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Assembly of New Individual Excitatory Synapses:
Time Course and Temporal Order
of Synaptic Molecule Recruitment

are thought to promote the differentiation of the post-
synaptic junction (reviewed by Sanes and Scheller,
1997; Hoch, 1999).

While synaptogenesis at CNS synapses could occur
in a manner similar to that occurring at the NMJ, this is
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not at all clear (see, for example, Uchida et al., 1996,Technion, Haifa 31096
and references therein). At present, little is known aboutIsrael
the time frame or molecular sequence of events or other†Department of Neurobiology
factors that direct the assembly of CNS synapses. ThisThe University of Alabama
is exacerbated by the fact that few instructional proteinsBirmingham, Alabama 35294
identified at the NMJ are also found at CNS synapses
or are even required for their formation (Serpinskaya et
al., 1999).

The identification and characterization of numerousSummary
components of CNS synapses have began to change
this situation (reviewed by Kim and Huganir, 1999; ShengTime-lapse microscopy, retrospective immunohisto-
and Pak, 1999; Garner et al., 2000a, 2000b). Most studieschemistry, and cultured hippocampal neurons were
addressing CNS synaptogenesis and the roles of differ-used to determine the time frame of individual gluta-
ent molecules in this process have followed the temporalmatergic synapse assembly and the temporal order in
expression and distribution patterns of these synapticwhich specific molecules accumulate at new synaptic
proteins in primary cultures of differentiating neuronsjunctions. New presynaptic boutons capable of activ-
(Fletcher et al., 1991, 1994; Craig et al., 1993, 1994;ity-evoked vesicle recycling were observed to form
Basarsky et al., 1994; O’Brien et al., 1997, 1998, 1999;

within 30 min of initial axodendritic contact. Clusters
Rao and Craig, 1997; Rao et al., 1998; Naisbitt et al.,

of the presynaptic active zone protein Bassoon were 1999; Passafaro et al., 1999; Zhai et al., 2000; see also
present in all new boutons. Conversely, clusters of the Verderio et al., 1999). This has led to the conclusion
postsynaptic molecule SAP90/PSD-95 and glutamate that synaptogenesis at CNS synapses occurs over an
receptors were found on average only z45 min after extended period of time (days to weeks) (Rao et al.,
such boutons were first detected. AMPA- and NMDA- 1998; Lee and Sheng, 2000). In contrast, the use of novel
type glutamate receptors displayed similar clustering imaging approaches (Cooper and Smith, 1992; Matteoli
kinetics. These findings suggest that glutamatergic et al., 1992; Kraszewski et al., 1995; Dailey and Smith,
synapse assembly can occur within 1–2 hr after initial 1996; Ziv and Smith, 1996; Baranes et al., 1998; Engert
contact and that presynaptic differentiation may pre- and Bonhoeffer, 1999; Horch et al., 1999; Maletic-
cede postsynaptic differentiation. Savatic et al., 1999; Okabe et al., 1999; Toni et al.,

1999; Ahmari et al., 2000; Jontes et al., 2000), as well
as studies regarding relationships between synaptic ac-

Introduction tivity and the recruitment of postsynaptic a-amino-3-
hydroxy-5-methyl-4-isoxazole proprionate- (AMPA-) and

The formation of synaptic junctions is a fundamental N-methyl-D-aspartate- (NMDA-) type glutamate recep-
process during the development and maturation of the tors (for example, Liao et al., 1999; Shi et al., 1999),
mammalian central nervous system (CNS). Until quite

indicate that the formation or maturation of CNS syn-
recently, much of our understanding of how CNS syn-

apses is much more dynamic and may occur within aapses are formed has come from studies of synaptogen-
few hours.esis at the neuromuscular junction (NMJ) (Hall and

What has been lacking in most of these studies is anSanes, 1993). Here, axonal growth cones making con-
approach that allows the assembly of new synapsestact with myotubes are thought to trigger a series of
to be followed and distinguished from the numerousevents that lead to the differentiation of both the presyn-
synapses already present on any given neuron. Thisaptic bouton and the postsynaptic reception apparatus.
would allow many of the fundamental questions regard-Presynaptically, this includes the clustering of synaptic
ing the temporal formation of functional synapses to bevesicles (SVs) and the formation of a specialized presyn-
addressed, including the following. (1) What is the timeaptic cytoskeletal matrix at the active zone, a site where
course of the formation of functional synapses? (2) Isneurotransmitter release is thought to occur. Similarly,
the active zone assembled sequentially or in paralleldifferentiation of the postsynaptic reception apparatus
to the postsynaptic density (PSD)? (3) Which synapticis thought to involve the assembly of a specialized cy-
proteins are present early during the assembly processtoskeletal matrix that serves to localize and cluster
of individual synapses and thus are likely to play instruc-neurotransmitter receptors, as well as signaling mole-
tive roles? (4) Which synaptic molecules accumulatecules. Factors released primarily from the newly forming
later, after most of the synaptic scaffold has been laidnerve terminals, such as agrin, and neurotransmitter,
down, and thus probably have little to do with the pri-
mary processes of synaptic assembly? And finally, (5)
do certain types of postsynaptic receptors accumulate‡ To whom correspondence should be addressed (e-mail: noamz@

netvision.net.il). at new synapses before other types do?
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Figure 1. Appearance of Apparently New Presynaptic Bouton Detected by Labeling with FM 4-64

(A) Recurrent labeling of SVs with FM 4-64 reveals apparently new presynaptic boutons. The preparation showed here was labeled with FM
4-64 as described in text (top panels) and then again after 85 min (bottom panels). Fluorescent puncta, most likely presynaptic boutons, are
clearly visible (left-hand panels). A 2 min train of action potentials leads to the destaining of most puncta, leaving behind only faint background
fluorescence (middle panels), suggesting that the fluorescently labeled puncta in the left-hand panels were functional presynaptic boutons
capable of activity-invoked exocytosis. Spatial relationships with dendrites are shown by overlaying fluorescence data (red) over DIC images
of the same regions (right-hand panels). Note the appearance of three bright puncta after the second labeling episode (arrowheads in left-
hand panels). However, as faint punctate fluorescence was detectable at the locations of two of these puncta after the first labeling episode
(open arrowheads), they were excluded from analysis. No punctate fluorescence is observed at the position of a third fluorescent spot (closed
arrowheads), suggesting that a new bouton may have formed at this location.
(B) Time-lapse of SVs labeled with FM 4-64 at 5 min intervals. Note the rapid appearance of a new cluster of SVs (closed arrowhead, t 5 109).
The intensity of puncta in the field of view changes from one image to another, suggesting that labeled vesicles are being mobilized among
nearby persistent sites. For example, note the disappearance of the large spot at t 5 159 (open arrowhead) and its reappearance 10 min later.
Fluorescence intensities (arbitrary units) are coded using a pseudocolor look-up table shown above the images.
Scale bars, 5 mm.

In this study, we describe experiments designed to Results
determine the time frame of individual glutamatergic
synapse assembly and the temporal order in which spe- Recurrent Labeling of Synaptic Vesicles with FM
cific pre- and postsynaptic molecules are recruited to 4-64 Reveals the Appearance of Apparently
new synaptic junctions. This has been accomplished by New Presynaptic Boutons
establishing a novel approach that allows the identifi- The initial objective of this study was to establish a
cation of newly forming synapses in these cultures, method that would allow us to determine when and
complemented with retrospective immunohistochemi- where new synapses were being formed between hippo-
cal methods used to measure the accumulation kinetics campal neurons in primary culture. These experiments
of specific synaptic proteins at such new synapses. Our were performed in neurons maintained 11–14 days in
studies reveal that individual glutamatergic synapses vitro (DIV), the peak period of synaptogenesis in our
between cultured hippocampal neurons can form over culture system (Ziv and Smith, 1996). To determine when
a period of 1–2 hr and that the formation of a functional and where new synapses were being formed, the fluo-

rescent endocytotic dye FM 4-64 was employed due topresynaptic bouton often precedes the differentiation
of the postsynaptic reception apparatus. its ability to label SVs in living neurons in response to
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Figure 2. Clustering of the PSD Protein SAP90/PSD-95 at New Synaptic Sites

Recurrent labeling with FM 4-64 and time-lapse imaging of labeled SVs were used to detect the appearance of an apparently new presynaptic
bouton (arrowhead, t 5 20:34). Note that this new cluster was not observed prior to this time point; however, once it appeared, it remained
at the same location until the end of the experiment. Retrospective immunohistochemistry of the same region revealed that the apparently
new bouton was associated with a discrete cluster of SAP90/PSD-95. Images collected immediately after a labeling episode of SVs with FM
4-64 are marked with asterisks. Time is given as hours and minutes relative to the moment of fixation and refers to images in the top panels.
Images obtained after destaining stimulation trains (bottom panels) were collected z5 min after those above them. Scale bar, 5 mm.

presynaptic activation (Henkel and Betz, 1995; Ziv and view (sites) in each experiment using the automated
Smith, 1996; see also Ryan et al., 1993, 1996; Ryan and XYZ stage on our confocal laser scanning microscope
Smith, 1995; Cochilla et al., 1999). (CLSM). Potential errors caused by focal plane drift (for

Figure 1A shows an example of a population of pre- example, boutons moving in and out of the focal plane)
synaptic boutons labeled with FM 4-64. These boutons were minimized by using the automatic focusing feature
were labeled by stimulating the neurons to fire action of our CLSM and collecting four sections at 1 mm inter-
potentials for 30 s in the presence of 15 mM FM 4-64. vals at each site (see Experimental Procedures). As the
All stimulation was performed by passing 1 ms current preparations are typically only 2–3 mm thick, we are
pulses at 10 Hz through field stimulation electrodes em- confident that the appearance of these apparently new
bedded in the chamber; 30 s after the end of the stimula- boutons is not an artifact of focus errors.
tion episode, the dye was washed out for 15 min, and Although recurrent SV labeling enabled us to record
images were collected. To determine which fluorescent the appearance of apparently new presynaptic boutons,
puncta represent activity-induced exocytosis/endocy- the time resolution of this method was rather low (up to
tosis of SVs, neurons were then stimulated to fire a two samples per hour). This limitation was overcome in
second train of action potentials for 120 s at 10 Hz part by following the distribution of the labeled SVs by
to induce exocytosis of the labeled SVs. Fluorescent time-lapse microscopy before unloading the dye. When
puncta that appeared after the labeling (load) procedure the labeled SVs were examined at 5 min intervals, most
and disappeared after the destaining stimulation epi- preexisting synaptic boutons appeared to be rather sta-
sode (unload) were considered to represent functional ble. Occasionally, however, we observed rapid changes
presynaptic boutons (Figure 1A). The ionotropic gluta- in the distributions of labeled SVs among nearby bou-
mate receptor antagonists 6,7-dinitroquinoxaline-2,3- tons, suggesting that SVs were being mobilized along
dione (DNQX, 10 mM) and 2-amino-5-phosphonopenta- axonal segments between adjacent en passant boutons.
noic acid (AP-5, 50 mM) were included in the perfusion Furthermore, we recorded numerous instances in which
solution for the duration of all experiments, in order to SVs were mobilized to new sites at which no SVs wereblock stimulation-induced network reverberations. This

previously observed, suggesting that they were beingassured that each stimulus caused at most a single
recruited to new synaptic sites (Figure 1B). Moreover,action potential. Furthermore, it reduced the dye loss
nearly all labeled SVs, including those that had accumu-from loaded boutons otherwise caused by spontaneous
lated at new sites, disappeared following a 2 min de-network activity.
staining stimulation episode (1200 action potentials de-To detect the appearance of newly formed presynap-
livered at 10 Hz), suggesting that new and functionaltic boutons, this procedure was repeated at various time
presynaptic boutons had formed at these sites.intervals. When recurrent labeling of SVs was performed,

Previous studies have documented the existence ofnew fluorescent puncta, apparently representing new
nonsynaptic, motile SV clusters that often display activ-presynaptic boutons, were observed at previously unla-
ity-dependent exocytosis or endocytosis (Matteoli et al.,beled locations. Such fluorescent puncta were scored
1992; Kraszewski et al., 1995; Dai and Peng, 1996). Weas new boutons only when no labeling was detected
too have observed such motile clusters. However, inafter the first labeling episode (Figure 1A). Typically, one
agreement with a previous report (Kraszewski et al.,to two new fluorescent puncta were detected per field
1995), they appeared to be smaller (composed of lessof view per hour, which represented ,1% of the number
labeled vesicles) than were the apparently new presyn-of preexisting boutons in the field. To increase the num-
aptic boutons. Furthermore, the formation of most newber of events detected in a single experiment, we col-

lected data from up to 12 (but typically 4–5) fields of SV cluster sites did not seem to result simply from the
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appearance of elongated “bands” of fluorescently la-
beled SVs between adjacent, relatively persistent loci
(for example, see Figure 1B, time 5 00:209).

The greater temporal resolution offered by time-lapse
recordings of labeled vesicles and the additional data
they provided regarding the persistence and origin of
new SV clustering sites prompted us to include such
time-lapse imaging of SVs in our experimental protocol.
Thus, in all experiments described below, the following
protocol was used to detect the appearance of new
presynaptic boutons. SVs were labeled periodically with
FM 4-64. Then, labeled SVs were followed for 10–40 min
at 5 min intervals. Finally, a stimulation train was used
to unload the dye. This routine was repeated two to
three times in each experiment.

The additional data provided by these time-lapse se-
ries allowed us to further refine our criteria for scoring
new FM 4-64 puncta as new presynaptic boutons. These
criteria are summarized as follows: no punctate FM 4-64
labeling was detected at the putative site immediately
after the first labeling episode; once formed, the SV
cluster persisted at approximately the same location
until the end of the time-lapse session; the cluster did
not originate from a large cluster splitting into smaller
ones; its size was similar to that of preexisting, persistent
SV clusters; and it had to release the dye in response
to the destaining stimulation train.

Many of the new SV clusters we detected conformed
with these criteria. About 20% were observed to form
during time-lapse recordings of labeled SVs (as in Figure
1B), while the remaining 80% were detected immedi-
ately after recurrent labeling episodes (as in Figure 1A).
These findings suggest that recurrent FM 4-64 labeling
of SVs intermixed with time-lapse recordings of these
SVs can be used to detect the appearance of new func-
tional presynaptic boutons and to determine when such
boutons first display a capacity for activity-induced SV
recycling. The time at which this capacity was first mani-
fested was used thereafter as a reference time to which
all other events were related.

Accumulation Dynamics of the Cytomatrix
Molecules Bassoon and SAP90/PSD-95
at New Synaptic Sites
The assembly of the presynaptic active zone and the
postsynaptic reception apparatus has been hypothe-
sized to be orchestrated by specific molecules (Kim
and Huganir, 1999; Garner et al., 2000a, 2000b). TheFigure 3. Clustering of the Presynaptic Active Zone Protein Bas-

soon at New Synaptic Sites presynaptic cytomatrix protein Bassoon is a recently
identified component of the presynaptic active zone im-Recurrent labeling with FM 4-64 intermixed with time-lapse imaging

of the labeled SVs revealed the appearance of an apparently new plicated to play a role in defining neurotransmitter re-
presynaptic bouton (closed arrowhead, t 5 2319). Retrospective lease sites (tom Dieck et al., 1998; Brandstatter et al.,
immunohistochemistry of the same region revealed that this appar- 1999; Richter et al., 1999; Winter et al., 1999; Zhai et al.,
ently new bouton was associated with a discrete cluster of Bassoon 2000). Conversely, the postsynaptic molecule SAP90/
but not with SAP90/PSD-95 (open arrowheads, bottom panels). Flu- PSD-95 is thought to play important roles in organizing
orescence intensity in FM 4-64 time series is coded using a pseu-

the PSD and in localizing postsynaptic NMDA receptorsdocolor look-up table, as in Figure 1B. First image collected after
(Cho et al., 1992; Kistner et al., 1993; Kornau et al., 1995;the second labeling episode is marked with an asterisk. Time is
see also Garner et al., 2000b, and references therein).given as minutes relative to the moment of fixation and refers to

A retrospective immunohistochemical analysis of newimages in the left-hand panels. Images obtained after destaining
stimulation trains (right panels) were collected z5 min after those synaptic boutons was therefore performed to address
to their left. Scale bar, 3 mm. two questions. First, are the “newly formed synapses”

identified by recurrent FM 4-64 labeling associated with
clusters of known structural components of synaptic
junctions and thus likely to represent “real” synapses?movement or aggregation of discrete SV clusters.

Rather, they seemed to involve en masse SV mobiliza- Second, is the temporal order of appearance of these
two proteins at nascent synapses consistent with thetion from nearby loci, as suggested by the occasional
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roles attributed to them? To this end, the appearance
of new presynaptic boutons was recorded as described
above, after which the specimens were rapidly fixated
and stained with antibodies directed against Bassoon
and/or SAP90/PSD-95 (see Experimental Procedures).
We then determined for each apparently new bouton if a
cluster of Bassoon or SAP90/PSD-95 was present at the
same location. These data were then compared with
the bouton’s “age,” defined as the time interval between
the moment the bouton was first observed and the time
at which the preparation was fixed. (Note that the age
assigned to boutons that appeared immediately after a
labeling procedure was based on the time at which they
were labeled with FM 4-64, not the time they were first
imaged. See Experimental Procedures for details.)

Figure 2 shows an example of a new bouton that
appeared z54 min before fixating the preparation. Ret-
rospective analysis revealed that the same bouton was
also labeled with antibodies against SAP90/PSD-95.
Similarly, Figure 3 shows that a new bouton that ap-
peared z45 min before fixation was clearly labeled with
antibodies against Bassoon but not SAP90/PSD-95.
These data strongly support the likelihood that our re-
current labeling approach identifies bona fide synaptic
junctions.

To determine the accumulation kinetics of these mole-
cules at nascent synapses, all boutons observed to form
in these experiments were categorized according to
their “age,” and the fraction of boutons in each age
group found to be matched with clusters of Bassoon
or SAP90/PSD-95 was compared with the fraction of
preexisting boutons (.99%) associated with clusters of
these molecules (Figures 4A and 4B).

For Bassoon (Figure 4A), we found that 95% of all
preexisting boutons detected before fixation by FM 4-64
labeling were matched with a distinct cluster of this
molecule (2269 boutons, 20 sites, 5 experiments). A simi-
lar fractional match was observed for “new” boutons
from all age groups, including the very earliest age
group. These findings suggest that Bassoon clusters
at presynaptic sites before or concomitantly with the
acquisition of a capacity for activity-induced recycling
of SVs, which is consistent with Bassoon playing an
instructional role in the assembly of new presynaptic

Figure 4. Accumulation Kinetics of Four Synaptic Proteins at Na-active zones.
scent SynapsesIn the case of SAP90/PSD-95, the fractional match of
(A) Bassoon.preexisting boutons was z58% (3392 boutons, 24 sites,
(B) SAP90/PSD-95.6 experiments). However, in contrast to what we found
(C) GluR1.

for Bassoon, the fraction of boutons matched with dis- (D) NR1. New boutons detected by FM 4-64 labeling were grouped
crete clusters of SAP90/PSD-95 clearly increased with according to their “age,” defined as the time interval between the
bouton “age,” from 29% in the youngest age group (,45 moment the bouton was first observed and the time at which the
min) to 59% in the oldest (75–120 min). (Figure 5B). This preparation was fixed (see text). Each bar represents the fraction

of new presynaptic boutons in each age group that was found tomay be interpreted to suggest that SAP90/PSD-95 is
be tightly associated with a discrete cluster of one of four specificrecruited to synaptic junctions somewhat later than Bas-
molecules, as determined in retrospect by immunohistochemistry.soon is (but see Discussion).
Numbers beside each bar indicate the total number of boutons
within each age group. The bars labeled “Preexisting” reflect the

Accumulation Dynamics of Postsynaptic Glutamate fractions of all boutons (old and new) that were tightly associated
Receptors at New Synaptic Sites with clusters of such molecules. As these groups are composed

mainly of boutons observed to be present from the very beginningThe capacity of a glutamatergic synapse to convey sig-
of the experiment (.99%), they represent almost entirely the popula-nals across the synaptic gap depends on the presence
tions of preexisting boutons. Note the differences in the accumula-of glutamate receptors in the postsynaptic membrane.
tion kinetics of the presynaptic molecule Bassoon as compared withTo determine when ionotropic glutamate receptors ap-
those of the postsynaptic molecules SAP90/PSD-95, GluR1, andpear at nascent synapses, we recorded the appearance
NR1.

of new presynaptic boutons using FM 4-64 as described
above. Cultures were then fixed and double stained with
antibodies directed against the GluR1 and NR1 subunits
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The results of these experiments are summarized in
Figures 4C and 4D. This analysis reveals that for preex-
isting boutons, 67% were found to be associated with
clusters of GluR1, and 49% were associated with clus-
ters of NR1 (5847 boutons, 43 sites, 9 experiments). In
contrast, for boutons detected within 45 min of fixation,
only 18% and 9% were associated with GluR1 or NR1
clusters, respectively. The fractional match of older bou-
tons that had appeared during these experiments was
similar or slightly greater than that observed in preex-
isting boutons.

Interestingly, 37% of preexisting boutons were found
to be associated with both GluR1 and NR1 clusters,
while 30% and 12% contained primarily AMPA or NMDA
receptors, respectively. In total, these data indicate that
z79% of synapses detected here were glutamatergic
synapses. It follows that 47% of these synapses con-
tained significant numbers of both NMDA- and AMPA-
type glutamate receptors, while 38% and 15% con-
tained primarily AMPA or NMDA receptors, respectively.
In the population of apparently new synapses, the num-
bers were similar (60%, both types; 24%, AMPA alone;
16%, NMDA alone, all nascent synapse age groups).
However, a somewhat larger proportion of presumably
glutamatergic synapses contained both AMPA- and
NMDA-type glutamate receptors.

These experiments suggest that the clustering of glu-
tamate receptors of both types lags behind the differen-
tiation of presynaptic specializations by z45 min. No
substantial difference was found in the clustering kinet-
ics of GluR1 versus NR1.

Presynaptic Boutons Can Form Rapidly after
the Establishment of Axodendritic Contacts
A fundamental issue unresolved by the experiments de-
scribed above is how soon after the initial contact of
axons and dendrites is a capacity for activity-induced
recycling of SVs acquired. To obtain an estimate of the
time required for a presynaptic bouton to form and dis-
play activity-induced SV recycling relative to the time

Figure 5. Clustering of Glutamate Receptors at New Synaptic Sites of initial cell–cell contact, the formation of new contacts
FM 4-64 fluorescence microscopy revealed the appearance of an between axons and dendrites was followed with time-
apparently new presynaptic bouton after a second labeling episode lapse fluorescence microscopy while periodically label-
(closed arrowhead, t 5 2329). Retrospective immunohistochemistry ing SVs with FM 4-64 to monitor the appearance of newly
of the same region revealed that this new bouton was associated forming boutons. As the morphological complexity of
with discrete clusters of GluR1 and NR1 (open arrowheads, bottom

the neuronal network in our culture system severely lim-panels). A second SV cluster that seemed to appear after the second
its the ability to resolve the fine structure of axonal andround of FM 4-64 labeling (small open arrowhead, t 5 2329) was
dendritic processes (Ziv and Smith, 1996), some methodnot included in the analysis since it was detected after the first
for labeling individual axons and dendrites was neces-labeling episode. Fluorescence intensity in FM 4-64 time series is

coded using a pseudocolor look-up table, as in Figure 1B. First sary. To that end, a DNA transfection method was used
images collected after a labeling episode are marked with asterisks. to express enhanced green fluorescent protein (EGFP)
Time is given in minutes relative to the moment of fixation and in a small fraction (,1%) of the neurons. Although few
refers to images in the left-hand panels. Images obtained after the axons and dendrites were labeled in this manner, we
destaining stimulation trains (right panels) were collected z5 min managed to record the establishment of four axoden-
after those to their left. Scale bar, 3 mm.

dritic contacts that seemed to result in the formation of
apparently functional presynaptic boutons, as deter-
mined by FM 4-64 labeling (Figure 6). Evoked SVs recy-of the AMPA- and NMDA-type ionotropic glutamate re-

ceptors, respectively. Each apparently new bouton was cling at each of these four sites was observed 26, 24,
24, and 32 min after axodendritic contacts were estab-then examined to determine if it was associated with a

discrete cluster of GluR1, NR1, or both. An example of lished. As only a small subset of neurites were labeled
with EGFP (and were hence visible), it remains possiblea new bouton that labeled with both GluR1 and NR1

antibodies is shown in Figure 5. This particular bouton that the new boutons had in fact formed between unla-
beled adjacent axons and/or dendrites. In one case,appeared after a second labeling round performed 52

min before fixation and persisted until the end of the however, differential interference contrast (DIC) imaging
enabled us to observe all neurites within the vicinity ofexperiment.
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Figure 6. Formation of a Presynaptic Bouton
following New Axodendritic Contact

(A) A hippocampal neuron expressing EGFP.
(B) Time-lapse sequence showing an axonal
growth cone coming out of the top right cor-
ner, encountering the dendritic segment seen
at the center of the image (t 5 339, yellow
arrowhead) and crossing over to the left. This
is an enlargement of the region enclosed in a
yellow rectangle in (A). First images collected
after a labeling episode are marked with as-
terisks.
(C) Recurrent FM 4-64 labeling revealed that a
new bouton had appeared at the intersection
site of the dendrite and the ingrowing axon
(closed arrowhead). Regions shown corre-
spond to respective areas enclosed in yellow
rectangles in (B). Scale bar, 2 mm.

the new bouton and to unequivocally determine that it Discussion
had indeed formed between a single axon and a single
dendrite that had just formed a new intersection (data We have used cultured hippocampal neurons, live im-
not shown). These observations indicate that functional aging, and retrospective immunohistochemical method-
active zones may form as soon as 25–30 min after initial ologies to determine the time frame for the formation
cell–cell contact. of glutamatergic synapses and examine the temporal

Interestingly, we also observed contacts that did not order in which specific pre- and postsynaptic molecules
lead to the formation of new synaptic boutons. Many cluster at new synapses. Our studies reveal that func-
of these contacts were transient, but some seemed to tional presynaptic boutons can form within 25–30 min
persist for the duration of the experiment. These obser- of the establishment of an axodendritic contact. In some
vations may suggest that some presynaptic boutons cases, the formation of such boutons seems to be asso-
form over time periods that exceed the duration of these ciated with the recruitment of SVs from nearby pre-
experiments. Alternatively, they may simply suggest that existing boutons. Using retrospective immunohisto-
many axodendritic encounters do not result in the forma- chemistry, we found that such new synaptic boutons

practically always contained a cluster of the presynaptiction of new synapses (see Discussion).
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cytomatrix molecule Bassoon. Conversely, the appear- most mobile SV clusters appeared to be much smaller
(see also Kraszewski et al., 1995). Finally, nearly all FMance of the postsynaptic components SAP90/PSD-95,

GluR1, and NR1 seemed to lag behind the appearance 4-64 puncta scored as new boutons were associated
with a cluster of Bassoon, a presynaptic active zoneof the presynaptic boutons by z45 min. Taken together,

these findings suggest that new glutamatergic synapses molecule that is not a SV protein (tom Dieck et al., 1998).
Thus, it is quite unlikely that the late appearing SV clus-may form over periods of 1–2 hr and that the formation

of a functional presynaptic bouton precedes the assem- ters were mobile clusters of SVs moving along axons.
It is also important to note that the “age” assigned tobly of the postsynaptic compartment.

apparently new boutons is inherently inaccurate to some
degree. This is due to the fact that many new boutonsTime Frame of Individual Glutamatergic
were detected following a second or third round of FMSynapse Assembly
4-64 labeling, and the “birth date” assigned to suchThe simplest interpretation of the experiments de-
boutons was the time at which the labeling procedurescribed here is that glutamatergic synapses can form
was performed. It is almost certain, however, that manyas fast as 1–2 hr after an axodendritic contact has been
of these boutons had become functional before thisestablished. In arriving at this conclusion, however, we
labeling episode (but after the prior labeling episode),also consider several alternative interpretations.
and, thus, the age assigned to them underestimatedA key assumption in the design of our experiments
their true age. In addition, a small fraction of boutonswas that the appearance of new, activity-induced clus-
may have formed slightly after the labeling episode, asters of FM 4-64-labeled SVs implied that a new bouton
shown in Figure 1B. We thus grouped apparently newhad formed at that site. It is possible, however, that such
presynaptic boutons into rather broad age categoriesboutons were preexisting boutons that for some reason
that matched the limited temporal resolution of our dat-responded weakly or not at all to stimulation in the initial
ing method.labeling episodes (and thus did not uptake dye) but did

Taken together, these data reveal that new gluta-respond later on. At the extreme, such boutons could
matergic synapses may form between cultured hippo-be viewed as “presynaptically silent” synapses (Ma et
campal neurons over periods of 1–2 hr. This time rangeal., 1999; see also Kannenberg et al., 1999). While possi-
agrees well with recent studies showing that new spinesble, several arguments can be made against this inter-
can form in rat hippocampal organotypic slice culturespretation. First, all experiments were performed in the
within 1 hr or less of an episode of high-frequency stimu-presence of AP-5 and DNQX, treatments previously
lation (Engert and Bonhoeffer, 1999; Maletic-Savatic etshown to abolish completely activation of such “presyn-
al., 1999; Toni et al., 1999) and with earlier studies onaptically silent” boutons (Ma et al., 1999) or to block an
spontaneous spine formation (Dailey and Smith, 1996;increase in their probability of release (Ryan et al., 1996).
Ziv and Smith, 1996). Furthermore, a very recent reportSecond, we discarded boutons for which the slightest
of Ahmari et al. (2000) vividly demonstrated that vesicu-labeling in initial labeling episodes was observed; thus,
lar transport packets containing a GFP-tagged SV pro-for a preexisting bouton to escape detection, it would
tein (VAMP) can accumulate rapidly at new axodendritichave to be almost completely unresponsive to electrical
contacts sites, and within 1 hr, this site can acquire astimulation and display very low rates of spontaneous
capacity for activity-induced vesicle recycling. Yet, itvesicle recycling. Third, we observed strong relation-
must be noted that as with all of the studies listed above,ships between the age of such boutons and the degree
we did not determine the capacity of new synaptic junc-to which they were matched with three postsynaptic
tions for synaptic transmission. It is conceivable, forcomponents (SAP90/PSD-95, GluR1, and NR1). Such
example, that the immunolabeled glutamate receptorsrelationships would hardly be expected for preexisting
found at new synaptic junctions were in fact cyto-synapses. Fourth, the number of apparently new bou-
plasmic, rather than receptors located in the postsynap-tons detected per field of view per hour is in agreement
tic membrane, as we permeabilized the cells before im-with the rate of synapse addition in cultures 9–14 DIV.
munostaining them. While this specific possibility doesFor example, we typically observe about 100–250 preex-
not seem likely (as reported by Mammen et al., 1997;isting boutons per field of view. Assuming a constant
O’Brien et al., 1997, 1998; Liao et al., 1999), the mererate of synapse addition during a 6 day period (e.g.,
presence of these receptors does not necessarily indi-9–14 days), 1–2 boutons would be expected to appear
cate that the postsynaptic receptive apparatus was fullyper field of view per hour, on average.
functional. Still, our study has gone further toward estab-Another concern is that not all new boutons were
lishing the functionality of such nascent synapses: thefollowed for the same duration. In fact, the “youngest”
demonstrated capacity for evoked neurotransmitter re-boutons, those that appeared immediately before fixa-
lease at these new presynaptic sites, combined with thetion, were only observed at two time points (including
documented presence of glutamate receptors at thethe observation made after dye unloading). It follows
same sites, makes the possibility that these nascentthat some “young” boutons could have been mobile
synapses had some capacity for synaptic transmissionvesicle clusters rather than persistent boutons. Such
quite likely.mobile clusters could have escaped recognition, as this

was based in part on comparisons of their positions in
series of sequential images. While we cannot completely The Temporal Order of Synaptic Assembly

Assuming that an imaginary time line can be used torule out this possibility, it is worth noting that, apart from
four puncta, all FM 4-64-labeled puncta scored as new describe the assembly process of individual gluta-

matergic synapses, our experiments suggest that syn-boutons were imaged at least twice before destaining.
Moreover, all clusters scored as new boutons appeared aptogenesis typically proceeds according to a temporal

sequence summarized schematically in Figure 7. Theto be rather large, comparable in size (or in labeled
vesicle number) to preexisting boutons. In contrast, steps involve (1) formation of an axodendritic contact,
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Figure 7. Proposed Time line of Glutama-
tergic Synapse Assembly

The putative timing of key events during the
assembly of individual glutamatergic syn-
apses as deduced from the findings de-
scribed in this study. Note that this time line
probably represents typical time frames for
these events, but the actual timing may vary
significantly between individual synapses, as
suggested by the data in Figure 4 and dis-
cussed in the text.

(2) recruitment of presynaptic cytomatrix proteins, such family of large presynaptic proteins found in close prox-
as Bassoon, (3) formation of a functional active zone imity to presynaptic active zones (Fenster et al., 2000;
that possesses a capacity for activity-induced exo- Garner et al., 2000a) and is thought to play a role in
cytosis and endocytosis, (4) recruitment of SVs to the organizing sites of regulated neurotransmitter release
new active zone, and (5) clustering of SAP90/PSD-95 (tom Dieck et al., 1998; Zhai et al., 2000). Interestingly,
and postsynaptic glutamate receptors at the postsynap- we have recently found that Bassoon is transported to
tic membrane. nascent synapses on a transport vesicle that contains

This proposed temporal sequence is based primarily additional active zone molecules (C. C. Garner et al.,
on our observation that postsynaptic molecule recruit- submitted). This raises the intriguing possibility that
ment appears to lag behind presynaptic differentiation. such vesicles may constitute “preassembled” active
It must be noted, however, that the analysis method zones, providing a mechanism for the rapid formation
applied in this study is asymmetrical, i.e., we first located of new active zones (see also Ahmari et al., 2000).
differentiated presynaptic structures and then examined Electron microscopy of newly formed presynaptic
the degree of their postsynaptic differentiation. It is sites reveals a surprising paucity of “classical” SVs
imaginable that if the appearance of new synapses was (Ahmari et al., 2000). We thus suggest that the accumula-
detected by locating differentiated postsynaptic struc- tion of SVs at nascent presynaptic sites occurs after
tures, we would also find synapses whose presynaptic such sites are formed (Figure 7). While it is possible that
differentiation occurred later on. Thus, until such com- new SVs form in situ, observations such as those of
plementary studies are performed, one should keep in Figure 1B may suggest that SVs are also recruited from
mind that the temporal order proposed above is one nearby boutons. These findings may be interpreted to
possible interpretation but not necessarily the only one. suggest that SVs constitute a limiting resource during
Still, it should be noted that if pre- and postsynaptic peak periods of synaptogenesis.
differentiation occurred completely in parallel, 50% of Several studies have suggested that AMPA-type re-
new boutons on average would be associated with dif- ceptor recruitment to new glutamatergic synapses is
ferentiated postsynaptic structures at the time of their preceded by NMDA-type receptor clustering and that
appearance. This does not seem to be the case for the activation of NMDA receptors may actually induce
glutamate receptors (Figure 4), although this seems pos- the insertion of non-NMDA glutamate receptors at such
sible for SAP90/PSD-95, which may suggest that this synapses (reviewed by Feldman and Knudsen, 1998;
molecule clusters at nascent synapses before glutamate see also Liao et al., 1999; Petralia et al., 1999). As all
receptors do. This temporal order would agree well with experiments described here were performed in the pres-
the role proposed for SAP90/PSD-95 in clustering

ence of glutamate channel antagonists, the roles of syn-NMDA-type glutamate receptors (reviewed by Kim and
aptic activation in receptor clustering could not beHuganir, 1999; Garner et al., 2000b; but see Migaud et
evaluated. In the presence of these antagonists, theal., 1998; Passafaro et al., 1999).
accumulation kinetics of NR1 and GluR1 at nascent syn-If functional presynaptic boutons form before gluta-
apses appeared similar (Figure 4). In addition, we foundmate receptors cluster at the postsynaptic membrane,
a significant fraction of apparently new boutons (24%)it could suggest that factors released by the presynaptic
that were associated with a cluster of GluR1 receptorbouton induce the assembly of the postsynaptic com-
subunits but not with a cluster of NR1 subunits. Yet, wepartment. At present, it appears unlikely that glutamate
did find a greater fraction of synapses matched withplays this role, since postsynaptic differentiation oc-
clustered NR1 in the population of new synapses ascurred in our experiments in the presence of ionotropic
compared with that in preexisting ones (Figure 4D). Noglutamate receptor antagonists, which is in agreement
such trend was observed for AMPA-type receptors (Fig-with previous reports (Craig et al., 1994; Kossel et al.,
ure 4C). This may suggest that as synapses maturate,1997; Verhage et al., 2000). This suggests that other
they lose some of their NMDA-type glutamate receptors.factors may be responsible for coordinating the differen-
Still, our findings indicate that AMPA-type glutamatetiation of the pre- and postsynaptic compartments, like
receptors may cluster at new synaptic sites even inagrin does at the NMJ (Hoch, 1999). Some potential
the presence of NMDA- (and AMPA-) type glutamatecandidates include molecules such as Narp (O’Brien et
receptor antagonists, questioning the necessity ofal., 1999) or cadherins (Shapiro and Colman, 1999).
NMDA-type glutamate receptor activation for the initialThe presence of the presynaptic protein Bassoon in
recruitment of AMPA-type glutamate receptors to newpractically all new synaptic boutons is particularly intri-

guing. This protein is a member of a recently discovered synapses (see also Rao and Craig, 1997).
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experiment was corrected automatically using the CLSM’s “auto-Conclusion
focus” feature, developed by Dr. S. J Smith: each time the XYZOur findings suggest that individual glutamatergic syn-
stage reached a predefined site, the focal plane of the medium/apses may form within 1–2 hr of the establishment of a
coverslip interface was determined automatically, and image stacksnew axodendritic contact. Although this is significantly
were collected at predefined offsets above this plane.

less than the time required for the formation of a fully Neuronal preparations were mounted in a modified laminar flow
formed neuromuscular synapse (Buchanan et al., 1989), chamber (Warner Instrument) and perfused with medium composed
it is not surprising, given the structural complexity of of MEM (Biological Industries, Beit Haemek, Israel) supplemented
the NMJ. Still, the time required for the formation of a with cytosine b-D-arabinofuranoside (8 mM), glucose (5 g/l), FCS

(5%), DNQX (10 mM, Research Biochemicals International, Natick,central glutamatergic synapse is not negligible, and if
MA), and D,L-AP-5 (50 mM, RBI). FCS used in experiments wassuch processes are considered as mechanisms of mem-
pretreated by dialyzing it for 48 hr at 48C against 120 mM NaCl toory consolidation, this time frame should be brought
remove cytotoxic amounts of glutamate and aspartate (Schramm etinto account.
al., 1990). The chamber was placed in a custom designed enclosureIt is worth reiterating that many axodendritic contacts
flooded with a sterile mixture of 5% CO2 and 95% air. The chamber,

we observed to form did not result in the formation of solution inlet, and objective were heated to 378C–388C using resis-
new synaptic boutons within the time frame of the time- tors and thermal foil and were controlled separately. This setup
lapse sessions. While this may suggest that most con- resulted in stable intrachamber temperatures of 348C–358C.
tacts are nonsynaptogenic in nature, it is also possible
that new synapses would have formed eventually at

Functional Labeling of Presynaptic Boutons with FM 4-64
these sites, albeit over longer time periods. This raises Functional presynaptic boutons were visualized by loading them
an interesting question as to the necessity of a new with FM 4-64 (N-[3-triethylammoniumpropyl]-4-[6-(4-[diethylamino]
contact for the formation of a new synapse, and one phenyl)hexatrienyl]pyridinium dibromide, Molecular Probes). Cells
wonders if new synapses may form at preexisting axo- were exposed to FM 4-64 by flooding the perfusion chamber with

medium containing 15 mM FM 4-64. The neurons were then stimu-dendritic contact sites (but see Cooper and Smith, 1992).
lated to fire action potentials by passing 1 ms current pulses throughThis is only one example of several surprisingly simple
platinum electrodes placed on both sides of the chamber. The cellsbut as yet unanswered questions regarding synapse
were stimulated for 30 s at 10 Hz, left in the dye for an additionalformation in the CNS. Further studies applying similar
30 s, and then rinsed with dye-free medium for 10–15 min.strategies or employing more specific molecular mark-

ers, such as fluorescently tagged synaptic proteins
Expression of Enhanced Green Fluorescent Proteinshould clarify such issues and will undoubtedly improve
EGFP transfection of hippocampal neurons (plasmid pEGFP-C1,our understanding of synaptic assembly and the roles
Clontech) was based on the calcium phosphate transfection methodof specific molecules in this process.
described by Xia et al. (1996), except that the osmotic shock treat-
ment described there was omitted. Briefly, cells raised in culture

Experimental Procedures for 5–7 days were washed with fresh, serum-free medium (MEM 1

5 g/l glucose), after saving original media, and left in the incubator
Cell Culture for 1 hr. Then, 6 ml of a calcium phosphate precipitate–DNA mixture
Hippocampal cell cultures were prepared as described previously was added to each glass cylinder, and cells were returned to the
(Ryan et al., 1993). Briefly, hippocampal CA1–CA3 regions were incubator for 30 min. Cells were then washed twice with serum-free
dissected from 1- to 3-day-old Sprague-Dawley rats, dissociated by medium, after which the original medium was returned to the glass
trypsin treatment followed by triturization with a siliconized Pasteur cylinders. Precipitate was prepared by mixing 150 ml of 23 HEPES-
pipette, and then plated onto coverslips coated with poly-D-lysine buffered solution at pH 7.05 (see Xia et al., 1996) with an equal
(Sigma) inside 6 mm diameter glass cylinder (Bellco Glass) micro- volume of 0.2 M CaCl2 to which 10 mg of plasmid DNA was added.
wells. Culture media consisted of minimal essential media (MEM; Precipitate mixture was kept at room temperature for 25 min before
GIBCO–BRL), 0.6% glucose, 0.1 g/l bovine transferrin (Calbiochem), adding to glass cylinders. Transfection was evaluated after 24 hr
0.25 g/l insulin (Sigma), 0.3 g/l glutamine, 5%–10% fetal calf serum by fluorescence microscopy. EGFP was typically expressed in 10–20
(FCS; Sigma), 2% B-27 supplement (GIBCO), and 8 mM cytosine neurons/cylinder.
b-D-arabinofuranoside (Sigma). Cultures were maintained at 378C
in a 95% air, 5% CO2–humidified incubator, and culture media were

Retrospective Immunohistochemistryreplaced every 3–7 days.
Neurons were fixed by flooding the perfusion chamber with a fixative
solution consisting of 4% formaldehyde and 120 mM sucrose in
phosphate-buffered saline (PBS) for 20 min, except in experimentsMicroscopy

Scanning fluorescence and DIC images were acquired using a CLSM in which cells were stained with antibodies against NR1, in which
case neurons were fixed with cold (2208C) methanol for 10 min. Thedesigned by Drs. S. J Smith (Stanford University School of Medicine)

and T. A. Ryan (Weill Medical College of Cornell University) using a cells were permeabilized for 10 min in fixative solution to which
0.25% Triton X-100 (Sigma) was added. Methanol- fixed cells wereZeiss 403 1.3 NA Fluar objective. The system is controlled by soft-

ware written by one of us (N. E. Z.) and includes provisions for also permeabilized with Triton X-100 (0.25% Triton X-100 in PBS).
The cells were washed three times in PBS, incubated in 10% bovineautomated, multisite time-lapse microscopy. Cells labeled with FM

4-64 (and EGFP in some experiments) were excited using the 488 serum albumin (BSA) for 1 hr at 378C, and incubated overnight at
48C or room temperature with primary antibodies in PBS and 1%nm line of an argon laser. Fluorescence emissions were read using

.630 nm long-pass and 500–600 nm band-pass filters, respectively BSA. The cells were then rinsed three times for 10 min with PBS and
incubated for 1 hr at room temperature with secondary antibodies in(Chroma). DIC images were acquired by collecting the transmitted

laser light with a photomultiplier placed at the end of the Zeiss PBS and 1% BSA. The cells were rinsed again with PBS, mounted,
and imaged immediately.microscope DIC optical train.

Time-lapse recordings were carried out by averaging two frames Primary antibodies used in this study included monoclonal mouse
anti-SAP90/PSD-95 (clone 7E3–1B8, Affinity Bioreagents), rabbitcollected at each of four focal planes spaced 1 mm apart. All data

were collected at 640 3 480 resolution, at 12 bits/pixel, with the polyclonal anti-Bassoon (tom Dieck et al., 1998), mouse monoclonal
anti-NR1 (clone 54.1, Pharmingen), and rabbit anti-GluR1 (Chemiconconfocal aperture partially open. To increase experimental through-

put, data were collected sequentially from 4–12 predefined sites, International). Secondary antibodies used were Alexa 488 goat anti-
rabbit (Molecular Probes) and Cy5 donkey anti-mouse (Chemicon).using the CLSM robotic XYZ stage to cycle automatically through

these sites at predetermined time intervals. Focal drift during the To facilitate finding the location of the sites for which data were
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collected during experiments, a small cross was etched on a cell- HD32901, AG 12978-02, AG 06569-09) to C. C. G. N. E. Z. is a
member of the Bernard Katz Minerva Center for Cell Biophysics.free region of each coverslip, and coordinates of all sites were

stored as offsets from this fiduciary mark to computer files. These
coordinate sets were then used to locate the same sites after re- Received February 1, 2000; revised June 1, 2000.
mounting the fixed and processed specimens on the microscope.
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