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Fluorescent False Neurotransmitters
Visualize Dopamine Release from
Individual Presynaptic Terminals
Niko G. Gubernator,1*† Hui Zhang,2,3* Roland G. W. Staal,2 Eugene V. Mosharov,2
Daniela B. Pereira,2 Minerva Yue,2 Vojtech Balsanek,1 Paul A. Vadola,1 Bipasha Mukherjee,4
Robert H. Edwards,4 David Sulzer,2,3,5‡ Dalibor Sames1‡

The nervous system transmits signals between neurons via neurotransmitter release during synaptic
vesicle fusion. In order to observe neurotransmitter uptake and release from individual presynaptic
terminals directly, we designed fluorescent false neurotransmitters as substrates for the synaptic
vesicle monoamine transporter. Using these probes to image dopamine release in the striatum, we
made several observations pertinent to synaptic plasticity. We found that the fraction of synaptic
vesicles releasing neurotransmitter per stimulus was dependent on the stimulus frequency. A
kinetically distinct “reserve” synaptic vesicle population was not observed under these
experimental conditions. A frequency-dependent heterogeneity of presynaptic terminals was
revealed that was dependent in part on D2 dopamine receptors, indicating a mechanism for
frequency-dependent coding of presynaptic selection.

Decision making, memory, and learning re-
quire activation and modification of par-
ticular synapses. Synaptic transmission in

turn requires neurotransmitter accumulation into
synaptic vesicles followed by neurotransmitter
release during synaptic vesicle fusion with the
plasma membrane. Optical methods have been
developed to observe synaptic vesicle membrane
fusion (1–4), but there has been no means for
observing neurotransmitter release from individual
synapses in the brain.

We designed optical tracers of monoamine
neurotransmitters, or fluorescent false neurotrans-
mitters (FFNs), inspired by classic reports that
tyramine, amphetamine, and other phenylethyl-

amines can be taken up into secretory vesicles
and discharged during exocytosis (5).We designed
FFNs by targeting neuronal vesicular mono-
amine transporter 2 (VMAT2), which carries
monoamine neurotransmitters from the cytoplasm
into synaptic vesicles (6). VMAT2 is relatively
nonspecific and transports cellular monoamines
(such as dopamine, serotonin, and norepineph-
rine) as well as synthetic amines (such as amphet-
amine, 3,4-methylenedioxymethamphetamine,
and 1-methyl-4-phenylpyridinium) (7, 8). We pre-
dicted that bulkier fluorescent monoamines
might also be substrates (9) and developed com-
pound FFN511 [Fig. 1A and fig. S1; design crite-
ria are in the supporting online material (SOM)]
(10). FFN511 inhibited serotonin binding to
VMAT2-containingmembranes, providing an ap-
parent half maximal inhibitory concentration IC50

of 1 mM, a value close to dopamine itself (7).
In adrenal chromaffin cells, catecholamines

are stored in large dense core vesicles (LDCVs)
that possess the vesicular monoamine transporter
1 (VMAT1). FFN511 accumulated in a pattern
consistent with LDCVs in cultured mouse chro-
maffin cells (Fig. 1B), and the accumulation was
abolished by the lipophilic base chloroquine,
which collapses the vesicle pH gradient (fig. S2)
(11). Exposure to 350 nM FFN511 (30 min) had

no effect on the quantal size of evoked catechola-
mine release (fig. S3), and total internal reflection
fluorescence microscopy (TIRFM) showed that
FFN511 undergoes stimulation-dependent exocy-
tosis from LDCVs (Fig. 1C, fig. S4, and movie
S1) (12).

We then examined FFN511 accumulation and
release in mouse brain using multiphoton mi-
croscopy. FFN511 incubation of acutely prepared
slices from the striatum resulted in fluorescent
puncta that correlated well with the size of axon
terminals (~1 mm) (Fig. 2). No label was observed
in striatal cell bodies [chiefly medium spiny neu-
rons (MSNs)], indicating that accumulation into
lysosomes or other acidic organelles was below
detection limits. As expected, no labeling was ob-
served in the corpus callosum (CC), which lacks
monoamine terminals, and sparser distribution
was observed in the cortex (Fig. 2, A and G) and
hippocampus than in the striatum.

Extensive experimental evidence was accumu-
lated in order to confirm that FFN511 labels do-
pamine presynaptic terminals in striatum, including
(i) the overlap of FFN511 signal with that of green
fluorescent protein (GFP) by using striatal slices
prepared from transgenic mice expressing GFP
under the control of the tyrosine hydroxylase (TH)
promoter (Fig. 2B) (13); (ii) exclusion of FFN511
from g-aminobutyric acid (GABA)–releasing stria-
topallidal MSNs by use of bacterial artificial
chromosome (BAC)–transgenic mice that express
enhanced green fluorescent protein (EGFP) under
the control of the promoter of dopamine D2
receptor (D2R) (fig. S5 and movie S2); (iii) loss
of FFN511 labeling by lesioning dopamine neu-
rons by in vivo injection of the selective dopamin-
ergic neurotoxin 6-hydroxydopamine (6-OHDA)
into the striatum of one hemisphere (Fig. 2C)
(14); (iv) inhibition of FFN511 labeling by the
VMAT2 inhibitors reserpine (Fig. 2D) and Ro
4-1284 (fig. S6); and (v) an extensive overlap
of FFN511 with the endocytic synaptic vesicle
marker FM1-43 (Fig. 2E and fig. S7). Further-
more, amphetamine (20 mM for 20 min), which
redistributes vesicular dopamine to the cytosol
and induces dopamine release without synaptic
vesicle fusion (15), caused a substantial loss of
fluorescence in striatum (Fig. 2F) and the medial
prefrontal cortex (mPFC) (Fig. 2G).

Levels of FFN511 sufficient to label terminals in
the striatum (10 mMfor 30min) did not significantly
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Fig. 1. In mouse chromaffin cells,
FFN511 is accumulated in LDCVs and
is released by exocytosis. (A) Chemical
structure of FFN511. (B) Multiphoton
image of a chromaffin cell reveals a
distribution of FFN511 that is con-
sistent with LDCVs. Scale bar, 5 mm.
(C) FFN511 exocytosis from a LDCV
observed with TIRFM images acquired
at 500 ms intervals. The upper row
shows consecutive images of a single
vesicle. Orthogonal section through
this vesicle and its integrated intensity are in the middle and lower panels. The dotted line indicates stimulation by high potassium; the delay after stimulation is
typically observed in this preparation (movie S1).
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alter evoked dopamine release as measured with
cyclic voltammetry (a reduction of 7.5T 4%,meanT
SEM, n = 4 slices, P > 0.5). FFN511 cannot be oxi-
dized during electrochemical detection, and higher
concentrations of FFN511 (40 mM) decreased the
evoked dopamine release by 35.4 T 1.4% (n = 3
slices), presumably by displacing vesicular dopa-
mine. The probe thus acts as an optical tracer of
dopamine, and is sufficiently fluorescent so as to

provide resolution of individual dopamine terminals
at concentrations that do not interfere with normal
catecholamine accumulation and transmission.

We examined activity-dependent release of
FFN511 from dopamine synaptic terminals using
a “pulse-chase” protocol in which an acute striatal
brain slice was labeled with FFN511 (10 mM for
30 min) and then stimulated with current applied
by a bipolar electrode (Fig. 3A and movie S3) or

high potassium (fig. S8). Bipolar stimulation at 1,
4, and 20 Hz each evoked exponential destaining
(Fig. 3B) with a mean half-time (t1/2) of destaining
of 330, 257, and 114 s, respectively, whereas neg-
ligible destaining occurred in the absence of stim-
ulation or when stimuli were applied, but calcium
channels were blocked by 200 mM cadmium (Fig.
3B). For each stimulus frequency and at all times
during the protracted stimuli, the destaining was

Fig. 2. FFN511 labels dopamine terminals in live cortical-striatal
acute slices. (A) Labeling by FFN511 in acute live cortical-striatal
slice: abundant labeling in the striatum (STR), sparser labeling in
cortex (CTX), and no label in corpus callosum (CC). Scale bar, 100 mm.
(B) Overall pattern of FFN511 (red) and TH-GFP (green) fluorescent
markers shows extensive overlap (yellow) as expected for dopamine
terminals. The GFP-label (green) is cytosolic and thus fills both
terminals and axons, whereas FFN511 labels terminals and is more
punctate. Scale bar, 10 mm. (C) Nearly complete inhibition of
striatal FFN511 labeling 21 days after unilateral 6-OHDA lesion.
Striatal slices were examined by means of cyclic voltammetry to
ensure the complete loss of dopamine release in the lesion side. (D)
FFN511 labeling was strongly inhibited by reserpine (20 mM). Scale
bar for C and D, 10 mm. (E) Colocalization of FM1-43– (red) and
FFN511-labeled (green) terminals. Slices were sequentially loaded
with 10 mM FM1-43 and 5 mM FFN511. A representative image
from four independent experiments depicts extensive colocalization
of FFN511- and FM1-43–labeled terminals. Scale bar, 4 mm. (F and
G) Destaining of FFN511 from the striatum (F) and mPFC (G) by
amphetamine. (Left) Before amphetamine; (Right) after 20 min of
20 mM amphetamine. Scale bar, 10 mm.

Fig. 3. Frequency-dependent induction of multiple dopamine terminal pop-
ulations. (A) Local stimulation at 4 Hz resulted in destaining from the terminals.
Stimulation began at t = 0. Scale bar: 5 mm. (B) Destaining of FFN511 at 4 Hz is
Ca2+- and frequency-dependent. Controls received no stimulation (153 puncta
from 3 slices). Destaining with cadmium chloride (200 mM) was identical to
unstimulated controls (475 puncta from 5 slices). The destaining curves for each
stimulation frequency were fit by a single exponential decay function and half-life
(t1/2) values calculated as t × 0.693 (1 Hz, 765 puncta from 9 slices; 4 Hz, 410
puncta from 7 slices; 20 Hz, 416 puncta from 6 slices). (C) The dependence of
mean fractional release parameter ( f, i.e., destaining per stimulus) on stimulus

frequency. (D) Histogram of t1/2 values of individual dopamine terminals stim-
ulated at 1 Hz, 4 Hz, and 20 Hz. Bin size, 20 s. (E) Normal probability plot of
half-time values for each terminal at 1, 4, and 20 Hz. The deviation from
normality was increased with stimulation frequency. (F) Spatial distribution of
FFN511 destaining rates of individual puncta stimulated at 20 Hz are shown in
false color. Scale bar, 10 mm. (G) Averaged destaining kinetics of 60 puncta
from one region of a slice stimulated consecutively first at 1 Hz (blue) and then
at 20 Hz (red). (H) Distribution of t1/2 values for the terminals in G; distribution
at 1 Hz was well fit by a normal distribution, whereas the distribution deviated
from normality at 20 Hz (movie S3).
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well described by a single exponential. Thus, un-
der these experimental conditions, neurotransmitter
accumulation-competent presynaptic terminals
do not display a population of kinetically distinct
“reserve” synaptic vesicles.

This approach provides a means to address the
long-standing question of the fractional neurotrans-
mitter released from terminals during stimulation-
dependent exocytosis. The data suggest that 0.03
to 0.21% of dopamine synaptic vesicles fused per
stimulus, depending on the stimulation frequency
(Fig. 3C). The apparent low probability of release
is consistent with cyclic voltammetry recordings
that indicate that stimulation-dependent release of
dopamine represents a very small fraction of that
released with amphetamine (16). There was a de-
pression at more rapid stimulation, with twofold
less destaining per pulse at 4 Hz and sixfold less
destaining per pulse at 20Hz than at 1Hz (Fig. 3C).
If dopamine terminals are mostly releasing neuro-
transmitter by full fusion of the synaptic vesicle
(17), these measurements indicate the fraction of
transmitter accumulation–competent synaptic vesi-
cles fused per stimulus and revealed a stimulation-
dependent form of presynaptic plasticity. The
level of fractional destaining was enhanced with
higher extracellular calcium (table S1), suggesting
that frequency-dependent effects may be related to
an activity-dependent decrease of calcium entry
per stimulus, although other possibilities such as
altered fusion mechanisms, depletion of a readily
releasable pool, or decreased signal propagation
through axons cannot be ruled out.

We next analyzed the heterogeneity within
large ensembles of dopamine terminals in the
striatum. The distribution of individual terminal
activities showed a rightward skew at all stimulus
frequencies when individual terminal half-times
were displayed as histograms [P < 0.005, different
fromnormal distribution byKolmogorov-Smirnov
(KS) test for all three frequencies] (Fig. 3D). In nor-
mal probability plots, in which normally distrib-
uted data are linear, multimodal distributions can
be seen that deviate further from normality with
increased stimulus frequency (1 Hz, D = 0.0628;
4 Hz,D = 0.1160; 20 Hz,D = 0.1321;D statistics
were obtained with the KS test and indicate the
deviation from normality) (Fig. 3E). All distri-
butions were different from normal distribution
and from each other (P < 0.005, KS test). The
highly skewed distribution at 20 Hz indicates mul-
tiple populations of presynaptic terminals, includ-
ing the most active population in which the
probability of terminal content release per stimulus
(Pterminal) is ~0.2%, and the slowest population,
withPterminal ~ 0.005%. The spatial distribution of
presynaptic activity appeared to be complex, with
very active and inactive terminals often nearby
(Fig. 3F). There was no relationship between initial
fluorescent intensity and terminal destaining rates
(fig. S9), suggesting that the heterogeneity in termi-
nal activitywas unrelated to the number of function-
al synaptic vesicles. To examine whether terminal
heterogeneity may be due to variation in the depo-
larization of the terminals, we stimulated the same
slice preparation at two frequencies and measured

FFN511 destaining, first at 1 Hz and then at 20 Hz
(Fig. 3, G and H). The distribution of half-time
values obtained from the same set of presynaptic
terminals is well fit by a normal distribution at 1 Hz
(D= 0.062,P> 0.1, KS test) (Fig. 3, G andH, blue)
and is in an apparent multiple population distribu-
tion at 20 Hz that is not fit by a normal distribution
(D = 0.194, P < 0.0001, KS test) (Fig. 3, G and H,
red). This confirms that presynaptic terminal
heterogeneity is stimulation frequency–dependent,
althoughwe cannot exclude the possibility that this
is due to differences in axonal action potential
propagation. Differential activity of individual
glutamate presynaptic terminals has been observed
by using either postsynaptic electrophysiological
measurements (18, 19) or optical imaging, indicating
membrane fusion (4); FFN511 reveals heterogeneity
of dopamine release from individual terminals in the
striatum and shows that this is a dynamic phe-
nomenon dependent on stimulation frequency.

Cyclic voltammetry recordings in the striatum
indicate that dopamine D2R activation inhibits
the evoked release of dopamine in a frequency-
dependent manner (20), and we thus examined
how the frequency-dependent dopamine terminal
heterogeneity was affected by the D2R antagonist
sulpiride (10 mM for 20 min) (Fig. 4). There was no
significant change in the mean values of terminal
kinetics at 1 and 4 Hz, although sulpiride acceler-
ated release in the slow population of terminals
more than one SD slower than the expected mean
(Fig. 4, A and B). At 20 Hz, however, sulpiride
increased the mean t1/2 by more than 50% (mean
t1/2 = 106.2 T 4.0 s for control versus 161.0 T 4.7 s
for sulpiride), slowing the destaining kinetics of
>65% of the terminals (Fig. 4C). The distributions
of the destaining kinetics were closer to normal in
the presence of sulpiride (D = 0.0445 at 1 Hz
with sulpiride versus D = 0.0628 with 1 Hz con-
trol; D = 0.0729 at 4 Hz with sulpiride versus D =
0.1160 with 4 Hz control; D = 0.1033 at 20 Hz
with sulpiride versus D = 0.1321 with 20 Hz con-
trol by KS normality test). Except for 1 Hz with
sulpiride, all distributions deviated from normality
(P < 0.005) and from the corresponding controls
(P < 0.001), confirming that the emergence of mul-
tiple populations was dependent in large part on
D2R activation. Consistently, cyclic voltammetry
recordings confirm that sulpiride enhanced dopa-
mine release by the second stimulus pulse at 20 Hz
(2 single pulses with an interval of 0.05 s) (fig.
S10A), and enhanced dopamine release by 2 pulses
at 20 Hz but did not enhance dopamine release
by 30 pulses at 20 Hz (fig. S10B). The phenom-
enon of frequency and pulse-dependent reversal
of receptor inhibition of dopamine overflow has
been identified using nicotinic antagonists (21, 22).
Thus the activity-dependent terminal heterogeneity
is associated with receptor-mediated responses,
and indicates the presence of frequency-dependent
coding (23) that may determine how particular
synapses are activated during decision-making,
habit formation, and learning.

Spatial heterogeneity of dopamine release has
been demonstrated by means of electrochemical

Fig. 4. Effect of dopamine
D2R antagonist sulpiride on
presynaptic terminal popula-
tions is frequency-dependent.
(A) Effect of sulpiride on do-
pamine terminals stimulated
at 1 Hz (765 puncta from 9
slices for the control and 901
puncta from 8 slices for
sulpiride). Normal probability
plot reveals that sulpiride ac-
celerated transmitter release
from the slowest terminals.
(B) Effect of sulpiride on do-
pamine terminals stimulated
at 4 Hz (519 puncta from 10
slices for the control, and
520 puncta from 5 slices for
sulpiride). The effect of sul-
piride was similar to that at
1 Hz stimulation. (C) Effect of
sulpiride on dopamine ter-
minals stimulated at 20 Hz
(416 puncta from 6 slices for
the control and 508 puncta
from 4 slices for sulpiride).
Sulpiride inhibited release
from >65% of the terminals,
except for the most active
population. At each stimula-
tion frequency, sulpiride
shifted the entire population of the t1/2 values closer to a normal distribution.
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recordings with a resolution of ~100 mm (24) and
has been suggested to play an important role in
the modulation of synaptic circuitry involved in
motivation, reward, and learning. Herewe find that
the activity of individual dopaminergic presynaptic
terminals is modulated by neuronal activity and
receptor activation. FFNs enable optical measure-
ments of key presynaptic processes in the central
nervous system, including accumulation of a vesicle
transporter substrate and release by evoked activity
or drugs such as amphetamine, at unprecedented
spatial resolution. FFN511 is compatiblewithGFP-
based tags, the FM1-43 endocytic marker, and
other optical probes, which will allow the construc-
tion of fine-resolution maps of synaptic micro-
circuitry and presynaptic activity, particularly in
regions such as the hippocampus and cortex
where monoamine innervation can be too sparse
for electrochemical recording.
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Structure of Rotavirus
Outer-Layer Protein VP7 Bound
with a Neutralizing Fab
Scott T. Aoki,1 Ethan C. Settembre,1* Shane D. Trask,1† Harry B. Greenberg,2
Stephen C. Harrison,1,3‡ Philip R. Dormitzer1*‡

Rotavirus outer-layer protein VP7 is a principal target of protective antibodies. Removal of free
calcium ions (Ca2+) dissociates VP7 trimers into monomers, releasing VP7 from the virion, and
initiates penetration-inducing conformational changes in the other outer-layer protein, VP4.
We report the crystal structure at 3.4 angstrom resolution of VP7 bound with the Fab fragment of a
neutralizing monoclonal antibody. The Fab binds across the outer surface of the intersubunit
contact, which contains two Ca2+ sites. Mutations that escape neutralization by other antibodies
suggest that the same region bears the epitopes of most neutralizing antibodies. The monovalent
Fab is sufficient to neutralize infectivity. We propose that neutralizing antibodies against VP7 act
by stabilizing the trimer, thereby inhibiting the uncoating trigger for VP4 rearrangement.
A disulfide-linked trimer is a potential subunit immunogen.

Rotaviruses are multilayered, non-enveloped
particleswithdouble-strandedRNA(dsRNA)
genomes (1). Four structural proteins form

a complex, three-layered capsid, which packages
two viral enzymes and 11 dsRNA genome seg-
ments. A double-layered particle (DLP) assembles
in the cytoplasm, buds into the endoplasmic retic-
ulum (ER), receives in this process a transient bi-
layer membrane, and ultimately acquires an outer
layer of protein, viral protein 7 (VP7), in place of
the transient envelope. VP7 must be present in suf-
ficient quantity andmust fold correctly in order to
displace the intermediate membrane (2–4). This
unusual maturation pathway results in the coating
of a cytoplasmically synthesized and assembled
inner particle with an ER-synthesized glycopro-

tein, but with no intervening membrane in the ma-
ture virion.

The surface of theDLP is a T= 13 icosahedral
lattice of the trimeric protein, VP6, anchored on a
T = 1 inner layer of VP2 (Fig. 1A). VP7 is like-
wise a trimer, stabilized by Ca2+ ions (5). It forms
the outermost virion layer, also with T = 13
icosahedral packing, by capping the VP6 pillars
(6–8). Assembly of the VP7 shell locks into place
a second outer-layer protein, VP4, which is an-
chored between VP6 pillars and protrudes above
the VP7 layer (9, 10). VP4 spikes mediate attach-
ment to cells and undergo a sequence of conforma-
tional changes that lead to endosomal membrane
penetration (11, 12). Uncoating of VP7, probably
by withdrawal of Ca2+, is necessary for these

changes to occur (13). Thus, VP7 participates both
in a membrane-displacing assembly step and in a
membrane-disrupting entry step.

Rotavirus infection is the principal cause of
severe, dehydrating diarrhea in infants (14). Live
attenuated vaccines are now being introduced,
but the efficacy and practicality of these vaccines
in the impoverished settings in which most infant
deaths from rotavirus occur have not yet been
established (15). VP7 and VP4 are the targets
of neutralizing and protective antibodies, and the
structures and immunogenicities of these proteins
underlie ongoing efforts to produce next generation
subunit vaccines. Viruses bearingVP7 of at least 15
different serotypes (designated G1 to G15) have
been isolated, 11 fromhumans (16, 17). Epitopes of
a number of neutralizing monoclonal antibodies
(mAbs) have been determined, but the lack of a
three-dimensional structure has precluded system-
atic study of neutralization mechanisms.

We have determined the crystal structure of the
rhesus rotavirus (RRV, serotype G3) VP7 trimer in
complex with the Fab fragment of neutralizing
mAb 4F8 (18). The core of the subunit folds into
two compact domains, with disordered N- and
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