG, B. AND MATTSON, M. P. NT-3 and BDNF protect CNS neurons

against metabolic/excitotoxic insults. Brain Res. 640: 56–67, 1994.those that use bath application of convulsants (Swann et al.
CHITAJALLU, R., VIGNES, M., DEV, K. K., BARNES, J. M., COLLINGRIDGE,1986; Wong and Traub 1983). For example, paired-pulse

G. L., AND HENLEY, J. M. Regulation of glutamate release by presynapticinhibition in the dentate gyrus appeared to be unaffected kainate receptors in the hippocampus. Nature 379: 78–81, 1996.
by BDNF, although it is impaired in most other models of CONNER, J. M., LAUTERBORN, J. C., YAN, Q., GALL, C. M., AND VARON, S.
epilepsy. Perhaps because of this difference, BDNF will Distribution of brain-derived neurotrophic factor (BDNF) protein and

mRNA in the normal adult rat CNS: evidence for anterograde axonalallow insights into mechanisms of epileptogenesis that have
transport. J. Neurosci. 17: 2295–2313, 1997.previously been elusive.

COSI, C., SPOERRI, P. E., COMELLI, M. C., GUIDOLIN, D., AND SKAPER, S. D.
Glucocorticoids depress activity-dependent expression of BDNF mRNA
in hippocampal neurons. Neuroreport 4: 527–530, 1993.I thank Drs. Susan Croll, Chris Gall, Ronald Lindsay, Daniel Lowenstein,

John Rudge, and Stanley Wiegand for helpful suggestions and comments CROLL, S. D., WIEGAND, S. J., ANDERSON, K. D., LINDSAY, R. M., AND

on the manuscript and Amgen-Regeneron Partners for supplying BDNF. NAWA, H. Regulation of neuropeptides in adult rat forebrain by the neuro-
This study was supported by National Institute of Neurological Disorders trophins BDNF and NGF. Eur. J. Neurosci. 6: 1343–1353, 1994.

and Stroke Grants NS-30831 and NS-16102. DE MONTIGNY, C., WEISS, M., AND OUELLETTE, J. Reduced excitatory effect
Address for reprint requests: H. E. Scharfman, Neurology Research Cen- of kainic acid on rat CA3 hippocampal pyramidal neurons following

ter, Helen Hayes Hospital, West Haverstraw, NY 10993-1195. destruction of the mossy projection with colchicine. Exp. Brain Res. 65:
605–613, 1987.

Received 19 February 1997; accepted in final form 13 May 1997. DISTEFANO, P. S., FRIEDMAN, B., RADZIEJEWSKI, C., ALEXANDER, C., BO-

LAND, P., SCHICK, C. M., LINDSAY, R. M., AND WIEGAND, S. J. The neuro-
trophins BDNF, NT-3, and NGF display distinct patterns of retrogradeREFERENCES
axonal transport in peripheral and central neurons. Neuron 8: 983–993,
1992.ACHESON, A., CONOVER, J. C., FANDL, J. P., DECHIARA, T. M., RUSSELL,

DU, F., WHETSELL, W. O., ABOU-KHALIL, B., BLUMENKOPF, B., LOTHMAN,M., THADANI, A., SQUINTO, S. P., YANCOPOULOS, G. D., AND LINDSAY,
E. W., AND SCHWARCZ, R. Preferential neuronal loss in layer III of theR. M. A BDNF autocrine loop in adult sensory neurons prevents cell
entorhinal cortex in patients with temporal lobe epilepsy. Epilepsy Res.death. Nature 374: 450–452, 1995.
16: 223–233, 1993.AGHAJANIAN, G. K. AND RASMUSSEN, K. Intracellular studies in the facial

DUGICH-DJORDJEVIC, M. M., PETERSON, C., ISONO, F., OHASAWA, F.,nucleus illustrating a simple new method for obtaining viable motorneu-
WIDMER, H. R., DENTON, T. L., BENNETT, G. L., AND HEFTI, F. Immuno-rons in adult rat brain slices. Synapse 3: 331–338, 1989.
histochemical visualization of brain-derived neurotrophic factor in the ratALDERSON, R. F., ALTERMAN, A. L., BARDE, Y.-A., AND LINDSAY, R. M.
brain. Eur. J. Neurosci. 7: 1831–1839, 1995.Brain-derived neurotrophic factor increases survival and differentiated

ERNFORS, P., BENGZON, J., KOKAIA, Z., PERSSON, H., AND LINDVALL, O.functions of rat septal cholinergic neurons in culture. Neuron 5: 297–
Increased levels of mRNAs for neurotrophic factors in the brain during306, 1990.
kindling epileptogenesis. Neuron 7: 165–176, 1991.ALTAR, C. A., SIUCIAK, J. A., WRIGHT, P., IP, N. Y., LINDSAY, R. M., AND

FALKENBERG, T., ERNFORS, P., PERSSON, H., AND LINDEFORS, N. CorticalWIEGAND, S. J. In situ hybridization of trkB and trkC receptor mRNA
transynaptic activation of tyrosine kinase receptor trkB messenger RNAin rat forebrain and association with high-affinity binding of [125I]BDNF,
expression in rat hippocampus. Neuroscience 51: 883–889, 1992.[125I]NT-4/5 and [125I]NT-3. Eur. J. Neurosci. 6: 1389–1405, 1994.

FERKANY, J. W., ZACZEK, R., AND COYLE, J. T. Kainic acid stimulates excit-ANDERSON, K. D., ALDERSON, R. F., ALTAR, C. A., DISTEFANO, P. S., COR-

atory amino acid neurotransmitter release at presynaptic receptors. NatureCORAN, T. L., LINDSAY, R. M., AND WIEGAND, S. J. Differential distribu-
tion of exogenous BDNF, NGF, and NT-3 in the brain corresponds to 298: 757–759, 1982.

J146-7/ 9k19$$se03 08-05-97 14:48:24 neupas LP-Neurophys



H. E. SCHARFMAN1094

FIGUROV, A., POZZO-MILLER, L. D., OLAFSSON, P., WANG, T., AND LU, B. levels in cortical neurons following spreading depression: regulation by
glutamatergic mechanisms independent of seizure activity. Mol. BrainRegulation of synaptic responses to high-frequency stimulation and LTP

by neurotrophins in the hippocampus. Nature 381: 706–709, 1996. Res. 19: 277–286, 1993.
KOKAIA, Z., OTHBERG, A., KOKAIA, M., AND LINDVALL, O. BDNF makesFRANK, L., VENTIMIGLIA, R., ANDERSON, K., LINDSAY, R. M., AND RUDGE,

J. S. BDNF down-regulates neurotrophin responsiveness, trkB protein cultured dentate granule cells more resistant to hypoglycemic damage.
Neuroreport 5: 1241–1244, 1994.and trkB mRNA levels in cultured rat hippocampal neurons. Eur. J.

Neurosci. 8: 1220–1230, 1996. KORTE, M., CARROLL, P., WOLF, E., BREM, G., THOENEN, H., AND BONHOEF-

FER, T. Hippocampal long-term potentiation is impaired in mice lackingFRYER, R. H., KAPLAN, D. R., FEINSTEIN, S. C., RADEKE, M. J., GRAYSON,
D. R., AND KROMER, L. F. Developmental and mature expression of full- brain-derived neurotrophic factor. Proc. Natl. Acad. Sci. USA 92: 8856–

8860, 1995.length and truncated trkB receptors in the rat forebrain. J. Comp. Neurol.
374: 21–40, 1996. LARMET, Y., REIBEL, S., CARNAHAN, J., NAWA, H., MARESCAUX, C., AND

DEPAULIS, A. Protective effects of brain derived neurotrophic factor onGALL, C. M., CONNER, J. M., LAUTERBORN, J. C., YAN, Q., AND VARON, S.
Cellular localization of BDNF protein after recurrent seizures in rat: the development of hippocampal kindling in the rat. Neuroreport 6:

1937–1941, 1995.evidence for axonal transport of the newly synthesized factor (Abstract) .
Epilepsia 37: 47, 1996. LEßMANN, V., GOTTMANN, K., AND HEUMANN, R. BDNF and NT-4/5 en-

hance glutamatergic synaptic transmission in cultured hippocampal neu-GHOSH, A., CARNAHAN, J., AND GREENBERG, M. E. Requirement for BDNF
in activity-dependent survival of cortical neurons. Science 263: 1618– rons. Neuroreport 6: 21–25, 1994.
1623, 1994. LEVINE, E. S., DREYFUS, C. F., BLACK, I. B., AND PLUMMER, M. R. Brain-

derived neurotrophic factor rapidly enhances synaptic transmission inGWAG, B. J. AND SPRINGER, J. E. Activation of NMDA receptors increases
brain-derived neurotrophic factor (BDNF) mRNA expression in the hip- hippocampal neurons via postsynaptic tyrosine kinase receptors. Proc.

Natl. Acad. Sci. USA 92: 8074–8077, 1995.pocampal formation. Neuroreport 5: 125–128, 1993.
HOFER, M. M. AND BARDE, Y.-A. Brain-derived neurotrophic factor pre- LEVINE, E. S., DREYFUS, C. F., BLACK, I. B., AND PLUMMER, M. R. Selective

role for trkB neurotrophin receptors in rapid modulation of hippocampalvents neuronal death in vivo. Nature 331: 261–262, 1988.
synaptic transmission. Mol. Brain Res. 38: 300–303, 1996.HOFER, M. M., PAGLUISI, S. R., HOHN, A., LEIBROCK, J., AND BARDE,

Y.-A. Regional distribution of brain-derived neurotrophic factor mRNA LINDEFORS, N., ERNFORS, P., FALKENBERG, T., AND PERSSON, H. Septal
cholinergic afferents regulate expression of brain-derived neurotrophicin the adult mouse brain. EMBO J. 9: 2459–2464, 1990.
factor and b-nerve growth factor mRNA in rat hippocampus. Exp. BrainHUMPEL, C., WETMORE, C., AND OLSON, L. Regulation of brain-derived
Res. 88: 78–90, 1992.neurotrophic factor messenger RNA and protein at the cellular level in

pentylenetetrazol-induced epileptic seizures. Neuroscience 53: 909–918, LINDHOLM, D., DECHANT, G., HEISENBERG, C.-P., AND THOENEN, H. Brain-
derived neurotrophic factor is a survival factor for cultured rat cerebellar1993.
granule neurons and protects them against glutamate-induced neurotoxic-IP, N. Y., LI, Y., YANCOPOULOS, G., AND LINDSAY, R. M. Cultured hippo-
ity. Eur. J. Neurosci. 5: 1455–1464, 1993.campal neurons show responses to BDNF, NT-3, and NT-4, but not NGF.

J. Neurosci. 13: 3394–3405, 1993. LINDSAY, R. M., WIEGAND, S. J., ALTAR, C. A., AND DISTEFANO, P. S. Neu-
rotrophic factors: from molecule to man. Trends Neurosci. 17: 182–190,ISACKSON, P. J., HUNTSMAN, M. M., MURRAY, K. D., AND GALL, C. M.
1994.BDNF mRNA expression is increased in adult rat forebrain after limbic

seizures: temporal patterns of induction distinct from NGF. Neuron 6: LINDVALL, O., ERNFORS, P., BENGZON, J., KOKAIA, Z., SMITH, M.-L., SIESJÖ,
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J146-7/ 9k19$$se03 08-05-97 14:48:24 neupas LP-Neurophys



HYPEREXCITABILITY AFTER EXPOSURE TO BDNF 1095

AND PERSSON, H. Increased production of the trkB protein tyrosine kinase SCHARFMAN, H. E. Hyperexcitability of entorhinal cortex and hippocampus
after application of aminooxyacetic acid (AOAA) to layer III of the ratreceptor after brain insults. Neuron 10: 151–164, 1993.
medial entorhinal cortex in vitro. J. Neurophysiol. 76: 2986–3001, 1996.MORSE, J. K., WIEGAND, S. J., ANDERSON, K., YOU, Y., CAI, N., CARNAHAN,

SCHMIDT-KASTNER, R., HUMPEL, C., WETMORE, C., AND OLSON, L. CellularJ., MILLER, J., DISTEFANO, P. S., ALTAR, C. A., LINDSAY, R. M., AND

hybridization for BDNF, trkB, and NGF mRNAs and BDNF-immunore-ALDERSON, R. F. Brain-derived neurotrophic factor (BDNF) prevents
activity in rat forebrain after pilocarpine-induced status epilepticus. Exp.the degeneration of medial septal cholinergic neurons following fimbria
Brain Res. 107: 331–347, 1996a.transection. J. Neurosci. 13: 4146–4156, 1993.

SCHMIDT-KASTNER, R., WETMORE, C., AND OLSON, L. Comparative studyMUDÒ, G., JIANG, X. H., TIMMUSKE, T., BINDONI, M., AND BELLUARDO, N.
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