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Synaptic vesicles are responsible for releasing neurotransmitters and
are thus essential to brain function. The classical mode of vesicle
recycling includes full collapse of the vesicle into the plasma mem-
brane and clathrin-mediated regeneration of a new vesicle. In con-
trast, a nonclassical mode known as ‘‘kiss-and-run’’ features fusion by
a transient fusion pore without complete loss of vesicle identity and
offers possible advantages for increasing the throughput of neuro-
transmission. Studies of vesicular traffic have benefited greatly from
fluorescent probes like FM dyes and synaptopHluorin. However,
intrinsic properties of these probes limit their ability to provide a
simple and precise distinction between classical and nonclassical
modes. Here we report a novel optical probe specific to full collapse
fusion, capitalizing on the size and superior photo-properties of
photoluminescent quantum dots (Qdots). Qdots with exposed car-
boxyl groups were readily taken up by synaptic vesicles in an activity-,
Ca2�-, and clathrin-dependent manner. Electron microscopy showed
that Qdots were harbored within individual vesicles in a 1:1 ratio. The
release of Qdots was activity- and Ca2�-dependent, similar to FM
dyes. As artificial cargo, �15 nm in diameter, Qdots will not escape
vesicles during kiss-and-run but only with full collapse fusion. Strik-
ingly, Qdots unloaded with kinetics substantially slower than destain-
ing of FM dye, indicating that full-collapse fusion contributed only a
fraction of all fusion events. As a full-collapse–fusion-responsive
reporter, Qdots will likely promote better understanding of vesicle
recycling at small CNS nerve terminals.

kiss-and-run � fusion pore � quantal release � electron microscopy �
nerve terminal

Synaptic vesicles are small membrane-bounded organelles that
fuse with the plasma membrane to release neurotransmitter, a

key aspect of signaling between neurons. In full collapse fusion
(FCF), the classical mode elegantly described by Heuser and Reese
(1), the vesicle membrane merges completely with plasma mem-
brane; clathrin-mediated retrieval of a similar amount of membrane
ensues, tens of seconds later (2). The delayed retrieval supports
regeneration of vesicles but create a temporal bottleneck, of con-
cern for small CNS synapses containing only a few dozen recycling
vesicles (3). ‘‘Kiss-and-run’’ (K&R) is a nonclassical mode of fusion
(4) wherein vesicles fuse transiently with plasma membrane to
release neurotransmitter (5) and are quickly recaptured on site
without loss of shape and possibly other aspects of their identity.
K&R and reuse of recaptured vesicles could provide a valuable
complement to FCF for efficient use of vesicles (3, 6).

Studies of fusion modes and their possible importance have
benefited greatly from optical probes. Styryl dyes like FM1-43
fluoresce brightly when harbored in the hydrophobic vesicle mem-
brane, but not in aqueous solution, and thereby report vesicle fusion
events (7). SynaptopHluorin (Syn-pH) displays a pH-sensitive
fluorescent domain in the vesicle lumen to monitor fusion-
generated pH shifts. These probes focus on particular aspects of
fusion events, involving lipids or vesicular proteins (8), and have
supplied valuable insights into vesicle dynamics. However, neither
FM dyes nor Syn-pH provide a signal that crisply distinguishes K&R
from FCF. FM dye can leave the vesicle membrane by various
routes, by aqueous departitioning and escape through the fusion
pore during K&R (9, 10), or by lateral diffusion away from fused

membrane upon FCF (11). Clusters of vesicular Syn-pH can persist
in two ways, corralled in the vesicle during K&R, or tethered by
auxiliary proteins even after FCF (12). Furthermore, these probes
are not responsive to vesicle shape, the fundamental factor in the
original definitions of FCF and K&R (1, 4, 5).

We sought an approach to discriminate sharply between FCF and
K&R, focusing on this fundamental distinction: the degree of
opening of the vesicle lumen. Inspired by the finding that chromaf-
fin granules use K&R to release small molecules (catecholamines)
and FCF to discharge their dense peptide core (13), we chose
quantum dots (Qdots) as a promising artificial cargo. Extremely
bright and photostable, Qdots have been widely used in studies
requiring high signal-to-noise ratio (14), for example, studies of the
lateral diffusion of glycine and AMPA receptors (15–17). Like
probes for sizing the pores of ion channels (18), Qdots could gauge
the narrowest aperture in the path between vesicle lumen and
external medium, escaping only if the vesicle undergoes drastic loss
of shape, i.e., FCF. In examining Qdots with favorable spectral
properties, emission at 605 nm, we realized that their �15 nm size
was ideal: small enough for a Qdot to fit into a synaptic vesicle, but
large enough to be completely rejected by K&R fusion pores
(1–5 nm) (19).

Results
Synaptic Boutons Take Up Qdots. The emission spectrum of Qdots
emitting at 605 nm fits neatly between those of EGFP and FM4-64
[supporting information (SI) Fig. 6], allowing concurrent visualiza-
tion of Qdots and the other optical probes. With an organic coating
bearing carboxyl groups, the Qdots had an equivalent hydrody-
namic diameter of 15.0 � 0.3 nm, measured by quasi-elastic light
scattering (Y. Li and P. Strop, personal communication). To test
whether Qdots might be loaded into synaptic vesicles, cultured
hippocampal neurons were exposed to 400 nM Qdots and stimu-
lated at 10 Hz for 2 min, a stimulation protocol widely used to
mobilize the total recycling pool of vesicles (TRP) (20). Extensive
washing for 10–15 min revealed isolated photoluminescent puncta
resembling synaptic boutons (Figs. 1A and 2A). To characterize
these bright puncta, we later stained the same neurons with
FM4-64, an established label for functional synaptic vesicles. A near
perfect overlap of Qdot and FM4-64 signals was found (96.1%,
determined with ImageJ as the proportion of Qdot-positive pixels
covered by an FM4-64-positive pixel mask) (Fig. 1A). We also fixed
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hippocampal neurons loaded with Qdots and immunolabeled syn-
aptophysin, a well known marker for synaptic vesicles. Again, we
observed almost complete overlap (95.3%) (Fig. 1B). These find-
ings agreed in indicating that Qdots were taken up by synaptic
boutons.

Qdot Surface Coating Influences Membrane Interaction and Uptake.
At a loading concentration of 400 nM, the number of Qdots in a
vesicle’s worth of free solution is far too low to account for Qdot
internalization by random engulfing of external fluid. What raises
the chances of Qdot uptake? Surface interactions were clearly
important. Qdots with carboxyl-exposed coating bound to neuronal
processes in strong preference to neighboring glia (SI Fig. 7A1). The
affinity for neuronal membrane was not seen with similar Qdots

that had been surface rendered with polyethylene glycol (PEG)
with little change in size (SI Fig. 7B1). The influence of surface
coating was studied by imaging during the wash after Qdot loading
(SI Fig. 7C). Even after extensive washing, Qdots were largely
retained at synaptic boutons, reflecting Qdot internalization (SI
Fig. 7A2). Very different results were obtained with PEG-coated
Qdots (400 nM, SI Fig. 7B). No neuron-specificity was seen, and
Qdots at presynaptic regions were completely removed by washing,
showing a prior lack of internalization (SI Fig. 7B2). The difference
between the two types of Qdots was further indicated by their
off-rates from nonpresynaptic regions of neuronal membrane (SI
Fig. 7C2). In contrast to the slow removal of carboxyl-bearing
Qdots, PEG-coated Qdots washed away much faster. Thus, surface
properties influenced Qdot affinity, off-rate, and propensity for
synaptic uptake.

Membrane-attached particles can enter cells by phagocytosis or
constitutive endocytosis, independent from synaptic vesicle re-
trieval. We next asked whether Qdot uptake had hallmarks of
synaptic vesicle cycling, namely activity-evoked, Ca2�-dependent,
and clathrin-mediated endocytosis. First, we noted that exposure of
quiescent neurons to Qdots led to a much more diffuse pattern of
photoluminescence along the neuronal membrane, which could be
eliminated with a 10-min wash (data not shown). Second, the
amount of Qdot a synaptic bouton could take up was strongly
correlated with the intensity of subsequent FM4-64 staining (Fig.
2B), again supporting the notion that Qdots entered synaptic
vesicles during exo-endocytotic cycling. Withdrawal of external
Ca2� during stimulation resulted in virtually no Qdot signal at
synaptic boutons no matter how much FM4-64 those boutons took
up after [Ca2�]o had been restored (Fig. 2 A and B).

To investigate the clathrin-dependence of Qdot loading, we used
a genetically encoded blocker for clathrin-mediated endocytosis,

Fig. 1. Qdots are colocalized with markers for presynaptic vesicles. (A) Qdot
labeling (red) and subsequent FM4-64 staining (blue) display almost complete
overlap (purple). (Scale bar, 5 �m.) (B) Qdot signals (red) show near-complete
overlap with synaptophysin staining (green). (Scale bar, 5 �m.)

Fig. 2. Qdot uptake is Ca2�-dependent and clathrin-mediated. (A) (Left) Qdot loaded in the presence (Upper) or absence (Lower) of Ca2�. (Right) FM4-64 loaded
in the same fields (4� 10-Hz 2-min stimulation) in the presence of Ca2�. (Scale bar, 10 �m.) (B) The relationship between Qdot loading (��FQdot�) and FM4-64
staining (��FFM4-64�) is significantly different depending on the presence of Ca2� during loading (squares) or the absence (triangles) (P � 0.001, Kolmogorov–
Smirnov test). Each data point represents an individual ROI. (C) EGFP fluorescence reveals neurons expressing DIII-EGFP or D3�2-EGFP, and retrospective FM4-64
staining marks functional boutons. Boutons of DIII–EGFP expressing neurons (arrow) take up Qdots to a significantly lesser degree than those of nontransfected
neurons (arrowhead). Boutons of neurons expressing D3�2-EGFP (arrow) take up Qdots similarly to those of nontransfected neurons (arrow head). (Scale bar,
5 �m.) (D1 and D2) The relationship between Qdot loading (��F Qdot�) and FM4-64 staining (��F FM4-64�) is significantly different for DIII-EGFP expressing neurons
(green triangles) and nonexpressing neurons in the same culture (black squares) (D1, P � 0.001, Kolmogorov–Smirnov test). Expression of the inactive D3�2-EGFP
(green triangles) gives no significant difference from nonexpressing control neurons (black squares) (D2, P � 0.5, Kolmogorov–Smirnov test). Note that FM4-64
staining was spared under all circumstances, likely because 4� high K� stimulation was greatly supermaximal for loading and dye could load even with K&R.
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the AP-2 binding domain of Eps15 (DIII). Overexpression of DIII
prevents endogenous Eps15 from binding to AP-2 and thus disrupts
clathrin-mediated endocytosis (21). Boutons expressing EGFP
tagged-DIII (cDNA kindly provided by A. Benmerah, Institut
Cochin, U. Paris Descartes, Paris, France) took up significantly
fewer Qdots comparing to nontransfected ones in the same culture
(Fig. 2 C and D). Again, the vitality of boutons was confirmed by
FM4-64 staining. In contrast, EGFP tagged-D3�2, a DIII mutant
lacking AP-2 binding ability (21), had no effect on Qdot uptake
(Fig. 2 C and D). Taken together, these findings indicated that Qdot
uptake was associated with clathrin-mediated membrane retrieval
after synaptic activity.

Qdots Reside in Synaptic Vesicles. Apart from generating synaptic
vesicles, engulfed lipid membrane can merge with endosome/
cisternae, or possibly contribute to sparsely distributed dense core
vesicles (22). Thus, it was essential to determine whether
membrane-bound Qdots ended up in synaptic vesicles or in other
lipid compartments. Qdots can be detected by electron microscopy
(EM) because their core-shell structure consists of CdSe and ZnS,
suitably electron dense material (23). Capitalizing on this advan-
tage, we processed neurons for EM after confirming the success of
Qdot loading with light microscopy. EM revealed that after whole
bouton Qdot loading (400 nM Qdot, 1,200 stimuli), 26.4 � 8.6%
(n � 4) of the synaptic vesicles contained an electron dense
punctum (Fig. 3A). On the other hand, endosome/cisternae and
dense core vesicles were rare structures after field stimulation (data
not shown), as described in refs. 22 and 24. The dark puncta found
within vesicles were often oblong rather than round, consistent with
the fact that the core-shell structure of Qdots is ellipsoid in shape
(4 nm � 9.4 nm according to Invitrogen documentation). The
puncta were generally positioned somewhat off-center of the ve-
sicular lumen, conforming to the notion that their outer organic
coating (invisible by EM) might associate with a portion of the
vesicular membrane.

For quantitative analysis, we surveyed EM images with fixed
circular regions of interest (ROIs) (20 nm in diameter, sized to fit
within the lumen of nearly all vesicles). Within the ROIs, the
luminal brightness clearly exhibited a two-peak distribution (Fig.
3B1). Three-fourths of the vesicles displayed a clear lumen and
conformed to a Gaussian distribution like that derived from control
terminals not exposed to Qdots (Fig. 3B2). All of the remaining
vesicles belonged to a second Gaussian distribution of lower luminal
brightness, there being no third peak. Moreover, the size of the
punctum (measured with a circular ROI just accommodating it in
entirety) averaged 7.16 � 0.99 nm (Fig. 3C), in reasonable agree-
ment with the expected apparent size of the electron dense core-
shell viewed from random angles. Both the single-peaked distribu-
tion of dark puncta inside the lumen and their apparent size
supported the conclusion that individual vesicles took up at most
one Qdot. The proportion of Qdot-loaded vesicles, �26%, was
consistent with the fraction of vesicles that take up FM1-43 (3).
Further analysis of the size of punctum-containing vesicles indi-
cated that their distribution of luminal diameters was not detectably
different from that of punctum-free vesicles, in either Qdot-loaded
or control synapses (Fig. 3D). Thus, synaptic vesicles were not
detectably enlarged by loading with Qdots.

We also used light microscopy to obtain a distinct estimate of the
number of Qdot-loaded vesicles in single synaptic boutons. With the
same imaging settings, the Qdot signal of whole boutons were
compared with those of individual Qdots dispersed in agarose gel
(all signals corrected for background). The average bouton intensity
was found to be �30 times larger than the single Qdot intensity (SI
Fig. 8). Given that vesicles contained either 0 or 1 Qdot, the mean
number of Qdot-loaded vesicles was �30. Reassuringly, this value
was close to the number of vesicles that have been found to take up
FM1-43 with the same stimulation protocol (9, 24). Given that
Qdots are too large to pass through fusion pores of sizes expected

Fig. 3. Only one Qdot is localized in the lumen of one synaptic vesicle. (A)
Samples of Qdot-loaded synapse (�Qdots) and control (	Qdots). Red
arrowheads point to vesicles containing electron dense puncta. (Scale bar,
500 nm.) (B) Distributions of luminal intensities (ROI indicated by dashed
circles in Insets) of vesicles from four Qdot-loaded synapses (B1) and four
control synapses (B2), with sum-of-Gaussian fits. A separate peak (red
curve) is obvious in B1. (Insets) Exemplars of Qdot-positive vesicles and
Qdot-negative vesicles at Qdot-loaded synapses and vesicles at control
synapse. (Scale bar, 10 nm.) (C) Distribution of the diameters of electron
dense puncta in vesicles at Qdot loaded synapses. (D) Cumulative distribu-
tion of inner diameters of Qdot-containing vesicles (red), empty vesicles in
Qdot-loaded synapses (green), and vesicles in control synapses (blue). No
significant differences (Kolmogorov–Smirnov test, P � 0.1 for red vs. green,
and P � 0.9 for red vs. blue) were observed.
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for K&R (1–3 nm), the agreement suggests that all recycling vesicles
will eventually undergo FCF.

Unloading of Qdots is Activity-Evoked and Ca2�-Dependent. To be an
effective reporter for vesicle turnover, loaded Qdots needed to be
releasable from host vesicles via activity-driven exocytosis. With
constant solution flow, such Qdot release should be seen as a loss
of Qdot photoluminescence from synaptic boutons. Indeed, we
observed that field stimulation (10 Hz, 2 min) caused Qdot pho-
toluminescence to drop, in step with stimulation-evoked FM4-64
loss from the same boutons (Fig. 4A). Similar to FM4-64, Qdot
intensity was further reduced by repeated high K� challenges to a
level indistinguishable from background, indicating a complete loss
of Qdots after extensive stimulation (Fig. 4A). Removal of external
Ca2� abolished Qdot loss with either field stimulation or high K�

challenges (Fig. 4B); in this circumstance, Qdot intensity showed no
decay during minutes of imaging, reflecting its extreme photosta-
bility, whereas the fluorescence of FM4-64 continuously decreased
due to photobleaching. The stimulation-evoked and Ca2�-
dependent uptake and loss of Qdots supported the hypothesis that
these nanoparticles can enter and exit synaptic vesicles via the
classical mode of vesicle turnover.

Qdot Loss Selectively Reported FCF Without Compromise of Neuro-
transmission. Intriguingly, the kinetics of Qdot loss clearly dif-
fered from that of FM4-64, in displaying a lower initial rate and
slower time course (Fig. 4 A and C). The peak speed of Qdot loss
was �52% of the maximal rate of FM4-64 loss (Fig. 4C), and
overall, the extent of Qdot loss was significantly less than that of
FM4-64. Could this disparity indicate that Qdot-detectable FCF

comprised only a fraction of all fusion events? Before consid-
ering this idea, we systematically examined various factors that
might influence the rate of Qdot loss, namely (i) the number of
recycling vesicles that Qdots can access, (ii) the release proba-
bility (Pr) of Qdot-loaded vesicles, and (iii) the efficiency of Qdot
departure once vesicles have fully f lattened.

First, as already noted, the average number of Qdot-accessible
vesicles per bouton, determined by either light or electron micros-
copy (Fig. 3 and SI Fig. 8), was no different from the number of
vesicles in the total recycling pool, previously estimated by FM1-43
methods (3, 25). This finding indicated that Qdots, like FM1-43,
labeled the whole TRP. Second, any influence of Qdots on the
probability of fusion (Pr) would not have accounted for the disparity
shown in Fig. 4A, because FM dye loss and Qdot unloading were
studied in the same boutons. To look specifically for an effect of
Qdots on Pr or the prevalence of fusion modes, we compared the
rate of FM4-64 destaining in the presence and absence of Qdots,
noting that FM dye loss depends strongly on both Pr and fusion
mode (9, 10, 27). No difference was observed (Fig. 5 A and B),
weighing against changes in Pr or in fusion mode prevalence.
Moreover, electrophysiological recordings of evoked postsynaptic
current (EPSC) at autaptic synapses showed no significant differ-
ences in EPSC amplitude at Qdot-loaded and sham-treated control
synapses (P � 0.05, Fig. 5C). These observations indicated that
Qdots had no adverse influence on Pr. As a third possibility, we
considered the scenario wherein all vesicles fuse by FCF, but Qdots
linger at the already-flattened membrane for long enough to be
recaptured by endocytosis. The kinetics of Qdot departure from the
ROI after exocytosis could be derived from data after sudden
cessation of field stimulation (Fig. 4D). If escape of Qdots from the

Fig. 4. Similarities and differences between Qdot unloading and FM4-64 destaining. (A) Multiple challenges (field stimulation, hatched bar; 2-min exposure
to 90 mM K�, black bars) each evoke Qdot loss. Images for Qdot and FM4-64 taken every other second from the same field. Intensities of both FM4-64 and Qdots
were normalized to range between 1 (prestimulation baseline) and 0 (poststimulation baseline). Insets show three Qdot images taken before (i), after field
stimulation (ii), and after repeated high K� perfusion (iii). (Scale bar, 5 �m.) (B) In the absence of extracellular Ca2�, neither field stimulation (hatched bar) nor
90 mM K� (black bar) caused any Qdot loss (red trace). Similar results were found for FM4-64 (blue trace), but with prominent photobleaching. At far end of
time axis are averaged signals from the same boutons after 4� high K� challenge with Ca2� present. The intensity values are normalized as in A. (C) The average
slopes of Qdot unloading (red) and FM4-64 destaining (blue) with field stimulation. Qdot slope shows a delayed (�10 s) onset and 2-fold lower peak, reflecting
slower Qdot release from boutons. (D) Speed of Qdot escape from collapsed vesicle is relatively rapid even with whole bouton loading. A 10-Hz field stimulation
ceased after 30 s and four rounds of high K� Tyrode were used after �1 min rest to empty the remaining Qdots from synapses. Slanted lines fitted Qdot
photoluminescence data over the last 15 s of stimulation (solid red line for 9-pixel ROIs; pink line for 17-pixel ROIs) and horizontal lines (solid green) fitted data
30–60 s after stimulation. These lines intersected �3.9 s (and 9.7 s) after termination of field stimulation (30 s). Qdot signals were normalized as in A.
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ROI had been instantaneous, the near-linear decline in light output
would have stopped abruptly when stimulation ceased. In fact, the
optical signal continued to decrease for a short period after the end
of a 30-s 10-Hz stimulation (tend). An extrapolation of the linear
decline crossed the final baseline �3.9 s after tend, thus indicating
how long photoluminescence loss can be expected to lag stimulus-
induced exocytosis for an ROI of 1.3 �m. We conducted a similar
measurement with larger ROIs, 17 pixels (2.5 �m) in diameter. In
this case, the extrapolated linear decline intercepted the baseline
9.7 s after tend. The extra delay was roughly as expected for lateral
diffusion of Qdots after exiting from the vesicular lumen, out of the
presynaptic area and into nearby axonal membrane outside of the

ROI, where slower dissociation could take place. Delays originating
from lateral movement cannot account for the overall difference in
the slopes of the FM dye and Qdot signals. In addition, we
considered the notion that Qdots that undergo FCF might be
endocytosed without ever leaving the ROI, but concluded that the
surface concentration of externalized Qdots would be too low for
this to be a significant factor (SI Fig. 7). Thus, the remaining
discrepancy between the optical signals must be attributed to a
size-based discrimination by Qdots, which are expected to escape
the vesicle and ROI following FCF, but not with K&R. According
to this interpretation, the initial proportion of K&R events must be
�50% or greater. A more precise determination may be derived by
tracking single Qdots taken up into individual vesicles (Q.Z. and
R.W.T., unpublished data).

Discussion
Qdots with exposed carboxyl groups bound to neuronal membranes
and were endocytosed into synaptic terminals during neuronal
activity. Under EM, the Qdots were seen as dark puncta within
individual vesicles in a 1:1 ratio. Qdots caused no obvious disruption
in vesicle morphology or neurotransmission. The Qdots were
released from nerve terminals in an activity- and Ca2�-dependent
manner as expected for vesicles undergoing FCF. The rapid halting
of photoluminescence loss just after cessation of stimulation indi-
cated that externalized Qdots escaped quickly (� � 4 s) from the
region of interest, most likely by lateral movement out of the ROI.

Qdots have superior physical features, well suited to clarifying
vesicle fusion modes. We took advantage of their size, much too
large to pass through fusion pores of K&R (1–5 nm). Instead, Qdots
will only exit synaptic vesicles when the connecting pathway to the
external medium exceeded �15 nm, approaching the size of the
vesicular lumen itself (�24 nm), and thereby committing the vesicle
to FCF. Thus, escape of the Qdot marks FCF only. As clathrin
assembly and membrane retrieval after FCF requires tens of
seconds (26), several fold longer than the lag for Qdot escape (� �
4 s), FCF events will be reported by Qdots with near-perfect fidelity.
Given this selectivity for FCF, it was striking to find that Qdots
reported significantly fewer fusion events than concurrent destain-
ing of FM dye. The discrepancy would have been greater still if FM
dye destaining had been fast enough to report all fusion events
perfectly (9, 10, 27). Thus, the proportion of nonclassical fusion
events must have been substantial.

Another interesting finding was that synaptic vesicles can take up
a sizeable ‘‘cargo’’ while maintaining their overall morphology and
release dynamics. EM revealed no significant increase in diameter
of vesicles that engulfed Qdots, suggesting that mechanisms con-
trolling vesicle morphology had largely prevailed. Furthermore,
extensive Qdot loading did not detectably reduce neurotransmis-
sion. In principle, the internalized Qdots would displace �1/4 of the
luminal volume. Although EPSC amplitude was not correspond-
ingly decreased, such a change may not have been discerned
because of variable rundown of EPSCs, or offsetting changes in
vesicle diameter, sufficient to affect transmitter content but too
small to detect. It would be interesting to test whether uptake of
larger Qdots can displace enough neurotransmitter to cause a clear
electrophysiological change.

Qdots provide several novel opportunities for future studies of
presynaptic cell biology. Because Qdots are bright but indivisible,
and provide superior signal-to-noise ratios, they may allow labeling
and tracking of single vesicles. In turn, this may allow presynaptic
fusion modes to be related to quantal transmission. Our data point
the way for use of light microscopy and EM to localize Qdot-loaded
vesicles in combination with immunocytochemistry (23). Qdots of
different colors could be used to track exchange between different
vesicle pools within a single nerve terminal (28) or between vesicles
in neighboring presynaptic terminals (29).

Fig. 5. Qdots exert no discernable influence on neurotransmission. (A and B)
Fluorescence or photoluminescence changes of FM4-64 or Qdot during field
stimulation (hatched bar) or high K� challenge (black bar). Data represent
three loading conditions, Qdots only (red circles), FM4-64 only (blue triangles),
or FM4-64 at Qdot co-loaded boutons (filled black squares). Intensities of
photoluminescent/fluorescent signals normalized as in previous figures. (C)
Samples of EPSCs recorded before and after Qdot loading or from sham
control. Ratio of EPSCs recorded after and before Qdot loading (recovery/
baseline). No significant difference between Qdot-loaded and sham control
neurons (P � 0.25, t test).
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Methods
Cell Culture and DNA Transfection. Hippocampal CA3-CA1 neurons
were cultured from P0 or P1 rats as described in ref. 30 with minor
modifications. All experiments were approved by Administrative
Panel on Laboratory Animal Care at Stanford University. Expres-
sion of exogenous fusion proteins in cultured neurons was achieved
by calcium phosphate-mediated transfection at 10 or 11 days in vitro
(DIV). Between 12–21 DIV, healthy cultures that met our rigorous
standards (9) were selected for experiments.

Qdots and Chemicals. All Qdots were obtained from Quantum Dot
Corporation (now part of Invitrogen, Carlsbad, CA) as concen-
trated stock solution at 8 �M. To remove congregated Qdots, stock
solution was centrifuged in 4°C at �10,000 g for 15 min, then
purified via size exclusion column (Superdex 200). The concentra-
tion of the resulting solution was �1.5 �M. All chemicals were
obtained from Sigma (St. Louis, MO) unless stated otherwise.

Immunocytochemistry and Confocal Imaging. Cells were fixed with
4% paraformaldehyde and immunocytochemistry was performed
as described in ref. 31. Samples were mounted with Vectashield
mounting medium (Vector Laboratories, Burlingame, CA), and
imaged on a Zeiss LSM510 confocal with a �40 objective (optical
section 0.5 �m). Average intensity projections �10 �m thick were
used to create final images.

Real Time Imaging. Cells were usually perfused with Tyrode solution
(containing 150 mM NaCl, 4 mM KCl, 2 mM CaCl2, 2 mM MgCl2,
10 mM glucose, 10 mM Hepes, 310–315 mOsm, with pH set at 7.35
with NaOH). High K� solution (90 mM K�) was prepared by
equimolar replacement of NaCl by KCl. For Ca2�-free experi-
ments, 2 mM CaCl2 in the external solution was replaced by 2 mM
Na-EGTA. Switching of perfusion solution was carried out with a
precision of �2 s. All solutions contained 10 �M NBQX and 50 �M
D-APV (Tocris Bioscience, Ellisville, MO) to prevent recurrent
activity and synaptic plasticity. All experiments were performed at
room temperature.

All image acquisition was conducted as described in ref. 9. To
avoid cytotoxic effects of UV light, Qdots were excited at 470 nm
(D470–40x; Chroma, Rockingham, VT) and their emission was
collected at 605 nm (D605–20m). Subsequently loaded FM4-64
was excited at 490 nm (D490–20x) and its emission was collected
at 660 nm (D660–50m). For imaging of Qdots and FM4-64
together, the same filter sets were used but switched every

second. All images were taken at a frame rate of 1 Hz (5- to
10-ms exposure) unless stated otherwise.

Electron Microscopy. Cells were fixed with 2% glutaraldehyde in
PBS for 20 min, followed by postfixation in 1% osmium tetroxide
in ddH2O at 4°C for 1 h. Then, samples were rinsed and stained with
1% uranyl acetate in ddH2O at 4°C for 1 h. Cells were dehydrated
in a cold ethanol series and infiltrated with Durcupan ACM resin
(Electron Microscopy Sciences, Hatfield, PA). Polymerization took
3–5 days at 55°C. Samples were sectioned parallel to the coverslip
surface, in serial fashion on a Leica microtome VT1000s (�70 nm
thick). Electron micrographs were taken on JEOL 200CXII.

Electrophysiology. Recordings of autaptic EPSCs after the Qdot
loading procedure (n � 4) (or after a sham control, n � 4) (‘‘EPSC
recovery’’) were compared with baseline EPSC recordings from the
same neurons. Qdot loading was performed with 400 nM Qdot and
10 Hz intracellular stimulation for 2 min, with blockers of postsyn-
aptic glutamate receptors present to eliminate reverberant activity
and long-term synaptic plasticity. The EPSCs were completely
blocked by 10 �M NBQX and 50 �M D-APV (data not shown).
After Qdot loading and before the recording of EPSC recovery, a
10- to 15-min wash with normal Tyrode free of NBQX and D-APV
was performed. Near complete removal of the inhibition of gluta-
mate receptors by such wash-off was confirmed. Stimulus artifact
was omitted by blanking the current signal for 2.8 ms.

Analysis of Real-Time Imaging. All images were converted to TIFF
files and analyzed off-line with MetaFlour or ImageJ. In most cases,
circles with a diameter of 9 pixels (�1.3 �m) were centered on
FM4-64 positive puncta as regions of interest (ROIs) covering
functional boutons, typically �1 �m across. These ROIs were
retrospectively projected onto Qdot images and then average
intensities of Qdot photoluminescence in these ROIs were exported
to an Excel file. The starting time of each frame was registered by
the imaging program and recorded together with ROI intensity.
Data were analyzed by Excel, Statview, and SigmaPlot, and plotted
with SigmaPlot. All error bars represent standard error of the mean
(�SEM).
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