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Summary

Maturation of presynaptic transmitter secretion ma-
chinery is a critical step in synaptogenesis. Here we
report that a brief train of presynaptic action potentials
rapidly converts early nonfunctional contacts between
cultured hippocampal neurons into functional synap-
ses by enhancing presynaptic glutamate release. The
enhanced release was confirmed by a marked increase
in the number of depolarization-induced FM4-64
puncta in the presynaptic axon. This rapid presynaptic
maturation can be abolished by treatments that inter-
fered with presynaptic BDNF and Cdc42 signaling or
actin polymerization. Activation of Cdc42 by applying
BDNF or bradykinin mimicked the effect of electrical
activity in promoting synaptic maturation. Further-
more, activity-induced increase in presynaptic actin
polymerization, as revealed by increased concentra-
tion of actin-YFP at axon boutons, was abolished by
inhibiting BDNF and Cdc42 signaling. Thus, rapid
presynaptic maturation induced by neuronal activity
is mediated by presynaptic activation of the Cdc42
signaling pathway.

Introduction

The formation and maturation of synaptic connections
during early development follow a strict time course
and are regulated by neuronal activity (Lee and Sheng,
2000; Renger et al., 2001; Ziv and Garner, 2004). Non-
functional synaptic contacts, known as silent synapses,
are frequently found in various brain regions during
development (Atwood and Wojtowicz, 1999; Choi
et al., 2003; Gasparini et al., 2000; Kullmann and Asztely,

*Correspondence: shumin@ion.ac.cn
5These authors contributed equally to this work.

1998; Nicoll, 2003; Renger et al., 2001). Although inten-
sively studied within the context of synaptic plasticity,
the property of silent synapses during synaptogenesis
and mechanisms responsible for their conversion into
functional ones remain largely unknown. The popular
notion of glutamatergic silent synapses refers to synap-
ses containing postsynaptic NMDA receptors (NMDARs)
but not AMPA receptors (AMPARs). These synapses are
nonfunctional under normal physiological conditions
because of voltage-dependent Mg?* block of NMDARs.
Activity-dependent persistent enhancement of synaptic
transmission, known as long-term potentiation (LTP),
has been attributed to the unsilencing of these silent
synapses through trafficking of AMPARSs to the postsyn-
aptic membrane (Malinow and Malenka, 2002; Nicoll,
2003). However, it is possible that some silent synapses
are not due to the lack of postsynaptic AMPARs, but
caused by a deficiency in presynaptic release (Berninger
et al.,, 1999; Choi et al., 2003; Kullmann and Asztely,
1998; Renger et al., 2001). Such presynaptic silent syn-
apses may be also converted into full functional ones
through developmental or activity-dependent presyn-
aptic maturation, but the underlying molecular mecha-
nisms are unknown.

One of the critical steps in activity-dependent synap-
tic modification is a reorganization of the actin cytoskel-
eton (Carlisle and Kennedy, 2005; Colicos et al., 2001;
Dillon and Goda, 2005; Doussau and Augustine, 2000;
Matus, 2000). While activity-dependent actin dynamics
and remodeling at postsynaptic spines have received
much attention (Carlisle and Kennedy, 2005; Matus,
2000), the role of actin rearrangement in the presynaptic
modification is less clear (Colicos et al., 2001; Dillon and
Goda, 2005; Sankaranarayanan et al., 2003). Actin cyto-
skeleton in many cell types is under the regulation of the
Rho family GTPases, including RhoA, Rac, and Cdc42
(Hall, 1998), all of which are present in rat brain synapto-
somes (Doussau et al., 2000). Actin polymerization
evoked by Cdc42 is involved in the BDNF-induced
axon guidance (Yuan et al., 2003) and in the learning-
related synaptic growth in Aplysia sensory neurons
induced by prolonged treatment with 5-HT (Udo et al.,
2005). However, it is unclear whether Cdc42 signaling
also plays a role in the activity-induced rapid synaptic
maturation and plasticity.

Synapses between cultured hippocampal neurons
develop in a stereotypic and synchronous manner, pro-
viding an ideal system for studying synapse maturation
(Lee and Sheng, 2000; Renger et al., 2001; Ziv and
Garner, 2004). Using paired whole-cell recordings that
permit us to analyze and manipulate separately the
properties of either pre- or postsynaptic neurons, we
found that in cultures younger than 10 day in vitro
(DIV), there was a high frequency of cell-cell contacts
that lack both AMPAR- and NMDAR-mediated synaptic
responses, even in the Mg?*-free solution. Consistent
with previous report (Renger et al., 2001), we found
that a large proportion of presynaptic terminals, as
defined by immunostaining of the synaptic vesicle-
associated protein synaptophysin (SNP), did not
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Figure 1. Conversion of Silent Synapses by TBS

(A) Phase-contrast image showing dual patch recording from cultured neurons for detection and induction of functional synaptic transmissions.
Scale bar, 10 um.

(B) Upper panel: Examples recordings from seven pairs of cultured neurons (7-9 DIV) showing that evoked EPSCs were recorded immediately
after TBS application to the presynaptic neuron. Each type of symbol represents data from one neuron. Note some failures in evoked EPSCs after
TBS application. Lower panel: Time course of the averaged amplitude of EPSCs from recordings shown in the upper panel. Insets are example
recordings of membrane currents from the pair indicated by the open circle. The responses were averaged during the period indicated by dashed
lines, showing presynaptic application of a test pulse (+30 mV, 2 ms) evoked presynaptic Na* currents (pre) and postsynaptic responses (post)
before (left trace) and after (right trace) TBS application. The amplitude of Na* currents was truncated. Scales in insets: 100 (pre) and 10 (post) pA,
5 ms.

(C) Example averaged EPSCs recorded in a 7 DIV neuron showing that TBS-induced functional synaptic transmission contains both AMPAR and
NMDAR components. Scales: 10 pA, 5 ms.

(D) Summarized data showing the success rate in TBS-induced functional synapses tested in neurons of different developmental stages.

(E) Averaged EPSC amplitudes of TBS-induced functional synapses in neurons of different developmental stages as shown in (D).

(F) Summary of data showing the effects of various treatments on the success rate in TBS-induced conversion of silent synapses tested in 7-9
DIV neurons. The number associated with each column in (D) and (F) refers to the number of cell pairs tested in each condition.

Error bars show SEM.

undergo loading of the active synapse marker FM4-64 in from cell pairs cultured from E18 rat hippocampi (Zhang
young cultures (6-9 DIV), indicating that these synapses et al., 2003). Excitatory postsynaptic synaptic currents
are nonfunctional presynaptically. We found that such (EPSCs) evoked by presynaptic stimulation with a brief
silent synapses can be rapidly converted to functional step depolarization (to +30 mV, 2 ms) were monitored
ones by a brief theta bursting stimulation (TBS) of the in Mg?*-free extracellular solution containing 1 uM gly-
presynaptic, but not the postsynaptic, cell. Further stud- cine. In young cultures (6-9 DIV), few neuronal pairs (Fig-
ies showed that the activity-induced rapid unsilencing of ure 3D, 22% =+ 2.21%, n = 218) exhibited functional
these presynaptically deficient synapses involves pre- synaptic transmission. However, in a fraction of the non-
synaptic activation of TrkB receptors by BDNF and functional pairs, we found that application of a brief train
subsequent activation of Cdc42 signaling, leading to of TBS to one cell resulted in an immediate appearance
the remodeling of actin cytoskeleton that may be of functional synaptic transmission, as shown by EPSCs
required for presynaptic maturation. recorded in the other cell (Figure 1B). Interestingly, TBS

was effective in triggering the conversion only when it
Results was applied to the presynaptic partner of the cell pair.

The rate for TBS-induced conversion of silent synapses
Rapid Conversion of Silent Synapses into Functional depended on the developmental stage of the culture.
Ones by Presynaptic Activity For neurons younger than 6 DIV, no functional synapse
Formation of functional synapses between hippocam- was induced by TBS. At 6 DIV, EPSCs could be detected

pal neurons was examined by dual whole-cell recording in about 8% of recorded nonfunctional pairs after TBS
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stimulation. The success rate of induction reached the
peak at 8-9 DIV (~16%). For cultures older than 10
DIV, when EPSCs could be recorded frequently without
TBS stimulation, the success rate for TBS-induced un-
silencing became greatly decreased. No conversion of
silent synapses could be induced by TBS in cultures
older than 14 DIV (Figures 1D and 1E). For the following
experiments we used 7-9 DIV cultures except where
noted.

The EPSCs recorded from TBS-induced functional
synapses are mediated by both NMDARs and AMPARs,
since perfusion of the AMPAR antagonist DNQX (6-
cyano-7-nitroquinoxaline-2, 3-dione, 10 pM) reduced the
amplitude of EPSCs by more than 70%, and the residual
EPSC with slow kinetics was abolished by adding the
NMDAR antagonist APV (D, L-2-amino-5-phosphonova-
leric acid, 50 pM, Figure 1C). The average ratio of NMDAR
to AMPAR components of the EPSCs for TBS-induced
functional synapses was 0.26 = 0.06 (n = 6). The conver-
sion of silent synapses depends on the activation
NMDARs, since it was abolished by APV (50 uM). Fur-
thermore, loading of the postsynaptic cell with the fast
Ca?* chelator BAPTA [1,2-bis (2-aminophenoxy) ethane-
N,N,N’,N’-tetraacetic acid, 10 mM] through the record-
ing pipette led to a complete absence of conversion to
functional transmission in all cell pairs tested (n = 41),
suggesting that postsynaptic elevation of Ca®* is re-
quired for the conversion. Presynaptic loading of a
slow Ca?* chelator EGTA [ethylene glycol-bis (2-amino-
ethyl-ether)-N,N,N’,N’-tetraacetic acid, 20 mM], which
does not block transmitter release, also abolished the
TBS-induced conversion (Figure 1F). Thus, both pre-
and postsynaptic Ca?* is critical for TBS-induced con-
version.

Endogenous BDNF Is Required

for TBS-Induced Conversion

BDNF is known to play an important role in synaptogen-
esis and synaptic plasticity (Berninger et al., 1999; ltami
et al., 2003; Korte et al., 1995; Kovalchuk et al., 2002;
Li et al., 1998; Lu, 2003; Vicario-Abejon et al., 1998;
Zakharenko et al., 2003). Furthermore, endogenous
BDNF is required for the TBS-induced presynaptic com-
ponent of LTP in hippocampal CA3-CA1 synapses (Za-
kharenko et al., 2003) and the TBS-induced increase in
FM dye-labeled functional presynaptic terminals in hip-
pocampal cultures (Slutsky et al., 2004). To examine
whether BDNF is involved in the TBS-induced rapid con-
version of silent synapses to functional ones, we added
a BDNF antibody (10 pg/ml) in the extracellular solution
to neutralize endogenously released BDNF. We found
that TBS failed to induce functional transmission in all
cell pairs examined in the presence of the BDNF anti-
body (Figure 2D). In addition, bath application of tyro-
sine kinase inhibitor K252a, which inhibits BDNF-TrkB
signaling, also abolished TBS-induced conversion. To
examine the site of BDNF action, we transfected neu-
rons with a construct expressing eGFP-linked truncated
TrkB (TrkB-T1), which lacks tyrosine kinase activity and
serves as dominant-negative suppression of endoge-
nous TrkB signaling (Li et al., 1998). When TBS-induced
conversion of nonfunctional synapses between control
(nontransfected) and TrkB-T1-transfected neurons was
examined 24-48 hr after transfection, we found that con-

version only occurred when TBS was applied to the un-
transfected but not to the transfected neuron of the cell
pairs (Figures 2B and 2D), suggesting that activation of
presynaptic TrkB is critical for TBS-induced conversion.
Neurons transfected with eGFP, either pre- or postsyn-
aptically, did not affect TBS-induced conversion (Fig-
ure 2D). On the other hand, synaptic transmission was
still recorded from some neuronal pairs (in the absence
of TBS) expressing TrkB-T1 either pre- or postsynapti-
cally (data not shown), suggesting that TrkB-T1 expres-
sion did not abolish synaptic transmission of mature
synapses. Finally, we found that the presence of BDNF
by itself was sufficient for the conversion of silent synap-
ses. As shown in Figures 2C and 2D, perfusion with
BDNF (100 ng/ml) induced conversion of silent synapses
into functional ones in 5 out of 46 tested pairs (11%).
Similar to the TBS-induced functional synapses, BDNF-
induced conversion was also prevented by the APV
treatment or by loading EGTA into either pre- or post-
synaptic neurons. Furthermore, TBS did not induce
functional synapses in pairs that failed to respond to
BDNF perfusion (BDNF failure, Figure 2D), suggesting
that similar mechanisms are involved in the conversion
by these two stimuli.

Involvement of Presynaptic Cdc42 Signaling

BDNF has been reported to activate the small GTPase
Cdc42 (Yuan et al., 2003). To examine whether this sig-
naling transduction pathway is involved in TBS-induced
functional synapses, we treated cultures with Toxin B
(10 pg/ml for 30 min), a general inhibitor of Rho family
GTPases. Such treatment completely abolished TBS-
induced conversion (Figure 3C), although synaptic trans-
mission was still observed at mature synapses (Figures
3D and 3E). To block Cdc42 signaling specifically with-
out affecting other Rho GTPases, neurons were trans-
fected with eGFP-linked dominant-negative Cdc42
(DN-Cdc42) that suppresses the activity of endogenous
Cdc42 through competitive and irreversible binding to
guanine nucleotide-exchange factor of Cdc42, the up-
stream regulators of the GTPase (Udo et al., 2005;
Yuan et al., 2003). TBS-induced conversion was then ex-
amined at nonfunctional contacts formed between con-
trol and DN-Cdc42-expressing neurons 24-48 hr after
the transfection. We found that transfection with DN-
Cdc42 in presynaptic but not in postsynaptic neurons
abolished TBS-induced conversion (Figures 3A and 3C).
The synaptic transmission was still observed in some
cell pairs in the absence of TBS, regardless of whether
DN-Cdc42 was expressed in the pre- or postsynaptic
neuron of these pairs (Figures 3D and 3E). Furthermore,
conversion of silent synapses to functional ones by di-
rect perfusion of BDNF was also abolished by the pre-
synaptic, but not postsynaptic, cell transfection with
DN-Cdc42 (Figure 3C), suggesting that Cdc42is adown-
stream effector of BDNF. On the other hand, transfection
in either pre- or postsynaptic cells with eGFP-linked
dominant-negative Rac (DN-Rac), another Rho GTPase
family member that is functionally related to Cdc42
and known to regulate spine morphology, synaptogene-
sis, and transmitter release (Humeau et al., 2002; Zhang
etal., 2005), did not affect TBS-induced conversion (Fig-
ure 3C). Finally, to further test whether activation of
Cdc42 signal alone can induce functional synapses,
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Figure 2. Involvement of BDNF Signaling in the Activity-Induced Conversion of Silent Synapses

(A) Superimposed phase-contrast and fluorescent images showing an example of dual patch recordings from a control neuron (left, gray) and
a neuron transfected with GFP-linked TrkB-T1 receptor (right, white). Scale bar, 10 pm.

(B) Example recordings showing that TBS can induce functional synaptic transmission when TrkB-T1 receptor was transfected into postsynaptic
neuron (open circles, Post-TrkB-T1), but not when transfected into presynaptic neuron (crosses, Pre-TrkB-T1). Insets are recorded membrane
currents averaged from data points indicated by dashed lines, showing evoked Na* current at presynaptically nontransfected neuron (upper
traces) and response in a postsynaptic neuron (lower traces) transfected with TrkB-T1 before (left trace) and after (right trace) TBS.

(C) Example recording showing that direct perfusion of BDNF (100 ng/ml, indicated by the bar) rapidly induced functional synaptic transmission
without TBS application. Insets are recorded membrane currents averaged from data points indicated by dashed lines, showing evoked presyn-
aptic Na* current and postsynaptic responses before (left trace) and during (right trace) BDNF perfusion.

(D) Summarized data showing effects of various treatments on the success rate of TBS- or BDNF-induced functional synaptic transmission. Anti-
BDNF, cultures treated with BDNF antibody (10 ug/ml). Pre-eGFP, presynaptic neuron transfected with eGFP. BDNF failure, pairs failed to exhibit
conversion by perfusion of BDNF. Pre-EGTA and Post-EGTA, loading EGTA through the recording pipette into the pre- and postsynaptic neuron,
respectively. The number associated with each column refers to the number of cell pairs tested in each condition.

Scales in (B) and (C): 100 (pre) and 10 (post) pA, 5 ms. Error bars show SEM.

we applied another Cdc42 activator, bradykinin (Kozma
et al., 1995), to these cultures. We found that perfusion
of bradykinin alone (without TBS) also induced conver-
sion of silent synapses rapidly (Figures 3B and 3C), an
effect that can be abolished by presynaptic, but not
postsynaptic, transfection with DN-Cdc42 (Figure 3C).
Thus, Cdc42 signaling is not only necessary but is also
sufficient for the rapid induction of functional synapses.
Activation of Cdc42 signaling plays a critical role in actin
polymerization in the neuronal growth cone (Hall, 1998).
We then examined whether TBS-induced functional
synapses requires actin polymerization. As shown in
Figure 3C, treatment of cultures with the actin-depoly-
merizing agent cytochalasin D (Cyt D, 2 ug/ml, 30 min)
abolished TBS-induced conversion of silent synapses.

Cdc42 Is Critical for TBS-Induced LTP

in Young Cultures

Functional synapses were recorded from some young
cultures (7-9 DIV) in the absence of TBS stimulation
(Figure 3D). Presynaptic application of TBS in cell pairs

with functional synapses in young cultures resulted in
a rapid and persistent increase in the amplitudes of
EPSCs (Figure 4), in a manner similar to that of LTP.
This TBS-induced synaptic potentiation was not found
in old cultures. Furthermore, transfection of the culture
with DN-Cdc42 in presynaptic, but not in postsynaptic,
neurons prevented TBS-induced synaptic potentiation
in young cultures (Figure 4), indicating that Cdc42 sig-
naling is also critical for this form of synaptic plasticity
in young cultured neurons. It is possible that in young
cultures TBS converted some silent synapses in these
cell pairs that had already established functional synap-
tic connections.

Rapid Induction of Active Presynaptic Terminals

The above results obtained from neurons transfected
with DN-Cdc42 or TrkB-T1 showed that TrkB and
Cdc42 signaling in the presynaptic neuron is critical for
the TBS- or BDNF-induced conversion of silent synap-
ses to functional ones. To further clarify whether this
conversion results from rapid changes in presynaptic
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transmitter release machinery or postsynaptic receptor
responses, we examined whether electric field stimula-
tion (EFS) and BDNF can rapidly upregulate the number
of active presynaptic terminals, as defined by FM dye
(FM4-64)-labeled fluorescent puncta that can be de-
stained by high K*-induced depolarization (Renger
et al., 2001; Slutsky et al., 2004). Consistent with previ-
ous report (Slutsky et al., 2004), EFS (three trains of
50 Hz, 1 ms pulses, with each train consisting of 300
pulses, the polarity was reversed after each train with
a 10 s interval) of the entire culture or bath application
of BDNF (100 ng/ml, 15 min) significantly increased the
number of FM puncta that can be destained by high K*
(Figure 5). To examine whether these increased FM
puncta are juxtaposed with postsynaptic elements, we
immunostained cultures with an antibody of PSD-95
(Figure 5F), a glutamatergic postsynaptic scaffolding
protein. We found that 46.4% = 23.3% (n = 58) and
34.5% = 15.8% (n = 47) of new FM puncta induced by
EFS and BDNF were colocalized with PSD-95 clusters,
respectively. Similar to the TBS- or BDNF-induced con-
version detected by whole-cell recording, EFS- or
BDNF-induced increase in FM puncta could be pre-
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vented by pretreatment of cultures with Toxin B,
K252a, or Cyt D (Figure 5G). Treatment of cultures with
APV also significantly reduced EFS-induced increase
in the number of FM puncta (Figure 5G). Finally, after
EFS stimulation, additional perfusion with BDNF did
not cause further increase in the number of FM puncta
(Figure 5G), consistent with the notion that EFS and
BDNF activate a common signaling pathway in the con-
version process.

The EFS- or BDNF-induced increase in FM puncta
may result from the mobilization of vesicles to presynap-
tic terminals or from the increased exocytosis of preex-
isting immature vesicles. To clarify these possibilities,
we immunostained cultures with anti-SNP and mea-
sured the percentage of SNP-positive puncta that colo-
calized with FM dye puncta. As shown in Figure 6, this
percentage was 91.5% *+16.7% in unstimulated old cul-
tures and 41.3% = 7.8% in unstimulated young cultures.
EFS significantly increased the percentage to 73.5% =+
6.2% in young cultures, suggesting that enhanced exo-
cytosis of preexisting immature synaptic vesicles is re-
sponsible, at least in part, for the EFS-induced increase
in functional presynaptic terminals.
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(A-D) Time course of the averaged ampli-
tudes of EPSCs recorded before and after
TBS applications (indicated by arrows) in
control young (A) and old (B) cultures and in
young cultures transfected with DN-Cdc42
in pre- (C) and postsynaptic (D) neurons.
Data are normalized with averaged EPSC am-
plitude before TBS application (the first

Post-CdcDN (7-9 DIV)

10 min recording) for each recording.

(E) Cumulated distribution of EPSC ampli-
tudes averaged during the period after TBS
application. Data are normalized with the
averaged EPSC amplitudes (dotted line) be-
fore TBS application for each recording. (F)
Summary of results showing averaged per-
cent changes in EPSC amplitudes after TBS
under various conditions. The number asso-
ciated with each column refers to the number
of cell pairs examined in each condition. *p <
0.05, *p < 0.01, as compared with control
EPSC amplitude level before TBS applica-
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Synapses at early development stages may not be
functional due to the lack of readily releasable pool
(RRP) of vesicles (Mozhayeva et al., 2002). To investi-
gate whether EFS- or BDNF-induced functional presyn-
aptic terminals involves changes in RRP, we examined
the ultrastructural organization of vesicle pools under
different conditions. The active zone length per terminal,
the number of docked vesicles (RRP, vesicles located
within 50 nm from the active zone) per active zone length
(um), and the number of vesicles in the reserve pool (RP)
per terminal in the single EM sections were counted. As
shown in Figure S1 in the Supplemental Data, both RRP
and RP in young cultures (7 DIV) are significantly smaller
than that in matured cultures (16 DIV). Treatment of
young cultures with EFS or BDNF resulted in a significant
increase in the RRP but not in RP (Figure S1B) and active
zone length (data not shown).

Neuronal Activity Rapidly Increases Actin
Polymerization at Axon Boutons

Since the actin-depolymerizing agent Cyt D abolished
activity-induced functional synapses (Figures 3C and
5G), we next directly examined whether EFS can modu-
late actin activity. Synaptic actin localization was visual-
ized in cultured hippocampal neurons by transfection

with YFP-linked G-actin (actin-YFP). The YFP can be in-
corporated into the endogenous F-actin, and the fluo-
rescent signal reflects the distribution of both F-actin
and G-actin pool (Colicos et al., 2001; Dillon and Goda,
2005; Sankaranarayanan et al., 2003). Actin-YFP signal
is not only concentrated in dendritic spines but also in
axon boutons, where it may reflect the F-actin network
that forms the scaffold for synaptic vesicle clusters (Col-
icos et al., 2001; Dillon and Goda, 2005; Sankaranar-
ayanan et al., 2003). In neurons transfected with actin-
YFP, fluorescent puncta can be clearly detected at
axon varicosities that may potentially function as pre-
synaptic terminals, as revealed by its colocalization
with FM4-64 staining (Figure 7A) (Colicos et al., 2001;
Dillon and Goda, 2005; Sankaranarayanan et al., 2003).
After EFS, the YFP fluorescent intensity in axon boutons
significantly increased while that in axon segments adja-
cent to the boutons decreased rapidly (Figures 7A and
7D), suggesting that diffusely distributed G-actin in the
axon became depleted by polymerization into F-actin
in the boutons. Furthermore, EFS-induced changes in
the YFP fluorescence intensity in both axon boutons
and axon segments were prevented by the Cyt D treat-
ment (Figures 7E and 7G), further confirming the involve-
ment of actin polymerization in activity-induced redistri-
bution in YFP fluorescence.
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Figure 5. Rapid Increase in Functional Presynaptic Terminals Induced by EFS and BDNF

(A) Schematic illustration showing FM4-64 staining and destaining protocols to estimate functional presynaptic terminals (see Experimental Pro-
cedures for a detailed description).

(B and C) Example FM4-64 fluorescence images showing functional presynaptic terminals labeled by FM4-64 staining in 7 DIV neurons before (B)
and after (C) treatment with shame (control, left column), EFS (middle column), and BDNF (100 ng/ml, 15 min, right column).

(D) Superimposed images of (B) and (C). Note the apparent increase in new puncta (pure green puncta, indicated by arrows and arrowheads) in
EFS- and BDNF-treated cultures.

(E) Retrospective immunostaining of the same region as in (A) and (B) with antibody against the postsynaptic marker PSD-95.

(F) Superimposed images of (D) and (E). Note that increased new puncta with (arrowheads) or without (arrows) postsynaptic appositions (PSD-
95). Images in each column from (B) to (F) are from the same microscopic field. Scale bar, 5 um.

(G) Summary of data showing effects of various treatments on the EFS- or BDNF-induced increase in functional release sites (new FM dye
puncta). Data are presented as the percent increase in FM puncta as compared to the basal level of FM puncta before induction (first staining).
The number associated with each column refers to the number of image fields examined for each condition. *p < 0.05, **p < 0.001, as compared
with control group or compared between two groups indicated.

Error bars show SEM.
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Figure 6. Comparing the Ratio of Functional (FM4-64 Puncta)/Ana-
tomic (SNP Immunopositive Puncta) Presynaptic Terminals

(A-C) Example images showing colocalization of FM4-64 fluores-
cence (red) and SNP immunopositive (green) puncta obtained from
7 DIV neurons (A), 7 DIV neurons after EFS application (B), and 16
DIV neurons (C).

(D) Summarized data of the colocalization ratio of FM4-64/SNP clus-
ters as shown in (A) to (C). The number associated with each column
refers to the number of image fields examined in each condition. *p <
0.01 as compared with 7 DIV control group.

Error bars show SEM.

Based on FM4-64 staining, boutons were classified
into three types. Type A boutons (indicated by arrow-
heads in Figures 7A and 7B) are stained with FM4-64
only after EFS and thus correspond to newly induced
functional presynaptic terminals. Type B boutons (indi-
cated by the red arrow and open triangle in Figures 7A
and 7B) are stained with FM4-64 before as well as after
EFS and may correspond to relatively matured presyn-
aptic terminals. Type N boutons (indicated by the white
arrow in Figures 7A and 7B) are not stained with FM4-64
either before or after EFS and may correspond to sites
that failed to become synapses. Our analyses showed
that EFS-induced increase in the YFP fluorescence in-
tensity in type B boutons is significantly lower than
that in the other two types of boutons (Figure 7D), sug-
gesting that the actin-polymerizing activity in matured
boutons (type B) is less susceptible to the regulation
by neuronal activity. Inmunostaining with the antibody
against the presynaptic vesicle protein VAMP-2 re-
vealed that type N boutons are deficient in the expres-
sion of the presynaptic vesicles (Figures 7A and 7B),
consistent with the absence of FM4-64 staining in re-
sponse to EFS.

Next we examined whether EFS-induced actin poly-
merization in axon boutons shares the same signaling
pathway as the EFS-induced functional presynaptic ter-
minals. We found that treatment of cultures with Toxin B
or K252a prevented EFS-induced increase in the YFP
fluorescence intensity in axonal boutons. Cotransfec-
tion of the cell with DN-Cdc42-myc also abolished
EFS-induced changes in the YFP signal. Furthermore,
perfusion with BDNF mimicked the EFS effect in induc-
ing the increase of the YFP fluorescence intensity in
these boutons (Figure 7F and 7G).

Discussion

In low-density cultures, there is a high probability of
finding synaptically connected cell pairs, providing the
advantage of paired whole-cell recording and selective
manipulation and analysis of the properties of both
pre- and postsynaptic neurons (Fitzsimonds et al.,
1997; Zhang et al., 2003). Moreover, these cultures
also provide an ideal system for studying functional pre-
synaptic terminals by fluorescence imaging with FM
dye. Our findings of activity-dependent conversion of
nonfunctional contacts into functional synapses differ
from those found for activity-induced unsilencing of
“silent synapses” which exhibit NMDAR- but not AM-
PAR-mediated transmission. Unsilencing of synapses
involves postsynaptic addition of AMPARs, whereas
activity-induced conversion found in the present study
depends on rapid presynaptic maturation that allows
efficient glutamate release in response to electrical stim-
ulation, a process triggered by the reorganization of ac-
tin cytoskeleton. It remains to be studied in the future
whether similar mechanisms found in the present study
from cultured neurons are involved in the activity-
dependent synaptogenesis and synaptic maturation in
intact brain tissue.

Activity-Induced Unsilencing through Rapid
Presynaptic Maturation

Growth cones of many types of cultured neurons can re-
lease neurotransmitters even before contacting their
targets (Young and Poo, 1983; for review see Ziv and
Garner, 2004). In primary cultures of rat hippocampal
neurons, functional synapses were detected several
days after axodendritic contacts had been established,
suggesting that presynaptic axon boutons in the verte-
brate CNS undergo a slow maturation process after con-
tacting with dendritic targets (Ziv and Garner, 2004; but
see Krueger et al., 2003). The slow time course of pre-
synaptic maturation may be attributed to the delayed
expression of calcium channels, low-affinity calcium
sensors, or undefined dendritic maturation factors (Ziv
and Garner, 2004). Besides the well recognized morpho-
logical characteristics, e.g., clustering of vesicles and
formation of active zone structure, presynaptic matura-
tion is associated with changes in functional properties,
including changes in various cytoplasmic components
of presynaptic transmitter secretion machinery (Dillon
and Goda, 2005; Gasparini et al., 2000; Lee and Sheng,
2000; Renger et al., 2001; Ziv and Garner, 2004), a pro-
cess that may take days or even weeks to complete (Dil-
lon and Goda, 2005; Lee and Sheng, 2000; Renger et al.,
2001; Ziv and Garner, 2004).
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Figure 7. Activity-Induced Actin Recruitment
to Axonal Boutons

(A) Example images showing axonal boutons
that were transfected with actin-YFP (green,
left panel) and stained with FM4-64 (red, mid-
dle panel) before (upper panels) and after
(lower panels) application of EFS. The overlay
(right panel) shows the colocalization of
actin-YFP puncta with FM4-64 clusters. All
(33) images were from the same microscope field.
Scale bar, 5 um.

(B) The same image field as in (A) showing ret-
rospective immunostaining with the antibody
against the presynaptic vesicle protein
VAMP-2. Boutons with significant increase
in actin-YFP fluorescence intensity after EFS
are classified into three types, each marked
with different symbols (based on their label-
ing with FM4-64 or VAMP-2): Type “A”
(arrowheads), labeled by FM4-64 after EFS.
Type “B” (red arrows), labeled by FM4-64
before EFS. Type “N” (white arrows), not la-
beled by FM4-64 either before or after EFS.
Note that N type boutons also lack apparent
VAMP-2 staining, as shown in (B). Open trian-
gles, boutons without apparent increase in
700 1234567 fluorescence intensity of either YFP-actin or
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(D) Upper panel, time courses of the changes
of average actin-YFP fluorescence in axonal
boutons (open circles) or segments (filled
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triangles) in response to EFS. Bars indicate
periods of EFS application. Lower panel,
summary of data on EFS-induced changes
| in actin-YFP fluorescence of three types of

EFS

boutons as shown in the upper panel. Data
are averaged from the period between 2 and
4 min after the initiation of EFS. Data in both

the upper and lower panels are normalized for each terminal by the average control intensity obtained during the first 70 s of imaging (dotted

lines, before EFS application). “A,” “B,” and “N” are as defined in (B).

(E) The time courses of the changes in the average actin-YFP fluorescence in axonal boutons (red circles) or segments (blue diamonds) in
response to EFS in the presence of DN-Cdc42-myc, Cyt D, Toxin B, or K252a. Data are normalized as in (D).
(F) The time course of the changes in the average actin-YFP fluorescence in axon boutons (red circles) or segments (blue triangles) in response to

BDNF perfusion.

(G) Summary of data on EFS- or BDNF-induced changes in actin-YFP fluorescence in axonal boutons under different treatments as shown in (D),
(E), and (F). For the DN-Cdc42 group, data are averaged for neurons cotransfected with myc-tagged DN-Cdc42 that was confirmed by immu-
nostaining with anti-myc antibody. The number associated with each column in (C), (D), and (G) refers to the number of neurons examined in
each condition. *p < 0.05, as compared to control (before EFS application) or between groups indicated by the line.

Error bars show SEM.

The most extensively studied silent synapses are
“deaf ” synapses containing only postsynaptic NMDAR
but not functional AMPAR. Rapid conversion of such si-
lent synapses through insertion of functional AMPARSs at
the postsynaptic membrane has been linked with the ex-
pression of LTP (Malinow and Malenka, 2002; Nicoll,
2003). Alternative hypotheses for such NMDAR-only
synapses involve the glutamate spillover from neighbor-
ing active synapses to the synapses deficient in presyn-
aptic release (Kullmann and Asztely, 1998) or a slow glu-
tamate release through small vesicular release pores
(Choi et al., 2003; Renger et al., 2001) that is selectively
detected by the high-affinity NMDARs. In the present
study we did not detect any NMDAR-mediated synaptic
responses even in the Mg?*-free extracellular solution
between the cultured neurons making nonfunctional
contacts. Thus, the silent synapses may arise from the
deficiency in the presynaptic release mechanism or

the lack of both NMDARs and AMPARSs in the postsyn-
aptic cell. Although we cannot exclude the possibility
that incorporation of AMPARSs to the postsynaptic mem-
brane is involved in the TBS- or BDNF-induced func-
tional synapses, several lines of evidence indicate that
maturation in presynaptic vesicular release mechanisms
was largely responsible for the activity-induced rapid
conversion of silent synapses. First, the unsilencing
can be prevented by treatments that selectively interfere
with presynaptic functions, including loading with high
concentration EGTA (Figure 1F) and transfection with
TrkB-T1 (Figure 2D) or DN-Cdc42 (Figure 3C). Second,
the induced functional synaptic transmission exhibited
frequent failures (Figures 1B, 2B, 2C, 3A, and 3B), a phe-
nomenon that is difficult to be explained by changes
only in the postsynaptic glutamate receptors. Third, us-
ing FM labeling of functional synapses, we found that in
young cultures (7 DIV) fewer SNP-positive puncta were
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costained with FM dye than older cultures (Figure 6),
indicating that in young cultures many presynaptic ter-
minals are nonfunctional. Finally, application of EFS or
BDNF to the young cultures rapidly induced the fraction
of FM-labeled SNP puncta in young cultures to a level
comparable to that in old cultures (Figure 6), further sug-
gesting that induced functional synapses are mainly
derived from conversion of previously existing silent
presynaptic terminals (SNP-positive but FM-negative),
rather than the formation of new terminals. Similar sus-
ceptibility to pharmacological agents for the TBS- or
BDNF-induced EPSCs and FM puncta also support the
notion that functional synapses detected by electro-
physiological recording and by fluorescent FM imaging
reflect the same cellular process. It should be noted
that the fraction of TBS- or BDNF-induced functional
synapses detected by patch recordings (about 15%,
Figures 1F and 2D) is much lower than the induced func-
tional presynaptic terminals revealed by FM dye imaging
(about 40%, Figure 6D). It is very likely that many non-
functional pairs recorded actually had no axon-dendritic
contacts between the cells. Furthermore, functional
synaptic connections detected by patch recordings re-
quire maturation of both presynaptic terminals and
postsynaptic components, whereas functional presyn-
aptic terminals detected by FM dye imaging may not
be accompanied by matured postsynaptic components.
This was suggested by the finding that 53.6% of EFS-
and 65.5% of BDNF-induced new FM puncta have no
postsynaptic apposition of PSD-95 (Figures 5F and
5G). While presynaptic maturation is clearly involved,
we cannot exclude the possibility that the TBS- and
BDNF-induced unsilencing also involves induction of
postsynaptic maturation, e.g., increased clustering of
AMPARs. Treatment of hippocampal cultures with glu-
tamate has been reported to induce rapid increase
in both presynaptic SNP clusters and postsynaptic
GluR1 receptor clusters, an effect that can be also
blocked by NMDAR antagonist APV or actin-depolyme-
rizing agent Cyt D (Antonova et al., 2001), similar to our
findings on the TBS-induced conversion of silent synap-
ses (Figures 1F, 2D, 3C, and 5G). The results that NMDAR
antagonist APV prevented TBS- or BDNF-induced func-
tional synaptic transmission (Figures 1F and 2D) but only
partially inhibited these stimuli-induced FM puncta
(Figure 5G) further suggest that the induction of post-
synaptic maturation is more strictly dependent on the
activation of NMDARs.

NMDAR Activation and [Ca®*]; Elevation

The NMDAR plays a key role in activity-dependent syn-
aptic plasticity (Malinow and Malenka, 2002; Nicoll,
2003). The location of NMDARs activated by TBS is not
clear, since no NMDAR-mediated synaptic responses
could be detected at the converted silent synapse be-
fore TBS application. Several possibilities may exist.
First, before TBS induction, the density of activated
NMDARSs in the postsynaptic membrane may be too
low (due to low receptor density or low level of gluta-
mate release) to be detected by the whole-cell recording
method, but still high enough for inducing the conver-
sion of the silent synapses upon TBS induction. The
noise level of our recording system allowed us to detect
EPSCs with amplitudes >3 pA. We could decrease the

noise level to about 1 pA by averaging multiple evoked
responses. Furthermore, in some experiments we opti-
mized our recording system to achieve a noise level <2
pA. However, under all these conditions we did not de-
tect any EPSC before the conversion by TBS (Figure S2).
Second, activation of NMDARSs in presynaptic terminals
(Duguid and Smart, 2004), which cannot be detected by
whole-cell recording at the cell body, may be responsi-
ble for the TBS-induced conversion of the silent synap-
ses. The source of glutamate for activation of NMDARs
mentioned above may come either from a low level of
vesicular release or nonvesicular release, e.g., reversal
of glutamate uptake (Kanai and Hediger, 2003) evoked
by TBS-associated membrane depolarization. It is also
possible that the release probability of the “silent” syn-
apse is too low for the low-frequency stimulation (test
pulse) to be effective in triggering synaptic transmission.
Sufficient glutamate release could be triggered by the
high-frequency stimulation (TBS), which in turn acti-
vates pre- or postsynaptic NMDARs and converts the
stimulated synapses into functional ones. Evidence
that supports this hypothesis is that EPSCs were fre-
quently observed during TBS (Figure S3). The results
that both pre- and postsynaptic Ca?* elevation are criti-
cal for the TBS- and BDNF-induced conversion (Figures
1F and 2D) suggest that the retrograde signaling across
the synapse (Du and Poo, 2004; Fitzsimonds et al., 1997;
Micheva et al., 2003) is required for the TBS-induced
presynaptic modification.

Actin Remodeling and Activity-Induced Conversion
of Silent Synapses
Tetanic stimulation that induces LTP rapidly increases
(within 40 s) the ratio of F-actin/G-actin in spines (Oka-
moto et al., 2004) and causes striking actin remodeling
in the axons, including the formation of new varicosities
and actin puncta as well as an increased F-actin poly-
merization at existing boutons (Figure 7) (Colicos et al.,
2001; Dillon and Goda, 2005; Sankaranarayanan et al.,
2003). The activity-dependent increase in synaptic actin
puncta also depends on activation of NMDA receptors
(Colicos et al., 2001), suggesting that mechanisms sim-
ilar to those in LTP induction are involved. Consistent
with these results, we found that stimuli (EFS, BDNF)
inducing presynaptic maturation also caused actin poly-
merization in the axonal boutons (Figure 7). Treatments
that interfered with BDNF-Cdc42 signaling prevented
both the activity-induced presynaptic maturation (Fig-
ures 2, 3, and 5) and actin polymerization in these
boutons (Figure 7). Furthermore, treatment with actin-
depolymerizing agent Cyt D abolished activity-induced
presynaptic maturation (Figures 3C and 5G). Thus, activ-
ity-induced rapid maturation of presynaptic terminals is
mediated by actin polymerization in the axonal boutons.
Multiple roles have been attributed to actin filaments
in synaptic transmission (Dillon and Goda, 2005; Dous-
sau and Augustine, 2000). Dynamic RP of synaptic ves-
icles is anchored on actin filaments via synapsin and is
recruited after rapid depletion of the RRP of synaptic
vesicles (Dillon and Goda, 2005; Hilfiker et al., 1999).
Actin and actin-based motor protein myosin have also
been implicated in the translocation of vesicles from
the RP to the RRP docked at the presynaptic plasma
membrane (Dillon and Goda, 2005; Evans et al., 1998;
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Prekeris and Terrian, 1997). The maturation of presynap-
tic boutons undergoes distinct stages (Mozhayeva et al.,
2002). At the early stage, the synapses may be silent due
to lack of RRP of vesicles, although they possess a recy-
cling pool that can release neurotransmitters under
strong stimulation (Mozhayeva et al., 2002). The sensi-
tivity of activity-induced rapid conversion of silent syn-
apses to actin-depolymerizing agent Cyt D found in
the present study (Figures 3C and 5G) suggests that ac-
tin remodeling induced by TBS- or BDNF-activated
Cdc42 signaling may function as an initial step in the
rapid assembly of RRP at the active zone of immature
synapses, enabling functional synaptic transmission fol-
lowing moderate physiological activity. Consistent with
this notion, we found that application of EFS or BDNF
significantly increased the docked synaptic vesicles
(RRP) but not RP of vesicles (Figure S1). The result
that EFS induced actin polymerization but failed to in-
duce new FM puncta in boutons deficient in the expres-
sion of presynaptic vesicle protein VAMP-2 (Figures 7A
to 7C) suggests that actin polymerization-mediated
rapid presynaptic maturation requires the presence of
RP vesicles in the presynaptic terminals.

The sensitivity of synaptic structure and function to
treatment that disrupts actin polymerization depends
on the extent of synapse maturation (Zhang and Ben-
son, 2001). Actin depolymerization, while not affecting
synaptic structure and function in older neurons (18
DIV), resulted in the loss of synapses in young neurons
(7 DIV) and a decrease in synaptic vesicle clusters but
retaining basal synaptic structure in relatively mature
neurons (7-14 DIV) (Zhang and Benson, 2001). Consis-
tent with these results, we found that treatment with
Cyt D or transfection with DN-Cdc42 or TrkB-T1 in the
presynaptic neurons, while not affecting basal synaptic
transmission in mature synapses, abolished TBS- and
BDNF-induced conversion of nonfunctional contacts
into functional synapses (Figures 2D, 3C, 3D, and 3E).
Thus, actin filaments play a central role in initial assem-
bly and maintenance of synapses during early develop-
ment. For matured synapse, the role of actin filaments
may be replaced by the assembly of pre- and postsyn-
aptic scaffolding proteins (Allison et al., 2000; Dillon
and Goda, 2005; Ziv and Garner, 2004).

Critical Role of Cdc42 Signaling
The mechanisms underlying Cdc42-mediated rapid
conversion of silent synapses remain unclear. Activation
of Cdc42 signaling is responsible for 5-HT-induced
long-term facilitation in Aplysia sensory neurons, but
this induction requires several hours, suggesting in-
volvement of different mechanisms, including substan-
tial reorganization of the presynaptic actin network lead-
ing to the growth of new sensory neuron varicosities
(Udo et al., 2005). In the present study, TBS- or BDNF-
induced conversion of silent synapses occurs within
minutes and is unlikely to involve protein synthesis and
axon growth. Instead, Cdc42-dependent actin cytoskel-
eton remodeling that induces the trafficking or scaf-
folding of vesicles or key exocytosis molecules to the
presynaptic terminal may be responsible for the activ-
ity-induced rapid conversion of silent synapses.

The Cdc42 GTPase also plays arole in regulated exo-
cytosis (Gasman et al.,, 2004; Nevins and Thurmond,

2005). In particular, Cdc42 plays a key role in directing
polarized secretion critical for cell polarized growth, di-
rectional migration, and selective budding (Casamayor
and Snyder, 2002; Cerione, 2004; Etienne-Manneville,
2004; Wedlich-Soldner et al., 2003). The presence of
the cytoskeletal matrix in the active zone is thought to
facilitate the translocation of synaptic vesicles to the ac-
tive zone and define the site of synaptic vesicle docking
and fusion (Dillon and Goda, 2005; Ziv and Garner,
2004). It is possible that during early synaptogenesis,
actin remodeling by the Cdc42 signaling cascade plays
an important role for this polarized transport of synaptic
vesicles to the active zone. In addition, Cdc42 signaling
cascades may facilitate the transport of “piccolo/
bassoon transport vesicles” or “active zone precursor
vesicles” to the presynaptic site for the assembly of ac-
tive zones and cytoskeletal matrix implicated in synaptic
vesicle exocytosis (Li and Sheng, 2003; Shapira et al.,
2003; Ziv and Garner, 2004).

Involvement of Endogenous BDNF

BDNF plays an essential role in LTP induction, probably
through a presynaptic mechanism (Lu, 2003; Zakhar-
enko et al., 2003; but see Itami et al., 2003; Kovalchuk
et al., 2002). Interestingly, application of BDNF in hippo-
campal cultures preferentially potentiates immature
synapses with a lower release probability without affect-
ing nearby more mature synapses (Berninger et al.,
1999; Lu, 2003). The most effective stimulus for inducing
BDNF secretion is the LTP-inducing stimulation (Gartner
and Staiger, 2002; Lu, 2003). Our results that TBS-
induced unsilencing (Figure 2) and EFS-induced func-
tional presynaptic terminals (Figure 5) can be blocked
by treatments interfering with BDNF-TrkB signaling
pathway suggest that activity (TBS or EFS)-induced
rapid synaptic maturation is mediated by BDNF secre-
tion. Although extensively studied, the mechanisms of
BDNF effects on synaptic plasticity and synaptogenesis
are still not clear (Lu, 2003). Activation of TrkB receptor
is known to couple to several signaling pathways includ-
ing small G proteins, MAP kinase, Pl 3-kinase, and PLC-
v (Huang and Reichardt, 2003; Lu, 2003). In the present
study we found that TBS- and EFS-induced conversion
of silent synapses depends on activation of both BDNF
and Cdc42 signaling and that BDNF-induced func-
tional synapses can be abolished by treatments inter-
fering with Cdc42 signaling, indicating that Cdc42 is
the downstream pathway of BDNF-TrkB signaling in me-
diating activity-dependent presynaptic maturation and
plasticity.

Experimental Procedures

Cell Culture and Transfection

Chemicals and media were from Sigma unless otherwise noted. The
use and care of animals follows the guideline of the Shanghai Insti-
tutes for Biological Sciences Animal Research Advisory Committee.
Hippocampal cultures were prepared as described previously
(Zhang et al., 2003) with some modifications. Briefly, whole brains
were isolated from embryonic day 18 SD rats, and the hippocampi
were dissected out and treated with 0.25% trypsin at 37°C for
20 min. Cells were suspended with DMEM medium (Invitrogen) con-
taining 10% fetal bovine serum (HyClone, Logan, UT) and 10% F-12
(Invitrogen) and were plated at a density of 65,000 cells/cm? on poly-
D-lysine-coated 35 mm dishes (Costar). Twenty-four hours after
plating, half of the medium was changed to serum-free Neurobasal
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(NB) medium with 2% B27 supplement (Life Technologies, Gaithers-
burg, MD) and 0.25% glutamine. Thereafter, half of the medium was
replaced twice a week with NB medium containing 2% B27 supple-
ment, 0.25% glutamine. After 5 days in vitro, glial cell proliferation
was inhibited by exposure to 2-4 M cytosine arabinoside.

Calcium phosphate transfection with Actin-YFP (BD Biosciences,
Clontech, Palo Alto, CA), TrkB-T1-GFP (a gift from Dr. E. Castren),
DN-Cdc42-GFP, or DN-Rac-GFP (gifts from Dr. G. Bokoch) was
carried out on cultures between 5 and 6 DIV. DN-Cdc42-myc and
Actin-YFP were cotransfected with a 1:1 ratio. Experiments were
performed at 24-48 hr after transfection.

Electrophysiological Recordings

Dual patch recordings from cultured hippocampal neurons at 5-16
DIV were made at room temperature using an EPC-9 patch-clamp
amplifier and corresponding Patchmaster software from Heka Elec-
troniks (Germany) or two Axopatch-200B amplifiers (Axon Instru-
ments) using pCLAMP acquisition software. Synaptic transmission
was elicited at 0.03-0.05 Hz (+30 mV, 2 ms), and EPSCs were re-
corded with a patch electrode (2-7 MQ tip resistance) in whole-cell
recording mode and filtered at 2 kHz. Pipette solution contained
(in mM) 136.5 K-gluconate, 0.2 EGTA, 10 HEPES, 9 NaCl, 17.5 KClI,
4 Mg-ATP, and 0.3 Na-GTP (raised to pH 7.3 with KOH). The extracel-
lular solution (ECS) was a HEPES-buffered saline containing (in mM)
145 NaCl, 3 KCI, 10 HEPES, 3 CaCl,, 8 glucose (pH 7.3). The series
resistance was not compensated but was monitored continuously
using a5 mV voltage pulse. Recordings showing >20% change in se-
ries resistance were discarded. Inputs were considered to be silent
after 25 to 50 successive failures of detectable EPSCs (<5 pA, peak
amplitude) tested at 0.03-0.05 Hz. Conversion of silent synapses to
functional synaptic transmission was then induced by presynaptic
TBS stimulation (consisting of five trains of five pulses at 100 Hz sep-
arated by 200 ms, repeated five times with an interburst interval of
15 s) in current-clamp mode. The successful conversion was con-
firmed by continuous recording for at least 40 min, whereas the fail-
ure was judged by the lack of detectable EPSCs during at least
30 min of continuous recording after induction. The “success rate”
of the induction is defined by the number of the induced functional
pairs divided by the total non-functional cell pairs examined. TBS
was always initiated within 10 min of attaining whole-cell mode in
the presynaptic cell to prevent washout of a cytoplasmic factor (s)
required for LTP induction. In some experiments, BAPTA (10 mM)
or EGTA (20 mM) was added to one of the double-patched pipettes.

FM4-64 Loading and Unloading

FM4-64 (Molecular Probes) imaging was performed as described
previously (Micheva et al., 2003), with some modifications. Unless
otherwise noted, cells were continuously superfused in an ECS. To
label active synapse, the cultured neurons were loaded with FM4-
64 (10 uM) in high KCI (90 mM) solution for 30 s followed by washing
in superfused ECS for 10 min (first staining). Images were taken be-
fore and after cells were destained in high KCI solution for 30 s (first
destaining). Antagonists of ionotropic glutamate receptors, APV
(50 M) and DNQX (10 uM), were present during KCI exposures to
block possible recurrent excitation and induction of activity-depen-
dent synaptic plasticity. The culture was then treated with BDNF
(100 ng/ml, 20 min; R&D Systems, Minneapolis, MN) or EFS followed
by the second imaging procedure (second staining and second de-
staining). For control treatment, cultures were washed with ECS for
20 min, followed by the second imaging procedure. The image after
FM dye destaining was subtracted from the initial image, and only
those terminals containing activity-dependent releasable FM dye
(about 90% of total staining) were analyzed. For some experiments,
K252a (200 nM), Toxin B (10 png/ml), or Cyt D (2 ng/ml) was applied to
the culture for 30 min. All experiments were done at room tempera-
ture (~22°C).

Immunocytochemistry

Following functional FM4-64 staining, neurons were fixed by 4%
paraformaldehyde in PBS at 4°C for 20 min and were permeabilized
with 0.2% Triton X-100 in PBS for 10 min. Primary antibody against
synaptophysin (1:1000, Chemicon), myc (Chemicon), VAMP-2
(1:800, Alomone, Israel), or PSD-95 (1:200, Affinity BioReagents,
Golden, CO) was applied overnight at 4°C, followed by rinses in

PBS and staining with cy3 (1:1000) or FITC-conjugated secondary
antibodies (1:400, Molecular Probes, Eugene, OR) at room tempera-
ture. Images of the fixed and immunolabeled neurons were aligned
with corresponding FM images of the same region. Analysis was re-
ferred to the following methods of imaging and analysis.

Imaging and Analysis

Images were collected with the laser confocal microscope of Fluo-
view (Olympus, Japan) using a 40 x oil objective. For experiments in-
cluding immunocytochemistry, images were taken at a resolution of
516 x 516. The gain of the photomultiplier was adjusted to maximize
the signal/noise ratio without causing saturation by the strongest
signals. FM-positive puncta were selected for further analysis using
custom scripts written in ImagePro Plus 5.1 (Media Cybernetics,
Carlsbad, CA), based on the following criteria: the diameter of spots
was between 0.1 and 0.6 um and the fluorescence intensity was
three standard deviations above the mean background. Under the
bright-field microscope, the frames were carefully chosen to include
nearly the same numbers of cell bodies. We measured the amount of
more than 30 randomly collected (317 x 317 um?, 40x oil objective)
regions in each independent experiment. Numbers of colocalization
between FM-positive puncta and PSD-95 clusters were also mea-
sured by similar count methods.

Analysis of actin-YFP was performed on 7-9 DIV post-transfected
hippocampal neurons. Coverslips were mounted in a perfusion
chamber equipped with field stimulation electrodes on the stage
of the confocal microscope. Unless otherwise noted, cells were per-
fused at room temperature in ECS. Quantitative measurements of
fluorescence intensity at individual boutons and neighboring axonal
regions were obtained by averaging a 4 x 4 area of pixel intensities.
The fluorescence change of actin-YFP either at synaptic boutons or
in axons were normalized to the starting fluorescence (F0) at individ-
ual selected region.

Statistical Analysis

Data are presented as mean + SEM. Statistical comparisons were
assessed with an ANOVA test or paired t test; p < 0.05 was taken
as significant.

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/50/3/401/DC1/.
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