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During development of neuronal circuits, presynaptic and
postsynaptic functions are adjusted in concert, to optimize
interneuronal signaling. We have investigated whether activa-
tion of glutamate receptors affects presynaptic function during
synapse formation, when constitutive synaptic vesicle recycling
is downregulated. Using primary cultures of hippocampal neu-
rons as a model system, we have found that chronic exposure
to both NMDA and non-NMDA glutamate receptor blockers
during synaptogenesis produces an increase in miniature EPSC
(mEPSC) frequency, with no significant changes in mEPSC
amplitude or in the number of synapses. Enhanced synaptic
vesicle recycling, selectively in glutamatergic nerve terminals,
was confirmed by the increased uptake of antibodies directed
against the lumenal domain of synaptotagmin. No increased
uptake was detected in neuronal cultures grown in the chronic
presence of TTX, speaking against an indirect effect caused by

decreased electrical activity. Enhanced mEPSC frequency cor-
related with a reduction of synaptophysin-synaptobrevin–
vesicle-associated membrane protein 2 (VAMP2) complexes
detectable by immunoprecipitation. Intracellular perfusion with
a peptide that inhibits the binding of synaptophysin to synap-
tobrevin–VAMP2 induced a remarkable increase of mEPSC
frequency in control but not in glutamate receptor blocker-
treated neurons. These findings suggest that activation of glu-
tamate receptors plays a role in the downregulation of the basal
rate of synaptic vesicle recycling that accompanies synapse
formation. They also suggest that one of the mechanisms
through which this downregulation is achieved is an increased
interaction of synaptophysin with synaptobrevin–VAMP2.
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Activity-dependent regulation of synaptic properties has been
shown to play a central role in modulating synaptic function in
the mature nervous system. In the case of glutamatergic synapses
in the mammalian CNS, a large body of evidence indicates that
synaptic activity affects postsynaptic properties, for instance by
controlling spine density and by regulating the synaptic localiza-
tion of glutamate receptors. Glutamate released during sponta-
neous activity and acting on AMPA receptors has been shown to
exert a trophic effect on spines (McKinney et al., 1999a), whereas
synapse inactivation has been found to produce a compensatory
enhancement of postsynaptic spine density (Kirov and Harris,
1999). Furthermore, synaptic activity operates a continuous re-
modeling of postsynaptic densities, regulates PSD-95 cluster dy-
namics (Okabe et al., 1999), and affects the redistribution of

glutamate receptors toward or away from synaptic sites (Rao and
Craig, 1997; O’Brien et al., 1998; Liao et al., 1999; Lissin et al.,
1999). Finally, an increase in miniature EPSC (mEPSC) fre-
quency has been demonstrated in hippocampal slice cultures
chronically treated with NMDA receptor blockers, possibly as a
consequence of presynaptic sprouting (McKinney et al., 1999b).
Altogether, these data have indicated that activation of glutamate
receptors influences the functional properties of the mature CNS
synapses.

It is not as clear whether similar mechanisms also operate
during neuronal development and synaptogenesis. Formation and
maturation of synapses are complex processes, which require both
the recruitment at sites of contact of proteins and organelles
already present in the presynaptic and postsynaptic elements as
well as a change in gene expression (Passafaro and Sheng, 1999;
Sanes and Lichtman, 1999; Verderio et al., 1999a; Craig and
Lichtman, 2000; Garner et al., 2000). A powerful experimental
system to investigate the mechanisms of synaptogenesis is repre-
sented by primary cultures of hippocampal neurons. In these
neurons synaptic vesicles are already present at very early devel-
opmental stages, before axons have made a contact with postsyn-
aptic cells. At these stages, basal synaptic vesicle exocytosis oc-
curs at high rate from the entire distal axonal arbor.
Synaptogenesis coincides with a downregulation of this basal rate
(Matteoli et al., 1992; Kraszewski et al., 1995; Coco et al., 1998;
Verderio et al., 1999a) and with the coalescence of preassembled
packages of synaptic vesicles into the larger clusters characteristic
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of mature synapses (Matteoli et al., 1992; Kraszewski et al., 1995;
Ahmari et al., 2000). These changes are likely to depend, at least
partially, on retrograde signals mediated by the activation of the
postsynaptic side of the newly formed synaptic contact (Verderio
et al., 1999b). We have now investigated the possible role of
glutamate receptor activation in mediating the regulation of syn-
aptic vesicle recycling. We demonstrate that neurons chronically
exposed to glutamate receptor blockers during synaptogenesis
are characterized by a higher basal rate of synaptic vesicle exo-
cytosis. Furthermore, we provide evidence for a role of a de-
creased synaptophysin-synaptobrevin–vesicle-associated mem-
brane protein 2 (VAMP2) interaction in this effect.

MATERIALS AND METHODS
Hippocampal cell cultures. Primary neuronal cultures were prepared from
the hippocampi of 18-d-old fetal rats as previously described (Bartlett
and Banker, 1984; Matteoli et al., 1992). APV (100 �M) and CNQX (20
�M) or TTX (1 �M) were added to the medium after 24 hr. Glutamate
receptor inhibitors were removed immediately before electrophysiologi-
cal recordings. Medium containing freshly prepared inhibitors was sub-
stituted every other day. A modification of the method of Furshpan et al.
(1976) was used to grow single neurons on small islands of substrate,
consisting in a fine mist of poly-L-lysine sprayed on glass coverslips
(Verderio et al., 1999b).

Electrophysiology. Whole-cell patch-clamp recordings were obtained
from 14- to 20-d-old neurons with an Axopatch 200B amplifier and
pClamp software (Axon Instruments, Foster City, CA). Recordings were
performed in the voltage-clamp mode. Currents were sampled at 2 kHz
and filtered at 2–5 kHz. External solution [Krebs’—Ringer’s–HEPES
(KRH)] had the following composition (in mM): 125 NaCl, 5 KCl, 1.2
MgSO4, 1.2 KH2PO4, 2 CaCl2, 6 glucose, and 25 HEPES–NaOH, pH
7.4. mEPSCs were recorded in the presence of 1 �M tetrodotoxin (TTX).
Recording pipettes were fabricated from capillary glass using a two stage
puller (Narishige, Tokyo, Japan) and had tip resistances of 3–5 M� when
filled with the intracellular solution of the following composition (in
mM): 130 K-gluconate, 10 KCl, 1 EGTA, 10 HEPES, 2 MgCl2, 4
MgATP, and 0.3 Tris-GTP. With such an intracellular solution, the
chloride equilibrium potential was calculated to be approximately �63
mV. Voltage-clamp recordings were performed with a holding potential
of �60 mV, thus avoiding contaminating GABAA-mediated responses.
Recordings were performed at room temperature. Off-line analysis of
mEPSCs used Axograph Software (Axon Instruments). Events had to
exceed a threshold of two to three times the SD of the baseline noise. In
a set of experiments a peptide corresponding to 1–32 N-terminal se-
quence of VAMP2 (SATAATVPPAAPAGEGGPPAPPPNLTSNRRL)
was introduced into single neurons forming autaptic contacts by diffusion
from the pipette. The concentration of the peptide in the pipette was 160
�M. Exchange times for small peptides was estimated to be 1–3 min
based on test reagents in previous studies (Rosenmund et al., 1994).
mEPSC activity was recorded for up to 30 min. Series resistance (80–
90%) and the cell capacitance were compensated and continuously
monitored during recording.

Exo-endocytotic assay. An exo-endocytotic assay to monitor SV recy-
cling was performed using rabbit polyclonal antibodies directed against
the intravesicular domain of rat synaptotagmin I [Syt-ecto antibodies
(Abs)], applied for 3, 5, or 25 min, as previously described (Matteoli et
al., 1992; Kraszewski et al., 1995). Incubations with the antibody were
performed in KRH or in KRH containing 50 mM KCl, always in the
presence of APV (100 �M) and CNQX (20 �M). After fixation and
staining (Matteoli et al., 1992), cells were photographed with Kodak
TMAX 400 film on a Zeiss Axiophot microscope equipped with epiflu-
orescence microscopy or acquired with a Bio-Rad (Hercules, CA) MRC-
1024 confocal microscope equipped with LaserSharp 3.2 software. Ac-
quired images were processed and quantitatively analyzed with NIH
Image software from National Institutes of Health (Bethesda, MD), as
previously described (Coco et al., 1998; Verderio et al., 1999b).

Immunoblotting. Total homogenates from rat brains and cell extracts
from cultured hippocampal neurons were subjected to SDS-PAGE elec-
trophoresis, Western blotting, and immunostaining as described (Coco et
al., 1997; Verderio et al., 1999b). Immunoreactive bands were visualized
either with enhanced chemiluminescence (Amersham Pharmacia Bio-
tech, Milan, Italy) or by iodinated protein A. Quantitation of the signal

was performed by NIH Image software from the National Institutes of
Health.

Immunoprecipitation. Neuronal cell pellets were dissolved in 1 ml of
extraction buffer containing (in mM): KCl 140, EDTA 2, HEPES–KOH
20, pH 7.3, and 1% (v/v) Triton X-100. Extraction was performed for 1
hr at 4°C followed by a centrifugation for 3 min at 700 � g. We added
�10 �g of IgG of the monoclonal antibodies against synaptobrevin–
VAMP2 or polyclonal antibodies against synaptophysin overnight to 25
�l of G-Sepharose suspension (Amersham Pharmacia Biotech, Piscat-
away, NJ) or A-Agarose suspension (Pierce, Rockford, IL). The beads
were collected by centrifugation at 200 � g for 1 min and added to 200
�l of extraction supernatant. Incubation was performed for 1 hr at 4°C.
Beads were then collected by centrifugation at 200 � g for 1 min, washed
three times in extraction buffer, and analyzed by SDS-PAGE and West-
ern blotting. The supernatant of the immunoprecipitation was analyzed
in parallel (Becher et al., 1999b).

Antibodies. Rabbit polyclonal antibodies directed against the intrave-
sicular domain of rat synaptotagmin I (Syt-ecto Abs) were generated as
previously described (Matteoli et al., 1992) using a synthetic peptide
corresponding to the residue 1–19 of the protein. Antibodies against SV2
and GAD were kind gift of Drs. K. Buckley (Harvard University, Boston,
MA) and M. Solimena (Yale University, New Haven, CT), respectively.
Antibodies against synaptobrevin–VAMP2, synaptophysin (monoclonal
C7.1–4 and polyclonal G95), and synaptotagmin I were a kind gift of Dr.
R. Jahn (Gottingen, Germany). Monoclonal antibodies against synapto-
physin were purchased from Boehringer Mannheim (Indianapolis, IN).
Antibodies against �-tubulin were from Sigma (Milan, Italy). Anti-rabbit
rhodamine-conjugated antibodies were purchased from Boehringer
Mannheim. Anti-mouse fluorescein-conjugated antibodies were from
Jackson ImmunoResearch (West Grove, PA).

Statistical analysis. Results are presented as means � SE. Data were
statistically compared using the Student’s t test. Differences were consid-
ered significant if p � 0.05 and are indicated by an asterisk in all figures,
whereas those at p � 0.01 are indicated by double asterisks.

RESULTS
Chronic blockade of glutamate receptors enhances
mEPSC frequency
Primary cultures of embryonic hippocampal neurons were main-
tained in the chronic presence of glutamate receptor antagonists
(APV, 100 �M; CNQX, 20 �M). Despite of the block of glutamate
receptor activation, neurons were able to differentiate and to form
a synaptic network. Basal synaptic activity, in the form of mEP-
SCs, was monitored after 14–20 d in culture, after removal of
glutamate antagonists, in KRH and in the presence of 1 �M TTX.
Figure 1 shows that chronic blockade of glutamate receptors
markedly increases mEPSC frequency (control, 2.47 � 0.38 Hz,
n � 38; APV–CNQX-treated, 4.88 � 0.63 Hz, n � 37; mean �
SE; p � 0.01) (Fig. 1C) with no significant changes in mEPSC
amplitude (Fig. 1D). A similar increase in mEPSC frequency was
recorded from single hippocampal neurons grown on poly-L-
lysine microislands in control conditions or in the chronic pres-
ence of glutamate receptor blockers (mEPSC frequency, control,
2.07 � 1.4 Hz, n � 17; APV–CNQX-treated, 4.54 � 1.95 Hz, n �
18; mean � SE; p � 0.01; mEPSC amplitude, control, 16.8 � 1.9
pA, n � 17; APV–CNQX-treated, 17.7 � 0.6 pA, n � 18; mean �
SE; p � 0.1).

Elevations in mEPSC frequency could result from an increase
in the number of synapses formed and/or from an increase in the
presynaptic rate of release. To distinguish between these two
possibilities, the number of synapses per micrometer of neurite
was evaluated in control neurons (Fig. 2A) and in neurons grown
in the presence of APV and CNQX (Fig. 2B). Synaptic contacts
were revealed by immunofluorescence staining for the synaptic
vesicle protein SV2, which specifically labels synaptic contacts in
hippocampal cultures (Matteoli et al., 1992; Coco et al., 1997).
Figure 2C shows the lack of any significant difference in the
number of synapses per micrometer of neurite between control
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and APV–CNQX-treated neurons (number of synapses per mi-
crometer of neurite, control, 0.183 � 0.02; number of cells � 19;
APV–CNQX, 0.188 � 0.01; number of cells � 24; p � 0.1).

Enhanced mEPSC frequency reflects an increased rate
of synaptic vesicle exo-endocytotic recycling
To determine whether the change in mEPSC frequency reflected
an enhanced basal rate of synaptic vesicle exocytosis, indepen-
dent of postsynaptic effects, we investigated whether an increase
in this rate could be detected in neurons grown in the continual
presence of the glutamate receptor blockers APV–CNQX. At
this aim, we used an optical method to measure synaptic vesicle
exocytosis and recycling: the immunocytochemical assay based on
antibodies directed against the intravesicular domain of the syn-
aptic vesicle protein synaptotagmin I (Syt-ecto Abs). These anti-
bodies are internalized in the lumen of synaptic vesicles after
their exo-endocytosis (Matteoli et al., 1992; Kraszewski et al.,
1995; Malgaroli et al., 1995; Coco et al., 1998; Verderio et al.,
1999b), and their uptake closely reflects levels of vesicle recycling.
Mature cultures, grown in control medium (Fig. 3A–C) or in the
presence of glutamate receptor blockers (Fig. 3D–F), were ex-
posed to Syt-ecto Abs for 5 min in the same extracellular solution
used for electrophysiology, in the presence of glutamate receptor
blockers and in the absence of external stimuli. They were then

fixed, permeabilized, stained for the internalized antibodies, and
counterstained for the synaptic vesicle protein SV2 to reveal the
entire synaptic population. Figure 3A–C (see also details in Fig.
3G,H) shows that, in control neurons, only few synaptic contacts
were labeled by internalized Syt-ecto Abs (Fig. 3B,G) above
threshold levels (Mundigl et al., 1995). However, when neurons
were grown in the presence of APV and CNQX, a high percent-
age of synapses were clearly positive for internalized Syt-ecto Abs
(Fig. 3E,M). The percentages of labeled synapses in control and
treated cultures were found to be 24.55 � 2.00 in control cultures
(number of examined synapses � 69,834) and 43.46 � 2.2 in
APV–CNQX-treated cultures (number of examined synapses �
59,323; p � 0.001) (Fig. 3Q). An increase in the number of labeled
synaptic contacts was detected when control and treated cultures
were incubated for 25 min in the presence of Syt-ecto Abs.
However, even in this case, the number of synaptic contacts
labeled above threshold was found to be significantly higher in
cultures treated with glutamate receptor antagonists [control,
percentages of labeled synapses � 44.83 � 3.3; number of exam-
ined synapses � 43,939; APV–CNQX-treated, percentages of
labeled synapses � 55.89 � 2.8, number of examined synapses
33,253; p � 0.05 (Fig. 3Q)]. When neurons were stimulated by a
brief application of 55 mM KCl (Fig. 3I,L,O,P), virtually all

Figure 1. Differential effect of glutamate receptor chronic blockade on mEPSC frequency and amplitude. A, Representative recordings from 15-d-old
hippocampal neurons, maintained in control medium or in the presence of 100 �M APV and 20 �M CNQX. B, Distribution of mEPSC frequencies in
control and APV–CNQX-treated cells. C, D, Analysis of the average mEPSC frequency ( C) and cumulative amplitude distribution (D) in control and
treated cells reveals the specific effect of glutamatergic chronic blockade on the frequency, but not the amplitude, of mEPSCs.
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synaptic contacts were found to be labeled by the internalized
Syt-ecto Abs (Fig. 3I,O) both in control (Fig. 3I) and treated (Fig.
3O) cultures (control, percentages of labeled synapses � 95.6 �
3.5, number of examined synapses � 14,869; APV–CNQX-
treated, percentages of labeled synapses � 93.4 � 3.2; number of
examined synapses � 12,597; p � 0.1) (Fig. 3Q). No difference in
the number of labeled synapses could be detected between con-
trol cultures and cultures grown in the chronic presence of TTX
(data not shown). These data demonstrate that synapses formed
in vitro in the presence of glutamate receptor blockers have a
higher rate of basal synaptic vesicle exo-endocytosis.

The effect of glutamate antagonists is selective for
glutamatergic synapses
In primary cultures of hippocampal neurons, a low percentage of
the total neuronal population is represented by interneurons that
use GABA as neurotransmitter (Benson et al., 1994). We inves-
tigated therefore whether APV–CNQX treatment affected syn-
aptic vesicle recycling selectively in glutamatergic or also in

GABAergic nerve terminals. Control (Fig. 4A–C, details in Fig.
4G,H) and APV–CNQX-treated (Fig. 4D–F, details in Fig. 4 I,L)
neurons were exposed in basal conditions to Syt-ecto Abs for 5
min, and then stained, after fixation, both for the internalized
antibodies and for the GABA-synthesizing enzyme glutamic acid
decarboxylase (GAD). This enzyme is a marker of GABAergic
nerve terminals (Fig. 4A,D,G,I). Interestingly, although only
�25% of all synapses are labeled for Syt-ecto Abs above thresh-
old under this condition (see above), nearly all GAD-positive
synapses were also positive for Syt-ecto Abs (Fig. 4A,C,G,H).
Thus, even in control conditions, these inhibitory synapses are
characterized by a high rate of synaptic vesicle exocytosis. In
neurons grown in APV–CNQX-containing medium, a large num-
ber of synapses showed high rate of recycling (Fig. 4E,L). The
number of such recycling synapses largely exceeded GABAergic
synapses (Fig. 4D–F,I,L), suggesting a massive effect of APV–
CNQX on the rate of synaptic vesicle exo-endocytosis at gluta-
matergic boutons (Fig. 4M) (percentage of Syt-ecto-positive syn-
apses, control, 124 � 20.7; number of cells � 15; APV–CNQX,
304.7 � 40, number of cells � 17; values normalized to GAD-
positive synapses; p � 0.001). To further establish whether APV–
CNQX altered the extent of synaptic vesicle recycling occurring
at GABAergic terminals, the intensity of the immunocytochem-
ical labeling for internalized Syt-ecto Abs was normalized to the
intensity of GAD immunostaining in control and APV–CNQX-
treated synapses. Figure 4N shows that APV–CNQX treatment
did not significantly affect the ratio between Syt-ecto Abs and
GAD immunocytochemical signals (Syt-ecto Abs/GAD mean
density, control, 1.05 � 0.03; n � 31; APV–CNQX, 1.15 � 0.05,
n � 33, p � 0.1). Furthermore, no significant differences in GAD
expression were detected in control versus treated neurons (data
not shown). Altogether these data suggest that the functional
block of glutamatergic receptors specifically affects the extent of
synaptic vesicle recycling at glutamatergic, but not at GABAergic,
nerve terminals.

The stimulatory effect of glutamate receptor blockers
on mEPSC frequency correlates with a decreased level
of synaptophysin-synaptobrevin–VAMP2 complex
We have previously shown that formation of synaptic contacts
among hippocampal neurons in vitro correlates with a change in
the basal rate of synaptic vesicle exo-endocytosis. Before the
formation of synaptic contacts, basal synaptic vesicle exocytosis
occurs at high rate from the entire distal axonal arbor. Formation
of synaptic contacts coincides with a downregulation of this basal
rate (Kraszewski et al., 1995; Coco et al., 1998; Verderio et al.,
1999a) and with the coalescence of packages of synaptic vesicles
into the larger clusters characteristic of mature synapses (Mat-
teoli et al., 1992; Kraszewski et al., 1995; Ahmari et al., 2000).
This change was found to be dependent on the presence of the
postsynaptic site, as strikingly demonstrated by the analysis of
single neurons grown on poly-L-lysine-coated microislands. The
axons of these neurons form autaptic contacts (Fig. 5A–C) but
often extend additional branches that lack a postsynaptic target,
thus allowing the simultaneous analysis in a same cell of synaptic
vesicle exocytosis in compartments facing or not a postsynaptic
target (Verderio et al., 1999b). Incubation of these neurons with
Syt-ecto Abs under conditions that produce labeling of isolated
cells but no detectable labeling of mature autapses (5 min in basal
conditions) (Fig. 5C, small arrowheads) does result in an intense
labeling of isolated axonal branches (Fig. 5C, large arrowhead).
The higher rate of synaptic vesicle recycling observed at gluta-

Figure 2. Glutamatergic block does not affect synapse number. Immu-
nofluorescence stainings of control (A) and APV–CNQX-treated (B)
cultures with antibodies directed against the synaptic vesicle protein SV2.
Immunofluorescent puncta represent sites of synaptic contacts. Scale bar,
20.8 �m. C, Histogram showing the quantitative analysis of the number of
synapses present for micrometer of neurite length. No significant differ-
ence is detectable between control and APV–CNQX-treated neurons.
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matergic synapses after chronic exposure to glutamate receptor
antagonists seems to recapitulate immature stages of neuronal
development. We tested therefore whether the synaptic vesicle
recycling process in drug-treated synapses had some properties
characteristic of the “immature” nonsynaptic release.

It is well established that synaptophysin can form a complex
with synaptobrevin–VAMP2, and this complex is mutually exclu-
sive with the association of synaptobrevin–VAMP2 with other
soluble N-ethylmaleimide-sensitive factor attached protein
(SNAP) receptors (SNAREs) in the fusion complex (Edelman et
al., 1995; Washbourne et al., 1995). The property of synaptophy-
sin to associate with synaptobrevin–VAMP2 was reported to be
regulated during development and to occur only after formation
of synaptic contacts (Becher et al., 1999a,b). We therefore inves-
tigated whether treatment with glutamate receptor blockers al-
tered the level of the synaptophysin-synaptobrevin–VAMP2
complex. Immunoprecipitations with antibodies directed against
synaptobrevin–VAMP2 (Fig. 6A) or synaptophysin (data not
shown) were performed from extracts of 12- to 14-d-old control
cultures or from cultures chronically treated with glutamate re-
ceptor blockers. Western blot analysis of the immunoprecipitates
revealed that the presence of complexes was drastically reduced
(62% average reduction) in neurons grown in the continual

presence of the drugs. No reduction in the complex formation was
detected in cultures chronically treated with TTX (Fig. 6A).

The perturbation of
synaptophysin-synaptobrevin–VAMP2 interaction
increases mEPSC frequency in control but not in
glutamate receptor blocker-treated neurons
A 32-residue-long N-terminal segment of synaptobrevin–
VAMP2 was previously shown to inhibit complex formation in
vitro (Washbourne et al., 1995). To investigate whether the for-
mation of the synaptophysin-synaptobrevin–VAMP2 complex
plays a role in downregulating the constitutive fusion rate of
synaptic vesicles, mEPSCs were recorded from single hippocam-
pal neurons growing in microislands and forming autaptic con-
tacts, during the intracellular perfusion of this peptide via the
patch pipette. The peptide was found to cause a remarkable
increase in the mEPSC frequency recorded from control but not
from APV–CNQX-treated neurons (Fig. 6B–D). Ten or eleven
minutes after the beginning of recording, the frequency of mEP-
SCs was found to be 2.02 � 0.22 in control cells (values normal-
ized to the first or second minute of recording; n � 6; p � 0.002),
and 0.71 � 0.31 in APV–CNQX-treated cells (n � 5; p � 0.1)
(Fig. 6D). No change in mEPSC frequency was recorded from

Figure 3. Chronic treatment with glu-
tamatergic blockers upregulates synap-
tic vesicle recycling. We incubated 15-d-
old neurons from control (A–C, G–L) or
APV–CNQX-treated (D–F, M–P) cul-
tures for 5 min (A–H, M, and N, histo-
gram in Q) or 25 min (histogram in Q)
in the presence of Syt-ecto Abs in KRH
containing glutamate receptor blockers.
In a set of experiments, incubation was
performed for 3 min in the presence of
55 mM KCl (I, L, O, P, histogram in Q).
After this incubation, neurons were
washed, fixed, detergent-permeabilized,
reacted with fluorescein-conjugated
goat anti-rabbit IgGs (B, E, G, I, M, O),
and counterstained with antibodies
against SV2 followed by rhodamine-
conjugated goat anti-mouse IgGs (A, D,
H, L, N, P). Puncta of immunoreactivity
represent presynaptic nerve terminals
that outline perikarya and dendrites.
Syt-ecto Abs are internalized only at few
synaptic contacts in control cultures (B,
G) and in most synaptic contacts in
APV–CNQX-treated neurons (E, M ).
C, F, Fluorescein- and rhodamine-
merged images. Incubation in the pres-
ence of KCl results in Syt-ecto Ab inter-
nalization in virtually all synaptic
contacts, both in control ( I ) and treated
(O) cultures. Scale bars: A–C, 20.8 �m;
D–F, 25 �m; G–P, 3.5 �m. Q, Histo-
gram showing the quantitative evalua-
tion of Syt-ecto-positive synapses in
control and in APV–CNQX-treated
neurons.
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neurons in multineuronal networks, which receive synaptic inputs
from non injected neurons, excluding therefore a postsynaptic site
of action for the peptide (mEPSC frequency in multineuronal
networks 10 or 11 min after the beginning of recording, 0.87 �
0.12; values normalized to the first or second minute of recording,
n � 5; p � 0.1) (Fig. 6D). No increase in mEPSC frequency was
detected in either control or APV–CNQX-treated neurons intra-
cellularly perfused with a scrambled peptide or with the peptide

corresponding to the 1–32 N-terminal residues of synaptobrevin–
VAMP1 (data not shown). Although other mechanisms of action
of the peptide cannot be ruled out, these findings strongly support
the hypothesis that the interaction between synaptobrevin–
VAMP2 and synaptophysin has a role in the regulation of syn-
aptic vesicle exocytosis and that a decrease of this complex plays
a role in the effect of chronic treatment with glutamate receptor
blockers.

Figure 5. Basal rate of exo-endocytosis is downregulated after contact with a postsynaptic cell. A–C, Synaptic vesicle exo-endocytosis occurs at different
basal rates, in distinct compartments of a same 14-d-old neuron grown in a microisland, depending on the contact with the postsynaptic target. An
efficient internalization of Syt-ecto Abs takes place in basal conditions in the isolated axon (C, large arrowhead) but not at autaptic contacts (C, small
arrowheads) of the same neuron, shown as a bright field in A. B, Double immunolabeling of the same neuron for the synaptic vesicle protein SV2. Scale
bar, 18.75 �m.

Figure 4. Blockade of glutamate receptors affect glutama-
tergic, but not GABAergic, presynaptic nerve terminals.
A–F, Immunofluorescence images of control (A–C) and
APV–CNQX-treated (D–F) 15-d-old hippocampal neu-
rons incubated for 5 min in the presence of Syt-ecto Abs (B,
E) and counterstained with antibodies against the synthetic
enzyme GAD (A, D). In control neurons, the few synapses
labeled by Syt-ecto Abs are generally GAD positive (A, B,
see also merged image in C). In APV–CNQX-treated neu-
rons, the synapses positive for Syt-ecto Abs (E) largely
exceed GABAergic terminals (D) (see merged image in F ).
G–L, Details of control (G, H ) and APV–CNQX-treated
(I, L) neurons stained for Syt-ecto Abs (H, L) and for GAD
(G, I ). Scale bar: A–F, 30.7 �m; G–L, 10.2 �m. M, Histo-
gram showing the quantitative analysis of the percentages
of Syt-ecto Ab-positive synapses in control and APV–
CNQX-treated neurons, normalized to the number of
GAD-positive synapses. N, Histogram showing that the
amount of internalized Syt-ecto Abs is not significantly
different in GABAergic terminals of control and treated
neurons. Syt-ecto Ab intensity values are normalized to
GAD immunoreactivity.
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DISCUSSION
We have investigated the role of glutamate receptor activation on
presynaptic function in primary cultures of hippocampal neurons.
We show that the chronic blockade of NMDA and non-NMDA
glutamate receptors during synaptogenesis produces an increase
in mEPSC frequency, with no significant changes in mEPSC
amplitude, both in multineuronal networks and in single neurons
grown in microislands. Furthermore, we demonstrate that the
increase in mEPSC frequency, produced by the long-term treat-
ment of hippocampal cultures with glutamate receptor antago-
nists, occurs in the absence of significant changes in the number
of synaptic sites. The increase in mEPSC frequency appears
instead to correlate with an increase in the basal rate of synaptic
vesicle exo-endocytotic recycling, specifically occurring at gluta-
matergic terminals. A similar increase in mEPSC frequency, but
not amplitude, has been previously demonstrated in hippocampal
slice cultures as a consequence of the chronic treatment with
NMDA receptor blockers. In the latter experimental model,
however, antagonists were applied after synapses had already
established, and the observed effect was suggested to result from
massive sprouting and neosynaptogenesis (McKinney et al.,
1999b). Interestingly, short time exposure (2–3 d) of cortical or
spinal cultures to glutamate receptor blockers after neurons have
already established synaptic contacts results in an enhancement of
mEPSC amplitude (O’Brien et al., 1998; Turrigiano et al., 1998).
This suggests that blocking of synaptic activity may result in
distinct functional changes, depending on the specific time win-
dow in which such a blockade occurs (Gomperts et al., 2000). In
our experiments, the increase in mEPSC frequency, recorded
from neurons chronically treated with glutamate blockers, is not
accompanied by differences in the amplitude of mEPSCs. The
lack of effect on mEPSC amplitude is in contrast with some
previously published work, reporting a decrease in mEPSC am-
plitude after chronic glutamate receptor blockade in hippocampal
postnatal neurons in culture (Gomperts et al., 2000). This dis-
crepancy may be explained by differences between culture prep-
arations (embryonic vs postnatal cultures) or other experimental
variables (presence vs absence of glial cells, which are known to
influence both the number and the properties of newly formed
synapses; Pfrieger and Barres, 1997; Verderio et al., 1999c; Ullian
et al., 2001).

The increase in presynaptic rate of exo-endocytotic recycling,
induced by the chronic blockade of glutamate receptors may be
produced by changes in the regulation of the synaptic vesicle
release machinery and one of such changes may be (or may be

4

extracts of control and APV–CNQX-treated 12-d-old neurons were immu-
noprecipitated using the monoclonal antibody against synaptobrevin–
VAMP2 (syb). Immunoprecipitates (IP) and their corresponding superna-
tants (S) were analyzed using polyclonal antibodies against synaptophysin
(syp). Note that synaptophysin is efficiently immunoprecipitated from con-
trol cultures and is almost completely detectable in the supernatant of
APV–CNQX- treated cultures. B, Representative recordings from a single
12-d-old hippocampal neuron forming autaptic contacts, intracellularly
perfused via the patch pipette with a peptide corresponding to the 32-
residue-long N-terminal segment of synaptobrevin–VAMP2, which inhibits
complex formation. C, Time course of the increase in the frequency of
mEPSCs recorded from the same neuron as in B. D, Histogram showing
the increase in mEPSC frequency occurring in control neurons 10–11 min
after the beginning of recordings ( p � 0.002). No effect is detectable in
either single neurons maintained in APV–CNQX ( p � 0.1) or in neurons
grown in polyneural networks ( p � 0.1). Values are normalized to the first
or second minute of recording.

Figure 6. Impairment in the formation of the synaptophysin-synaptobre-
vin–VAMP2 complex is detectable in APV–CNQX-treated neurons and
is responsible for the increase in mEPSC frequency. A, Triton X-100
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reflected by) a modified interaction of synaptophysin with synap-
tobrevin–VAMP2. It has been reported previously that the for-
mation of the complex between synaptophysin and synaptobrev-
in–VAMP2 occurs only at mature synapses and not in developing
neurons (Becher et al., 1999a,b). This complex is mutually exclu-
sive with the interaction of synaptobrevin–VAMP2 with syntaxin
and SNAP25 and is therefore thought to play an inhibitory role
on the formation of the SNARE fusion complex (Calakos and
Scheller, 1994; Edelman et al., 1995; Washbourne et al., 1995).
We now demonstrate that the functional block of glutamate
receptors results in a downregulation of the synaptophysin-syn-
aptobrevin–VAMP2 complex. This downregulation, in turn, may
play a role in the increase in spontaneous release from the
presynaptic terminal, as indicated by our demonstration that the
intracellular injection of a peptide that strongly inhibits complex
formation in vitro (Washbourne et al., 1995) enhances spontane-
ous (this study) and evoked (E. Pravettoni, S. Armano, and M.
Matteoli, unpublished observations) neurotransmitter release in
single neurons forming autaptic contacts. The same peptide did
not produce any detectable increase in mEPSC frequency either
in single neurons chronically grown in the presence of APV–
CNQX, where complex formation is already impaired, or in
control polyneuronal networks, thus excluding a postsynaptic site
of action for the peptide. The developmentally regulated property
of synaptophysin to associate with synaptobrevin–VAMP2, cor-
relates with a change in its antigenic characteristics during neu-
ronal development both in situ and in culture (S. Coco, U.
Schenk, P. De Camilli, and M. Matteoli, unpublished observa-
tions). Possibly, the two changes are closely linked to each other
and may reflect a post-translational modification of synaptophysin
(Becher et al., 1999a). In agreement with this possibility, treat-
ment with glutamate receptor blockers prevents a shift in the
antigenic properties of synaptophysin, which occur during neuro-
nal development in situ and in culture (Coco, Schenk, De Camilli,
and Matteoli, unpublished observations). In view of our data, the
lack of synaptic transmission defects in synaptophysin knock-out
mice (McMahon et al., 1996) is quite puzzling. However, chronic
adjustments and/or redundancy with other proteins could explain
this discrepancy.

It remains unclear how glutamate receptor blockade generates
a signal that is then transduced into presynaptic changes. En-
hanced mEPSC frequency is unlikely to be explained by a re-
duced neuronal spiking caused by blockade of excitatory inner-
vation, because neither impairment of synaptophysin-
synaptobrevin–VAMP2 complex formation nor increase in
synaptic vesicle recycling were detectable in neurons chronically
grown in the presence of TTX. Although we cannot exclude a
possible involvement of presynaptic glutamate receptors, it is
notable that APV–CNQX treatment specifically affects glutama-
tergic, but not GABAergic terminals, in spite of the known
presence of glutamate receptors on inhibitory terminals (Satake
et al., 2000). This finding, together with the property of axons to
switch from a “high basal rate” to a “low basal rate” after contact
with a postsynaptic cell (this study, Kraszewski et al., 1995; Coco
et al., 1998), supports the view that the effects of APV–CNQX
may be attributable, at least in part, to a postsynaptic block that
in turn impairs a negative feedback signaling to the presynapse,
preventing therefore a full maturation of the presynaptic com-
partment. Such signals could, for example, be mediated by neu-
rotrophic factors that act on presynaptic receptors. Interestingly,
inhibitory GABAergic presynaptic terminals are characterized by
a higher rate of synaptic vesicle exo-endocytosis than excitatory

terminals (this study; Burke and Rudomin, 1977). These termi-
nals do not appear to downregulate synaptic vesicle recycling
when synapses form (our unpublished observations). One could
therefore hypothesize the existence of a developmentally regu-
lated tuning of presynaptic release that operates selectively at
excitatory synapses and that can be partially prevented when
postsynaptic excitatory receptors are blocked.

A role of postsynaptic cells in regulating presynaptic transmit-
ter release has been clearly demonstrated at Drosophila and
mammalian neuromuscular junctions. In Drosophila loss-of-
function mutants of DGluRII, a muscle-specific glutamate recep-
tor, the decreased postsynaptic sensitivity is compensated for by
an increase in transmitter release from the neuron. Such increase
occurs in the absence of any sprouting of the presynaptic ar-
borization (Petersen et al., 1997). Interestingly, similar changes in
presynaptic transmitter release have been documented in neu-
regulin knock-out mice and in animal models of myasthenia
gravis (Cull-Candy et al., 1980; Plomp et al., 1992; Sandrock et
al., 1997). Together, these data have suggested the existence, at
the neuromuscular junction, of a muscle-to-motoneuron retro-
grade signaling that modulates presynaptic release (Davis and
Goodman, 1998; Davis et al., 1998). Our data support the exis-
tence of similar mechanisms in CNS neurons during development
and synaptogenesis. In these immature neurons, the efficiency of
interneuronal signaling is in the middle of a dynamic range, which
can be tuned, either postsynaptically or presynaptically, depend-
ing on the demand of the target cells for receiving an appropriate
amount of neurotransmitter. Functional block of glutamate re-
ceptors could therefore mimic an earlier stage of development, in
which neurons, characterized by a reduced receptor responsivity,
require an increased release of transmitter from presynaptic
terminals.
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