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Long-lasting increase in synaptic strength is thought to
underlie learning. An explosion of data has characterized
changes in postsynaptic (pstS) AMPA receptor cycling
during potentiation. However, changes occurring within
the presynaptic (prS) terminal remain largely unknown.
We show that appearance of new release sites during
potentiation between cultured hippocampal neurons is
due to (a) conversion of nonrecycling sites to recycling
sites, (b) formation of new releasing sites from areas
containing diffuse staining for the prS marker VesicleAssociated Membrane Protein-2 and (c) budding of new
recycling sites from previously existing recycling sites. In
addition, potentiation is accompanied by a release probability increase in pre-existing boutons depending upon
their individual probability. These prS changes precede
and regulate ﬂuorescence increase for pstS GFP-taggedAMPA-receptor subunit GluR1. These results suggest that
potentiation involves early changes in the prS terminal
including remodeling and release probability increase of
pre-existing synapses.
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Introduction
Studies on various hippocampal preparations such as slices,
organotypic slices and dissociated cultures have shown evidences in favor of both presynaptic (prS) and postsynaptic
(pstS) changes during synaptic plasticity (SP) (Malgaroli and
Tsien, 1992; Arancio et al, 1995; Liao et al, 1995; Buchs and
Muller, 1996; Ryan et al, 1996; Ma et al, 1999; Toni et al,
1999; Hayashi et al, 2000; Emptage et al, 2003; Humeau et al,
2003; Ninan and Arancio, 2004; Reid et al, 2004). PstS
changes have been widely investigated and are thought to
be linked to enhanced trafﬁcking of receptors, spine development and pstS currents (Liao et al, 1995; Buchs and Muller,
1996; Toni et al, 1999; Hayashi et al, 2000; Matsuzaki et al,
2004). However, the type of changes occurring in the prS

terminal leading to increased neurotransmitter release is not
yet clear.
One of the suggested mechanisms for enhanced transmitter release during SP is recruitment of new release sites (Ma
et al, 1999; Toni et al, 1999; Ninan and Arancio, 2004; Reid
et al, 2004). However, no data are available on how these
new release sites are formed. It has been shown that potentiation is accompanied by a long-lasting increase in cluster
number of several prS proteins including synaptophysin
(Syp), synapsin I (Syn) and a-synuclein (aSyn), suggesting
that a series of coordinate changes occurs at prS level during
plasticity (Antonova et al, 2001; Liu et al, 2004; Ninan and
Arancio, 2004; Wang et al, 2005). Although it was hypothesized that these clusters correspond to redistribution of
prS proteins around pre-existing silent (mute) synapses, it is
not clear what these clusters represent in microstructural
terms or how they originate. Furthermore, it is not known
if there is a relationship between these new release sites and
the pstS machinery.
Another cause of the long-lasting transmitter release
increase is represented by a release probability increase at
pre-existing prS boutons (btns). Limited number of studies on
cultured hippocampal neurons suggested enhanced release
turnover (Ryan et al, 1996) and readily releasable vesicle pool
increase (Stevens and Sullivan, 1998). Earlier electrophysiological studies and statistical analysis suggested high variability in release probability among synapses (Hessler et al,
1993; Rosenmund et al, 1993; Allen and Stevens, 1994; Liu
et al, 1999). However, the nature of changes at individual
btns in the heterogeneous population of synaptic btns during
SP is not clear. Moreover, these studies were inconsistent on
whether low-probability or high-probability synapses undergo signiﬁcant modulation during potentiation. Furthermore,
it is not known whether and how such individual release
properties affect the pstS machinery.
In the present study, we have used hippocampal neuronal
cultures to investigate the nature of both new and preexisting synapses before and after the tetanus by combining
GFP-tagging of the prS marker Vesicle-Associated Membrane
Protein (VAMP2-GFP) with staining of release sites using the
activity-dependent marker FM4-64. We have found that new
synapses arise from (a) conversion of nonrecycling sites,
characterized by the presence of VAMP2-GFP puncta, to
recycling sites, (b) formation of new releasing sites from
areas containing a diffuse staining for VAMP2-GFP and (c)
budding of new recycling sites from previously existing
recycling sites. We have also found that pre-existing btns
undergo increase in release probability during SP depending
upon their initial individual release probability. These prS
changes precede and regulate AMPA receptors at pstS sites.
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Tetanic stimulation of cultured hippocampal neurons (three
tetani, 50 Hz, 2 s, 20 s interval, 0 Mg2 þ ) modulates sponta-

& 2006 European Molecular Biology Organization

The EMBO Journal

VOL 25 | NO 18 | 2006 4361

Tetanus-induced presynaptic remodeling
I Ninan et al

and amplitude (84.674.9%, n ¼ 5, F(2,13) ¼ 14.3, Po0.001,
Figure 1A, C and E), conﬁrming that tetanus-induced SP is
NMDA-receptor dependent. Controls without tetanus showed
a slight rundown of sEPSC frequency and amplitude presumably due to the whole-cell patch recording over a long
duration (Arancio et al, 1995).
As previously shown with potentiation in cultures, longlasting increase of sEPSC frequency and amplitude is dependent upon activation of the nitric oxide-cGMP-dependent
protein kinase-calcium/calmodulin-dependent protein kinase
II (NO-cGK-CaMKII) pathway (Ninan and Arancio, 2004).
The NO-synthase inhibitor L-NMA (50 mM), a compound
that blocks SP through a direct interaction and inhibition of
NO-synthase (IC50 ¼ 6 mM in isolated preparations; East and
Garthwaite, 1991) blocked tetanus-induced increase in sEPSC
frequency (97.3710.7%, n ¼ 11, F(2,19) ¼ 24.6, Po0.001,
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neous excitatory pstS currents (sEPSCs), a mix of both
miniature excitatory pstS currents (mEPSCs) and spontaneously occurring evoked currents. Tetanus caused an
immediate and long-lasting increase of sEPSC frequency
(180.2713.6% at 60 min, n ¼ 8, F(1,9) ¼ 29.6, Po0.001,
two-way analysis of variance (ANOVA) with repeated measures, Figure 1A, B and D) and amplitude (142.775.9% at
60 min, n ¼ 8, F(1,9) ¼ 23.4, Po0.001, Figure 1A, C and E).
Interestingly, at B15–20 min we noticed a further increase in
sEPSC frequency and curve ﬁtting of the cumulative plotting
by Graphpad software suggested at least two distinct phases
in the sEPSC frequency increase after the tetanus. The
N-methyl-D-aspartate (NMDA) receptor antagonist, D-AP5,
blocked tetanus-induced potentiation of both sEPSC frequency (93.977.5%, n ¼ 5, F(2,13) ¼ 16.2, Po0.001, twoway ANOVA with repeated measures, Figure 1A, B and D)
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Figure 1 Tetanus in 0 Mg
increases sEPSC frequency and amplitude in cultured hippocampal neurons. (A) Examples of sEPSCs before and
after tetanus. D-AP5 blocked tetanus-induced increase in sEPCS frequency and amplitude. (B) Average changes in sEPSC frequency in control
(n ¼ 3), tetanus (n ¼ 8) and D-AP5 þ tetanus (n ¼ 5) groups. D-AP5 reversed the tetanus effect on sEPSC frequency. *Po0.001 compared to
control group. The mean frequency was 5.870.3, 8.970.5 and 5.570.6 Hz, for control, tetanus and D-AP5 þ tetanus groups, respectively.
(C) Average changes in amplitude in control (n ¼ 3), tetanus (n ¼ 8) and D-AP5 þ tetanus (n ¼ 5) groups. sEPSC amplitude is increased after
tetanus. D-AP5 reversed the tetanus effect on amplitude. *Po0.001 compared to control group. The mean amplitudes were 15.270.6, 22.170.9
and 15.170.2 pA for control, tetanus and D-AP5 þ tetanus groups, respectively. (D) Percentage change in sEPSC frequency after tetanus in
control (n ¼ 3), tetanus (n ¼ 8) and D-AP5 þ tetanus (n ¼ 5) groups. Tetanus produced an immediate and long-lasting increase in sEPSC
frequency. D-AP5 blocked tetanus-induced increase in sEPSC frequency (two-way ANOVA with repeated measures). (E) Percentage change in
sEPSC amplitude after tetanus in control (n ¼ 3), tetanus (n ¼ 8) and D-AP5 þ tetanus (n ¼ 5) groups. Tetanus produced an immediate and
long-lasting increase in sEPSC amplitude, which lasted for 60 min. D-AP5 blocked tetanus-induced increase in sEPSC amplitude (two-way
ANOVA with repeated measures). Error bars indicate s.e.m. in this and the following graphs.
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two-way ANOVA with repeated measures; Supplementary
Figure S1A and E) and amplitude (89.572.4%, n ¼ 11,
F(2,19) ¼ 25.1, Po0.001; Supplementary Figure S1B and F).
Similarly, KT5823, a speciﬁc cGK inhibitor (Ki ¼ 234 nM;
Kase, 1988) that is also known to block SP suppressed
tetanus-induced increase in sEPSC frequency (86.7710.4%,
n ¼ 5, F(2,12) ¼ 19.3, Po0.001, two-way ANOVA with repeated measures; Supplementary Figure S1A and E) and
amplitude (85.675.9%, n ¼ 5, F(2,12) ¼ 17.5, Po0.001;
Supplementary Figure S1B and F). Finally, KN-93, a membrane-permeable CaMKII inhibitor acting in a competitive
fashion against calmodulin (inhibition constant of 0.37 mM,
no signiﬁcant effects on the catalytic activity of cAMP-dependent protein kinase, Ca2 þ /phospholipid-dependent protein
kinase, myosin light chain kinase and Ca2 þ -phosphodiesterase; Sumi et al, 1991), blocked tetanus-induced increase
in sEPSC frequency (84.575.8%, n ¼ 5, F(3,17) ¼ 13.7,
Po0.001, two-way ANOVA with repeated measures; Supplementary Figure S1C and E) and amplitude (77.972.4%,
n ¼ 5, F(2,12) ¼ 17.5, Po0.001, Supplementary Figure S1D
and F). KN92, a KN-93 inactive analog, did not affect tetanusinduced increase in frequency (174.3710.4%, n ¼ 5,
Supplementary Figure S1C and E) or amplitude of sEPSCs
(141.975.9%, n ¼ 5, Supplementary Figure S1D and F). As
reported earlier (Ninan and Arancio, 2004), L-NMA, KT5823,
KN-93 or KN-92 did not affect basal frequency and amplitude.
Tetani also increased number and ﬂuorescence intensity
of prS btns labeled with the cationic styrylpyridinium dye,
FM4-64 (10 mM) (active btn number at 30 min: 191.9714.7%,
n ¼ 10, Po0.001, t-test, Figure 2A–D). There was no change
in prS btn number (98.575.1%, n ¼ 8) in control nontetanized dishes (Figure 2D). Tetani also increased releasable
ﬂuorescence in pre-existing functional prS btns (209.27
11.7%; 216 btns; Po0.001, t-test, Figure 2A–C and E). There
was no signiﬁcant change in releasable ﬂuorescence in control dishes (99.476.8%, 78 btns, Figure 2E). As the cumulative plot of sEPSC frequency suggested the possibility of two
distinct SP phases, one immediately and the other one at
approximately 15–20 min from the tetanus (Figure 1D), we
examined if such phases could be detected in the vesicle
cycling. Time-lapse imaging of FM4-64 btns before the tetanus and at 1, 15 and 30 min after it revealed an immediate
(1 min) increase in number and ﬂuorescence intensity of prS
btns with no further changes at 15 and 30 min after the
tetanus suggesting that the slight increase in sEPSC frequency
observed at 15–20 after the tetanus is not due to changes in
vesicle cycling (Supplementary Figure S2).
Tetanus-induced changes in the prS release apparatus
were NMDA receptor-dependent. D-AP5 (40 mM) blocked
increase in number (97.474.3%, n ¼ 9, F(2,24) ¼ 29.6,
Po0.001, one-way ANOVA followed by LSD; Figure 2A, B
and D) and releasable ﬂuorescence (96.473.5%, 56 btns,
F(2,348) ¼ 42.3, Po0.001; Figure 2A, B and E) of the prS
btns. Tetanus increased only prS btn number but not releasable ﬂuorescence in pre-existing functional synapses when
staining was performed using high K þ solution instead of
electrical stimulation conﬁrming that detection of ﬂuorescence intensity increase is not feasible under intense loading
conditions (Ma et al, 1999; Ninan and Arancio, 2004)
(Supplementary Figure S3).
Similar to long-lasting increase of sEPSC frequency and
amplitude, tetanus-induced prS changes in functionally active
& 2006 European Molecular Biology Organization

btn number and releasable ﬂuorescence involve the NO-cGKCaMKII pathway. L-NMA (50 mM) or KT5823 (2 mM) blocked
tetanus-induced increase in functionally active btn number
(92.473.1%, n ¼ 12, F(2,27) ¼ 37.9, Po0.001, one-way
ANOVA followed by LSD and 97.972.6%, n ¼ 10, F(2,25) ¼
32.4, Po0.001; Figure 2F). Similarly, we observed complete
blockade of tetanus-induced increase in releasable ﬂuorescence by L-NMA or KT5823 (98.675.2%, n ¼ 69, F(2,361) ¼
31.2, Po0.001, one-way ANOVA followed by LSD and 97.77
6.5%, n ¼ 71, F(2,363) ¼ 33.7, Po0.001; Figure 2G). KN-93
(5 mM), but not KN-92, blocked tetanus-induced increase
in functional btn number (96.774.4%, n ¼ 10 and 199.97
13.7%, n ¼ 7, for KN-93 and KN-92 groups, respectively,
F(3,31) ¼ 28.1, Po0.001, one-way ANOVA followed by LSD;
Figure 2H) and releasable ﬂuorescence (95.977%, n ¼ 77
and 202.4723.2%, n ¼ 29, for KN-93 and KN-92 groups,
respectively; F(3,397) ¼ 24.1, Po0.001, one-way ANOVA
followed by LSD; Figure 2I). These ﬁndings conﬁrm previous
experiments showing an NO/cGK/CaMKII pathway-dependent increase in active btn number during SP (Ninan and
Arancio, 2004). Most importantly, with the use of electrical
stimulation, these experiments show the presence of NO/cGK/
CaMKII-dependent increase in ﬂuorescence of pre-existing
active btns.
What is the origin of the new functional release sites? The
increase in functional synapse number following tetanus
suggests the occurrence of microstructural changes leading
to the formation of a mature release apparatus. To provide
proof in favor of such changes, we transfected cultured
hippocampal neurons with plasmid for the prS marker
VAMP2 labeled with GFP. VAMP2-GFP fusion protein incorporates into synaptic vesicles. As reported earlier (Ahmari
et al, 2000; Sampo et al, 2003), most of VAMP2-GFP ﬂuorescence appeared punctate (Figure 3A and B) along the axon
in 10-day-old cultures. The remaining ﬂuorescence appeared
relatively diffuse (Figure 3A and C). Consistent with these
studies, soma and dendrites showed lighter and diffused
ﬂuorescence. The size of VAMP2-GFP puncta was between
0.5 and –1.5 mm. When we examined recycling characteristics
of VAMP2-GFP puncta by loading with FM4-64, we found that
only 59.572.5% (22 dishes) of VAMP2-GFP puncta were
functionally active btns (as shown by the conversion of
green VAMP2-GFP puncta to yellow puncta after FM staining). Comparison of VAMP2-GFP-expressing neurites with
control GFP-expressing neurites revealed no signiﬁcant
difference in functional btn number between VAMP2-GFPtransfected neurites and control neurites (4.370.4 btns/
30 mm, n ¼ 28 and 4.470.6 btns/30 mm, n ¼ 31, respectively).
Similarly, there was no signiﬁcant difference in btn intensity
at VAMP2-GFP-transfected and control neurites (37.872.7
arbitary units (au), n ¼ 51 and 37.572.9 au, n ¼ 59, respectively). Tetanus increased the number of VAM2-GFP puncta
colocalized with recycling btns (99.276% of total VAMP2GFP puncta, n ¼ 15), producing a 187.874.7% increase in
recycling VAMP2-GFP puncta number (compare yellow puncta before and after tetanus in Figure 3D). This increase was
due to (a) green puncta that were not FM stained by the ﬁrst
staining performed before the tetanus but were stained
(appeared yellow) by the second staining performed after
the tetanus (Figure 3E and H), (b) fusion of diffused VAMP2GFP with no FM staining before the tetanus to become a
recycling btn (appeared yellow after the tetanus) (Figure 3F
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Figure 2 Tetanus in 0 Mg2 þ increases functional prS btn number and releasable ﬂuorescence in cultured hippocampal neurons.
(A) Experimental protocol for staining, destaining and tetanus application using electrical stimulation. ADVASEP-7 (1 mM), an anionic
cyclodextrin complexing agent with higher afﬁnity for the dye than the plasma membrane was introduced in the washing bath solution for
enhanced removal of the dye from the external medium to reduce background staining. (B) Examples of activity-dependent FM4-64 staining
before and after tetanus. Tetanus in 0 Mg2 þ increased prS btn number and releasable ﬂuorescence intensity in pre-existing prS btns. D-AP5
(40 mM) blocked tetanus-induced plasticity. Scale bar 10 mm. (C) A pie chart representing percentage of new btns, btns that underwent changes
in ﬂuorescence intensity and unchanged btns, after tetanus (n ¼ 5). (D) Percentage increases in number of functional prS btns 30 min after
tetanus. D-AP5 (40 mM) completely blocked tetanus-induced increase in recycling btn number (one-way ANOVA followed by LSD). *Po0.001
compared to control group. (E) Percentage increase in releasable ﬂuorescence of pre-existing functional prS btns 30 min after tetanus. D-AP5
(40 mM) blocked tetanus-induced releasable ﬂuorescence increase. *Po0.001 compared to control group. NO synthase inhibitor, L-NMA
(50 mM) and cGK inhibitor, KT5823 (2 mM) blocked tetanus-induced increase in prS btn number (F) and releasable ﬂuorescence (G) in preexisting prS btns. CaMKII inhibitor, KN-93 (5 mM) but not its inactive analog, KN-92 (5 mM) blocked tetanus-induced increase in prS btn number
(H) and releasable ﬂuorescence (I) in pre-existing prS btns (one-way ANOVA followed by LSD). *Po0.001 compared to tetanus.

and H) and (c) budding of new recycling btns from preexisting recycling btns (Figure 3G and H). Although most of
the nonrecycling green puncta that underwent conversion
into recycling puncta following tetanus did not show a
change in ﬂuorescence, a minor number of these converted
puncta showed a VAMP2-GFP staining intensity increase
associated with a decrease in diffused GFP intensity at either
sides of the btn suggesting mobilization of VAMP2 to synaptic
sites from nonsynaptic sites. We also examined total area and
average intensity of green ﬂuorescence per 30 mm of transfected axons. There was no signiﬁcant difference in either
total area (57.4714.6 and 53.4712.2 pixel2, respectively,
4364 The EMBO Journal VOL 25 | NO 18 | 2006

n ¼ 7) or average intensity (34.873.7 au, n ¼ 7 and 42.97
4 au, n ¼ 6, respectively) of green ﬂuorescence before and
after tetanus. However, adjusting the threshold to exclude
low ﬂuorescence intensity areas showed 23.6% decrease in
total area of green ﬂuorescence after tetanus suggesting
mobilization of VAMP2 to synaptic sites. We also tested
whether inhibitors of NO synthase, cGK or CaMKII could
block tetanus-induced increase in number of FM4-64 positive
and therefore recycling VAMP2-GFP puncta. Increase in FM464-positive VAMP2-GFP puncta number was blocked by
L-NMA (4.870.3 and 570.4/30 mm, respectively before and
after tetanus, n ¼ 12), KT5823 (4.770.4 and 4.570.5/30 mm,
& 2006 European Molecular Biology Organization
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Figure 3 Tetanus induces prS remodeling in cultured hippocampal neurons to enhance transmitter release. (A) Example of an axon expressing
VAMP2-GFP fusion protein. Scale bar 10 mm. (B, C) Examples of punctated (B) and diffused (C) ﬂuorescence from the axon expressing VAMP2GFP fusion protein shown in (A). Scale bar 2 mm. (D) Examples of activity-dependent staining of FM4-64 before and after tetanus in cultures
transfected with VAMP2-GFP. Tetanus increased number of yellow puncta (FM4-64 staining in VAMP2-GFP expressing axon) as well as red
puncta (FM4-64 staining in nontransfected axons). Tetanus also increased releasable ﬂuorescence in btns from both transfected and
nontransfected axons. D-AP5 (40 mM) blocked tetanus-induced increase in btn number and releasable ﬂuorescence (one-way ANOVA followed
by LSD). Scale bar 10 mm. (E) Insets show a VAMP2-GFP punctum that becomes recycling after tetanus. Scale bar 1 mm. (F) An example of
fusion of diffused VAMP2-GFP to become a recycling btn. The dashed line shows the diffused ﬂuorescence. The arrow shows the new btn. Scale
bar 1 mm. (G) An example of budding of new VAMP2-GFP btns from a pre-existing VAMP2-GFP btn. The yellow arrow shows the original btn
whereas the white arrow shows the new btns. Scale bar 1 mm. (H) A pie chart representing percentage contribution of (1) conversion of
nonrecycling pre-existing btns to recycling btns (74%), (2) fusion of nonsynaptic VAMP2-GFP (14.3%) and (3) budding from pre-existing
recycling btns (11.7%) in tetanus-induced increase in VAMP2-GFP recycling btn number calculated from 15 samples. (I) Number of FM4-64
stained btns per 30 mm of VAMP2-GFP expressing axons in control (8), tetanus (15), L-NMA paired with tetanus (12), KT5823 paired with
tetanus (11), KN-93 paired with tetanus (8) and KN-92 paired with tetanus (8) groups before (ﬁlled bar) and 30 min after (empty bar) the
tetanus. The empty bar in the control group represents parallel measurement of number of FM4-64 positive VAMP2-GFP puncta at 30 min
without tetanus. L-NMA, KT5823, KN-93 but not KN-92 blocked tetanus-induced increase in FM4-64 recycling btn number. In L-NMA, KT5823,
KN-93 but not KN-92 groups, we neither observed fusion of nonsynaptic VAMP2-GFP nor budding from recycling VAMP2-GFP btns. *Po0.001
compared to pretetanus value.
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respectively before and after tetanus, n ¼ 11) and KN-93
(4.770.4 and 4.870.3/30 mm, respectively before and after
tetanus, n ¼ 8; Figure 3I).
Earlier studies have demonstrated a prS btn number
increase after cAMP signaling activation in cultured hippocampal neurons (Ma et al, 1999). In preliminary studies, we
found that elevating cAMP levels by perfusion of forskolin or
IBMX produces similar results as our tetanus (Supplementary
Results and Supplementary Figure S4). The occlusion of the
effect of forskolin and IBMX on btn number and ﬂuorescence
intensity by tetanus suggests that these two SP processes
share similar mechanisms (Supplementary Results and
Supplementary Figure S4).
Earlier studies have suggested an inverse relationship
between the initial release probability of a synapse and its
ability to undergo plasticity changes (Hessler et al, 1993; Bi
and Poo, 1998). However, technical difﬁculties prevented a
direct analysis of release probability at the level of individual
btns. As we found high variability of releasable ﬂuorescence
among individual prS btns when stained with 50 action
potentials (Ninan et al, 2005) at 20 Hz corresponding to
btns with different release probabilities, we wanted to examine whether initial release probability determines ability
of individual prS btns to undergo potentiation. Calculation
of releasable ﬂuorescence of a single vesicle was based on the
assumption that a single action potential causes release of
one vesicle (Supplementary data). Synaptic vesicles were
stained by perfusing FM4-64 (10 mM) for 10 s and eliciting
one action potential. Releasable ﬂuorescence of a single
vesicle was calculated after destaining with 1200 action
potentials at 20 Hz (Figure 4A and B). As described, probability of individual synapses was calculated by using the
formula Pr ¼ releasable ﬂuorescence of a btn/number of
action potentials  releasable ﬂuorescence of a single vesicle
(Slutsky et al, 2004). Measurement of release probabilities of
216 active btns (n ¼ 5 dishes) showed three categories of btns
based on their initial probabilities: low (Pr ¼ 0.01–0.0999,
n ¼ 114), medium (Pr ¼ 0.1–0.1999, n ¼ 70) and high-probability btns (Pr40.2000, n ¼ 32) (Supplementary Figure S5A,
B and C). Tetanus increased Pr values for the low (median
0.0727 and 0.1846 before and after tetanus) and medium
(median 0.1451 and 0.1811 before and after tetanus)-probability populations (Po0.001, Wilcoxon’s matched pairs test;
Supplementary Figure S5C). The high-probability population
did not undergo any signiﬁcant change (median 0.2129 and
0.1892 before and after tetanus) in release probability. These
results are consistent with the notion of an inverse relationship between initial release probability of a synapse and its
ability to undergo SP changes (Hessler et al, 1993; Bi and Poo,
1998). Most importantly, they extend ﬁndings from synapses
made of a population of heterogeneous btns to the level of
individual btns. Thus, the present study suggests that tetanus
increases number of vesicles available for release and thereby
enhances release. Interestingly, we have observed that posttetanus Pr values are identical in all the three populations
suggesting a ceiling effect on number of vesicles available for
release under our experimental conditions. L-NMA (posttetanic median values 0.0717 and 0.1286, respectively, for
low and medium-probability btns), KT5823 (post-tetanic
median values 0.0786 and 0.1458, respectively, for low and
medium-probability btns) and KN-93 (post-tetanic median
values 0.0712 and 0.1522, respectively, for low and medium-

40
20
0
0

20

40
ΔF

60

80

Figure 4 (A) Experimental protocol for the estimation of single
vesicle ﬂuorescence. Synaptic vesicles were loaded with FM4-64
by perfusing the neurons with bath solution containing FM4-64
for 10 s, and eliciting 1 action potential. (B) Examples of activitydependent FM4-64 staining before and after destaining. Scale bar
5 mm. (C) A histogram of intensities of 546 active btns stained with 1
action potential. The ﬁrst peak corresponds to btns showing nonspeciﬁc staining whereas the second peak represents btns that
released one vesicle.

probability btns) blocked tetanus-induced increase of release
probability in low and medium-probability btns (Supplementary Figure S5D–F and G).
Previous studies have shown that SP is associated with
pstS changes such as increase in AMPA receptors GluR1
subunit at synaptic sites (Shi et al, 1999; Lu et al, 2001;
Pickard et al, 2001). Thus, we examined whether there was
a relationship between prS and pstS changes at individual
synapses. To follow pstS changes, neurons were transfected
with GluR1-GFP plasmid. Similar to a previous study (Shi
et al, 1999), the recombinant protein was distributed
throughout the dendrite and the soma with a punctated
pattern (Figure 5A). In the same study, GluR1 protein was
colocalized with endogenous GluR2 and Syn, and homomeric
recombinant receptors were functionally delivered to the
surface. We found relatively more intense GluR1-GFP puncta
at locations apposed to active prS btns that were stained with
FM4-64. We did not see any difference in number or intensity
of FM4-64 btns apposing the dendrites of GluR1-GFP-expressing cells compared to nonexpressing cells. Next, we examined whether tetanus affected ﬂuorescence intensity of
GluR1-GFP puncta at releasing sites. Time-lapse imaging
revealed a GluR1-GFP intensity increase at releasing sites
& 2006 European Molecular Biology Organization
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Figure 5 Tetanus produces a delayed increase in GluR1-GFP ﬂuorescence intensity and puncta number in cultured hippocampal neurons.
(A) Example of a GluR1-GFP fusion protein expressing culture stained with FM4-64. GluR1-GFP was distributed both in soma and dendrites.
FM4-64 staining demonstrated relatively more intense GluR1-GFP ﬂuorescence opposed to prS btns. Scale bar 10 mm. (B) Examples of GluR1GFP-expressing dendrites at 1 min before the tetanus and 1, 5 and 10 min after it. A clear increase of GluR1-GFP ﬂuorescence intensity and
puncta number was visible at 10 min but not at 1 or 5 min after the tetanus. Scale bar 3 mm. (C) Time course of the percentage increase in
GluR1-GFP ﬂuorescence intensity before and after tetanus. (D) Tetanus-induced increase in release probability affects GluR1-GFP ﬂuorescence
at individual synapses. Probability increase at low (n ¼ 49) and medium (n ¼ 34)-probability sites was associated with a GluR1-GFP
ﬂuorescence increase (Po0.05, t-test). However, pstS sites opposite to high-probability sites (n ¼ 23) did not undergo any change in GluR1GFP ﬂuorescence after tetanus. Error bars above and below the empty box indicate the 90th and 10th percentiles whereas the error bars on the
green box indicate s.e.m. (E) Time course of the percentage increase in GluR1-GFP puncta number before and after tetanus. (F) Percentage
changes in GluR1-GFP puncta number in control (n ¼ 5), tetanus (n ¼ 8), L-NMA paired with tetanus (n ¼ 4), KT5823 paired with tetanus
(n ¼ 4), KN-93 paired with tetanus (n ¼ 5) and KN-92 paired with tetanus (n ¼ 3) groups. L-NMA, KT5823 and KN-93 but not KN-92 reversed
the tetanus effect on GluR1-GFP puncta number. *Po0.05 compared to control group. (G) Percentage changes in ﬂuorescence intensity of
GluR1-GFP puncta in control (n ¼ 41), tetanus (n ¼ 106), L-NMA paired with tetanus (n ¼ 43), KT5823 paired with tetanus (n ¼ 36), KN-93
paired with tetanus (n ¼ 37) and KN-92 paired with tetanus (n ¼ 23) groups. L-NMA, KT5823 and KN-93 but not KN-92 reversed the effect of
tetanus on GluR1-GFP puncta ﬂuorescence intensity. *Po0.05 compared to control.

(135.3710.5%, n ¼ 30, Po0.01, t-test) 10 min after the
tetanus whereas there was no GluR1-GFP intensity increase
at 1 (98.379.9%, n ¼ 30) or 5 min (99.678.5%, n ¼ 26;
Figure 5B and C). This ﬁnding is consistent with experiments
in organotypic cultures demonstrating insertion of the GluR1
subunit at 15–20 min after tetanus (Shi et al, 1999). Similar to
the studies shown in Supplementary Figure S5, we found
three release probability kinds of prS btns: low, medium and
high probability. Fluorescence measurements of GluR1 puncta opposite to prS btns revealed an interesting relationship between release probability and changes in GluR1-GFP
ﬂuorescence. Release probability increase at low (median
& 2006 European Molecular Biology Organization

0.0785 and 0.1599 before and after tetanus) and medium
(median 0.1221 and 0.1846 before and after tetanus)-probability sites was associated with a GluR1-GFP ﬂuorescence
intensity increase at 30 min after the tetanus (141.5712.9%,
n ¼ 49, and 142.9713.2%, n ¼ 34, respectively, Po0.05,
t-test, Figure 5D). However, GluR1-GFP ﬂuorescence at sites
opposite to high-probability sites (median 0.2151 and 0.2180
before and after tetanus) did not change after tetanus
(103.977.4%, n ¼ 23; Figure 5D). These results suggest an
increase in GluR1-GFP ﬂuorescence intensity at synaptic sites
dependent upon release probability increase. Furthermore,
analyses of the average basal ﬂuorescence intensity for
The EMBO Journal
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ta number (98713.3%, n ¼ 4; 97.579.1%, n ¼ 4; 102.47
11.4%, n ¼ 5; Figure 5F) and ﬂuorescence at synaptic sites
(98.575.9%, n ¼ 43, 102.578.5%, n ¼ 36 and 94.876.8%,
n ¼ 37, respectively; Figure 5G). Thus, these ﬁndings strongly
support the hypothesis that tetanus-induced prS changes in
cultured hippocampal neurons precede and regulate postysynaptic changes at the level of the GluR1 subunit.
We ﬁnally determined whether probability conditions inﬂuence tetanus-induced SP in cultured hippocampal neurons
both at the prS and pstS level. Ca2 þ /Mg2 þ ratio increase
from 2:2 to 3.5:0.5 (Figure 6A) increased release probability
in both low (median 0.0698 and 0.1802 before and after
changing calcium/magnesium ratio, n ¼ 47) and medium
(median 0.1308 and 0.2093 before and after changing
Ca2 þ /Mg2 þ ratio, n ¼ 35)-probability btns (Figure 6B and
C), augmented prS btn number (172.9714%, n ¼ 8, Po0.05)
(Figure 6B and D), and increased GluR1-GFP ﬂuorescence
apposed to low and medium-probability btns (140.876.9%,
n ¼ 47 and 143.777.8%, n ¼ 35, respectively, Po0.01;
Figure 6B and C). Furthermore, release probability increase
enhanced GluR1-GFP puncta number (131.676.6%, n ¼ 5,

GluR1-GFP revealed lower ﬂuorescence (54.476.7 au,
n ¼ 23) at sites opposite to high-probability release sites compared to sites opposite to low-probability sites (69.475.5 au,
n ¼ 49) and sites opposite to medium-probability sites
(68.477.3 au, n ¼ 34) suggesting a possible compensatory
decrease in GluR1 expression at high-probability sites.
Next, we studied if conversion of mute synapses affected
pstS GluR1 ﬂuorescence. We analyzed GluR1 ﬂuorescence
opposite to the newly converted btns (n ¼ 26) by retrospectively measuring GluR1 ﬂuorescence at sites that were
not stained with FM4-64 before the tetanus. We found
138.4711.4% increase (Po0.01, t-test) in GluR1 intensity at
sites opposite to the newly converted btns 10 min after the
tetanus. Consistent with the earlier reports that glutamate
increased GluR1 immunoreactive puncta number (Antonova
et al, 2001), we found a GluR1-GFP puncta number increase
10 min after tetanus but not at 1 or 5 min (10 min: 139.17
10.6%, n ¼ 8, Po0.05, t-test; 1 min: 99.576.5%, n ¼ 8;
5 min: 100.375.7%, n ¼ 8; Figure 5E). Similar to tetanusinduced changes in prS btns, L-NMA, KT5823 or KN-93 completely blocked tetanus-induced increase in GluR1-GFP punc-
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Po0.05, t-test, Figure 6B and E). High-probability btns did
not show any further increase (median 0.2180 and 0.2209
before and after changing Ca2 þ /Mg2 þ ratio, n ¼ 19)
in release probability (Figure 6C). Similarly, there was no
increase in GluR1-GFP ﬂuorescence apposed to highprobability btns (109.777.3%, n ¼ 19). Next, we applied
tetanus to determine whether it is possible to induce potentiation under high-probability conditions. There was no
further release probability increase in prS btns (median
0.1773, 0.2064 and 0.2180, respectively, for btns that were
classiﬁed as low, medium and high probability before changing the Ca2 þ /Mg2 þ ratio; Figure 6B and C), btn number
(170.3717.1%, n ¼ 8, Figure 6B and D) or GluR1-GFP ﬂuorescence (14176.5%, n ¼ 47 and 145.477.2%, n ¼ 35 and
104.977.2%, n ¼ 19, respectively, for low, medium and highprobability release btns; Figure 6B and C). Similarly, tetanus
did not further increase GluR1-GFP puncta number (133.47
6.8%, n ¼ 5; Figure 6B and E) under high-probability conditions. These results suggest that high-probability conditions
occlude tetanus-induced SP in cultured hippocampal neurons
and further conﬁrm that transmitter release at single
synapses regulates the extend of pstS activation.

Discussion
Our results demonstrate that potentiation in cultured hippocampal neurons is accompanied by a transmitter release
increase through appearance of new prS release sites and
release probability increase at pre-existing functional synapses in an NMDA receptor-dependent manner. These ﬁndings
are in agreement with previous reports showing that glutamate increases functional prS release site number (Ninan and
Arancio, 2004). However, in the same study, glutamate did
not affect releasable ﬂuorescence intensity in pre-existing prS
btns, probably because of maximum staining evoked by the
high K þ loading solution used in that experimental paradigm
(Ma et al, 1999; Ninan and Arancio, 2004). In the present
study to avoid maximum staining, we have used a different
staining protocol in which electrical stimulation has been
shown to selectively empty only readily releasable vesicle
pool (Rosenmund and Stevens, 1996; Dobrunz and Stevens,
1997; Murthy and Stevens, 1998). Our results also agree with
earlier reports showing an enhanced transmitter turnover
using a different tetanus protocol (50 Hz, 30 s) (Ryan et al,
1996). However, this protocol failed to increase btn number
in the presence of Mg2 þ . It is plausible that removal of
NMDA receptor blockade by 0 Mg2 þ solution during the
tetanus in our experiments might activate conversion of
mute synapses (Antonova et al, 2001; Ninan and Arancio,
2004). Thus, with our new experimental conditions, we have
been able to provide a comprehensive analysis of the kinds
of changes occurring during SP at synaptic btns.
Previous studies showed increase in functional prS btn
number immediately after SP induction (Ninan and Arancio,
2004). However, these studies did not follow the behavior of
these new sites over time and thus, did not include a retrospective analysis of their behavior before SP. Increase in
cluster number for prS proteins Syp, Syn and aSyn was
documented during potentiation (Antonova et al, 2001; Liu
et al, 2004). However, it was not clear what these clusters
represent in microstructural terms or how they originate. By
transfection of cultured hippocampal neurons with VAMP2& 2006 European Molecular Biology Organization

GFP and subsequent FM staining, we have been able to show
that these new functional release sites are either at their
nascent state before the tetanus or formed from prS rearrangement to become releasing sites after the tetanus. The
former are very similar to mature sites except that they
have zero release probability. The latter are immature release
sites and need release apparatus rearrangement, including (i)
fusion of diffuse staining for VAMP2-GFP to become functionally active release sites and (ii) budding of new release
sites from already existing functional release sites. These
ﬁndings are consistent with the clustering of previously
synthesized prS proteins Syn, Syp and aSyn, as well as pstS
GluR1 during plasticity (Carroll et al, 1999; Lissin et al, 1999;
Shi et al, 1999; Antonova et al, 2001; Liu et al, 2004; Wang
et al, 2005). Interestingly, the percentage increase in
‘budding’ in prS btns following tetanus was similar to the
perforated synapse number increase during SP reported
in other studies following induction of plasticity (Neuhoff
et al, 1999; Toni et al, 2001; Stewart et al, 2005).
An earlier study on VAMP2-GFP-expressing hippocampal
cells showed that vesicular packets containing cytoplasmic
and membrane-associated protein precursors for synaptic
vesicles are transported along axons and get stabilized at
synaptic sites (Ahmari et al, 2000). Thus, our results suggest
that tetanus accelerates mobilization of prS vesicular precursors to enhance transmitter release.
Consistent with the notion that release probability is
nonuniform among synapses (Hessler et al, 1993;
Rosenmund et al, 1993; Allen and Stevens, 1994; Liu et al,
1999), our study show a population of FM4-64 puncta with
highly variable releasable ﬂuorescence. There were inconsistent reports on whether low or high-probability synapses
undergo signiﬁcant modulation during potentiation (Hessler
et al, 1993; Rosenmund et al, 1993; Bi and Poo, 1998). Thus,
we classiﬁed the prS btns into low, medium and high-probability sites based on their initial release probability and then
studied them individually. Tetanus potentiated release probability in low and medium-probability sites but not in highprobability sites. These results are consistent with the notion
that SP at individual synapses is inversely related to the
initial release probability at those synapses. In other words,
our results suggest that low-probability sites offer a greater
window for potentiation than high-probability sites. This
ﬁnding agrees with a previous study on LTP in the CA1
pyramidal neurons showing a release probability increase
only at synapses with low baseline probability (Palmer et al,
2004). Interestingly, the maximum release probability after
tetanus in low and medium-probability btns was similar to
the probability at high-probability btns, which did not undergo any signiﬁcant probability increase after tetanus. This
suggests that under our experimental conditions, there is a
ceiling effect on the maximum release probability, which
suggests that there is no increase in available pool of vesicles
but enhanced transmitter turnover in the available pool of
vesicles after the tetanus (Ryan et al, 1996).
Consistent with the results from FM4-64 staining studies,
tetanus produced an immediate and long-lasting increase
in sEPSC frequency and amplitude in an NMDA receptordependent fashion. As there is no change in GluR1-GFP
ﬂuorescence at synaptic sites immediately after tetanus,
possible reasons for the immediate sEPSC amplitude increase
might be either prS (Choi et al, 2000; Renger et al, 2001) or an
The EMBO Journal
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increase in AMPA receptor conductance (Benke et al, 1998;
Palmer et al, 2004). A possible relationship between prS
modulation and the increased sEPSC amplitude depends
on quanta released number and quantal size. Release site
number as well as release probability inﬂuence the number
of quanta released and tetanus increased both release site
number and probability in pre-existing synapses strongly
supporting the hypothesis that EPSC amplitude increase is
due to prS modulation. However, it is not possible to exclude
that pstS changes such as increased AMPA receptor conductance or changes in the AMPA receptor subunit distribution
between the intracellular- and the surface-compartment (our
technique does not distinguish between the two compartments) contribute to immediate sEPSC amplitude increase.
The late AMPA receptor mobilization to synaptic sites as seen
in our experiments and on tetanized organotypic slice experiments (Shi et al, 1999) might contribute to the maintenance
of SP. Interestingly, we found two distinct phases during
sEPSC frequency increase after the tetanus suggesting that
two distinct mechanisms underlie SP. Given that the FM
studies revealed no further changes in the increase in btn
number and release probability after the initial changes, we
infer that the observed biphasic increase in sEPSC frequency
after the tetanus is not due to prS changes. Thus, the delayed
increase in GluR1 activity might underlie the second SP
phase.
Earlier studies using expression of the GluR1-GFP fusion
protein in organotypic slices showed that the distribution of
the GluR1-GFP fusion protein mimics intracellular endogenous GluR1 distribution (Shi et al, 1999; Hayashi et al, 2000).
In the present study, we have conﬁrmed this ﬁnding at
synaptic sites of cultured hippocampal neurons. In addition,
we have observed a GluR1-GFP ﬂuorescence intensity
increase at synaptic sites where there was a release probability increase and appearance of new GluR1 puncta dependent upon the retrograde messenger cascade activation.
There was no GluR1-GFP ﬂuorescence increase at highprobability synapses, which also remained unmodiﬁed. Our
results under low and high-probability conditions show that
the tetanus-induced increase in GluR1-GFP ﬂuorescence at
individual synapses depends on release probability increase
at those synapses suggesting that the extent of prS potentiation determines the extent of pstS AMPA receptor activation.
Thus, these results together with the demonstration that the
GluR1-GFP intensity increase happens at 10 min after tetanus
but not at 1 min after tetanus, suggest that tetanus-induced
long-lasting potentiation in cultured hippocampal neurons
primarily involves immediate prS changes that in turn modulate pstS machinery. As previous studies have shown membrane insertion of AMPA receptors during SP in both cultured

hippocampal neurons (Lu et al, 2001; Pickard et al, 2001) and
organotypic slice cultures (Shi et al, 1999), we infer that the
GluR1-GFP increase at synaptic sites observed in our studies
involves plasma membrane GluR1 insertion. Moreover, there
was lower basal GluR1 ﬂuorescence at high-probability sites
reﬂecting compensatory phenomena at individual synapses.
Such compensatory mechanisms have been observed in
cultured hippocampal neurons in which the average size of
synaptic currents and of responses to focal glutamate application varied four-fold across different cells, decreasing
markedly with increasingly dense synaptic innervation (Liu
and Tsien, 1995). In other words, our data suggest that an
ongoing cross-talk between prS and pstS sites controls pstS
activation during SP. Further, these data suggest how precisely release probability regulates synaptic strengthening
at individual synapses.

Materials and methods
Cell cultures and transfection
Primary cultures were prepared from 1–2-day-old B6SJLF1/J mouse
pups as described earlier (Arancio et al, 1995; Ninan and Arancio,
2004). Neurons were transfected on day 1 by electroporation using
Nucleofector 1 (Amaxa Biosystems; Supplementary Materials and
methods).
Electrophysiology
The glass coverslip containing 10–15-day-old hippocampal neurons
was transferred to the recording chamber. Neurons were held under
ruptured whole-cell voltage clamp throughout the experiment;
sEPSCs were measured as described (Arancio et al, 1995; Ninan and
Arancio, 2004) (Supplementary Materials and methods).
Vesicle cycling
Coverslips with neurons were mounted on a Plexiglas chamber on
the stage of a laser scanning confocal microscope. Synaptic vesicles
were stained with FM4-64 by perfusing the neurons with bath
solution containing 10 mM FM4-64 and evoking action potentials
(Supplementary Materials and methods, Supplementary Figure S6).
Data analysis
Statistical analyses were performed with Student’s t-test, ANOVA
and post hoc comparison. Most data were normalized to the basal
values and results were expressed as mean7standard error mean
(s.e.m.). Data on probability measurements are presented as a
range with median and analyzed by WPMT.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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