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ABSTRACT Although neurotrophins have traditionally
been regarded as neuronal survival factors, recent work has
suggested a role for these factors in synaptic plasticity. In
particular, brain-derived neurotrophic factor (BDNF) rapidly
enhances synaptic transmission in hippocampal neurons
through trkB receptor stimulation and postsynaptic phos-
phorylation mechanisms. Activation of trkB also modulates
hippocampal long-term potentiation, in which postsynaptic
N-methyl-D-aspartate glutamate receptors play a key role.
However, the final common pathway through which BDNF
increases postsynaptic responsiveness is unknown. We now
report that BDNF, within 5 min of exposure, elicits a dose-
dependent increase in phosphorylation of the N-methyl-D-
aspartate receptor subunit 1. This acute effect occurred in
hippocampal synaptoneurosomes, which contain pre- and
postsynaptic elements, and in isolated hippocampal postsyn-
aptic densities. Nerve growth factor, in contrast, caused no
enhancement of phosphorylation. These results suggest a
potential mechanism for trophin-induced potentiation of syn-
aptic transmission.

Neurotrophins play important roles in the survival and differ-
entiation of specific neuronal populations during development
and adulthood (1–3). Four members of the mammalian neu-
rotrophin gene family have been identified: nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), and NT-4y5 (4, 5). The neurotrophins
bind to receptor tyrosine kinases of the trk protooncogene
family with high affinity. trkA is a high-affinity receptor for
NGF (6, 7), trkB for BDNF and NT-4y5 (8, 9) as well as NT-3
(10), and trkC for NT-3 (11).

In addition to classical trophic activities, we and others have
shown that neurotrophins acutely modulate synaptic transmis-
sion (12–19) and long-term potentiation (20). Experiments
with dissociated cultures of hippocampal neurons indicate that
BDNF and NT-4y5 rapidly and selectively potentiate excita-
tory synaptic currents (17–19), and this trkB-mediated synaptic
enhancement involves phosphorylation-dependent modula-
tion of postsynaptic responsiveness (18). The exact mecha-
nisms by which trkB activation modulates synaptic transmis-
sion remain to be established.

We recently found that trkB is a functionally active, intrinsic
component of the adult rat postsynaptic density (PSD) isolated
from cerebral cortex and hippocampus (21). The PSD is a
proteinaceous disc-shaped subcellular organelle apposed to
the inner surface of the postsynaptic membrane of chemical
synapses (22). Neurotransmitter receptors, protein kinases,

and ion channel proteins are anchored to the PSD (22),
suggesting that the PSD participates in signal transduction and
even receptor regulation. In fact, our recent studies revealed
that N-methyl-D-aspartate (NMDA) receptors can be phos-
phorylated by intrinsic PSD kinases (23, 24). Phosphorylation
of NMDA receptors is known to enhance receptor binding,
channel conductance, and synaptic transmission (25–27). Be-
cause trkB activation enhances synaptic activity via postsyn-
aptic phosphorylation mechanisms (18, 19), and trkB is found
in the PSD (21), increased synaptic transmission may be due
to neurotrophin-mediated phosphorylation of receptors in the
PSD. In this study, we examined the effects of BDNF on
phosphorylation of the NMDA receptor subunit 1 (NR1) in
both adult hippocampal synaptoneurosomes and PSDs, to
determine whether neurotrophins can elicit phosphorylation
of synaptic NMDA receptors.

MATERIALS AND METHODS

Animals and Preparation of Synaptoneurosomal and PSD
Fractions. Adult Sprague–Dawley rat tissue was used. Animals
were anesthetized with CO2 and decapitated. Tissues were
then removed within 3 min and used immediately for synap-
toneurosomal preparation or stored at 280°C until use for
PSD preparation.

Procedures used to prepare synaptoneurosomal fractions
were modified from those reported by Hollingsworth et al.
(28). Briefly, fresh rat hippocampi were gently homogenized
(five strokes at 100 rpm) with a Teflonyglass homogenizer in
7 vol (wtyvol) of a Hepes buffer [20 mM Hepes (pH 7.5)
containing 110 mM NaCly5.3 mM KCly1.0 mM MgSO4y1.8
mM CaCl2y25 mM glucosey68.3 mM sucrosey10 mg/ml apro-
tininy10 mg/ml leupeptiny20 mg/ml soybean trypsin inhibitory1
mM phenylmethylsulfonyl f luoride (PMSF)]. The homogenate
was filtered by gravity through a triple layer of 80-mm nylon
netting, followed by pressure filtration through a Millipore
10-mm filter loaded in Swinnex holders (Millipore). The
filtrate was centrifuged at 1,000 3 g for 15 min. The pellets
were resuspended in 30 vol of the Hepes buffer and recentri-
fuged. The synaptoneurosomes were resuspended in the Hepes
buffer to yield a protein concentration of 3 mgyml.
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PSD fractions of adult rat hippocampus were prepared from
frozen tissues as described (29).

BDNF-Mediated NR1 Phosphorylation Assays. Synaptoneu-
rosomal fractions. Samples (1 mg each in a final volume of 500
ml) were preincubated at 37°C for 1 hr with 0.5 mM
[32P]orthophosphate (monosodium phosphate, 0.5 mCiyml; 1
Ci 5 37 GBq) in a shaking water bath. The mixtures were then
incubated at 37°C for 5 min with vehicle (1 mM BSA in PBS)
or BDNF (10, 50, 100, or 250 ngyml). NGF (100 ngyml) was
used in parallel to determine specificity. PBS, vehicle, and 100
ngyml BDNF were used to define the time course of BDNF
effects (5, 10, or 15 min). The incubation was terminated by
placing tubes on ice, followed by centrifugation in a micro-
centrifuge for 5 min. The pellets were boiled in 1% SDS (5
min), followed by the addition of 9 vol of solubilization buffer,
and processed for immunoprecipitation as described below.

PSD fractions. Samples (250 mg each in a final volume of 100
ml) were suspended in a buffer consisting of 50 mM Hepes (pH
7.5), 0.2 mM EGTA, 2 mM CaCl2, 10 mgyml leupeptin, 10
mgyml aprotinin, 20 mgyml soybean trypsin inhibitor, and 1
mM PMSF. PBS, vehicle, or BDNF (50, 100, 250, 500, or 1250
ngyml) was added to each experimental group. In parallel,
NGF (500 ngyml) was used to determine specificity of neu-
rotrophin response. The reaction mixtures were incubated for
5 min with 20 mM [g-32P]ATP ('0.05 mCiyml) at 37°C to
define dose-response relationships. To examine the time
course of BDNF effects, BDNF (500 ngyml) was incubated for
5, 10, or 15 min. After centrifugation, the pellets were solu-
bilized with ice-cold solubilization buffer (see below) for
immunoprecipitation.

Immunoprecipitation. After phosphorylation and centrifu-
gation, pellets were boiled in 100 ml of 1% SDS for 5 min and
the reaction mixtures were brought to 0.1% SDS with a
solubilization buffer [50 mM TriszHCl (pH 7.5) containing 150
mM NaCly10 mM EDTAy2 mM EGTAy1% Triton X-100y1%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfon-
ate (CHAPS)y0.5% Nonidet P-40y10 mg/ml leupeptiny10
mg/ml aprotininy20 mg/ml soybean trypsin inhibitory0.1%
BSAy1 mM PMSFy50 mM NaFy0.5 mM microcystin-LR]. The
mixtures were incubated for 2 hr with shaking at 4°C and were
spun at 10,000 3 g for 5 min. The supernatant was then
incubated with anti-NR1 (1 mgyml) polyclonal antibodies
(Chemicon) overnight at 4°C. Protein A-Sepharose CL-4B
(Pharmacia LKB) (100 ml per tube) was added and mixed for
another hour at 4°C. After centrifugation (10,000 3 g for 5 min
at 4°C), the Sepharose–antigen–antibody complexes were
washed four times with a buffer [50 mM TriszHCl (pH 8.1)
containing 150 mM NaCly1% Triton X-100y1% CHAPSy
0.5% Nonidet P-40y0.1% SDSy1 mM PMSF). The immuno-
precipitates were solubilized and boiled in a sample buffer
(0.0625 M TriszHCl, pH 6.8y2% SDSy5% 2-mercaptoethanoly
10% glyceroly0.002% bromophenol blue) for 5 min. The
samples were then subjected to SDSyPAGE for autoradiog-
raphy and Western blot analysis.

SDSyPAGE, Autoradiography, and Western Blot Analysis.
All procedures were performed at room temperature. Vertical
slab SDSyPAGE was performed using a continuous 3.5–15%
acrylamide gradient. Electrophoresis was carried out at 125 V
for 20 hr. Proteins were electrophoretically transferred to
Immobilon-P membrane (Millipore) (30) at 25 V for 20 hr. The
transfer buffer consisted of 25 mM TriszHCl and 200 mM
glycine (pH 8.3–8.6). The resultant membrane was initially
analyzed by autoradiography. Then, it was blocked with 5%
fat-free milk in 0.1% TBS-T (20 mM TriszHCl, pH 7.4y0.1%
Tween 20) for 1 hr at room temperature, incubated with
antibodies (0.5 mgyml for anti-NR1) for another hour, fol-
lowed by incubation with horseradish peroxidase-conjugated
anti-rabbit IgG (Amersham) (1:5,000) for 45 min. Products
were analyzed using the enhanced chemiluminescence West-
ern blotting detection system supplied by Amersham.

Quantitation. The intensity of bands on autoradiographs
and immunoblots was quantitated with a scanning densitom-
eter (CliniScan, Helena Laboratories). The NR1 phosphory-
lation levels per unit protein were obtained by normalizing
arbitrary densitometric data of autoradiographs per unit im-
munoblot value. NR1 phosphorylation per unit protein in the
vehicle control was assigned a value of 100%. All experiments
were performed three times. Representative blots and auto-
radiographs are shown in the figures.

RESULTS

Effects of BDNF on Synaptoneurosomal NR1 Phosphory-
lation. The isolated synaptoneurosome contained a sealed
postsynaptic cytosolic compartment, based on electron micro-
scopic examination of the preparations (not shown), repro-
ducing the findings by the original authors (28). To examine
whether BDNF is capable of enhancing hippocampal NR1
phosphorylation, we examined phosphorylation of synapto-
neurosomal proteins in the presence of the trophin, followed
by immunoprecipitation using anti-NR1 antibodies. The re-
sults of BDNF dose-dependent responses are presented in Fig.
1. Western blot analyses (Fig. 1A) identified the bands in the
autoradiographs (Fig. 1B) as NR1 (110 kDa). The densito-
metric scanning data are expressed as autoradiographic values
per immunoblot protein, representing NR1 phosphorylation
per unit protein (Fig. 1C). The effects of BDNF on NR1
phosphorylation were dose-dependent, with a significant 50%
increase at 10 ngyml and a maximal, 3-fold enhancement at 100
ngyml (Fig. 1 B and C). Several proteins, including trkB, were
coimmunoprecipitated with NR1 (Fig. 1B) and may be in-
volved in NR1-related signaling cascades. The major coimmu-
noprecipitated phosphorylated protein, with a molecular
weight of 51 kDa, similar to that of the Ig used for immuno-
precipitation, may be the major PSD protein (mPSDp). Ve-
hicle or NGF (100 ngyml) caused no enhancement of NR1
phosphorylation, indicating specificity of the BDNF action.

To begin defining the acute effects of BDNF in mediating
synaptic transmission, we studied the time course of BDNF
effects on NR1 phosphorylation. Incubation with BDNF for 5
min elicited maximal NR1 phosphorylation (Fig. 2B). Incuba-
tion with BDNF for 15 min, however, had far less effect on
phosphorylation, perhaps due to active dephosphorylation.
The results obtained at 15 min were not attributable to
proteolysis, since there were relatively much smaller changes in
NR1 protein levels (Fig. 2A, lanes 3 and 11, from left) than in
phosphorylation (Fig. 2B, lanes 3 and 11, from left). PBS,
vehicle, or NGF alone did not enhance NR1 phosphorylation
during the incubation periods examined.

Effects of BDNF on NR1 Phosphorylation in the PSD. To
determine whether BDNF potentiates NR1 phosphorylation
through postsynaptic mechanisms, we examined phosphoryla-
tion of NR1 in the PSD. BDNF treatment (50–1,250 ngyml)
elicited a dose-dependent increase in NR1 phosphorylation
(Fig. 3B), using equivalent concentrations of NR1 protein (Fig.
3A). BDNF treatment elicited a maximal, 7-fold increase in
NR1 phosphorylation per unit of protein (Fig. 3C). The BDNF
concentration (500 ngyml) needed to achieve maximal effects
in the PSD was 5-fold higher in the relatively inaccessible PSD
preparation than in the synaptoneurosomal preparation. NR1
phosphorylation was not enhanced by vehicle or NGF (500
ngyml), indicating the specificity of BDNF action (Fig. 3).

To define acute effects of BDNF, we examined phosphor-
ylation as a function of incubation time. The maximal effect on
NR1 phosphorylation occurred at 5 min (Fig. 4B), paralleling
that observed with synaptoneurosomes (Fig. 2B). Similarly,
BDNF had far less effect on phosphorylation after 15 min of
incubation. PBS, vehicle, or NGF caused no enhancement of
NR1 phosphorylation regardless of incubation time (Fig. 4B).
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DISCUSSION

Previous work from our laboratory and others has indicated
that BDNF acutely enhances synaptic transmission in the
hippocampus (14–19). These studies were designed to begin
exploring underlying molecular mechanisms. Our results in-

dicate that BDNF specifically enhances the phosphorylation of
NR1 subunits of hippocampal NMDA receptors within 5 min
of exposure. NR1 phosphorylation with enhanced conduc-
tance may thus constitute a critical mechanism mediating
trophin stimulation of synaptic transmission.

We employed two different hippocampal preparations to
investigate phosphorylation in vitro. We began with hippocam-
pal synaptoneurosomes, which contain the entire pre- and
postsynaptic apparatus (28), to most closely approximate
physiological conditions, and to ensure that necessary synaptic
components were present. BDNF specifically increased 32P
incorporation into NR1 subunits 3-fold with a 5-min exposure.
The rapidity of the phosphorylation response is entirely con-
sistent with our previous observations that BDNF enhances
synaptic transmission in hippocampal neurons within 2–3 min
(18). Moreover, NGF had no detectable effect on synapto-
neurosomal NR1 phosphorylation, paralleling its lack of effect
on hippocampal synaptic transmission (16, 18, 19). Finally, we
employed a range of trophin concentrations to determine
whether phosphorylation required supranormal BDNF levels
in this cell-free, in vitro model system. Significant enhancement
of phosphorylation occurred at a concentration as low as 10
ngyml, and a maximal, 3-fold increase was obtained at 100
ngyml. However, any interpretation warrants caution, since the
synaptoneurosomes undergo extensive preparative purifica-
tion with potential compromise or loss of trkB receptors and
signaling cascades. The relationship of present concentrations
to those required in whole-cell culture remains open, neces-

FIG. 1. Enhancement of synaptoneurosomal NR1 phosphorylation
by BDNF. Synaptoneurosomal proteins (1 mg each) were incubated in
the presence of different concentrations of BDNF as described. NGF
was used to define specificity of BDNF action. (A) Western blot. (B)
Autoradiograph. (C) Normalized densitometric scanning values. The
data shown in C are the mean 6 SE of three separate determinations
that varied less than 10% from each other. Immunoprecipitated NR1
(110 kDa) is indicated by arrows. Syn, synaptoneurosomal proteins
that did not receive phosphorylation treatment; Veh, vehicle control
consisting of 1 mM BSA in PBS; Ig, light or heavy chains of
immunoglobin used in the immunoprecipitation.

FIG. 2. Acute effect of BDNF on phosphorylation of synaptoneu-
rosomal NR1. NR1 phosphorylation in the synaptoneurosomes was
performed for 5, 10, and 15 min as described. Immunoprecipitated
NR1 is indicated by arrowheads. (A) Western blot. (B) Autoradio-
graph.
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sitating further analysis. It should be noted that PSD prepa-
rations were prepared by detergent treatment of the synapto-
somal fractions. It is apparent that some proteins may be
modified in this purification procedure. Thus, the higher
concentrations required to elicit a response with the isolated
PSD fractions may be due to partial inactivation andyor loss of
signaling element(s) involved in the trkB-mediated synaptic
signaling cascade.

Our previous studies indicated that BDNF modulated syn-
aptic transmission through postsynaptic actions involving trkB
activation and phosphorylation mechanisms (18, 19). To de-
termine whether BDNF can elicit NR1 phosphorylation spe-

cifically at the postsynaptic locus, we analyzed actions on the
isolated PSD. The trophin evoked a maximal, 7-fold increase
in NR1 phosphorylation in hippocampal PSDs. Maximal phos-
phorylation occurred within 5 min, and was actually decreased
at 15 min of incubation, suggesting that the phosphorylation
response is rapid and transient. The decrease after 15 min may
reflect the participation of active, phosphatase-mediated, de-
phosphorylation mechanisms. In this connection, the coim-
munoprecipitation of proteins with NR1 in both synaptoneu-
rosomal and PSD preparations may represent molecules par-
ticipating in the NR1 phosphorylation cascade.

We are presently investigating the possibility that these
coimmunoprecipitated proteins include protein kinase C and
CaM kinases. The latter two enzyme classes phosphorylate
NR1 and associate noncovalently with NR1 in the PSD (23,
24), and may directly modulate NMDA receptor channel
function (25). It is noteworthy that the coimmunoprecipitated
proteins were qualitatively similar in the two preparations,
suggesting that a common set of molecules regulate NR1
phosphorylation. This is consistent with the fact that there is
at least a 200-fold purification of the PSD from synaptoneu-
rosomes (K.W., P.-C.S., J.-L.X., unpublished results).

The precise sequence of events through which BDNF in-
creases NR1 phosphorylation remains to be determined.
BDNF is known to increase intracellular Ca21, cAMP, and
inositol triphosphate in the hippocampus (31, 32). We are
presently investigating the potential role of these signals, as

FIG. 3. Potentiation of PSD NR1 phosphorylation by BDNF. PSD
proteins (250 mg each) were incubated in the presence of various
concentrations of BDNF. (A) Western blot. (B) Autoradiograph. (C)
Normalized densitometric scanning values. The data shown in C are
the mean 6 SE of three separate determinations that varied less than
10% from each other.

FIG. 4. Acute effect of BDNF on PSD NR1 phosphorylation. NR1
phosphorylation in the PSD was performed for 5, 10, and 15 min. (A)
Western blot. (B) Autoradiograph.
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well as specific kinases and phosphatases, in BDNF-mediated
NR1 phosphorylation.
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