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To explore mechanisms governing the formation, stability, and
elimination of synapses during neuronal development, we used
FM 1–43 fluorescence imaging to track vesicle turnover at
�7000 individually identified developing synapses between
embryonic rat hippocampal neurons in culture. The majority of
presynaptic boutons were stable in efficacy and position over a
period of 1.5 hr. Activity, evoked by burst-patterned field stim-
ulation, decreased presynaptic function across the population
of boutons, an effect that required NMDA receptor activation.

Decreased FM 1–43 staining correlated with low synapsin-I and
synaptophysin immunoreactivities, suggesting that decreased
presynaptic function was commensurate with synaptic disas-
sembly. These observations provide new information on the
stability of developing presynaptic function and suggest that
NMDA receptor activation may regulate the stability of devel-
oping synapses.
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Traditional neuroanatomic studies of CNS development (LeVay
et al., 1980; Stryker and Harris, 1986; Katz and Shatz, 1996)
combined with physiological studies of neuromuscular junction
formation (Nguyen and Lichtman, 1996; Colman et al., 1997;
Fitzsimonds and Poo, 1998) suggest that opposing processes of
synapse formation and elimination cooperate to shape developing
patterns of connectivity in neural networks. The processes of
synapse formation and synapse elimination may depend on neural
activity and, at least in some cases, on the activation of NMDA-
type glutamate receptors (Katz and Shatz, 1996). Unfortunately,
synapse formation, stability, and elimination have rarely been
studied at the level of individual CNS synapses. Such information
is rare because electrical methods for the study of synaptic phys-
iology provide only very limited information about individual
synapses and are difficult to apply over time scales of sufficient
length to explore developmental processes. Nonetheless, several
recent studies have shown that synaptic formation can occur quite
rapidly (�60 min) in cultured neurons (Ahmari et al., 2000;
Friedman et al., 2000).

FM 1–43 fluorescence imaging methods (Betz et al., 1992) have
proved very useful for the analysis of presynaptic function at the
level of individual CNS synapses (Ryan et al., 1993; Ryan and
Smith, 1995; Murthy et al., 1997; Friedman et al., 2000). FM 1–43
is an amphipathic styryl dye that is taken up by recycling synaptic
vesicles and can be used to quantitatively investigate presynaptic
vesicle turnover. FM 1–43 methods are capable not only of
isolating the function of individual boutons but of doing so with

very high throughput, such that hundreds of boutons can be
analyzed individually in a single experiment. Furthermore, these
methods are relatively unobtrusive and can be applied repeatedly
to measure function at a given synapse over substantial periods of
time. We have used repeated applications of FM 1–43 to rat
embryonic hippocampal cultures to study synaptic development at
7–9 d in vitro. This is a period of peak synaptogenesis immedi-
ately after the first functional synapses appear in this preparation
(Fletcher et al., 1991). Here, we have used persistent burst firing
to test the role of neuronal activity and NMDA receptors in
possible activity-dependent changes in synaptic function, mea-
sured with FM 1–43, and presynaptic protein levels, measured
with retrospective quantitative immunohistochemistry.

MATERIALS AND METHODS
FM 1–43 labeling and fluorescence imaging. Primary dissociated cultures
were prepared from the embryonic hippocampus of Sprague Dawley rats
according to the methods of Banker and Goslin (1996). A coverslip con-
taining neurons was placed in a low-volume (�60 �l) laminar perfusion
chamber and mounted on the stage of a confocal laser scanning microscope
at 34°C (Adams et al., 1996). Cells were continuously perfused with a
modified Tyrode’s solution of the following composition (in mM): 119
NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES, pH 7.4, and 30 glucose.
Extracellular solution also contained 50 �M AP-5 (D,L-2-amino-5-
phosphonovaleric acid) and 10 �M 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) during FM 1–43 measurements to reduce spontaneous activity.
During the “intertest period interval,” neurons were perfused with Ty-
rode’s solution in the absence of any drugs, unless otherwise specified.

An FM 1–43 measurement performed on the microscope stage began
with the addition of 15 �M FM 1–43 (Molecular Probes, Eugene, OR) to
the perfusing solution. One hundred stimuli were delivered electrically at
10 Hz (platinum field electrodes, 1-msec stimuli, 50 V/cm), causing
synaptic exocytosis. FM 1–43 was removed from the perfusion chamber
20 sec after stimulation was terminated, allowing time for FM 1–43
uptake by endocytosis (Ryan and Smith, 1995). Cells were washed for 10
min, and three images were acquired. Cells were then exposed to 600
stimuli at 10 Hz to release endocytosed dye, and another image was
acquired. Six hundred stimuli were sufficient to release all endocytosed
FM 1–43 (data not shown). An automated, motorized stage was used to
gather data at multiple sites in a single coverslip (Adams et al., 1996).
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The FM 1–43-associated fluorescence for a given synapse (�F) was
calculated by subtracting the fluorescence intensity in the unloaded
frame (representing nonspecific staining) from the averaged intensity of
the first two loaded frames. Fluorescence intensities after a 100-stimulus
loading protocol correlated with intensities measured after a 600-
stimulus protocol (data not shown). Therefore, FM 1–43 staining after
100 stimuli most likely reflects the size of the total vesicle pool.

Each image was constructed from a 2-plane z-stack (1 �m interval)
collected with the confocal pinhole in the open position (resulting in a
depth of field of 5–10 �m). These measures greatly reduce possible errors
associated with slight changes in plane of focus; preliminary experiments
indicated that this approach offered an accurate measurement of fluo-
rescence intensity with minimal light exposure. The intensities of fluo-
rescent puncta were determined offline. Average fluorescence intensity
was calculated for a region of interest containing a single punctum. The
dimensions of each region of interest was 5 pixels by 5 pixels (0.9 � 0.9
�m). Regions of interest were initially positioned by eye and then
corrected for the center of mass of each punctum by an automated
procedure in each successive frame. New puncta were identified by eye,
and a mask was placed visually for each such punctum. �F1 data from
each coverslip were normalized to a mean of 66 intensity units before
data from different sites were pooled. Data were normalized to correct
for possible changes in laser power and gain between experiments. For
analyses, the investigator was blind to the experimental condition.

All reagents except FM 1–43 were purchased from Sigma/RBI (St.
Louis, MO).

Retrospective immunocytochemistry. At the end of the viewing period,
some cells were processed for immunocytochemistry as described previ-
ously (Ziv and Smith, 1996). Cells were fixed with formaldehyde 5 min
after �F2 had been determined. After fixation and blocking, cells were
incubated overnight with an affinity-purified rabbit anti-synapsin-Ia/b
polyclonal antibody (1:1000) at 4°C. After washing, cells were incubated
for 1 hr at room temperature with fluorescein isothiocyanate anti-rabbit
IgG (Jackson ImmunoResearch, West Grove, PA). Synapsin-I and syn-
aptophysin (1:100) immunoreactivity were normalized to a mean of 75
intensity units (after background subtraction of �15 intensity units).
Antibodies were purchased from Chemicon International, Inc. (Te-
mecula, CA).

RESULTS
Measurement of synaptic vesicle turnover at individual
presynaptic sites
Dissociated cultures were prepared from embryonic rat hip-
pocampi using the methods of Banker and Goslin (1996). We
measured presynaptic vesicle turnover at visually distinct puncta
using established FM 1–43 imaging methods (Ryan et al., 1996).
Platinum field electrodes were used to evoke action-potential
firing to load and unload FM 1–43. In all experiments, dye
loading was induced by 100 stimuli with dye in the extracellular
solution. Cells were then washed to remove extracellular dye, and
images were acquired. FM 1–43 was released with 600 stimuli,
and images of background (nonreleasable) staining were
acquired.

After FM 1–43 loading, we observed large numbers of fluores-
cent puncta. A typical example is given in Figure 1A. Presynaptic
function at each punctum was measured as a difference between
fluorescence intensities (�F) in the loaded (Fig. 1A, 1, 2) and
unloaded (data not shown) conditions (i.e., before and after the
600-stimulus unloading train). To examine changes in presynaptic
function over time, we conducted two FM 1–43 loading and
unloading cycles (called “FM 1–43 test periods”) separated by 1.5
hr. A comparison of images taken during the two test periods is
shown in Figure 1A, 3. Although the puncta are not perfectly
aligned after 90 min, the majority of puncta can be clearly
identified at both time points.

In the course of our experiments, we observed a population of
mobile FM 1–43-loaded puncta. These puncta moved at a rate of
1.96 � 0.25 �m/min (determined for 18 puncta), consistent with
recent reports that describe mobile, nonsynaptic clusters of vesi-

cles that load and unload FM 1–43 during stimulation (Krasze-
wski et al., 1995; Dai and Peng, 1996). To assess changes in
presynaptic function at a given punctum, we needed to conclu-
sively identify the position of that punctum through time. There-
fore, in every experiment we assayed for mobility of puncta by
acquiring three images at 3 min intervals before unloading. Only

Figure 1. Changes in presynaptic function across 1.5 hr. A, Images of FM
1–43 loading at the first (A1, green in A3) and second (A2, red in A3) test
period. Scale bar, 10 �m. Despite small apparent motions of puncta
between the first (open arrowhead) and second (closed arrowhead) test
periods, the majority of puncta can be clearly identified at both time
points. The region to the lef t of the star indicates an area in which punctal
identity could not be determined with certainty; consequently, this area
was excluded from analysis. B, An example of FM 1–43 loading in a
population of defined puncta during the first and second test periods (�F1
and �F2, respectively). These data correspond to cells subjected to
stimulation in the presence of AP-5. The dashed line indicates where
�F1 � �F2.
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puncta that were in the same position across all three frames
(“immobile” puncta) were included for additional analysis. There
were no differences in destaining kinetics between positionally
stable and mobile puncta (data not shown), consistent with results
from Dai and Peng (1996).

To assay for slower movements of immobile puncta across
hours, neurons were loaded with FM 1–43 and imaged every 10
min for 1.5 hr. Only 40 of 951 FM 1–43 puncta (4.2%) exhibited
movements �1 �m during any 10 min period. These 40 puncta
were positionally stable for most of the recording period but
moved at a rate of 0.15 � 0.03 �m/min for an interval lasting
20.9 � 2.7 min. Such levels of motions (�3.1 �m total distance
traveled in the 90 min period) were small compared with the
mean distance between nearest neighbor puncta (4.56 � 0.12 �m,
determined for 494 puncta). Therefore, our methods ensured that
only positionally stable puncta were selected for additional
analysis.

NMDA receptor activity promotes loss of
presynaptic function
Figure 1B shows examples of FM 1–43 fluorescence intensities in
a population of defined puncta during the first and second test
periods (�F1 and �F2, respectively). In the majority of puncta,
FM 1–43 signals in the first and second test periods were similar.
Puncta exhibiting a pronounced change in presynaptic function
were relatively uncommon (see also Fig. 2B). Therefore, to ana-
lyze these populations, we examined thousands of individually
identified boutons.

We measured changes in presynaptic FM 1–43 fluorescence at
each synaptic bouton and compared these paired values across
large populations of puncta to identify conditions under which
changes in presynaptic function occurred. Under resting (control)
conditions, presynaptic function exhibited a small decrease, with
�F2 being significantly smaller than �F1 (n � 401 puncta; p �
0.0048; Wilcoxon signed rank–sum test). The presence of AP-5
and CNQX during the interstimulus interval (n � 1321) did not
significantly reduce the shift in presynaptic function ( p � 0.61;
Mann–Whitney rank–sum test) observed in the absence of stim-
ulation. To test for the effects of activity on synaptic function,
neurons were stimulated to fire action potentials during the 1.5 hr
interval between FM 1–43 test periods (called the intertest period
interval). Stimuli were delivered in 3 sec bursts at 20 Hz, repeated
every 60 sec for 75 min. As in controls, stimulated preparations
exhibited a significant decrease in presynaptic function (n � 3438
puncta; p � 0.0001; Wilcoxon signed rank–sum test). In contrast,
when the preparation was perfused with either 500 nM tetrodo-
toxin (TTX) or 50 �M AP-5 during the intertest period interval,
no significant decrease in presynaptic activity was observed after
stimulation (n � 1082, p � 0.135 and n � 1315, p � 0.05 for TTX
and AP-5, respectively; Wilcoxon signed rank–sum tests).

These data suggest that electrical stimulation may act through
NMDA receptors to alter presynaptic function. To allow com-
parison among different treatments, changes in presynaptic func-
tion were expressed as ratios of FM 1–43 fluorescence intensities
during the first and second test periods (�F2/�F1 ratio). Ratios of
�1 indicate a loss of presynaptic function, whereas ratios of �1
indicate a gain. The median �F2/�F1 ratio for each condition is
plotted in Figure 2A, along with error bars indicating the scatter
of the data in each population (see Fig. 2A legend).

�F2/�F1 ratios of synapses in the different treatment groups
were compared using the Kruskal–Wallis test (nonparametric
counterpart of an ANOVA). This revealed a significant difference

between the groups ( p � 0.0001). Comparisons were then made
between groups using the Mann–Whitney rank–sum test. Data
from preparations exposed to evoked stimulation during the
intertest period interval showed a significantly greater decrease in
presynaptic function (smaller �F2/�F1 ratios) than controls ( p �
0.0001; Mann–Whitney rank–sum test). Preparations stimulated
in the presence of AP-5 or TTX during intertest periods exhib-
ited smaller decreases in function than preparations stimulated in
the absence of drugs (both p � 0.0001; Mann–Whitney rank–sum
tests). Furthermore, there was no significant difference between
unstimulated neurons and neurons receiving intertest period
stimulation in the presence of AP-5 or TTX ( p � 0.25 for each;
Mann–Whitney rank–sum tests). These additional analyses
clearly indicate that stimulation caused a decrease in presynaptic
function through activation of NMDA receptors.

Changes in �F2/�F1 across the population of puncta were
examined using frequency histograms. A leftward shift in distri-

Figure 2. Burst stimulation resulted in a decrease in presynaptic func-
tion. A, Median change in presynaptic function under indicated condi-
tions. Error bars indicate the values for data points removed from the
median by 5% of the population size. Median values were as follows:
controls, 0.93 (n � 401); stimulated, 0.81 (n � 3438); stimulated in AP-5,
0.96 (n � 1082); stimulated in TTX, 0.95 (n � 1315). B, Proportion of
puncta exhibiting a given �F2/�F1 ratio in cells subjected to burst stim-
ulation in the presence (open symbols) and absence ( filled symbols) of 50
�M AP-5. The data are displayed as a frequency histogram using 0.2
ratio-unit bins.
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bution of �F2/�F1 ratios was evident after stimulation without
AP-5 (Fig. 2B) ( p � 0.01; Kruskal-Wallis rank–sum test). These
data suggest that activity led to a small weakening of function
across a large population of synapses rather than to a large effect
restricted to a few puncta (see also Fig. 4).

Finally, we examined whether stimulation at 1 Hz during the
entire intertest period would lead to changes in synaptic function
similar to those with higher-frequency stimulation. After 1 Hz
intertest period stimulation, �F2 was significantly different from
�F1 (n � 1300; p � 0.0001; Wilcoxon signed rank test). However,
1 Hz stimulation did not produce �F2/�F1 ratios that were
significantly different from unstimulated controls ( p � 0.99; Man-
n–Whitney rank–sum test). Furthermore, �F2/�F1 ratios after 1
Hz stimulation were significantly lower than those observed with
higher-frequency stimulation ( p � 0.0001; Mann–Whitney rank–
sum test). Thus, 1 Hz stimulation did not result in a change in
�F2/�F1 that was different from unstimulated control neurons,
although the number of stimuli delivered to cells by 1 Hz and
higher-frequency stimulation was similar (60 stimuli per sec).

Loss of presynaptic function was correlated with lower
synapsin-I and synaptophysin immunoreactivity
To investigate whether the observed functional changes were
accompanied by changes in presynaptic structure, neurons were
fixed after the second FM 1–43 test period, and the levels of the
presynaptic proteins synapsin-I and synaptophysin were exam-
ined using immunocytochemistry. Figure 3A shows examples of
fluorescence images of FM 1–43 (Figs. 3A, 1, 2) and synapsin-I
immunoreactivity (Fig. 3A, 3). Puncta with robust presynaptic
function during the second FM 1–43 test period were brightly
labeled with antibodies to synapsin-I (Fig. 3A, arrowheads). In
contrast, puncta with low presynaptic function during the second
loading period (�F2) also exhibited lower synapsin-I immunore-
activity (Fig. 3A, arrows). Hence, presynaptic function immedi-
ately before fixation (�F2) and synapsin-I immunoreactivity were
highly correlated (Fig. 3B), as reported previously (Sporns and
Jenkinson, 1997; Staple et al., 1997).

Figure 4A shows the relationship between changes in presyn-
aptic function (�F2/�F1 ratio) and synapsin-I immunoreactivity
for synapses subjected to stimulation in the presence (n � 1341
puncta) and absence (n � 884 puncta) of AP-5. Synapsin-I
immunoreactivity was reduced by a substantial and significant
extent in puncta exhibiting decreased presynaptic function (a
�F2/�F1 ratio of �1) relative to puncta exhibiting no change in
presynaptic function (a �F2/�F1 ratio of 1; Fig. 4A). This rela-
tionship between synapsin-I immunoreactivity and �F2/�F1 ratio
was observed both in the presence and absence of AP-5.

Like synapsin-I, the synaptic vesicle membrane protein synap-
tophysin also exhibited a significantly lower immunoreactivity in
puncta with a low �F2/�F1 ratio (n � 497 puncta; Fig. 4B).
Immunoreactivities for synapsin and synaptophysin were corre-
lated (data not shown).

The relationships between �F2/�F1 ratio and synaptic protein
immunoreactivities were not the result of differences in initial
presynaptic function, because �F1 levels were not different be-
tween puncta with reduced presynaptic function and those for
which presynaptic function did not change (Fig. 4C). For puncta
with increased presynaptic function, �F1 of course had a smaller
value than �F2, and puncta with the highest ratios therefore had
the lowest �F1 values. This trend is clearly visible in Figure 4C
and probably reflects a ceiling effect attributable to the finite
number of vesicles in each presynaptic bouton (Ryan et al., 1997;

Schikorski and Stevens, 1997). This ceiling effect also contributed
to the relationship between �F2/�F1 and synapsin-I immunore-
activity (described above). Because of this ceiling, neurons with a
low �F2/�F1 value could have only lower values of �F2, whereas
neurons with a �F2/�F1 ratio of 1 could have a wider range of
�F2 values, with a higher average value of �F2. Thus, given the
correlation of �F2 and synapsin-I (see above), a relationship was
also observed between �F2/�F1 and synapsin-I levels.

Direct imaging of vesicle removal
Synaptic elimination probably requires the removal of vesicles,
either individually or as clusters. We have observed a few exam-
ples of such events. Figure 5A, site 1, illustrates movement of
vesicles from an identified punctum (indicated by an arrow). Some
of these vesicles remained in the adjacent axonal branch as diffuse
FM 1–43 staining. The pattern of FM 1–43 uptake in the second
test period was very similar to the FM 1–43 fluorescence ob-
served just before the first unloading stimulus train (see frame at
90 min), suggesting that the observed movement of FM 1–43
fluorescence represents movement of functional vesicles away
from the initial release site. Figure 5A, site 2, demonstrates the
division of a punctum, where the sum of the fluorescence inten-
sities of the two daughter puncta equals that of the parent punc-
tum (illustrated in Fig. 5B), indicating that the total number of
FM 1–43-loaded vesicles remained constant. Note that daughter

Figure 3. Images showing an example of �F1, �F2, and synapsin-I
immunoreactivity. A, Puncta exhibiting presynaptic function in the first
test period (�F1) but not in the second test period (�F2) did not exhibit
synapsin-I staining (arrows). Puncta that exhibited robust FM 1–43 up-
take in the first and second test periods showed synapsin-I staining
(arrowheads). Scale bar, 5 �m. B, Presynaptic function in the second test
period (�F2) correlated with levels of synapsin-I. The numbers of puncta
from which points are derived are given in parentheses.
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puncta maintained their levels of presynaptic function, having
appropriate �F values during the second FM 1–43 test period
(Fig. 5B).

Figure 4. Decreased presynaptic function was accompanied by lower
levels of synapsin-I and synaptophysin in individual boutons. A, Boutons
exhibiting decreased presynaptic function (indicated by a �F2/�F1 ratio
of �1.0) showed decreased levels of synapsin-I relative to puncta exhib-
iting no change in presynaptic function (a �F2/�F1 ratio of �1). This
pattern was observed regardless of whether AP-5 was present or absent
during bursting stimulation. B, Boutons exhibiting decreased presynaptic
function showed decreased levels of synaptophysin. Data are binned by
0.2 ratio units, except for puncta with a �F2/�F1 ratio of �2, which are
grouped. p � 0.01 (stacked asterisks) and p � 0.05 (single asterisk) for data
points significantly different from the point labeled with � (Mann–Whit-
ney rank–sum test). Significance values were not calculated for �F1 data
for a ratio of �1.2. C, Boutons exhibiting decreased presynaptic function
had the same initial FM 1–43 loading as boutons exhibiting no change in
presynaptic function.

Figure 5. Examples of the removal of vesicles from synapses. Boutons
were loaded with FM 1–43 and imaged every 10 min. A, site 1, An example
of trafficking of vesicles from a bright punctum (arrow). A, site 2, An
example of the division of a punctum (arrowheads). B, Quantification of
changes in the fluorescence intensity of puncta in site 2. The sum of
intensities from puncta 2 and 3 remained constant, indicating no net loss
of vesicles. Puncta exhibited minimal photobleaching (see punctum 1).
Scale bars, 5 �m.
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DISCUSSION
Activity and the magnitude of synaptic suppression
We used serially repeated FM 1–43 tests to investigate changes in
presynaptic function at nascent synapses in embryonic hippocam-
pal neurons. We observed a trend toward decreased presynaptic
function after stimulation, which was inhibited by AP-5 and by
TTX. Using hippocampal cultures from newborn rats, Lissin et al.
(1998) observed an AP-5- and TTX-sensitive decrease in staining
for glutamate receptors after increased excitatory activity, sug-
gesting that NMDA receptor activation results in decreased
postsynaptic receptor clustering in postnatal hippocampal cul-
tures. In embryonic hippocampal cultures, inhibition of sponta-
neous activity with AP-5 or TTX results in an increase in NMDA
receptor clustering (Rao and Craig, 1997). These studies of
postsynaptic receptor clustering in hippocampal cultures illus-
trate the role of NMDA receptor activity in limiting postsynaptic
receptor density. Our data complement these previous findings,
adding a presynaptic correlate. Together, these data suggest that
NMDA receptor activity plays an important role in controlling
both presynaptic and postsynaptic development in the embryonic
and neonatal hippocampus.

Neuronal activity was not directly monitored in our experi-
ments. It is therefore possible that AP-5 influenced presynaptic
function by directly reducing neuronal activity or instead by
decreasing overall network activity through actions on the
NMDA receptor. Regardless of the mechanism of action of AP-5,
however, signaling through the NMDA receptor clearly plays a
significant role in activity-dependent phenomena. Also, the stim-
ulations used for FM 1–43 loading and unloading might them-
selves influence activity-dependent phenomena. Any such effects
should influence all experimental conditions and thus do not alter
our conclusion that higher-frequency stimulation during the in-
tertest period resulted in an NMDA receptor-dependent shift
toward decreased presynaptic function.

One notable difference between the effects of activity on
postsynaptic receptor expression (Rao and Craig, 1997) and on
presynaptic function (studied here) is the magnitude of the effect
of AP-5. Rao and Craig (1997) observed a 380% increase in
receptor clustering. In contrast, our principal observation was one
of synaptic stability; under resting conditions, the majority of
puncta (�75%) exhibited no significant change in synaptic func-
tion, and after stimulation, only a small (16%) shift in mean
presynaptic function was observed (Fig. 2). This may reflect the
very different time scales of the two studies, because Rao and Craig
(1997) treated cultures with AP-5 for 1–40 d, 1–2 orders of mag-
nitude longer than we used on the microscope stage. Also, our
experiments were done in the absence of growth factors, which
might be required for synaptic growth. This might contribute to the
relative paucity of boutons with increased presynaptic function.

We observed a large variability in FM 1–43 fluorescence mea-
surements between the first and second test periods (Figs. 1B,
2B). This might reflect several factors, especially the stochastic
nature of vesicle release and measurement noise, in addition to
actual changes in presynaptic function. Regardless of these
sources of variability in the distribution of �F2/�F1, however, we
observed consistent changes in presynaptic function in relation to
activity and NMDA receptor function.

Studies at the neuromuscular junction, where activity-dependent
weakening of synaptic function precedes synapse elimination, sug-
gest that loss of a synapse is a protracted affair, requiring �24 hr
for withdrawal of the presynaptic terminal (Colman et al., 1997).

Our data address the loss of function rather than loss of physical
contact between presynaptic and postsynaptic elements. The fact
that function may be lost in a relatively brief interval (1.5 hr),
however, may reflect a difference in the time course of comparable
processes at the neuromuscular junction and in the CNS. Also,
several studies using cultured hippocampal neurons to examine
synaptic formation have found that recruitment of synaptic com-
ponents can occur rapidly (in �1 hr) (Ahmari et al., 2000; Fried-
man et al., 2000). Thus, the dynamics of formation and elimination
of CNS synapses may be much more rapid than at the neuromus-
cular junction. In addition, our results might suggest that elimina-
tion of CNS synapses can occur via removal of individual synapses
without gross withdrawal of entire axons. However, Culican et al.
(1998) have observed that different molecular components of the
neuromuscular junction are eliminated at different rates, raising
the possibility that our observations represent an early step in CNS
synapse elimination, which ultimately results in a greater degree of
axonal retraction.

Our imposed pattern of stimulation (20 Hz for 3 sec every
minute for 1.5 hr) is similar to those associated with potentiation in
the hippocampal slice (Bliss and Collingridge, 1993). Also, 1 Hz
stimulation, which is associated with long-term depression in many
studies (Bear and Abraham, 1996), did not lead to changes in
presynaptic function. We are not presuming or ascribing any spe-
cific relationship between the activity-dependent phenomenon ob-
served here and long-term potentiation or long-term depression. In
this regard, the outcome of activity-dependent plasticity is not
determined by stimulation frequency alone. The effect of stimula-
tion has been shown to be dependent on the precise timing of
synaptic inputs (Markram et al., 1997; Bi and Poo, 1998, 1999). Our
method of stimulation should have resulted in almost simultaneous
action-potential initiation throughout the population of neurons.
However, we would expect the complex morphology of hippocam-
pal neurons to result in different timing of the arrival of presynaptic
and postsynaptic inputs at different synapses. Therefore, the effect
on the population as a whole might be closely related to cell
morphology and to the age of the neurons studied.

Ryan et al. (1996) examined presynaptic function using multi-
ple loading of FM 1–43 but observed an increase in presynaptic
function. There are several possible explanations for this differ-
ence, including the preparation of cultures from older (postnatal)
animals, the different age of cultures used (3–4 weeks in culture
vs 7–9 d here), and a different stimulation protocol.

FM 1–43 has also been used to examine the effect of activation
of the protein kinase A system on presynaptic function. Ma et al.
(1999) used a methodology similar to that in the present study,
comparing presynaptic function across two FM 1–43 test periods
separated by 2 hr. Ma et al. (1999) stimulated vesicle turnover using
high extracellular potassium instead of electrical stimulation and
were unable to identify individual boutons across the two FM 1–43
test periods. Brief application of the protein kinase A activator
Sp-cAMPs greatly increased the number of active boutons without
a change in mean FM 1–43 staining. In contrast, in our study we
observed a mean decrease in FM 1–43 staining with activity but a
very small change in the number of active boutons. In both studies,
changes in synaptic function required activity and NMDA recep-
tor activation.

Functional suppression or synaptic disassembly?
Our methods of measuring levels of the synaptic proteins
synapsin-I and synaptophysin required that the cells be fixed for
immunocytochemical processing, preventing determination of
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the levels of synapsin or synaptophysin before vital staining with
FM 1–43. Using this method, we cannot compare initial protein
levels at “functionally stable” puncta and at puncta that displayed
a loss of presynaptic function. Therefore, there are two viable
models that describe our data: (1) low levels of synaptic proteins
(for a given level of functional activity) make a synapse particu-
larly susceptible to synaptic suppression, or (2) activity-
dependent functional suppression results in a subsequent loss of
synaptic proteins. Although we cannot definitively discriminate
between these possibilities, the latter would seem more likely,
because loss of presynaptic function correlates with loss of im-
munoreactivities to both synaptophysin, a vesicle membrane pro-
tein, and synapsin-I, a protein associated with both synaptic
vesicles and the cytoskeletal matrix (Valtorta et al., 1992). It
seems unlikely that susceptibility to suppression is a function of
both proteins. Therefore, our data suggest that functional sup-
pression leads to an alteration in presynaptic structure consisting,
at least in part, of the removal of presynaptic proteins.

We should note that 100 stimuli are insufficient to load the
entire recycling pool, raising the possibility that the observed
changes in presynaptic function might reflect modification of the
readily releasable pool rather than the entire recycling pool.
Although we cannot rule out alterations in the number of readily
releasable vesicles, preliminary experiments found that 100 stim-
uli stained �50% of the recycling vesicle pool (determined with a
600 action-potential stimulus), which is greater than the size of
the readily releasable pool (J. Waters and S. J. Smith, unpublished
observations). Thus, we consider it more likely that observed
activity-dependent alterations in synaptic function reflect
changes in the total number of recycling vesicles.

Imaging the movement of FM 1–43-labeled vesicles from a
synapse proved technically demanding, because such movements
were rare. However, we have observed this phenomenon on
several occasions (Fig. 5A) and have demonstrated that the re-
sulting loss of function is quantitatively equivalent to fluores-
cence of the trafficked vesicles. This observation directly demon-
strates that removal of presynaptic elements (in this case
recycling vesicles) occurs at some synapses, and that this results in
a decrease in presynaptic function.

Together, the observation of vesicle movement and the rela-
tionship between presynaptic function and the levels of presyn-
aptic proteins suggest that one mechanism by which synaptic
strength, and perhaps synaptic connectivity, is modified in the
developing CNS is the removal of presynaptic structural ele-
ments, including vesicles and associated proteins. As at the
postsynaptic specialization, these alterations are strongly influ-
enced by NMDA receptor activity. The data presented here add
a presynaptic correlate to the established role of NMDA recep-
tors in the alteration of postsynaptic properties at the level of the
individual CNS synapse. We should note that the nature of the
signaling mechanism that is initiated by NMDA receptor activity
and results in synaptic disassembly is still an open question. There
are several potential candidates that might intervene in the dis-
assembly process, including diffusable factors and growth factors
(Lichtman and Colman, 2000); additional experiments are re-
quired to elucidate such mechanisms.
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