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Abstract

Recent studies have implicated
brain-derived neurotrophic factor (BDNF) in
use-dependent modification of hippocampal
synapses. BDNF can rapidly potentiate
synaptic transmission at glutamatergic
synapses by enhancing transmitter release.
Using simultaneous perforated patch
recording from pairs and triplets of
glutamatergic hippocampal neurons, we
have examined how the initial state of the
glutamatergic synapse determines its
susceptibility to synaptic modification by
BDNF. We found that the degree of synaptic
potentiation by BDNF depends on the initial
reliability and strength of the synapse:
Relatively weak connections were strongly
potentiated, whereas the effect was
markedly reduced at stronger synapses. The
degree of BDNF-induced potentiation
strongly correlated with the initial
coefficient of variation (CV) of the
amplitude of excitatory postsynaptic
currents (EPSCs) and inversely correlated
with the initial paired—pulse facilitation,
suggesting that synapses with lower release
probability (P,) are more susceptible to the
action of BDNF. To determine whether
saturation of P, could have masked the
potentiation effect of BDNF in the stronger
synapses, we lowered the initial P, either by
reducing the extracellular Ca**
concentration ([Ca**])) or by bath
application of adenosine. Synapses that
were initially strong remained unaffected by
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BDNF under these conditions of reduced P,.
Thus, the lack of BDNF effect on synaptic
efficacy cannot simply be accounted for by
saturation of P,, but rather may be due to
intrinsic changes associated with synaptic
maturation that might covary with P,.
Finally, the dependence on initial synaptic
strength was also found for divergent
outputs of the same presynaptic neuron,
suggesting that synaptic terminals with
different degrees of responsiveness to BDNF
can coexist within in the same neuron.

Introduction

Studies of Xenopus neuromuscular synapses
have shown that neurotrophins can modulate pre-
synaptic transmitter release on a rapid time scale
(Lohof et al. 1993; Stoop and Poo 1995). Neuro-
trophins have also been shown to modulate basal
synaptic transmission at central synapses, such as
the Schaffer collateral synapses in the CAl region
of the hippocampus, but results reported have not
been consistent (Lessmann et al. 1994; Kang and
Schuman 1995,1996; Figurov et al 1996; Kang et al.
1997; Frerking et al. 1998; Gottschalk et al. 1998;
Lessmann and Heumann 1998). The possibility of
synaptic modification by brain-derived neuro-
trophic factor (BDNF) is of particular interest to
synaptic plasticity, because neurotrophins are syn-
thesized and released in an activity-dependent
manner (Gall and Isackson 1989; Zafra et al. 1990,
1991; Berzaghi et al. 1993; Castrén et al. 1993,
Blochl and Thoenen 1995, 1996; Goodman et al.
1996; Canossa et al. 1997; Wang and Poo 1997)
and therefore may participate in processes under-
lying use-dependent synaptic modification such as
long-term potentiation (LTP) (Thoenen 1995;
Berninger and Poo 1996; McAllister et al. 1999).
LTP in the CA1 region of the hippocampus is mark-
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edly impaired in mice deficient for one or both of
the BDNF alleles (Korte et al. 1995; Patterson et al.
1996). Moreover, induction of LTP in hippocampal
slices of BDNF-deficient mice could be rescued by
acute re-expression of BDNF or treatment with re-
combinant BDNF protein (Korte et al. 1996; Pat-
terson et al. 1996), arguing that impairment of LTP
was not due to abnormal development of the hip-
pocampus in the absence of BDNF. Rather, BDNF
may be involved in the induction process in a more
specific manner. Consistent with this interpreta-
tion, the induction of 6-burst LTP is blocked when
BDNF function is abolished pharmacologically (Fig-
urov et al. 1996; Kang et al. 1997).

Although there were several reports on synap-
tic modulation by BDNF at hippocampal synapses,
there is disagreement on the precise nature of syn-
aptic changes induced by BDNF. Kang and Schu-
man (1995, 1996) showed that BDNF can potenti-
ate Schaffer collateral-CA1l synapses in slices of
adult hippocampus, but other laboratories failed to
observe such an effect (Figurov et al. 1996; Tanaka
et al. 1997; Frerking et al 1998). In addition, BDNF
may increase the reliability of synaptic transmis-
sion at high frequencies, suggesting a role for
BDNF in regulating the pool of releasable vesicles
(Figurov et al. 1996; Gottschalk et al. 1998; Pozzo-
Miller et al. 1999). In dissociated cell cultures, a
BDNF-induced potentiation of basal synaptic trans-
mission similar to that observed in hippocampal
slices has been found (Lessmann et al. 1994; Less-
mann and Heumann 1998; Li et al. 1998a,b). How-
ever, potentiation occurred only at a subpopula-
tion of glutamatergic synapses (Lessmann and Heu-
mann 1998). Moreover, the locus of synaptic
modification has been disputed (Levine et al. 1995,
1998; Lessmann and Heumann 1998; Li et al. 1998
a,b). Finally, BDNF was found to reduce inhibitory
synaptic transmission in slices of adult hippocam-
pus (Tanaka et al. 1997; Frerking et al. 1998).

To better understand the role of neurotrophins
in synaptic plasticity, it is critical to evaluate pre-
cisely under which conditions modification may
occur. For instance, in a recent study we found
that interaction with the postsynaptic target cell is
of crucial importance for endowing the synapse
with responsiveness to BDNF: Potentiation of glu-
tamatergic transmission by BDNF was only ob-
served when the postsynaptic neuron was gluta-
matergic, but not when it was GABAergic (A.F.
Schinder, B. Berninger, and M.-m. Poo, in prep.).
Lessmann and Heumann (1998) observed that, for
hippocampal synapses that underwent synaptic
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modification by neurotrophin-4 (NT-4), there was
an inverse correlation between the magnitude of
potentiation and the synaptic strength prior to ex-
posure to NT-4. Here we have examined how the
initial state of the glutamatergic synapses deter-
mines its susceptibility to BDNF using pairs and
triplets of cultured hippocampal neurons, in which
both pre- and postsynaptic neurons were glutama-
tergic. We found that BDNF-induced potentiation
exhibits an inverse dependence on the initial syn-
aptic strength. A detailed analysis of the depen-
dence of BDNF-induced synaptic potentiation on
initial presynaptic characteristics was then carried
out and the consequences of manipulating release
probability on the capability of the synapse to re-
spond to BDNF were examined. Finally, we inves-
tigated whether divergent outputs of the same pre-
synaptic neuron exhibit differential susceptibility
to BDNF in accordance to their functional status.

Materials and Methods
CELL CULTURE

Low-density cultures of dissociated embryonic
rat hippocampus were prepared as described pre-
viously (Fitzsimonds et al. 1997). Hippocampi
were removed from embryonic day-18 rats, treated
with trypsin (15 min, 37°C), followed by washing
and gentle trituration. Dissociated cells were
plated at 20,000-60,000 cells/ml on poly-i-lysine
coated coverslips in 35-mm dishes. The plating me-
dium was DMEM (BioWhittaker, Walkersville, MD)
supplemented with 10% heat-inactivated FBS (Hy-
clone, Logan, UT) and 10% Ham’s F12 with gluta-
mine. The culture medium was changed to the
above medium containing 20 mm KCI 24 hr after
plating. Both glial and neuronal cells were present
under these conditions. Neurons were used for
electrophysiological recordings after 7-15 days in
culture.

ELECTROPHYSIOLOGY

Whole-cell perforated patch recording (Hamill
et al. 1981; Horn and Marty 1988; Rae et al. 1991)
from two or three neurons was performed simul-
taneously, with amphotericin B (ICN) for perfora-
tion. The micropipettes were made from borosili-
cate glass capillaries (Kimax) with a resistance of
2-2.5 MQ. Pipettes were tip filled with internal
solution and then back filled with internal solution
containing 200 ug/ml amphotericin B. The internal
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solution contained the following: 136.5 mm K-glu-
conate, 17.5 mm KCl, 9 mm NaCl, 1mm MgCl,, 10
mwm HEPES, 0.2 mm EGTA (pH 7.4), osmolarity 300
mOsm. The external solution contained the follow-
ing: 150 mM NaCl, 3 mm KCI, 3 mm CaCl,, 2 mm
MgCl,, 10 mm HEPES, 5 mm glucose (pH 7.4), os-
molarity 310 mOsm. In some experiments, CaCl,
was reduced to 0.5 mm and MgCl, increased to 3
mM to decrease release probability. All experi-
ments were performed at room temperature. The
bath was constantly perfused with fresh external
solution at a rate of 0.5 ml/min. Neurons were
visualized by phase-contrast microscopy through a
Nikon inverted microscope. Recordings were car-
ried out by patch clamp amplifiers (Axopatch 1D
or 200B, Axon Instruments, Foster City, CA). Sig-
nals filtered at 5 kHz were sampled at 10 kHz and
analyzed with PClamp 6.0 software (Axon Instru-
ments). Series resistance was assessed at 5-10 min
intervals and compensated at 80% (lag 35-100
usec). Data were rejected from analysis if the leak
current exceeded 100 pA or if a change in excit-
atory postsynaptic current (EPSC) amplitude corre-
lated with a change in series resistance. For assess-
ing synaptic connectivity, each neuron was stimu-
lated at low frequency (0.05-0.1 Hz) by 1 msec
step-depolarization from 70 to + 50 mV in voltage-
clamp mode, and responses from all neurons were
recorded. Under these conditions, both inhibitory
postsynaptic currents (IPSCs) and EPSCs were in-
ward at the holding potential (=70 mV). EPSCs
were completely blocked by 10 um 6-cyano-7-ni-
troquinoxaline-2,3-dione (CNQX), and IPSCs by 20
uM bicuculline, indicating that they were mediated
by AMPA and GABA, receptors, respectively. In-
hibitory postsynaptic currents had distinctly longer
decay times and more negative reversal potentials
(approximately —50 mV) than EPSCs ([0 mV).
These properties were used to distinguish the iden-
tities of postsynaptic neurons (excitatory versus in-
hibitory) when reciprocally connected. If present,
autaptic responses were only used for identifica-
tion of the neuronal type and not for assaying syn-
aptic effects of BDNF. In this study, only synaptic
connections among glutamatergic neurons were
analyzed, as glutamatergic synapses onto GABAer-
gic neurons have been found unresponsive to
BDNF (A.F. Schinder, B. Berninger, and M.-m. Poo,
in prep.). Experiments involving divergent outputs
in a triplet (Fig. 5, below) were performed only
when connections were unambiguously monosyn-
aptic (delay from end of stimulus to onset of re-
sponse <4 msec).
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BDNF TREATMENT

Human recombinant BDNF (20-100 ng/ml;
Promega) was dissolved in 5 ml of external solu-
tion containing 0.05% BSA (Sigma). BSA was added
during the control period and did not affect basal
synaptic transmission. Once BDNF perfusion
started, the same external solution was recycled
through the peristaltic pump for the remainder of
the experiment. Recycling external solution with-
out BDNF did not affect synaptic transmission (see
Fig. 2, below). No recycling was used in experi-
ments in which adenosine (Sigma) was applied,
because the latter was found to bind to the Tygon
tubing of the peristaltic system (Fisher Scientific
Company, Pittsburgh, PA). Instead, the bath was
constantly perfused with fresh solution.

Results

Because of the target specificity of the BDNF
effect (A.F. Schinder, B. Berninger, and M.-m. Poo,
in prep), we have chosen to study pairs or triplets
of hippocampal neurons consisting of glutamater-
gic neurons only. Excitatory postsynaptic currents
were evoked by a brief step depolarization of a
designated presynaptic neuron, with perforated
patch recording (Hamill et al. 1981; Horn and
Marty 1988; Rae et al. 1991). Application of exog-
enous of BDNF (100 ng/ml) rapidly and markedly
increased the amplitude of EPSCs in a subpopula-
tion of these synaptic connections. In the case
shown in Figure 1A, the synapse exhibited an av-
erage EPSC of [BO pA during the control period
(prior to BDNF treatment). Clear strengthening of
synaptic efficacy was detected after 10 min in the
presence of BDNF, and the EPSC amplitude
reached a plateau value of [1140 pA after 20 min. In
contrast, for the case shown in Figure 1B, in which
the synapse showed initial EPSCs of [11 nA, no ef-
fect of BDNF on synaptic transmission was ob-
served, suggesting that the potentiation effect may
depend on the initial synaptic strength. Results
from all recordings (including those showing no
BDNF effect) are summarized in Figure 2. The av-
erage EPSC amplitude at 20-30 min after the onset
of BDNF application (100 ng/ml) was 134 + 8%
(s.e.M.; n = 19) of the control values (prior to the
exposure to BDNF). The effect of BDNF on synap-
tic transmission was dose dependent (Fig. 2): The
average EPSC amplitude after exposure to 0 and 20
ng/ml of BDNF was 97 = 6% (n = 5) and 110 + 6%
(n = 5) of the control values, respectively.
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Figure 1: Potentiation of glutamatergic
transmission by BDNF depends on the
initial synaptic strength. (A) Example of a

I I 1&I11 I 1I 1&11 . . .
recording of glutamatergic synaptic
| L transmission with a low initial EPSC am-
plitude (83 pA) prior to exposure to
3 I I 2 I I BDNF. Both the designated pre- and
2 3.0) l l 2 3.07 l 1 postsynaptic neurons were glutamater-
g 25 R £ 25 gic, as judged from the reversal poten-
T s . ® tials of the synaptic currents recorded in
QO 2.07 s ta Mam Q 207 imulati f h
7] Y @ response to stimulation of each neuron
o . £ t‘ o . . .
w 1.5 A“‘ 2 ‘.‘:“: A t‘;“: W 1.57 in the pair. The presynaptic neuron was
o WTaoa DA R A ° ; i ired—
g 10_5‘.““‘,‘, *"S‘[‘:&A“‘."}A"‘ 8 40 stimulated with paired—pulses (50 msec
SR el S = apart) once every 15 sec. Each data point
g 05 ° Lt ‘BONF £ 05 BDNF depicts the peak amplitude of the first
2 0.0 . . ; . - 200 . : ; ; . EPSC normalized to the mean amplitude
20 -0 0 10 20 30 20 40 0 10 20 30 recorded during the control period (prior
Time (min) Time (min) to BDNF treatment, dotted line). Dura-

tion of exposure to BDNF (100 ng/ml) is

depicted by the thick line below. Shown above are sample traces (averages of 10 events) recorded at the time marked by
I and II. Scales, 40 pA, 10 msec. (B) Example of a recording of glutamatergic synaptic transmission onto another gluta-
matergic neuron with a large initial amplitude (1034 pA) prior to exposure to BDNF. Scales, 200 pA, 10 msec.

To assess whether differences in the initial syn-
aptic strength account for the variability in the re-
sponse of these synapses to BDNF, we compared
the degree of potentiation by BDNF for synaptic
connections of different initial EPSC amplitudes.
Marked synaptic potentiation was observed in
most cases of initially weak synaptic connections,
whereas synapses with high EPSC amplitudes were
much less affected. For synapses with EPSC ampli-
tudes of <400 pA, exposure to 100 ng/ml BDNF
resulted in a potentiation of 158 + 15% (n =7),
whereas for those with amplitudes between 400
and 800 pA and >800 pA synaptic potentiation was
124 +7% (n=06) and 105+ 7% (n=4), respec-
tively. The correlation between the degree of po-
tentiation and the initial EPSC amplitude is shown
in Figure 3A (r = —0.552, P = 0.0028, ANOVA).

It was shown previously that BDNF-induced
synaptic potentiation of glutamatergic synapses in
hippocampal cultures (Lessmann and Heumann
1998; A.F. Schinder, B. Berninger, M.-m. Poo, in
prep.) and neuromuscular synapses in Xenopus
cultures (Boulanger and Poo 1999) is accompanied
by a decrease in the coefficient of variation (CV)
and a reduction in the paired-pulse facilitation. The
CV is a measure of the fluctuation of the postsyn-
aptic response which, according to classical quan-
tal theory, is solely determined by presynaptic
properties, that is, the release probability (P,) and
the number of release sites (V). Paired-pulse facili-
tation (or depression) of the postsynaptic response
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is commonly observed for the second of two stimu-
lation pulses applied in close succession, and has
been shown to be a function of P,. A decrease in
CV and paired-pulse facilitation therefore suggests
that the effect of BDNF can be largely accounted
for by an enhanced transmitter release, presumably
due to either an increase in P, and/or in N. This is
also consistent with the finding of increased fre-
quency of miniature EPSCs after BDNF treatment
of hippocampal and neuromuscular synapses (Lo-
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Figure 2: Dose dependence of the potentiation effect

of BDNF. Average time course of synaptic potentiation
following exposure to 0 (), 20 (O), and 100 (A) ng/ml
of BDNF. Prior to averaging, EPSC amplitudes from each
experiment were normalized to the mean amplitude re-
corded during control period (before treatment). Data
points represent mean =+ s.e.m. n refers to the number of
experiments.
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Figure 3: The degree of synaptic potentiation by BDNF correlates with initial synaptic strength, CV, and paired-pulse
facilitation. (A) Relationship between synaptic potentiation and initial EPSC amplitude. Initial EPSC amplitude was cal-
culated for 40 events during 10 min of control period. The potentiation factor is defined as the ratio of mean EPSC
amplitude during the last 10 min of the experiment following BDNF treatment to that during the control period. Each point
refers to the result of one experiment. The line represents the best linear fit of the data (r=-0.552, P = 0.0028, ANOVA).
(B) Relationship between synaptic potentiation and the initial CV. Initial CV was determined as o/mean, in which o and
mean are the standard deviation and mean value of the EPSC amplitude during the control period. The line represents the
best linear fit of the data (r=0.741, P<0.0001, ANOVA). (C) Relationship between synaptic potentiation and initial
paired—pulse facilitation. The paired—pulse ratio is the ratio of the amplitude of the second EPSC to that of the first. The
initial paired—pulse ratio was computed as the average value observed during the control period. The line represents the
best linear fit of the data (r=0.586, P=0.0042, ANOVA).

hof et al. 1993, Lessmann et al. 1994; Li et al. 1998 control period, subsequent BDNF treatment did
a,b). Because BDNF exerts its effect mainly by not significantly enhance synaptic transmission. All
changing presynaptic release properties, it is rea- experiments involving lowering of [Caz"]O are sum-
sonable to expect synapses with lower release ca- marized in Figure 4B. On the average, EPSC ampli-
pability to be more susceptible to potentiation by tudes decreased from -2387 + 1313 pA to
BDNF. We found that BDNF-induced synaptic po- —206 + 199 pA, whereas CV increased from
tentiation significantly correlated with the initial 0.033 £ 0.01 to 0.44 + 0.10 and paired-pulse facili-
CV (Fig. 3B; » = 0.74, P < 0.001, ANOVA) and the tation increased from 0.43 + 0.01 to 1.73 + 0.35.
extent of paired-pulse facilitation (Fig. 3C; Despite the strong reduction in P,, however, no
r=0.586, P=0.0042, ANOVA). Thus, synapses potentiation by BDNF was revealed (94 +8 % of
with low initial P, and/or N are more responsive to control period, n = 3).
BDNF than those synapses with a high initial P, As an alternative way of reducing P,, we ap-
and/or N. plied adenosine (1-2 um), which is known to in-
To determine whether BDNF-induced synaptic hibit presynaptic Ca** influx (Wu and Saggau
potentiation may be masked at synapses with high 1994). This treatment resulted in a decrease in
initial P,, we performed two manipulations to EPSC amplitude (from —1111 + 209 to —367 = 110
lower P,. For these experiments we selected syn- pA), with CV increasing from 0.06 % 0.01 to
apses with high initial amplitude, which typically 0.18 £ 0.02 and paired-pulse facilitation increasing
show no potentiation induced by BDNF under con- from 0.46 + 0.04 to 0.96 + 0.43, reflecting a strong
trol conditions ([CaZJ']O =3 mM, no adenosine). In reduction in P,. As summarized in Figure 4B, no
the first set of experiments, after recording a base- potentiation was observed in response to BDNF
line to determine the initial EPSC amplitude, we after treatment with adenosine (87 + 5% of control
lowered [Ca2+]0 from 3 to 0.5 mM. As shown for a period, n =3). Taken together with the low
synapse with an initial EPSC amplitude of 11050 [Ca®*], experiments, these results demonstrate
pA (Fig. 4A), lowering [Ca®'], reduced the EPSC that lowering P, at initially strong synapses is not
amplitude by 97%, indicating a drastic reduction in sufficient to allow synaptic potentiation by BDNF.
P,. Although these conditions resulted in an initial Is the susceptibility to synaptic modification
EPSC amplitude of approximately —30 pA for the by BDNF a global property of the presynaptic neu-
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Figure 4: Lowering P, at stronger synapses does not unmask response to BDNF. (A) Example for absence of BDNF effect
after lowering P, by reducing [Ca®*],,. Initial EPSC was 0-1050 pA and was reduced to —30 pA after reducing [Ca®*],, from
3 to 0.5 mm and elevating [Mg?*], from 2 to 3 mm. The vertical line depicts the time point following lowering [Ca®*],, after
which EPSCs amplitudes were normalized to the new mean value recorded during the last 10 min prior to exposure to
BDNF (100 ng/ml). Shown at top are sample traces of EPSCs (average of 10 events). Scales, 200 pA, 10 msec (left two
traces), and 10 pA, 10 msec (right three traces). Duration of low [Ca®*], and BDNF treatments are indicated by the thick
lines below. (*) Monosynaptic EPSCs monitored. Note that polysynaptic currents disappeared after the low [Ca®*],
treatment. (B) Summary of results from experiments in which P, was reduced by either treatment with low [Ca®*], or with
adenosine. Potentiation factor observed after the BDNF treatment was defined as in Fig. 3. Bars represent average values
obtained from all experiments on weak synapses (EPSC amplitude <600 pA) and strong synapses (>800 pA) in the normal
recording medium as well as experiments on strong synapses (>800 pA) in the presence of low [Ca?*], and adenosine. The
average EPSC amplitude before and after the low [Ca®*], or adenosine treatment is shown at bottom. (N.A.), Not
applicable. Error bars, s.E.m.

ron or a property of its individual presynaptic ter- the extent of synaptic modification by BDNF:
minals? To address this question we recorded from Higher degree of synaptic potentiation was ob-
triplets, in which a single presynaptic neuron pro- served at synapses displaying a smaller initial EPSC
jected divergent outputs to the two other neurons amplitude and higher CV and paired-pulse facilita-
with substantially different synaptic efficacy. Re- tion. The absence of synaptic modification at
sults from two experiments are shown in Figure 5. strong synapses was not due to mere occlusion of
In both cases, BDNF induced a higher degree of a BDNF effect by a high initial P,, because lowering
potentiation in the synaptic connection with ini- P, either by reducing [Ca**], or exposure to adeno-
tially weaker synaptic response. Thus, the size de- sine was not sufficient to reveal significant poten-
pendence of synaptic modification by BDNF is also tiation by BDNF. Finally, triple recordings showed
found for divergent outputs from the same presyn- that divergent outputs of the same presynaptic
aptic neuron, suggesting that individual synaptic neuron can exhibit a differential response to BDNF
terminals may undergo independent synaptic in accordance with their synaptic strength.

modification. The magnitude of synaptic potentiation by

BDNF was found to be inversely correlated with
the initial size of the EPSC. In the present culture,

Discussion
the average EPSC amplitudes increased over time
In this study we have shown that the func- in culture. (162 =24 pA for 7-10 days in vitro
tional status of glutamatergic synapses determines DIV) (n=37), and 408 =52 for 11-15 DIV
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Figure 5:
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Differential synaptic potentiation by BDNF at divergent outputs of a single presynaptic neuron. (A, B) Two

examples of triplet recordings in which a single presynaptic glutamatergic neuron projected onto two glutamatergic
neurons (see diagram at top), with differing synaptic initial synaptic strength. Each data point represents the peak amplitude
of the EPSC, normalized to the mean amplitude during the control period (prior to BDNF treatment), as indicated by the
dotted line. Filled and open symbols depict EPSCs for initially relatively weak and strong connections, respectively. Shown
at top are sample traces (averages of 10 events) at the time indicated. Scales, 200 pA, 5 msec (A) and 50 pA, 5 msec (B).
Initial amplitudes of the EPSCs were 460 and 1010 pA in A and 42 and 336 pA in B.

(n = 46). Synaptic connections with EPSC ampli-
tude >800 pA appeared typically only after 11 DIV.
Thus, the loss of responsiveness to BDNF may be a
consequence of synaptic maturation, with imma-
ture synapses being more susceptible than mature
synapses. Strong synaptic connections typically ex-
hibit a low CV, indicating that growth in EPSC am-
plitude at these hippocampal synapses may be due
to an increase in P, and/or N. Long-term treatment
of BDNF has been shown to promote formation of
synaptic connections in cultures prepared from
E16 but not E18 rat embryos (Vicario-Abejon et al.
1998), suggesting that synaptic maturation may re-
quire exposure to BDNF. During hippocampal de-
velopment, Schaffer collateral—CA1l synapses
were shown to grow in strength predominantly by
an increase in the number of release sites (Hsia et
al. 1998). Acute effects of BDNF observed here
might also involve rapid formation of new synaptic
contacts, leading to an increased N and reduced
CV. As connections among neurons mature, there
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may be a maximal density of synaptic contacts that
can be accommodated on each neuron. The re-
duced effect of BDNF at stronger connections may
reflect a diminished ability of the neuron to add
new synapses. Our findings on the dependence of
synaptic modification on the initial strength reveal
an intriguing parallel to a previous study of LTP in
the same culture system (Bi and Poo 1998). In the
latter study, the magnitude of synaptic potentiation
induced by correlated pre- and postsynaptic spik-
ing was also found to depend on the initial synaptic
strength. This apparent similarity of BDNF and ac-
tivity-dependent synaptic modification with re-
spect to initial conditions suggests that these pro-
cesses may share common mechanisms.
Potentiation of hippocampal and neuromuscu-
lar synapses by BDNF was shown previously to be
accompanied by a decrease in paired-pulse facili-
tation (Kang and Schuman 1995; Lessmann and
Heumann 1998; Boulanger and Poo 1999; A.F.
Schinder, B. Berninger, M.-m. Poo, in prep.). More-
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over, exposure to BDNF results in an increase in
the frequency of miniature EPSCs at these synapses
(Lohof et al. 1993; Lessmann et al. 1994; Li et al.
1998b). These findings argue that the effect of
BDNF may involve an increased P,. The fact that
synapses with low paired-pulse facilitation
showed a reduced response to BDNF suggested
that the lack of BDNF effect is due to a saturation
of P,. To test this possibility, we manipulated P, at
synapses with a high initial EPSC amplitude by ei-
ther reducing [Ca®*], or applying adenosine. From
the decrease in the EPSC amplitude following
these treatments we estimate that P, was reduced
by 50%-97%. Despite this drastic reduction in P,,
we did not observe an effect of BDNF on these
synapses. We therefore conclude that a low P,—
although it may still be a prerequisite—is not suf-
ficient to render hippocampal synapses suscep-
tible to BDNF, and other synaptic properties are
critical for setting the degree of susceptibility to
the action of BDNF.

The reduction in the responsiveness to BDNF
associated with the maturation of synaptic connec-
tions could be a consequence of changes in neu-
rotrophin signaling or in transmitter release ma-
chinery. For instance, the expression of truncated
TrkB receptors lacking a functional tyrosine kinase
domain increases during brain development (Allen-
doerfer et al. 1994; Fryer et al. 1996). Because trun-
cated TrkB receptors may act in a dominant-nega-
tive manner (Eide et al. 1996), increased levels of
these receptors may account for the reduced ac-
tion of BDNF at mature synapses. Alternatively,
changes in the release machinery, for example,
(dis)appearance of synaptic proteins that are tar-
geted by BDNF and influence P,, could account for
the differential response to BDNF. Clear differ-
ences in response to neurotrophin-3 (NT-3) have
been observed for frog neuromuscular synapses
formed by the axon tip or by the cell body, indi-
cating that certain regulatory components of the
release machinery in these two compartments are
functionally distinct (Chang and Popov 1999). That
differential BDNF effects are observed at divergent
outputs of the same presynaptic neuron further
suggests that functional differences may appear at
different terminals of the hippocampal neuron as a
consequence of the heterogeneous pace of matu-
ration or target-cell-specific retrograde signaling.
Differential presynaptic properties and synaptic
plasticity at different nerve terminals of the same
neuron have been found in a number of systems
(Laurent and Sivaramakrishnan 1992; McMahon
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and Kauer 1997; Bi and Poo 1998; Maccaferri et al.
1998; Markram et al. 1998; Reyes et al. 1998; A F.
Schinder, B. Berninger, M.-m. Poo, in prep.).

We have recently observed that the respon-
siveness of glutamatergic synapses to BDNF is de-
pendent on whether the postsynaptic target neu-
ron is glutamatergic or GABAergic in nature (A.F.
Schinder, B. Berninger, and M.-m. Poo, in prep.).
Synaptic potentiation could be induced by BDNF
only when the postsynaptic neuron was glutama-
tergic. This differential responsiveness to BDNF of
divergent outputs from the same presynaptic neu-
ron supports the notion of a localized synaptic ac-
tion of BDNF. At developing Xenopus neuromus-
cular synapses, potentiation of transmitter release
was restricted to synapses on myocytes overex-
pressing NT-4, without affecting nearby synapses
formed by the same neuron onto control myocytes
(Wang et al. 1998), suggesting again localized syn-
aptic action of neurotrophin.

‘What might be the functional significance of a
developmental regulation in the synaptic response
to BDNF? Our findings suggest that synaptic modi-
fication by BDNF may play an important role dur-
ing specific phases of neural development, when
synaptic plasticity is most prominent. This is con-
sistent with previous observations on the effects of
neurotrophins on the synaptic organization of the
visual cortex during the critical period of develop-
ment (Domenici et al. 1991, 1994; Cabelli et al.
1995, 1996; Galuske et al. 1996). The fact that syn-
apses originating from the same presynaptic neu-
ron can express different degrees of responsive-
ness to BDNF suggests that, if new synapse forma-
tion were to occur during adulthood, such
synapses may be more modifiable by BDNF than
their more mature sister synapses.
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