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N
eurons communicate at the
synapse by releasing neuro-
transmitter from synaptic
vesicles. After exocytosis,

synaptic vesicle membrane and protein
are locally recycled for reuse in the
presynaptic terminal. The mechanisms
involved in the recycling of synaptic
vesicle material have yet to be fully re-
solved (reviewed in ref. 1). The tradi-
tional model of vesicle recycling posits
that vesicles merge with the plasma
membrane and then are later retrieved
in perisynaptic regions by endocytosis
(2–4). A second model, often referred
to as ‘‘kiss-and-run’’ (5), suggests that
neurotransmitter is released through a
fusion pore that allows the vesicle to
release neurotransmitter while retaining
its protein and/or lipid (6). By refilling
with neurotransmitter, vesicles formed
in this manner could potentially become
rapidly available for reuse. Evidence for
rapid reuse of synaptic vesicles has been
found in rat hippocampal neurons (7, 8),
yet the contribution of this mechanism
to pool recycling remains debated. The
work by Li et al. (9) in a recent issue of
PNAS introduced new tools and new
data to this debate.

thy-1 SynaptopHluorin Mice: A New Tool
for Visualizing Synaptic Transmission
Li et al. (9) develop a new tool for neuro-
biologists to exploit in their study of syn-
aptic transmission. The authors make use
of synaptopHluorin (10), a synaptic vesicle
protein (synaptobrevin) that has been
concatenated with a pH-sensitive GFP on
its luminal side. pHluorin exhibits minimal
fluorescence under acidic conditions and
because secretory vesicles maintain an
acidic interior, exocytosis of vesicles carry-
ing synaptopHluorin is indicated by an
abrupt brightening in fluorescence, and
the retrieval of vesicle constituents is indi-
cated by a dimming in the emission signal
as newly formed organelles acidify (11).
This technique for visualizing exocytosis,
first developed by Miesenbock and col-
leagues (10), has been used by neurobi-
ologists to study properties of exocytosis
and endocytosis in cultured neurons (11,
12). Previous studies have transiently over-
expressed synaptopHluorins in primary
cell cultures; however, the method is cum-
bersome and offers little or no opportu-
nity for selective label of a given cell type.
The methodological advance by Li et al. is
the generation of 12 lines of transgenic
mice in which synaptopHluorin expression
in the brain is driven by the thy-1 pro-

moter. The thy-1 promoter has previously
been shown to drive expression of GFP
variants into different subsets of neurons.
Despite the variability in expression pat-
tern from line to line, the pattern itself
apparently depends on either the trans-
gene chromosomal insertion site and/or
transgene copy number and thus is herita-
ble (13). Previous characterization of the
behavior of the thy-1 promoter by Feng et
al. (13) indicates that each of the 12
mouse lines is expected to express synap-
topHluorin in a unique subset of neurons.

The mice generated by Li et al. (9)
should prove useful for a variety of appli-
cations for neuroscientists interested in
various aspects of synaptic transmission
and neuronal signaling. For example, by
selecting mice with synaptopHluorin ex-
pression in particular neuronal cell types
of interest, one now has an easier way to
distinguish and visualize exocytosis in par-
ticular classes of neurons in culture. The
authors take advantage of this feature
using two of their lines, one which ex-
presses synaptopHluorin mostly in excita-
tory neurons of the hippocampus and
another that specifically targets inhibitory
neurons for expression. Because inhibitory
and excitatory neurons are not readily
distinguishable in tissue culture, the au-
thors were more easily able to study vesi-
cle reuse independently in inhibitory and
excitatory neurons.

The utility of labeling a subset of neu-
rons is not limited to studies in tissue
culture. Li et al. (9) demonstrate this by
visualizing stimulus-evoked exocytosis in
inhibitory neurons in hippocampal slice
cultures. These mice may also prove
useful for in vivo imaging of synaptic
transmission. Recently, mice expressing
synaptopHluorin in olfactory receptor
neurons were used to visualize odorant-
evoked synaptic release in vivo (14). The
thy1-synaptopHluorin mice should
enable researchers to extend in vivo
imaging to neurons, for which specific
promoters have not been found. More-
over, given advances in imaging technol-
ogies, it is not unreasonable to speculate
that these mice could be used to visual-
ize synaptic activity near the surface of
the brain not only in anesthetized living
mice but also in awake behaving mice
(15) or even at synapses deep within the
brain (16).

Revisiting Rapid Vesicle Reuse in
Hippocampal Neurons
The work of Li et al. (9) also adds new
information to the debate over what

happens to newly recycled vesicles after
exocytosis. After exocytosis, a vesicle’s
membrane and protein are retrieved for
reuse at the synapse. After retrieval,
synaptic vesicles are reacidified by a V-
type ATPase, which can be blocked by
bafilomycin. By adding bafilomycin, vesi-
cles containing synaptopHluorin are
prevented from acidifying and thus re-
main bright even after endocytosis, en-
abling the measurement of exocytosis
independently of endocytosis. The au-
thors used this technique, first devel-
oped by Sankaranarayanan and Ryan
(17), to determine whether vesicle pro-
tein (and by extension vesicles them-
selves) used during one stimulus are
preferentially reused when the neuron is

challenged by a second stimulus. Be-
cause synaptopHluorin molecules ex-
posed to the surface during the first
stimulus are prevented from reacidify-
ing, a second stimulus in the presence of
bafilomycin would be expected to pro-
duce a smaller increase in fluorescence
during the second depolarization if vesi-
cles are reused. Instead, Li et al. find
that the second response is exactly the
same size as the first, indicating that
different vesicles undergo exocytosis
during the second stimulus. The results
were the same for both inhibitory syn-
apses and excitatory synapses.

The results by Li et al. (9) agree well
with an earlier study by Fernandez-
Alfonso and Ryan (12), who used simi-
lar techniques, in which they found no
evidence for preferential recycling of
recently endocytosed vesicles at physio-
logical temperatures. These two studies
stand in direct contrast with other
work in hippocampal synapses (7, 8),
which concluded that a subset of vesi-
cles undergo kiss-and-run and are pref-
erentially reused rather than being
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No evidence for
preferential recycling

of recently endocytosed
vesicles was found.
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returned to the general recycling pool.
It is not yet clear how to reconcile the
differences between these results, but
several differences in the methodolo-
gies used are notable. First, as men-
tioned by Li et al., the assays for
exocytosis are considerably different.
Studies advocating a role for vesicle
reuse have used styryl dyes (7, 8, 18),
whereas evidence against such a mech-
anism comes from studies using alka-
line trapping of synaptopHluorin-
labeled vesicles. Styryl dyes, such as
FM1–43, are environmentally sensitive
fluorescent dyes, which are fluorescent in
lipid but nonfluorescent in aqueous solu-
tion, and which reversibly intercalate into
exposed membrane but cannot cross the
bilayer. Hence, synaptic vesicles, whose
membrane inner leaflets can be stained
with the dyes by endocytosis, release the
dyes during exocytosis when the inner sur-
face becomes exposed to the outside of
the cell and the dye desorbs from the
membrane into the surrounding aqueous

solution (19). Thus, synaptopHluorin fluo-
rescence reports deacidification through
the release of protons from the vesicle,
whereas FM1–43 destaining results from a
combination of desorption and diffusion.
Moreover, in addition to being found in
organelles, synaptopHluorin and styryl
dyes are likely found in other organelles.
FM1–43 will label any endocytic mem-
brane, not just synaptic vesicle membrane.
Conversely, synaptopHluorin localizes to
peptide containing secretory granules
(20) and endosomes (21) in some cell
lines and could get localized to organelles
other than synaptic vesicles in neurons. If
any of these organelles labeled by
FM1–43 or synaptopHluorin undergo
stimulus-dependent exocytosis, it could
confound the results.

Second, the stimuli used to release
neurotransmitter differ between studies.
As mentioned by Li et al. (9), much of
the evidence for reuse comes from exo-
cytosis driven by sucrose release, which
works by a mechanism that is not com-

pletely understood. Nonetheless, results
consistent with vesicle reuse have also
been shown for electrical stimulation (7,
8). It should be noted, however, that the
stimulus frequencies and durations used
differ somewhat in the different studies.

Lastly, by necessity, alkaline trapping
experiments are performed in the pres-
ence of bafilomycin. Although there are
no apparent effects of bafilomycin on
FM1–43 release kinetics in hippocampal
neurons when stimulated at 10 Hz (17,
22), it remains possible that bafilomycin
may have subtle effects at other stimulus
frequencies. Could any of these differ-
ences account for the disparate results
or could there be some other explana-
tion? It appears that more work will
have to be done before this debate can
be resolved.
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