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Presynaptic sites typically appear as varicosities (boutons) distributed along axons. Ultrastructurally, presynaptic boutons lack obvious
physical barriers that separate them from the axon proper, yet activity-related and constitutive dynamics continuously promote the
“reshuffling” of presynaptic components and even their dispersal into flanking axonal segments. How presynaptic sites manage to
maintain their organization and individual characteristics over long durations is thus unclear. Conceivably, presynaptic tenacity might
depend on the active zone (AZ), an electron-dense specialization of the presynaptic membrane, and particularly on the cytoskeletal
matrix associated with the AZ (CAZ) that could act as a relatively stable “core scaffold” that conserves and dictates presynaptic organi-
zation. At present, however, little is known on the molecular dynamics of CAZ molecules, and thus, the factual basis for this hypothesis
remains unclear. To examine the stability of the CAZ, we studied the molecular dynamics of the major CAZ molecule Bassoon in cultured
hippocampal neurons. Fluorescence recovery after photobleaching and photoactivation experiments revealed that exchange rates of
green fluorescent protein and photoactivatable green fluorescent protein-tagged Bassoon at individual presynaptic sites are very low
(� � 8 h). Exchange rates varied between boutons and were only slightly accelerated by stimulation. Interestingly, photoactivation
experiments revealed that Bassoon lost from one synapse was occasionally assimilated into neighboring presynaptic sites. Our findings
indicate that Bassoon is engaged in relatively stable associations within the CAZ and thus support the notion that the CAZ or some of its
components might constitute a relatively stable presynaptic core scaffold.
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Introduction
The majority of presynaptic sites in the mammalian CNS appear
as small varicosities (presynaptic boutons) distributed along ax-
ons. Synaptic connections arranged in this form (en passant syn-
apses) allow a single axon to contact multiple postsynaptic cells as
it courses through the neuropil. At the ultrastructural level, pre-
synaptic boutons lack obvious physical barriers that separate
their presynaptic structures from the cytoplasm and membrane
of the axon proper (Shepherd and Harris, 1998). At the func-
tional level, however, numerous processes, often associated with
presynaptic activity, promote the dynamic “reshuffling” of pre-
synaptic constituents and even their dispersal into flanking ax-
onal segments. For example, presynaptic activity is associated
with the mobilization of many, perhaps hundreds of synaptic
vesicles (SVs) (Ryan and Smith, 1995; Kraszewski et al., 1996;

Harata et al., 2001) with the rapid dispersal of presynaptic pro-
teins such as Synapsin and Rab3 (Chi et al., 2001, 2003; Star et al.,
2005) and with the deposition of SV membrane proteins on the
axonal plasma membrane, some of which wander away, only to
reappear in nearby boutons (Sankaranarayanan and Ryan, 2000,
2001; Li and Murthy; 2001; Fernández-Alfonso et al., 2006; Wie-
nisch and Klingauf 2006). At longer timescales, packets of SVs
(Darcy et al., 2006), active zonal material (Krueger et al., 2003),
and synaptic matrix proteins (Tsuriel et al., 2006) migrate along
the axon from one presynaptic site to another. Despite these dy-
namics and the lack of obvious physical barriers, mammalian
CNS presynaptic sites do persist for long periods (De Paola et al.,
2006; Stettler et al., 2006) and (as far as we know) do not eventu-
ally equilibrate and become identical in size, composition, or
function (Murthy et al., 1997; Staple et al., 2000; Geracitano et al.,
2007). How do synapses maintain their individual functional-
ities? What is the basis for the tenacity exhibited by the minute
and dynamic presynaptic specialization?

The presynaptic plasma membrane contains an electron-
dense thickening, known as the active zone (AZ), which contains
a dense meshwork of structural proteins known as the cytoskel-
etal matrix associated with the AZ (CAZ) (Schoch and Gun-
delfinger, 2006). The CAZ is remarkably resistive to chemical
extraction procedures, and many of its constituents seem to be
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engaged in high-affinity interactions. These characteristics sug-
gest that the CAZ may function as a “core scaffold” that specifies
and maintains the position of presynaptic, cytosolic, and mem-
branal molecules while providing a positional reference and “an-
choring” site for molecular mesh works that cluster SVs at pre-
synaptic boutons. It is therefore conceivable that presynaptic
tenacity is based to a large degree on the tenacity of the CAZ.

Somewhat unexpectedly, a recent study revealed that the CAZ
protein Munc13-1 exhibits relatively rapid exchange rates (� of
�1 h), which could indicate that the CAZ is more dynamic than
previously conceived (Kalla et al., 2006). Munc13-1, however, has
also been shown to dynamically translocate to the plasma mem-
brane in response to phorbol-ester binding (Betz et al., 1998),
which indicates that Munc13-1 is not as tightly associated with
the AZ as other CAZ molecules may be. Indeed, the CAZ contains
additional components, some of which seem less likely to exhibit
such rapid dynamics. These include Piccolo and Bassoon, very
large and related proteins of 560 and 420 kDa, respectively (tom
Dieck et al., 1998; Fenster et al., 2000). These molecules are found
in molecular complexes that can be also immunoprecipitated
together with postsynaptic proteins (Husi et al., 2000), are not
lost in conditions that cause the dissociation of many presynaptic
AZ proteins (Phillips et al., 2001), and, unlike other AZ mole-
cules, do not change their ultrastructural distribution after stim-
ulation (Tao-Cheng, 2006). We therefore set out to examine the
cellular dynamics of one of these proteins, namely Bassoon, to
determine whether it is a significantly more stable CAZ compo-
nent and thus lend credence to the idea that the CAZ or some of
its components might constitute a relatively stable, presynaptic
core scaffold.

Materials and Methods
Cell culture. Hippocampal cell cultures were prepared from 1- to 2-d-old
Sprague Dawley rats as described previously (Tsuriel et al., 2006). Neu-
rons were used for experiments 14 –25 d after plating. Reagents were
procured from the following sources: 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) was from Tocris Bioscience; 2-amino-5-
phosphonopentanoic acid (AP-5) was from Sigma; and FM4-64 (N-(3-
triethylammoniumpropyl)-4-( p-dibutylaminostyryl)pyridinium,
dibromide) was from Invitrogen.

DNA constructs and expression. The GFP:Bsn95-3938 construct used
here was described previously (Dresbach et al., 2003). PAGFP:Bsn95-
3938 was prepared by substituting green fluorescent protein (GFP) with
photoactivatable GFP (PAGFP) (a generous gift from Dr. Lippincott-
Schwartz, National Institute of Child Health and Human Development,
Bethesda, MD). In both constructs, Bsn95-3938 expression was driven by
a cytomegalovirus promoter. Expression of fusion proteins was per-
formed by calcium phosphate transfection on days 7–10 in vitro as de-
scribed previously (Bresler et al., 2004). Coexpression of PAGFP:Bsn95-
3938 and cyan fluorescent protein (CFP) was performed in a similar
manner using a 9:1 mixture of the two vectors precipitated by ethanol
and resuspended in distilled water.

Microscopy. Fluorescence and differential interference contrast (DIC)
images were acquired using a custom-designed confocal laser scanning
microscope (Tsuriel et al., 2006) using a 40�, 1.3 numerical aperture
Fluar objective. CFP and enhanced GFP (EGFP)/PAGFP/FM4-64 were
excited using the 457 and 488 nm lines of an argon laser (JDS Uniphase),
respectively. Fluorescence emissions were read using 467– 493 (CFP),
500 –545 (EGFP/PAGFP) nm bandpass, and �630 nm (FM4-64) long-
pass filters (Chroma Technology). Photoactivation was performed using
a 405 nm diode laser (Coherent). Time-lapse recordings were performed
by averaging three to six frames at two to three focal planes spaced 1–1.5
�m apart. All data were collected at a resolution of 640 � 480 pixels, at 12
bits/pixel, with the confocal aperture fully open. Some long-term fluo-
rescence recovery after photobleaching (FRAP) and all photoactivation
experiments were performed without replacing the growth media (no

perfusion), in a sterile atmospheric mixture of 5% CO2 and 95% air. The
majority of FRAP experiments were performed in a laminar flow perfu-
sion insert mounted in a modified heated chamber (Warner Instru-
ments) and perfused with preheated Tyrode’s saline solution (in mM: 119
NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES, and 30 glucose, pH 7.4)
containing CNQX (10 �M) and AP-5 (50 �M). Data were collected at
predetermined time intervals, with focal drift corrected before collecting
each image stack using the microscope systems “autofocus” feature.
Stimulation, FM4-64 labeling, photobleaching, and photoactivation
were performed as described previously (Tsuriel et al., 2006).

Retrospective immunohistochemistry. FRAP experiments were followed
by fixation in 4% formaldehyde and 120 mM sucrose in PBS for 20 min,
followed by permeabilization for 10 min in fixative solution containing
0.25% Triton X-100 (Sigma). Cells were washed three times in PBS,
incubated in 10% bovine serum albumin (BSA) for 1 h at 37°C, and
incubated overnight at 4°C with primary antibodies (guinea pig anti-
ProSAP2) (Bresler et al., 2004) in PBS and 1% BSA. Cells were rinsed
three times for 10 min with PBS and incubated for 1 h at room temper-
ature with secondary antibodies [cyanine 5 (Cy5) conjugated donkey
anti-guinea pig (Jackson ImmunoResearch)] in PBS and 1% BSA. The
cells were rinsed again with PBS, mounted, and imaged immediately.
Location of photobleached boutons in immunolabeled specimens was
performed as described previously (Bresler et al., 2004). Images were
collected by averaging three frames at six sections spaced 0.5 �m apart
with the confocal aperture nearly fully closed. Cy5 fluorescence was re-
corded at 633 nm excitation (helium–neon 633 line)/�640 emission.

Image analysis. All data analysis was performed using software (Open-
View) written for this purpose by one of the us (N.E.Z.). Analysis was
performed on maximal intensity projections of Z-section stacks. Inten-
sities of fluorescent puncta were measured as mean pixel values in 10 �
10 pixel rectangular regions centering on them. FRAP data normaliza-
tion, correction for ongoing photobleaching, and fitting of recovery
curves were performed as described previously (Tsuriel et al., 2006).
Normalization of quantitative photoactivation data were performed as
follows: Recovery � (Ft � Fb)/(Fa � Fb), where Fb is the fluorescence of
a PAGFP: Bsn95-3938 punctum before photoactivation, Fa is the fluo-
rescence of the same punctum immediately after photoactivation, and Ft
is the fluorescence of that punctum at time t.

Final images were prepared using Adobe Photoshop and Microsoft
PowerPoint.

Results
To study the rates at which Bassoon is lost from and reincorpo-
rated into the CAZ of individual presynaptic sites, we expressed a
GFP-tagged variant of Bassoon (GFP:Bsn95-3938) in hippocam-
pal neurons obtained from newborn rats and grown in culture for
at least 2 weeks. This slightly truncated variant of Bassoon was
shown previously to be targeted correctly to presynaptic sites
(Dresbach et al., 2003, 2006) and was used to study the recruit-
ment of Bassoon to new presynaptic sites (Bresler et al., 2004).
When expressed in cultured hippocampal neurons, GFP:Bsn95-
3938 exhibits a punctate distribution pattern (Fig. 1). In these
rather mature preparations, most GFP:Bsn95-3938 puncta are
relatively stable and correspond to functional presynaptic sites
(Bresler et al., 2004), although some smaller (and dimmer) mo-
bile puncta are also observed.

The loss and reincorporation rates of GFP:Bsn95-3938 at in-
dividual presynaptic sites were measured by FRAP. To that end,
neurons expressing GFP:Bsn95-3938 were placed in a laminar
flow chamber and maintained at 33–35°C in a physiological so-
lution. After collecting baseline images, three to five fluorescent
puncta were selectively bleached by high-intensity 488 nm laser
light (Tsuriel et al., 2006), after which fluorescence recovery was
monitored by collecting image stacks (two to three sections) at
rates of one image every 5–10 min for �2 h (Fig. 2A,B). To verify
that the photobleached puncta represented functional presynap-
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tic sites and that this functionality was retained after the photo-
bleaching procedure, field stimulation (30 s at 10 Hz) was used to
label all boutons with the fluorescent functional endocytosis
marker FM4-64. Only GFP:Bsn95-3938 puncta that exhibited a
capacity to uptake FM4-64 after the labeling procedure and sub-
sequently release it after a second stimulation episode (120 s at 10
Hz) were included in our analysis (Fig. 2C).

As shown in Figure 2, fluorescence recovery varied signifi-
cantly from one bouton to another. Whereas fluorescence recov-
ery was quite significant in some boutons (for example, bouton 1
in Fig. 2), in others it was much slower (boutons 2, 3). Because the
imaging procedure itself was associated with some degree of pho-
tobleaching, we corrected the recovery data of the photobleached
boutons according to the slight photobleaching exhibited by “na-
ive” boutons in the same fields of view (Tsuriel et al., 2006). Even
with this correction, however, fluorescence recovery remained
variable.

The recovery process was also qualitatively variable: a minor-
ity (approximately one-quarter) of photobleached boutons ex-
hibited gradual and monotonic recovery, but the majority exhib-
ited somewhat erratic recovery patterns, occasionally involving
stepwise changes in fluorescence (supplemental Fig. 1, available
at www.jneurosci.org as supplemental material). However, when
data from all experiments (26 boutons, 14 fields of view, 5 sepa-
rate experiments) were pooled together, an apparently smooth
recovery curve emerged (Fig. 3A). Assuming the existence of two
GFP:Bsn95-3938 pools with fast and slow exchange rates, this
curve could be fit to two exponentials with time constants of 5
and 245 min and pool ratios of �1:4, respectively (Tsuriel et al.,
2006). An extrapolation of this curve indicates that, on average,
individual presynaptic sites exchange their entire pool of GFP:
Bsn95-3938 every 16 –18 h (Fig. 3B).

Several reservations are important to mention. First, the time
constant calculated for the slowly exchanging (and major) GFP:
Bsn95-3938 pool is based on an extrapolation of data obtained
for the first 2 h of a much longer process and thus is quite sensitive
to relatively small errors in measured (and corrected) recovery
rates, mainly those made at later times (near the 2 h mark). It thus
should be acknowledged that this time constant is probably
somewhat inaccurate. Second, the time constants above repre-
sent only average values; individual boutons exhibited a range of
recovery rates, as evidenced by the error bars in Figure 3A. In fact,
approximately one-quarter of the boutons exhibited very little
(�30%) recovery over 2 h, whereas the remainder exhibited in-
termediate (30 –70%) to substantial (�70%) recovery over the
same period (Fig. 3C). In these populations, the mean slow time
constants were �20, 3.7, and 1.3 h, respectively.

Variability of exchange rates at different boutons occurred
across different experiments, different cells in the same dish, and
different boutons along the same axons (although to a somewhat
lesser degree). We did not find consistent relationships between
GFP:Bsn95-3938 exchange rates and initial GFP:Bsn95-3938
puncta size (data not shown). To explore potential relationships
between GFP:Bsn95-3938 exchange rates and SV recycling, we
performed additional FRAP experiments ending with FM4-64
labeling by 2- or 120-s-long stimuli trains at 10 Hz, but no con-
sistent relationships were found between FM4-64 labeling and
GFP:Bsn95-3938 exchange rates at the same boutons (data not
shown). We also explored the possibility that some of the vari-
ability might have stemmed from the inclusion of presynaptic
sites lacking postsynaptic counterparts (“orphan synapses”)
(Krueger et al., 2003) in our analysis. To that end, we performed
an additional set of FRAP experiments, after which the cells were
fixed and labeled with antibodies against the postsynaptic density
protein ProSAP2 (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Of the 17 individually
photobleached GFP:Bsn95-3938 puncta identified with absolute
certainty, only two (11%) were not juxtaposed against a cluster of
ProSAP2 (10 fields of view, 4 separate experiments). The recovery
exhibited by these boutons was not remarkably different from the

A

B

C

Figure 1. Expression of GFP:Bsn95-3938 in cultured hippocampal neurons. A, Fluorescence
image of an axon belonging to a neuron expressing GFP:Bsn95-3938. B, DIC image of the same
region. C, Fluorescence image overlaid on the DIC image. Note the bright puncta at intersection
points between axonal arbors and dendrites. Most such puncta represent functional presynaptic
sites; 14 d in vitro. Scale bar, 10 �m.
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other 15. Furthermore, the distribution of recoveries exhibited by
ProSAP2-associated GFP:Bsn95-3938 puncta was similar to that
observed for the entire population (supplemental Fig. 2C, avail-
able at www.jneurosci.org as supplemental material). These find-
ings thus do not support the possibility that the variability in
recovery rates we observed stemmed from the inclusion of or-
phan presynaptic sites in our analysis.

If Bassoon is part of a relatively stable presynaptic scaffold, it
might be expected that the interactions it is engaged in would be
rather indifferent to the intense dynamics induced by activity. We
thus compared, in pairwise manner, Bassoon exchange rates in
preparations in which spontaneous activity was blocked by appli-
cation of CNQX (10 �M) and AP-5 (50 �M), with exchange rates
in preparations stimulated periodically in the presence of the
same antagonists (20 s at 20 Hz, every 3 min; stimulation begin-
ning immediately after collecting the first post-photobleach im-
ages). Here too we observed significant variability in fluorescence
recovery patterns and rates (n � 44 and 29 boutons; nonstimu-
lated and stimulated, respectively, 17 separate experiments), yet
when average recovery rates were plotted against each other (Fig.
3D), a small but statistically significant increase in fluorescence
recovery rates was observed for the stimulated population ( p �
0.036, ANOVA with repeated measures). In addition, stimulation
was associated with a shift in the bouton population toward more
substantial recovery over the same period (Fig. 3D, inset). Thus,
Bassoon exchange rates are not entirely indifferent to presynaptic
activation, but the effects are relatively modest.

The FRAP experiments described so far consistently indicated
that the exchange time constant for the slowly exchanging GFP:
Bsn95-3938 pool is on the order of several hours. However, as
discussed above, these FRAP-based estimates were probably
somewhat inaccurate. We thus used a second method to measure
the kinetics of the slowly exchanging GFP:Bsn95-3938, namely
fluorescence recovery after photoactivation (FRAPA). To that
end, we substituted the EGFP moiety of GFP:Bsn95-3938 with
PAGFP (Patterson and Lippincott-Schwartz, 2002) and trans-
fected neurons with this fusion protein. Because PAGFP is prac-
tically invisible before photoactivation, CFP was cotransfected
with PAGFP:Bsn95-3938 to allow us to locate and select putative
presynaptic sites for photoactivation (Fig. 4A) (Tsuriel et al.,
2006). Spatially confined, high-intensity illumination at 405 nm
was then used to photoactivate PAGFP:Bsn95-3938 at these sites,
and the decay of photoactivated PAGFP:Bsn95-3938 fluores-
cence was then followed by time-lapse microscopy.

Although FRAPA and FRAP are conceptually equivalent,
photobleaching associated with time-lapse imaging breaks the
symmetry of these two methods: in FRAP, photobleaching leads
to an underestimation of recovery rates, whereas in FRAPA, it
leads to an overestimation of exchange rates. Furthermore, the
bleaching rate of photoactivated PAGFP:Bsn95-3938 was found
to be approximately twice as large as that of GFP:Bsn95-3938
(supplemental Fig. 3, available at www.jneurosci.org as supple-
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Figure 2. Loss and reincorporation rates of GFP:Bsn95-3938 at individual presynaptic bou-
tons. A, Axons of neurons expressing GFP:Bsn95-3938. Three GFP:Bsn95-3938 puncta, one in
each rectangular region, were selected for photobleaching. Scale bar, 10 �m. B, The three
puncta were selectively photobleached by high-intensity laser light (arrowheads), and fluores-
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cence recovery at these sites was subsequently followed by time-lapse imaging. Fluorescence
levels shown in false color according to color scale near the bottom. C, At the end of the exper-
iment, presynaptic boutons were labeled with FM4-64 by field stimulation (“load”; 30 s at 10
Hz), followed by unloading (“unld”; 120 s at 10 Hz) to verify the functionality of the photo-
bleached GFP:Bsn95-3938. Note that all three photobleached puncta (green channel, bottom
panels) exhibited a capacity for both FM4-64 endocytosis and exocytosis. D, Fluorescence re-
covery time course for the three photobleached puncta, after correcting for ongoing photo-
bleaching (see Results). Note that whereas bouton 1 exhibited significant recovery, boutons 2
and 3 exhibited very little recovery over the same period.
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mental material). Finally, in FRAP, errors arising from photo-
bleaching are more significant near the end of the recovery phase
(which is critical for correct estimations of slow exchange rates),
whereas in FRAPA, such errors are extremely significant at initial
phases of recovery (this is demonstrated in an interactive spread-
sheet provided as supplemental data, available at www.
jneurosci.org as supplemental material). We thus optimized the
experimental protocol to match the advantages and disadvan-
tages of FRAPA. Specifically, we used FRAPA to measure the
exchange kinetics of the slowly exchanging (PA)GFP:Bsn95-3938
pool by following the decay of photoactivated PAGFP:Bsn95-
3938 fluorescence at very low sampling rates (one image per
hour) for 13–20 h, purposely ignoring the decay kinetics during
the first 1–2 h. As shown in Figure 4B, fluorescence decay oc-
curred over many hours. When data from all experiments were
pooled together (45 boutons, 8 cells, 5 separate experiments), the
mean decay plots could be fit to two exponentials (Fig. 4C). The
time constant for the “fast” pool is of no significance because the
initial recovery period was undersampled for reasons explained
above. However, the sampling rates and durations were well
suited for measuring the exchange rates of the slowly exchanging
pool, and thus the time constant measured for this component,
501 min (�8 h), is quite reliable. When bringing into account the
fact that FRAPA-based measurements inherently overestimate
exchange rates, these experiments strongly confirm and extend

the previous conclusion (Fig. 3) that the
loss and reincorporation rates of presyn-
aptic bassoon are indeed very slow. It
should be noted that significant variability
in the exchange rates of different boutons
was also evident in FRAPA experiments
(Fig. 4D), although it was slightly less pro-
nounced, probably as a result of the low
sampling rates and the fact that no com-
pensation for ongoing bleaching was
performed.

Previous studies have shown that some
presynaptic proteins are continuously ex-
changed among nearby presynaptic bou-
tons (Sankaranarayanan and Ryan, 2000,
2001; Li and Murthy, 2001; Darcy et al.,
2006; Fernández-Alfonso et al., 2006; Tsu-
riel et al., 2006; Wienisch and Klingauf
2006) (for review, see Staras, 2007). Are
CAZ molecules interchanged as well? Can
Bassoon lost from one presynaptic locus
migrate to nearby presynaptic sites and as-
similate into the CAZ at these loci? To ex-
amine this possibility, we photoactivated
PAGFP:Bsn95-3938 in small groups of
presynaptic boutons (Fig. 5C,D) and fol-
lowed the redistribution of photoactivated
PAGFP:Bsn95-3938 by time-lapse imag-
ing (Fig. 5F). In 8 of 14 experiments (7
different preparations), photoactivated
PAGFP:Bsn95-3938 was clearly observed
to accumulate at AZs residing outside the
originally photoactivated region (Fig. 5F).
We were interested to determine the mode
of PAGFP:Bsn95-3938 accumulation at
these sites: did fluorescence increase grad-
ually and monotonically, or was material
shuttled to these sites in the form of mobile

packets as shown previously to occur during synaptogenesis
(Krueger et al., 2003; Shapira et al., 2003; Bresler et al., 2004;
Dresbach et al., 2006; Tao-Cheng, 2007)? Indeed, mobile packets
of photoactivated PAGFP:Bsn95-3938 were occasionally ob-
served to move inside and away from the photoactivation regions
(for example, see t � 68 in Fig. 5F and supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). To
that end, we repeated these experiments at higher temporal res-
olutions better matched to axonal transport processes (two to
four images per minute). However, at these sampling rates, pho-
tobleaching reduced the fluorescence of photoactivated PAGFP:
Bsn95-3938 to very low levels within 10 –20 min (supplemental
Fig. 3, available at www.jneurosci.org as supplemental material),
and ultimately we were not able to determine with absolute cer-
tainty that such packets were a major source of photoactivated
PAGFP:Bsn95-3938 that accumulated at nonphotoactivated AZs
(�15 separate experiments). We thus conclude that, in common
with other presynaptic (and postsynaptic) molecules studied so
far, Bassoon seems to be interchanged among nearby synapses,
although the mode of interchanging remains uncertain.

Discussion
The molecular dynamics associated with SV release on the one
hand and the lack of obvious structural barriers that confine
presynaptic components to presynaptic compartments on the
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other would seem to seriously challenge the stability and tenacity
of the presynaptic bouton. In this study, we examined the molec-
ular dynamics exhibited by Bassoon, one of the largest CAZ mol-
ecules, to examine the possibility that the CAZ or some of its
components might function as a relatively stable “core scaffold”
that defines and maintains the characteristics and organization of
the presynaptic site.

Both FRAP and photoactivation experiments strongly indi-
cate that the exchange rates of (PA)GFP:Bsn95-3938 at individual
presynaptic sites are relatively low. The actual estimates of the
slow component exchange rate differed somewhat in FRAP and
FRAPA experiments. However, for reasons explained above, the
FRAPA experiments were much better suited for estimating these
slow exchange rates. Furthermore, because FRAPA measure-
ments inherently overestimate exchange rates, our conclusion
that Bassoon exchange rates are relatively slow (time constant �8
h) seems to be well founded. In fact, to the best of our knowledge,
these exchange rates are the lowest reported to date for any
(pre) synaptic protein. We stress, however, that this figure should
not be taken too literally for several reasons: (1) significant vari-
ability was observed in the recovery rates of individual boutons;
(2) the fusion proteins used here lack the first 94 aa of native
Bassoon (and the myristolization sites found within this seg-
ment); and (3) the fusion protein has a 30 kDa protein (GFP or
PAGFP) appended to its N terminus. Finally, this number is un-
doubtedly affected by the preparation used here. Aside from the
fact that the experiments were performed in a reduced system
(cell culture), they were performed in neurons that are relatively
immature (2– 4 weeks in vitro) compared with those in the ma-
ture rat brain. Given a recent in vivo study showing that the
exchange dynamics of a postsynaptic protein (PSD-95) decrease
with age (Gray et al., 2006), the exchange rates reported here are
likely to overestimate the exchange rates of Bassoon in the mature
brain. However, even if the rates reported here are overestimates,
they are still several orders of magnitude slower than the time-
scales typically associated with SV recycling, as well as Synapsin I,
actin, Rab3, and SV protein redistribution, and suggest that at
least some CAZ components are engaged in relatively stable as-
sociations. This conclusion is also supported by our finding that
GFP:Bsn95-3938 exchange rates are only mildly affected by
strong stimulation (Fig. 3D), as would be expected for a relatively
stable protein complex whose protein–protein interactions are
not significantly weakened by activity and the SV recycling dy-
namics it entails. Thus, at least some components of the CAZ
appear to be part of a relatively stable scaffold that might serve
metaphorically as “an island of stability in a sea of change” that
defines, conserves, and maintains the location, size, and individ-
ual characteristics of each presynaptic site, at least on a 5–10 h
timescale.

The relatively slow exchange rates of Bassoon are consistent
with the possibility that these reflect rates of Bassoon degradation

4

10 �m. B, Boutons that were selectively photoactivated by brief, high-intensity illumination at
405 nm (regions enclosed in yellow rectangles in A). Fluorescence decay at these sites was
subsequently followed by time-lapse imaging. Full-field photoactivation performed at the end
of the experiments greatly increased fluorescence levels at these sites, indicating that the re-
duction in fluorescence observed during the experiments was not entirely attributable to pho-
tobleaching but was, at least in part, attributable to the dissociation of photoactivated PAGFP:
Bsn95-3938 and replacement with nonphotoactivated PAGFP:Bsn95-3938. Fluorescence levels
shown in false color according to color scale in Figure 2. C, Mean fluorescence decay time course
for all photoactivated PAGFP:Bsn95-3938 puncta and fit to two exponentials. D, Photoactivated
puncta grouped according to the degree of recovery observed after 2 h.
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Figure 4. Loss and reincorporation rates of PAGFP:Bsn95-3938 measured by FRAPA. A, Ax-
ons of neurons expressing both CFP and PAGFP:Bsn95-3938 (CFP channel is shown). Several
rectangular regions containing distinct varicosities were selected for photoactivation. Scale bar,
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and incorporation of newly synthesized
protein. However, our photoactivation ex-
periments (Fig. 5) indicate that Bassoon,
in common with other presynaptic and
postsynaptic molecules such as Synapsin I,
ProSAP2, and PSD-95 (Gray et al., 2006;
Tsuriel et al., 2006), can migrate from one
synaptic locus to another and assimilate
into the synaptic matrices at these sites,
strengthening the notion that nearby syn-
apses share, and perhaps compete over, lo-
cal pools of such molecules (for review, see
Staras, 2007). Interestingly, a retrospective
immunohistochemical analysis of migrat-
ing SV packets (Krueger et al., 2003) (see
also Tao-Cheng, 2007) indicates that Bas-
soon might migrate between nearby syn-
apses in the form of transport packets con-
taining unitary amounts of AZ material
and SVs (“orphan release sites”). Our ob-
servations of small mobile PAGFP:Bsn95-
3938 puncta migrating between synapses
is consistent this mode of material ex-
change, as are the stepwise increases in flu-
orescence we observed in some FRAP ex-
periments (supplemental Fig. 1, available
at www.jneurosci.org as supplemental ma-
terial). It is not clear to us, however, that
this exchange mode is exclusive. We did
observe relatively rapid and monotonous
fluorescence recovery in some FRAP ex-
periments, which could point to the exis-
tence of small pools of soluble Bassoon. In
this respect, it is worth noting that photo-
activation also exposed what seems to be
dim diffuse axonal fluorescence (Figs. 4B,
5E), which could represent pools of solu-
ble PAGFP:Bsn95-3938 or numerous, very
small clusters of this protein.

In mice deficient for Bassoon, ribbon
complexes of retinal photoreceptor syn-
apses lose their anchoring to the presynap-
tic membrane (Dick et al., 2003). Con-
versely, presynaptic structure of
glutamatergic synapses is not grossly af-
fected, yet a large fraction of these are
functionally inactive (Altrock et al., 2003).
Experiments in which RNA interference
was used to suppress Bassoon or Piccolo
expression reveal that neither are essential
for synapse formation but indicate that
Piccolo (but not Bassoon) is involved in
SV retention and mobilization (Leal-Ortiz
et al., 2008). At present, this and other data
provide tantalizing, yet not necessarily co-
herent, hints as to the role of the CAZ and
its components in maintaining presynap-
tic organization and functional character-
istics. We expect that future experiments
in which presynaptic tenacity will be ex-
plored over longer timescales (days,
weeks) in wild-type and genetically per-
turbed neurons will clarify the relation-

Figure 5. Redistribution of PAGFP:Bsn95-3938 among nearby synapses. Image of axons from neurons expressing both CFP and
PAGFP:Bsn95-3938. A, DIC image. B, CFP channel. C, PAGFP:Bsn95-3938, before photoactivation. D, Same region as in A–C shortly
after selective photoactivation of region enclosed in reticule. E, Same region after nonselective photoactivation of entire field at
the end of the experiment. Note the appearance of dim fluorescence along axons (arrowheads). F, Time lapse of PAGFP:Bsn95-
3938 following restricted photoactivation shown in D. Note the appearance of photoactivated PAGFP:Bsn95-3938 at presynaptic
sites residing outside of the photoactivated region (arrow and arrowhead). Also apparent is the significant reduction in fluores-
cence of all photoactivated boutons, probably attributable to a combination of photobleaching caused by recurrent imaging and
the ongoing exchange of photoactivated PAGFP:Bsn95-3938 with nonphotoactivated PAGFP:Bsn95-3938 from sources outside
the photoactivated region.
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ships between the CAZ, its composition, and presynaptic
tenacity.
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