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Cellular/Molecular

Vesicular Monoamine and Glutamate Transporters Select
Distinct Synaptic Vesicle Recycling Pathways
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Previous work has characterized the properties of neurotransmitter release at excitatory and inhibitory synapses, but we know remark-
ably little about the properties of monoamine release, because these neuromodulators do not generally produce a fast ionotropic re-
sponse. Since dopamine and serotonin neurons can also release glutamate in vitro and in vivo, we have used the vesicular monoamine
transporter VMAT?2 and the vesicular glutamate transporter VGLUT1 to compare the localization and recycling of synaptic vesicles that
store, respectively, monoamines and glutamate. First, VMAT?2 segregates partially from VGLUT1 in the boutons of midbrain dopamine
neurons, indicating the potential for distinct release sites. Second, endocytosis after stimulation is slower for VMAT2 than VGLUT1.
During the stimulus, however, the endocytosis of VMAT2 (but not VGLUT1) accelerates dramatically in midbrain dopamine but not
hippocampal neurons, indicating a novel, cell-specific mechanism to sustain high rates of release. On the other hand, we find that in both
midbrain dopamine and hippocampal neurons, a substantially smaller proportion of VMAT2 than VGLUTI is available for evoked
release,and VMAT2 shows considerably more dispersion along the axon after exocytosis than VGLUT1. Even when expressed in the same
neuron, the two vesicular transporters thus target to distinct populations of synaptic vesicles, presumably due to their selection of distinct

recycling pathways.

Introduction

Monoamine neurotransmitters subserve a number of vital func-
tions, including the control of movement, attention, motivation,
emotional state, learning, and memory. Dopamine in particular
has a central role in the neural pathway for reward (Wise, 2004).
Environmental cues associated with reward produce the phasic
release of dopamine from midbrain neurons by causing them to
fire at high frequency, in bursts (Grace and Bunney, 1984b;
Schultz, 2002). However, these cells also exhibit baseline pace-
maker activity that contributes to tonic dopamine release (Grace
and Bunney, 1984a). The ability of dopamine neurons to signal
reward thus depends on their ability to increase extracellular do-
pamine more with burst firing than with pacemaking. Even
though the increased dopamine overflow with burst firing re-
flects saturation of the dopamine transporter (Benoit-Marand et
al., 2000), short-term synaptic depression due to synaptic vesicle
depletion (Dittman et al., 2000) would reduce the amount of dopa-
mine released by burst firing. Since most monoamines including
dopamine do not activate ionotropic receptors, however, we know
remarkably little about the properties of monoamine release.
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Electrochemical methods have been used to monitor dopa-
mine release directly (Michael and Wightman, 1999; Mosharov et
al., 2003). Voltammetric recording from striatal slices shows pro-
nounced paired-pulse depression (Kennedy et al., 1992; Abeliovich
etal., 2000), but release in vivo shows minimal depression despite
high-frequency stimulation (Garris et al., 1994; Dugast et al.,
1997; Benoit-Marand et al., 2001). However, electrochemistry
measures dopamine overflow rather than synaptic release, and
hence reflects diffusion and reuptake as well as the exocytosis (but
not the endocytosis) of synaptic vesicles.

Reporters based on GFP can directly interrogate multiple as-
pects of the synaptic vesicle cycle. Fused to the lumenal domain of
a synaptic vesicle membrane protein, the GFP variant supereclip-
tic pHluorin shows almost complete fluorescence quenching at
the low pH of synaptic vesicles. Its fluorescence thus increases
dramatically with exposure to the extracellular medium during
exocytosis, and decreases due to the rapid reacidification that
follows endocytosis (Miesenbdck et al., 1998; Sankaranarayanan
et al., 2000). pHluorin fusions also monitor the trafficking of
individual proteins, providing information complementary to
other methods that monitor changes in cell membrane (Rizzoli
and Betz, 2005).

Although synaptic vesicle proteins have generally been con-
sidered to recycle together, the analysis of pHluorin fusions has
shown that they can differ substantially. After exocytosis, synap-
tic vesicle proteins mix to varying degrees with protein on the cell
surface (Ferndndez-Alfonso et al., 2006; Voglmaier et al., 2006).
Endocytosis can also vary as a function of neural activity and
protein interactions (Ferguson et al., 2007). Indeed, a number of
studies have suggested multiple pathways for synaptic vesicle re-
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cycling, including control of the fusion pore without full collapse
into the plasma membrane (“kiss-and-run”) and bulk endocyto-
sis as well as clathrin-mediated endocytosis (Pyle et al., 2000;
Gandhi and Stevens, 2003; Holt et al., 2003; Jockusch et al., 2005;
Sara et al.,, 2005; Zhang et al., 2009). The electrochemical analysis
of dopamine release from neurons in culture has in fact suggested
the possibility of release by “kiss-and-run” (Staal et al., 2004), but
we still know remarkably little about the synaptic vesicle cycle in
monoamine neurons.

Materials and Methods

Molecular biology. The superecliptic pHluorin (a generous gift from J.
Rothman, Yale University, New Haven, CT) was inserted between Gly-113
and Gly-114 of rat VMAT2, surrounded by different 5" and 3’ linkers. The
sequences of the 5’ linkers are GSGGTGSTSGGSGGTGGSGGTGG
(long) and GSGGTGSTSGGSGGTGG (short), and the 3’ linkers SGGT-
GGSGGTGGSGGTGGSGGTG (long) and SGGTGGSGGTGGSGGTG
(short). The four pHluorin constructs were made with different combi-
nations oflinkers: 1, 5" long and 3" long; 2, 5 short and 3" short; 3, 5" long
and 3’ short; and 4 (VMAT2-pHluorin), 5" short and 3" long. To study
dispersion, EGFP was fused to the N terminus of VMAT?2 (Li etal., 2005)
and VGLUT1L. Colocalization of the two transporters was performed
using a single plasmid that contains GFP-VGLUT1 followed by the in-
ternal ribosome entry site pIRES2 (BD), and HA-VMAT2 (Tan et al.,
1998). cDNAs for transfecting COS-7 cells were subcloned into pcDNA3
(Invitrogen); and for transfecting neurons, into the pCAGGs vector that
contains a modified chicken actin promoter (a generous gift from J. L.
Rubenstein, University of California, San Francisco, San Francisco, CA).

Monoamine transport, tetrabenazine binding assays, and Western anal-
ysis. COS-7 cells were transfected by electroporation, extracts prepared,
and the uptake of *H-serotonin assayed in triplicate at 29°C using 80 ug
of protein, as previously described (Finn and Edwards, 1997). To assay
the binding of *H-dihydrotetrabenazine, 80 ug of protein was incubated
for 30 min at 29°C in 200 wl of 0.32 M sucrose/10 mm HEPES-KOH, pH
7.4 (SH buffer), and the reaction terminated by immediate dilution into
4 ml of cold SH buffer containing 125 um unlabeled tetrabenazine, fol-
lowed by filtration through 0.2 um HT 200 Tuffryn membranes (Pall).
The filters were then dried and the bound radioactivity measured by
scintillation counting in Cytoscint (ICN). Background binding for *H-
dihydrotetrabenazine (TBZ) assay was determined using the same reac-
tion solution with excess unlabeled tetrabenazine (100 um). Both the
transport activity and TBZ binding experiments were performed in trip-
licate with 2-3 different membrane preparations from 2-3 independent
transfections. For Western analysis, 10 ug of protein from the transfected
COS cell extracts was separated by electrophoresis through 10-20%
polyacrylamide, transferred to Immobilon PVDF membrane (Milli-
pore), and immunoblotted with a rabbit GFP antibody (Roche) followed
by a secondary anti-rabbit antibody conjugated to HRP (GE Healthcare)
and detected by enhanced chemiluminescence (Pierce Chemical).

Primary neuronal cultures. Hippocampal regions CA1-3 were dis-
sected from PO-P2 rats, dissociated in 0.25% trypsin, washed in HBSS
containing 10 mm HEPES and 20 mum glucose, triturated, and electropo-
rated by Nucleofection with 0.25-0.4 pg of DNA/2.5 X 10* cells (Amaxa
basic neuron SCN Nucleofector kit, Lonza Group). After transfection,
the cells were allowed to recover for 10 min, then plated in minimal
essential medium containing 21 mm glucose, 5% fetal bovine serum, 2%
B27, 1% GlutaMax, and Mito+ serum extender (BD Biosciences) at a
density of 700 cells/mm?* onto coverslips coated with poly-L-lysine. Cy-
tosine arabinoside at 3 um was added at 3-5 d in vitro (DIV) to inhibit
glial growth, and neurons were refed with the same media containing
cytosine arabinoside every 6 d.

Postnatal rat midbrain cultures were prepared from the ventral mes-
encephalon of PO—P2 rats as previously described (Rayport et al., 1992;
St-Gelais et al., 2004; Mani and Ryan, 2009), with several modifications.
Briefly, the ventral midbrain (substantia nigra and ventral tegmental
area) was digested in 20 U/ml papain (Worthington Biochemical) for 15
min at 35°C under humidified oxygen and mechanically dissociated, and
the resulting cells were electroporated with 1-1.7 ug of DNA/2-3 X 10°

Onoa et al. » The Recycling of Monoamine Synaptic Vesicles

cells. After recovery for 10 min, the neurons were plated onto an astrocyte
monolayer at a density of 1500-2000 cells/mm?>. Two hours later, 10
ng/ml glial-derived neurotrophic factor (Millipore), 6.7 pg/ml 5-FU
(Sigma-Aldrich), and 16.5 ug/ml uridine were added to promote dopa-
mine neuron survival and inhibit glia proliferation.

Immunocytochemistry. The dopaminergic identity of midbrain neu-
rons was always confirmed by post hoc staining for tyrosine hydroxylase
(TH). Transfected neurons grown for 12-25 DIV were fixed in PBS con-
taining 4% paraformaldehyde, permeabilized, blocked, and stained in
PBS containing 0.02% saponin, 1% fish gelatin, and 5% bovine serum
albumin. Each coverslip was double stained using a rabbit antibody to
TH and a chicken antibody to GFP (both Invitrogen), followed by a
donkey anti-rabbit antibody conjugated to Cy3 or anti-chicken antibody
conjugated to Cy2 (Jackson ImmunoResearch Laboratories).

To assess colocalization of the transfected transporters, both hip-
pocampal and midbrain neurons were transfected as above with a single
vector encoding both proteins, cultured for 15 DIV, fixed and permeabil-
ized as above, then immunostained using rat anti-HA 3F10 (Roche) and
chicken anti-GFP (Invitrogen). To restrict the comparison to presynap-
tic terminals, endogenous synaptophysin was also stained using a mouse
monoclonal antibody (Sigma-Aldrich). In midbrain cultures, we further
immunostained using rabbit anti-TH to ensure that the cells studied
were dopaminergic. The primary antibodies were detected with donkey
anti-rat conjugated to Cy3, anti-chicken conjugated to Cy2, and anti-
mouse conjugated to Cy5 for hippocampal neurons; and with donkey
anti-rat-Cy3, anti-chicken-Cy2, and anti-rabbit-Cy5 (Jackson Immu-
noResearch Laboratories) and goat anti-mouse-Alexa 405 (Invitrogen)
for midbrain neurons.

Confocal microscopy. For the analysis of transporter colocalization in
fixed cells, stained puncta and/or neurites were identified under epiflu-
orescence with a 100X/1.3 N.A. oil objective and then imaged by confo-
cal laser microscopy using the following laser lines: ~1.5 mW of the 488
nm Ar laser line for Cy2 (GFP-VGLUT1), ~520 uW of the 543 nm HeNe
laser line for Cy3 (HA-VMAT2), ~1 mW of the 633 nm HeNe line for
Cy5, and 93 mW of the 766 nm tunable Chameleon IR laser for Alexa 405.
Emitted light was collected using a 500—-550 bandpass filter, a 560 long-
pass filter, a 650—710 bandpass filter, and a 390—465 bandpass filter for
Cy2, Cy3, Cy5, and Alexa 405 respectively. The pinhole was set at a mean
field depth ~205 um for Cy2, Cy3, and Cy5 and its maximum of ~896
pm for Alexa 405. The light was detected with two photomultiplier tubes
at 8 bit sampling. The images are the mean of four continuous line scans
at each wavelength.

Live imaging. For the live-cell imaging, cultures between 14 and 25 DIV
were mounted in a laminar flow perfusion and stimulation chamber on
an inverted Nikon TE300 fluorescence microscope, and images collected
at 1 Hz under epifluorescence illumination using a xenon lamp with
ET470/40 nm excitation and ET525/50 nm emission bandpass filters,
with a 63X 1.2 N.A. water objective, and a CCD camera (Hamamatsu
ORCA ER) using 2 X 2 on-chip pixel binning. Action potentials (APs)
were evoked by passing 1 ms bipolar current pulses through platinum-—
iridium electrodes, to yield fields of 5-10 V/cm at 10 Hz. Except as oth-
erwise noted, cells were continuously perfused at room temperature
(24°C) in standard Tyrode’s solution (119 mm NaCl, 25 mm HEPES-
NaOH, pH 7.4, 2 mm CaCl,, 2 mm MgCl,, 2.5 mm KCl, and 30 mm
glucose) containing 10 uM 6-cyano-7-nitroquinoxaline-2,3-dione and
10 uM 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid. Buffer
containing NH,Cl, pH 7.4, solution was prepared by substituting 50 mm
NaCl; acidic solutions, pH 5.5, were prepared by replacing HEPES with
MES (pK, = 6.1), and all other components were unchanged. To mea-
sure exocytosis alone, cells were preincubated with Tyrode’s containing
0.6—1 uM bafilomycin Al (baf) (Calbiochem) for 1 min before stimula-
tion in the same solution. For the studies using FM4-64, the cultures were
incubated in Tyrode’s solution containing 15 um FM4-64 (Invitrogen),
loaded by stimulation at 10 Hz for 60 s, incubated in the same medium
for an additional 60 s to allow internalization, and after washing for
10-15 min in medium without FM4-64, destained by stimulation at 10
Hz for 60 s.

Data analysis and fitting. Fluorescence images were processed using
MetaMorph 7.6 (MDS Analytical Technologies) and data analyzed using
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Wolfram Mathematica 7.0. In live cells, all the varicosities visible in
NH,Cl were manually selected, the background subtracted, and the flu-
orescence intensity averaged over 4 X 4 pixel region of interest (ROI).
For colocalization in fixed cells, boutons were selected by circling the
perimeter of each fluorescent punctum and the integrated fluorescence
computed. The fractional change in average fluorescence intensity nor-
malized to the initial fluorescence (AF/F,) of each ROI was plotted as a
function of time, and when indicated in the text, renormalized to the
maximum fluorescence after stimulation, or the total fluorescence in
NH,CL The averaged traces represent the fluorescence change at synaptic
boutons collected from 5-7 coverslips in at least two independent
transfections.

Transporter surface fraction and lumenal pH were calculated from the
extent of quenching by Tyrode’s solution containing MES buffer at pH
5.5 and the extent of unquenching in Tyrode’s containing 50 mm NH,CI,
pH 7.4, as previously described (Mitchell and Ryan, 2004). The synaptic
vesicle recycling fraction was calculated as the ratio of the steady-state
AF/F, reached after 600 APs in the presence of baf to AF/F, in NH,CL
The recycling fraction was binned in 0.1 intervals to plot the cumulative
distribution.

Poststimulation endocytosis time constants were determined by fit-
ting the poststimulus fluorescence decay in the absence of baf to a first-
order process: F, = B + ¢ "/"(A — B), where F, = fluorescence at any
given time t, B = steady-state fluorescence after recovery, A = surface
fluorescence at the end of the stimulus and before recovery, and a =
Tendo» the time constant for poststimulus endocytosis. All traces that did
not fit this model of exponential decay were eliminated from further
analysis. The distribution of poststimulus 7., 4, values fits well the sum of
two Gaussians:

o (a—ndl20] o (a—nd)20;

N N W

where A, and A, are the areas under the curves. The goodness of the fit
was verified by calculating the adjusted coefficient of determination
Rf;djusted. The full width at half maximum (FWHM) was determined as
FWHM = 2V 2In20.

To calculate the rate of exocytosis during stimulation, we used a linear
fit of the first 45 s of stimulation at 10 Hz in the presence of baf. Endo-
cytosis traces during stimulation were obtained by subtracting the traces
of the first 45 s in the absence of baf from those of the same cells in the
presence of baf. When the resulting trace showed an initial delay followed
by a linear increase, the endocytosis rate was determined by fitting the
linear part of the response.

From time-lapse experiments using GFP-tagged transporters, the ex-
tent of dispersion (D) was determined by averaging five AF/F, values
including the point at the end of the stimulus plus two points on each
side. The dispersion amplitude (D) distribution was binned in 0.05 in-
tervals. The magnitude of reclustering (R) was determined by averaging
the last 30 values of AF/F, in the plateau eventually reached. The fraction
reclustered (F,) was calculated as F, = (R — D)/D. The F, distribution was
binned in 0.1 intervals. The kinetic analysis of reclustering was restricted
to those boutons where the recovery of fluorescence AF/F,, upon stimu-
lation fit a first-order model F, = A — B(1 — e /%), where F, = fluores-
cence atany given time ¢, A = fluorescence at the end of the stimulus and
before recovery, B = the difference from A of the steady-state fluores-
cence after reclustering, and b = T, usereq> the time constant for post-
stimulus reclustering.

The analysis of GFP-VGLUT1 and HA-VMAT?2 colocalization was
limited to puncta whose integrated fluorescence intensity equaled or
exceeded 1000 U after background subtraction. To quantify the colocal-
ization per synapse, a colocalization index () was defined. This index
relates the normalized intensities of the two fluorophores A and B as
follows: y= (B— A)/(B+ A)withAand B=A'/T, and B'/ Ty, where T,
and T, = sum of ROI fluorescence intensity for the two fluorophores and
A" and B' = ROl intensities of each fluorophore. Thus, for y = 0.0, the
intensity ratio of both fluorophores is the same and they are completely
colocalized; when 1 is negative, fluorophore A is more abundant; and
when v is positive, fluorophore B predominates. The colocalization in-

P(a) = A,

+ A,
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dex distribution was binned in 0.2 intervals. Colocalization was also
characterized as the fluorescence intensity ratio B'/A’.

Statistical analysis. Two types of statistical test were performed: one to
determine whether, for a given transporter, the data from different cov-
erslips can be pooled; and the other to determine whether the observed
differences in behavior of the two transporters are statistically significant.

For the first type of test, the null hypothesis is that, for a given trans-
porter, measurements on different boutons are independent and identi-
cally distributed. Under this null hypothesis, there is no effect related to
coverslip, and the data from different coverslips can be pooled. To test
this possibility, we used a randomization test based on the F-statistic
(Hooton, 1991; Mewhort, 2005). For each transporter (and each culture
type), we calculated the standard F-statistic from the measurement of
individual boutons grouped by coverslip, and denote this F,. The bou-
tons were then randomly permuted among coverslips and a new
F-statistic, F¥, was calculated; this was repeated 100,000 times. The esti-
mated p value is the fraction of F* values greater than or equal to F,. The
majority of p values were much <0.05, indicating that, in general, mea-
surements from boutons on the same coverslip are not independent. We
have therefore treated coverslips as the independent units of observation.

For the second type of test, the null hypothesis is that there is no
difference in the distribution of measurements between coverslips ex-
pressing VMAT2- and VGLUT1-pHluorin. To test this null hypothesis,
we first determined the median for each coverslip, then performed a
permutation test on these medians, comparing VMAT2 to VGLUT1
(Hooton, 1991). In particular, for each transporter the mean of the me-
dians was calculated; the test statistic was the absolute value of the differ-
ence of these two means:

Ty = Abs[(1/nypar2) s med(CVYMATZ) = (Unygrur) 2 med(CV}/GLUTI)L
(2)

where 1y a1, and 1y gy are the number of coverslips for each trans-
porter, cvy™MAT2 is the ith VMAT?2 coverslip, and cv; “*UT! is the ith
VGLUTI coverslip. Next, we calculated 100,000 values of T* by ran-
domly permuting the transporter labels and recalculating the test statis-
tic. The estimated p value is the fraction of T* values greater than or equal
to T,. Note that because we look at the absolute value of the difference,
the test is “two sided.” Each estimated p value is reported in both the
corresponding results section and figure legend. The means reported in
the text correspond to those obtained from Equation 2.

Results

Localization of VMAT2 and VGLUT1 in transfected
hippocampal and midbrain neurons

Previous work has shown that both dopamine and serotonin neu-
rons form glutamate synapses in culture (Johnson, 1994; Sulzer et
al., 1998). The analysis of slice preparations has supported the
corelease of glutamate by dopamine and serotonin neurons in
vivo (Chuhma et al., 2004; Varga et al., 2009). Dopamine and
serotonin neurons also appear to express low levels of vesicular
glutamate transporter (VGLUT) mRNA in vivo as well as in vitro
(Fremeau et al., 2002; Gras et al., 2002; Schifer et al., 2002; Dal Bo
et al., 2004; Mendez et al., 2008), although nondopamine mid-
brain neurons do as well (Yamaguchi et al., 2007). More recently,
we have found that the synaptic vesicles of dopaminergic projec-
tions to the ventral striatum store glutamate as well as dopamine,
and glutamate indeed promotes vesicle filling with dopamine
(Hnasko et al., 2010). However, the extent of corelease has re-
mained unclear, and previous work has even suggested the release
of dopamine and glutamate from distinct processes (Hattori et
al., 1991; Sulzer et al., 1998). We therefore compared the subcel-
lular distribution of neuronal vesicular monoamine transporter
VMAT?2 with that of VGLUT1 as a representative member of the
VGLUT family that has already been characterized (Voglmaier et
al., 2006; Balaji and Ryan, 2007).
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To study the properties of VMAT?2, we A
used postnatal cultures from the midbrain
(Rayportetal., 1992). Although these cul-
tures contain predominantly dopamine
neurons, we immunostained them post
hoc for the biosynthetic enzyme tyrosine
hydroxylase to confirm the identity of im-
aged neurons. To determine whether any
differences in behavior from VGLUT1 re-
flect differences in the transporter studied
or the cellular environment in which it is
expressed, we used postnatal hippocam-
pal cultures, which contain predomi-
nantly glutamate neurons. In addition, to
ensure expression of both transporters in
the same cell, we produced a single con-
struct that encodes a fusion of GFP to the
N terminus of VGLUT], followed by HA-
tagged VMAT2 under the independent
translational control of an internal ribo-
some entry site (IRES). Since VMAT2
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generally expresses at higher levels than B hippocampus C midbrain DA
VGLUT1, we attempted to equalize ex- 0.30 1 VMAT2 020 I VMAT2
pression of the two proteins by inserting & ] \b,thﬁun 2 ] \égtll-"Uﬂ
VMAT?2 downstream of the IRES, which % 020 ° % 0.15
usually reduces expression. Q" g
After transfection into postnatal cul- g 8010
tures of dissociated hippocampal neurons 0.10 005
(Voglmaier et al., 2006), we observed a
high degree of colocalization for VMAT?2 0.00 e mwm_ 0,00
and VGLUT1 at presynaptic sites identi- o ™ colocalization index " o " colocalization index b
fied by immunoreactivity for endogenous
synaptophysin (Lietal., 2005) (Fig. 1A). A Figure 1. VMAT2 and VGLUTT localize to the same terminals in hippocampal neurons but differently in midbrain dopamine

histogram of the colocalization index (de-
scribed in Materials and Methods) shows
a single peak, with no suggestion of dis-
tinct populations for VMAT2 or VGLUT1
alone (Fig. 1B).

In midbrain dopamine neurons, we
find that VMAT2 and VGLUT1 usually
but not always colocalize at presynaptic
sites (Fig. 1 A). In contrast to hippocampal
cultures, midbrain dopamine neurons ex-

neurons. A, Representative fluorescence images of midbrain neurons transfected with a bicistronic plasmid encoding both GFP-
VGLUT1 and HA-VMAT2. GFP-VGLUT1 was stained for GFP using a secondary antibody conjugated to Cy2 (shown in green), and
HA-VMAT2 for HA with secondary conjugated to Cy3 (red). To identify presynaptic sites, endogenous synaptophysin (syp) was
labeled using an Alexa 405 secondary antibody (blue). To identify dopamine neurons, the cultures were stained for TH using a
secondary antibody conjugated to Cy5 (brown). Arrowheads indicate colocalization of VGLUT1and VMAT2at syp *, TH * sites, and
thearrow indicates VMAT2 without VGLUT1. Scale bar, 5 m. B, The extent of VGLUT1 and VMAT2 colocalization was quantified at
presynaptic terminals of hippocampal neurons triple stained for endogenous synaptophysin and introduced VGLUT1 (green) and
VMAT?2 (red). The colocalization index and distribution of intensity ratios indicate that ~64% of hippocampal terminals show
>90% colocalization, and <<2% do not colocalize (red or green bars). C, In midbrain dopamine neurons, the distribution of
colocalization index indicates that 37% of terminals show >>90% colocalization and ~27% do not colocalize (382— 434 boutons,
3—4 coverslips, and 1-2 transfections per condition).

hibit distinct populations of boutons ex-

pressing either VMAT?2 alone or VGLUT1 alone, in addition to a
large number of boutons where they colocalize (Fig. 1C). Mid-
brain dopamine neurons thus appear capable of segregating
VMAT2 and VGLUT! to distinct synaptic boutons.

Development of an optical reporter to study the recycling

of VMAT2

To assess the recycling of VMAT?2 at the nerve terminal in live
cells, we developed an optical reporter for VMAT?2. Since the N
and C termini of VMAT?2 are located in the cytoplasm, the ecliptic
pHIuorin was inserted into the first lumenal loop (Fig. 2A) using
several linkers in multiple combinations (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material). Of
four constructs produced, only three bound to the inhibitor tet-
rabenazine and transported *H-serotonin, and of these, one
could not be recognized by an antibody to GFP, suggesting de-
fective folding of the pHluorin (Fig. 2 B, C; supplemental Fig. S1,
available at www.jneurosci.org as supplemental material). Since
it showed the higher transport activity, we chose one of the two

remaining constructs (#4 in supplemental Fig. S1, available at
www.jneurosci.org as supplemental material) for all subsequent
experiments. Transfected into primary hippocampal neurons,
this VMAT2-pHluorin does not affect the uptake or destaining of
styryl dye FM4-64 relative to untransfected cells in the same cul-
ture (Fig. 2D), suggesting that its expression does not interfere
with the exocytosis or recycling of synaptic vesicles.

Expressed in hippocampal neurons, VMAT2-pHluorin ex-
hibits many properties similar to VGLUT1. Like VGLUTI
(Voglmaier et al., 2006), VMAT2 shows little baseline fluores-
cence in physiological solution (Fig. 2 E-G). Consistent with low
cell surface expression, reducing external pH to 5.5 with the
buffer MES quenches the fluorescence only slightly. Field stimu-
lation at 10 Hz for 60 s causes a large, graded increase in fluores-
cence, strongly suggesting expression of VMAT2-pHluorin on
synaptic vesicles (Fig. 2 E, F). Indeed, the extent of stimulation for
VMAT?2 appears similar to VGLUT1. In addition, alkalinization
of intracellular compartments with NH,Cl reveals higher levels of
VMAT? expression than VGLUT1 (Fig. 2 E, F) despite using the
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Figure 2.  Development of a pHluorin-based reporter for VMAT2. 4, The superecliptic pHluorin was inserted into the first
lumenal loop of VMAT2 using a combination of different linkers (supplemental Fig. 1A, available at www.jneurosci.org as supple-
mental material). The resulting cDNAs were transfected into COS cells and the extracts tested for expression by Western analysis, for
binding to the noncompetitive inhibitor TBZ, and for the uptake of *H-serotonin. One of the two constructs that met these criteria
(VMAT2-pHluorin) was then compared directly to a fusion of GFP to the N terminus of VMAT2 (GFP-VMAT2) in terms of TBZ binding
(B) and serotonin uptake (C). D, Transfected into primary hippocampal culture, VMAT2-pHluorin does not affect the destaining of
preloaded FM4-64 by 10 Hz stimulation for 60 s. E, Hippocampal neurons transfected with either VGLUT1- or VMAT2-pHluorin were
imaged at baseline (rest), upon acid quenching in MES buffer, pH 5.5 for 20, at the end of stimulation with 600 action potentials
(600 AP), and upon total alkalinization for 20 s in 50 mm NH,Cl, pH7.4. F, Bouton fluorescence in hippocampal neurons transfected
with VMAT2 (n = 12 coverslips from 3 cultures containing a total of 418 boutons) or VGLUTT (n = 8 coverslips from 3 cultures
containing 194 boutons) shows very low surface expression of the two transporters, but substantially higher total expression of
VMAT2 than VGLUTY after alkalinization with NH,Cl. G, The surface and total expression of VGLUT1 (n = 6 coverslips from 4
cultures containing a total of 253 boutons) and VMAT2 (n = 8 coverslips for 3 cultures containing 274 boutons) exhibited similar
behavior in transfected midbrain dopamine neurons. Light traces in F and G indicate the coverslip means, and dark traces the
means of the light traces.
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rons). In addition, the average pH of vesicles
expressing VGLUT1 (~5.8) does not differ
significantly from those expressing VMAT2,
in both cell populations ( p = 0.5 for hip-
pocampal and dopamine neurons).

To determine whether the properties
observed might reflect excessive expres-
sion of the transporters and spillover onto
compartments such as the plasma mem-
brane where they would not normally re-
side, we examined cell surface expression
as a function of total transport protein.
Supplemental Figure S2 (available at
www.jneurosci.org as supplemental ma-
terial) shows very little correlation be-
tween total expression and cell surface
fraction in both hippocampal and mid-
brain dopamine neurons, arguing against
excessive expression.

Accelerated endocytosis of VMAT2
during stimulation in midbrain
dopamine neurons

After stimulation, the decline in fluores-
cence of pHluorin-based reporters reflects
the acidification that rapidly follows en-
docytosis (Sankaranarayanan and Ryan,
2000). Figure 3, A and D, shows that the
poststimulus fluorescence decay or endo-
cytosis (time constant, 7, from first-order
fitting kinetics) of VMAT2-pHluorin is
substantially slower than that of VGLUT1-
pHluorin both in hippocampal neurons
(p = 0.01) and in midbrain dopamine
neurons (p = 0.06; the null hypothesis
was rejected, although the value is slightly
higher than the conventional 5% signifi-
cance level). In addition, a histogram of
the time constants for poststimulus endo-
cytosis can be fitted by a bimodal distribu-
tion for both VGLUT1 and VMAT?2 (Fig.
3B, E, Table 1), which may reflect expres-
sion of the reporters by different neuronal
populations within these cultures. Sur-
prisingly, the endocytosis of VMAT2-
pHluorin generally appears slower in
dopamine than hippocampal neurons.
Although the first VMAT?2 peak (P1) nar-
rows and becomes faster, the second peak
(P2) broadens and becomes slower. Since
a larger fraction of puncta expressing

same amount of cDNA for transfection, and all these properties
of VMAT2-pHluorin were also observed in midbrain dopamine
neurons (Fig. 2G). Further, in all of these experiments, the relative
amounts of VMAT2- and VGLUT1-pHluorin expression were very
similar in dopamine and hippocampal neurons.

The extent of fluorescence quenching in pH 5.5 and of alka-
linization in NH,Cl can be used to calculate the surface fraction
of VMAT2-pHluorin and the pH of intracellular membranes
where it resides (Mitchell and Ryan, 2004). The VMAT? surface
fraction (range 2.6-3.6%) is similar to that of VGLUT1 (range
1.2-1.5%) in both hippocampal and midbrain dopamine neu-
rons ( p = 0.1 for hippocampal and p = 0.6 for dopamine neu-

VMAT2-pHluorin did not fit our model even with slower kinet-
ics, and were eliminated from consideration (~15% of boutons),
the analysis may underestimate the difference between VMAT2
and VGLUT1.

To examine the endocytosis that occurs during stimulation,
we evoked release in the presence and absence of the H " pump
inhibitor bafilomycin. Bafilomycin blocks the fluorescence
quenching that follows endocytosis, revealing only exocytosis.
Subtraction from this value of the fluorescence increase ob-
served in the absence of bafilomycin can thus be used to de-
termine endocytosis during the stimulus (Sankaranarayanan
and Ryan, 2001). In hippocampal neurons during stimulation,
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Figure 3.  The kinetics of endocytosis differ between VMAT2 and VGLUT1 in both hippocampal and midbrain dopamine neurons. A, Time course of VGLUT1-pHIuorin and VMAT2-

pHluorin fluorescence changes produced by 10 Hz stimulation for 60 s in hippocampal neurons, normalized to the maximum fluorescence. Fitting the fluorescence decay to a single
exponential, the mean poststimulus 7,4, in terminals expressing VMAT2 is larger than in those expressing VGLUT1 ( p = 0.015; n = 5—6 coverslips from 3 cultures containing a total
of 218 -353 boutons). B, A histogram of poststimulus 7,4, shows a bimodal distribution for both transfected reporters that is well fitted by the sum of two Gaussians (Rgdjmed >0.92
for both fittings), and indicates that the poststimulus endocytosis of VGLUT1 is faster and more tightly distributed than that of VMAT2 in hippocampal neurons. ¢, The kinetics of
exocytosis and endocytosis during stimulation were determined in the presence and absence of bafilomycin A1 (baf) for both VGLUT1 and VMAT2 reporters. Although VMAT2 is more
highly expressed, the exocytosis of VGLUT1 is faster ( p = 0.015; n = 4 -6 coverslips from 2 cultures containing a total of 81—-99 boutons). Despite a lag of 15-20 s, the endocytosis of
VGLUT1 is also faster than VMAT2 ( p = 0.003). D, The normalized response of VGLUT1 and VMAT2 to stimulation of transfected midbrain dopamine neurons resembles that observed in
hippocampal neurons (4), with faster endocytosis of VGLUT1 ( p = 0.06 the null hypothesis was rejected; n = 7 coverslips from 3—4 cultures containing a total of 207-269 boutons).
E, In midbrain dopamine neurons, the distribution of poststimulus 7,4, shows that the endocytosis of VGLUT1 is faster than that of VMAT2. As in hippocampal neurons, 7,4, exhibits
ahbimodal distribution (Ii’ﬁdjusted > 0.94for both fittings). F, During stimulation, VMAT2 in midbrain dopamine neurons (n = 3 coverslips containing 152 boutons from 2 cultures) exhibits
more rapid endocytosis than VGLUT1 (n = 5 coverslips containing 134 boutons from 2 cultures) ( p = 0.05), in contrast to the results in hippocampal neurons. Further, the initial lag in
endocytosis observed in hippocampal neurons does not occur in midbrain neurons. Light traces in A and D indicate coverslip means, and dark traces the mean of light traces. In Cand F,

each trace indicates the mean of coverslip means, with coverslip means omitted for clarity.

Table 1. Time constants for endocytosis of VGLUT1- and VMAT2-pHluorin after stimulation in hippocampal and midbrain dopamine neurons

Hippocampal neurons Midbrain neurons

VGLUTI VMAT2 VGLUTI VMAT2

P1 ) P1 ) P1 ) P1 )
Tondo (5) 384 743 65.7 125.1 379 63.8 58.5 1412
FWHM 2838 419 520 54.1 2.0 545 442 168.7
Area 12 6.1 134 56 55 49 89 109
Mean ., (s)° 5237 813 50.2 1008

P1, Peak1; P2, peak 2; mean 7,4, values are the means of the total number; “Means were calculated as indicated in the Materials and Methods.

VGLUT1 again displays higher rates of endocytosis (0.06 s ")
than VMAT2 (0.01 s~') (p = 0.003) (Fig. 3C). Despite an
initial 15-20 s delay, the endocytosis of VGLUT1 was almost
able to compensate for exocytosis (rate.,q, = 0.72rate.,). In
monoamine neurons, however, the endocytosis of VMAT?2
(0.10 s~') is faster than that of VGLUTI (0.032s™") (p =
0.05) (Fig. 3F), and the delay before endocytosis eliminated
only for VMAT?2. The recycling of VMAT2 and hence synaptic
vesicles that can store monoamines is thus controlled by a
combination of cell-specific trafficking machinery, VMAT?2,
and activity.

Differential targeting of VMAT2 and VGLUT!1 to the synaptic
vesicle recycling pool

We also used VMAT2-pHIuorin to assess the exocytosis evoked
by repeated stimulation. Despite the higher level of VMAT2-
pHluorin expressed (Fig. 2 F, G), the initial rate of exocytosis is
faster for VGLUT1 (0.09 s ') than VMAT?2 (0.04 s ') in hip-
pocampal neurons ( p = 0.01), but faster for VMAT2 (0.17 s ")
than VGLUT1 (0.06 s ~") in dopamine neurons ( p = 0.02) (Fig.
3C,F), indicating both transporter- and cell-specific determi-
nants of release. The total fluorescence increase (AF) produced
by stimulation is also very similar for both reporters (supplemen-
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Figure 4. A smaller proportion of VMAT2 undergoes stimulated exocytosis than VGLUT1. 4, Time course of fluorescence changes for hippocampal neurons transfected with VGLUT1

(n = 4 coverslips containing a total of 92 boutons from 2 cultures) or VMAT2-pHIuorin cDNAs (n = 6 coverslips containing 125 boutons from 2 cultures) and stimulated at 10 Hz for 60 s
in the presence of bafilomycin, normalized to total fluorescence in NH,CI. A substantially smaller fraction of VMAT2 undergoes exocytosis in response to stimulation than VGLUT1 ( p =
0.005). B, Cumulative probability distribution of the recycling fraction (ratio of maximal fluorescence at the end of stimulation to total fluorescence in NH,Cl). A cumulative probability
of 50% corresponds to a recycling fraction of 0.46 in the case of VGLUT1 and 0.30 in the case of VMAT2 (green dotted lines). C, The recycling fraction determined does not correlate with
the expression of reporter (revealed in NH,Cl). D, The analysis of midbrain dopamine neurons transfected with VGLUT1 (n = 4 coverslips containing 134 boutons from 2 cultures) or
VMAT2 (n = 5 coverslips containing 226 boutons from 2 cultures) also shows a smaller recycling pool size for VYMAT2 ( p = 0.008), similar to hippocampal neurons. E, A cumulative
probability of 50% corresponds to a recycling fraction of 0.33 for VGLUT1 and 0.22 for VMAT2. F, The recycling fraction does not correlate with reporter expression in midbrain dopamine
neurons. In A and D, light traces indicate coverslip means and dark traces the means of the light traces.

tal Fig. S3, available at www.jneurosci.org as supplemental mate-
rial). Considering the differences in protein expression, VMAT2
and VGLUT1 must therefore differ in their targeting to synaptic
vesicles capable of evoked release, i.e., the recycling pool capable
of regulated exocytosis, as opposed to resting or reserve pool
vesicles that are not available (Rizzoli and Betz, 2005; Fernandez-
Alfonso and Ryan, 2008).

To assess the proportion of each transporter on recycling pool
vesicles, we used prolonged stimulation in the presence of bafilo-
mycin. Stimulation at 10 Hz for 60 s is generally considered suf-
ficient to release most of the vesicles in the recycling pool
(Fernandez-Alfonso and Ryan, 2008), and, consistent with this,
we find that the fluorescence begins to plateau toward the end of
the stimulus (Fig. 4A, D). Importantly, the difference in extent of
exocytosis between VMAT2 and VGLUTI persists even after
stimulation with 1200 action potentials (supplemental Fig. S4,
available at www.jneurosci.org as supplemental material). Nor-
malization of the fluorescence produced by stimulation in the
presence of bafilomycin to the fluorescence observed in NH,CI
can then be used to determine the proportion of pHluorin-tagged
protein that resides in the recycling pool (recycling fraction). In
hippocampal neurons, a substantially smaller proportion of
VMAT?2 (0.3) than VGLUT1 (0.47) is available for evoked release
(p = 0.005), and the same holds true for midbrain dopamine
neurons ( p = 0.008) with a recycling fraction of 0.23 for VMAT2
and 0.3 for VGLUT]1 (Fig. 4A, D). To eliminate any bias against

boutons that do not respond to stimulation, we cotransfected
cherry-synaptophysin, and selected boutons for analysis based
solely on the expression of that reporter. The data acquired with
cotransfection of cherry-synaptophysin showed no difference
from those obtained without, and the results were therefore
pooled. However, we did observe a substantial number of bou-
tons with essentially no evoked exocytosis of VMAT2. A cumu-
lative frequency histogram confirms this observation and shows
that, in both cell populations, at least 50% more VGLUTI is
available for regulated release than VMAT?2 (Fig. 4B, E). It is also
important to note that the size of the recycling fraction does not
correlate with the amount of reporter expressed (Fig. 4C,F), in-
dicating that the differences observed do not reflect saturation of
the sorting machinery.

In contrast to differences in endocytosis, differences in the
extent of exocytosis can be used to infer expression on distinct
populations of synaptic vesicles. The endocytosis of a membrane
protein such as VMAT2 or VGLUT]1 is a function of both the
specific endocytic pathway used and the rate at which the protein
targets to that pathway, so differences in the rate of endocytosis
may only reflect differences in the rate of targeting to the same
endocytic pathway. However, exposure of one protein at the cell
surface without exposure of another means that they must reside
on different membranes. The differences in extent of exocytosis
thus indicate that a larger proportion of VMAT?2 than VGLUTI
resides on the reserve pool of synaptic vesicles.
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VGLUT1 and VMAT?2 differ in their
activity-dependent dispersion

and reclustering

In the course of these experiments, we
observed substantially more long-range
axonal movement of VMAT2" than
VGLUT1 " membranes, even in the ab-
sence of stimulation. Although this mo-
bility reflects anterograde and retrograde
movement of discrete axonal transport
vesicles where the pHluorin remains un-
quenched, it suggests that the two pro-
teins may also differ in their dispersion
and reclustering after evoked release, dif-
ferences that could account for the ob-
served differences in endocytosis and
recycling pool size. Both peripheral and
integral membrane proteins of the synap-
tic vesicle generally move into the axonal
plasma membrane with stimulation, then
recluster after endocytosis (Chi et al.,
2001; Li and Murthy, 2001; Fortin et al.,
2005). This graded dispersion and reclus-
tering differ from the directed movement
of individual puncta along the axon ob-
served even in the absence of stimulation,
butimaging of the pHluorin reporters had
also suggested greater activity-dependent
movement of VMAT? into the axon than
VGLUT]1 (Fig. 2E). Since the N terminus
of both transporters resides in the cyto-
plasm, and is therefore insensitive to
changes in lumenal pH that occur with
exocytosis and endocytosis, we used
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Figure 5. VMAT2 exhibits more stimulus-induced dispersion than VGLUT1. A, Time course of fluorescence changes for GFP-

VGLUT1 (n = 5 coverslips containing 141 boutons from 2 cultures) and GFP-VMAT2 (n = 5 coverslips containing 138 boutons from
2 cultures) at the boutons of transfected hippocampal neurons stimulated at 10 Hz for 60 s. Light traces indicate coverslip means,
and dark traces the means of those light traces. At boutons, the fluorescence of GFP-VMAT2 shows a larger decrement with
stimulation than that of VGLUT1 ( p = 0.02), and appears to recover more slowly, indicating greater dispersion and less reclus-
tering. B, A histogram of the extent of fluorescence decrease at boutons (dispersion amplitude) shows that VMAT2 indeed shows
greater dispersion than VGLUT1. ¢, A histogram of the extent of fluorescence recovery after stimulation shows that a larger
percentage of VMAT2 boutons do not show any evidence of reclustering over this time interval. Inset shows sample traces (in blue)
from selected boutons. D, The kinetics of reclustering was calculated by fitting to a single exponential function the traces that show
fluorescence recovery after stimulation. Excluding boutons where the fluorescence does not recover, an average time course was
plotted for those where recovery occurs (46% of boutons for VGLUT1 and 25% for VMAT2). Although the extent of reclustering in
these traces is now very similar, the kinetics are not ( p = 0.01).

N-terminal GFP fusions to quantify the

extent of dispersion and reclustering. Figure 5A shows that
VMAT?2 undergoes a larger decline in fluorescence over the bou-
ton (mean amplitude —0.31) and hence greater dispersion into
the axon than VGLUT1 (—0.44; p = 0.02), even though the
pHluorin reporters had indicated similar amounts of exocytosis.
A histogram of the dispersion amplitudes confirms that this dif-
ference involves the full range of boutons, not simply a subset
(Fig. 5B).

We also examined the rate and extent of fluorescence recovery
at the bouton after stimulation. Only a minority of boutons ex-
hibit full recovery in the time frame of these experiments (5 min),
but Figure 5C shows that VGLUT1 fluorescence returns to at least
some extent at most sites (average fraction reclustered = 0.4). In
contrast, VMAT2 shows no recovery at almost half of the bou-
tons. Further, after excluding those sites where the return of
fluorescence does not exhibit first-order kinetics (75% of VMAT2 *
and 54% of VGLUT1 " boutons), we find that VMAT? recovers more
slowly than VGLUT1 at the remaining boutons ( p = 0.01) (Fig. 5D).
VMAT?2 thus differs from VGLUT1 in both the extent of dispersion
during and rate of recovery after stimulation.

Discussion

The results show that VMAT?2 colocalizes with VGLUT1 at a large
proportion of the boutons formed by hippocampal and midbrain
dopamine neurons, consistent with recent work indicating a role
for glutamate in vesicle filling with dopamine (Hnasko et al.,
2010). However, in contrast to hippocampal neurons, where
VMAT?2 colocalizes with VGLUT1 at essentially all boutons,

VMAT?2 segregates from VGLUT1 in a substantial proportion
(~27%) of the boutons made by dopamine neurons. The fre-
quency of VMAT2 */VGLUT1 ~ boutons (~20%) exceeds that
of VMAT2 /VGLUT1 ™" (~7%), suggesting that some of the
former might represent somatodendritic sites. In that case, how-
ever, we might have expected a similar phenomenon in hip-
pocampal neurons, which showed no segregation of the two
transporters. Midbrain dopamine neurons may thus have the
capacity for dopamine and glutamate release from distinct sites,
in addition to corelease from the same vesicles. Indeed, this seg-
regation is consistent with previous work in vivo suggesting that
dopamine neurons form two distinct types of synapse, one en
passant that presumably releases dopamine and the other an
asymmetric synapse characteristic of glutamatergic transmission
(Hattori et al., 1991).

To visualize the exocytosis and endocytosis of VMAT? at in-
dividual boutons, we constructed VMAT2-pHluorin, which re-
tains both drug binding and transport activity, and does not
appear to perturb the cycling of synaptic vesicles as examined
using the styryl dye FM4-64. Similar to VGLUT1-pHluorin,
VMAT?2-pHluorin exhibits a very small surface fraction at base-
line, conferring a high ratio of signal to noise on stimulation. The
vesicular pH in both types of neurons seems not to be affected by
the presence of either transporter as previously reported for syn-
aptopHluorin (Mani and Ryan, 2009).

Using VMAT2-pHluorin to characterize the synaptic vesicle
cycle, we find that after stimulation, VMAT?2 undergoes endocy-
tosis more slowly than VGLUT1. This difference between the two
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transporters occurs in both hippocampal and midbrain dopa-
mine neurons, indicating that it reflects the properties of the two
proteins rather than the cells in which they are expressed. The
distribution of time constants for poststimulus endocytosis fur-
ther indicates two distinct types of synapse, perhaps due to ex-
pression of the reporters by distinct neuronal populations
(GABAergic as well as glutamatergic and dopaminergic) within
each of the culture systems. However, none of the endocytic time
constants determined (38—140 s) are consistent with the rapid
recycling (<1 s) observed for “kiss-and-run” (Pyle et al., 2000;
Gandhi and Stevens, 2003; Zhang et al., 2009), and may therefore
correspond to bulk as well as clathrin-dependent endocytosis
(Sun et al., 2002; Jockusch et al., 2005; Granseth et al., 2006; Xu et
al., 2008).

In contrast to poststimulus endocytosis of both transporters,
endocytosis of VMAT?2 during the stimulus shows differences
between hippocampal and midbrain dopamine neurons. During
stimulation, the endocytosis of VMAT?2 is faster in dopamine
than glutamate neurons, whereas the endocytosis of VGLUT1
appears faster in hippocampal neurons. The VMAT?2 reporter is
in fact more highly expressed than VGLUT1-pHluorin, but the
difference in expression appears similar in both cell populations,
and thus cannot account for the observed cell-specific differences
in internalization of VMAT2. Consistent with more efficient re-
cycling, midbrain dopamine neurons use less of their recycling
pool during high-frequency stimulation (Mani and Ryan, 2009),
and the mechanism may involve either the acceleration of a pre-
existing endocytic pathway or the activation of a distinct pathway
with faster kinetics.

The analysis of recycling pool size supports the differential
targeting of VMAT2 and VGLUT1. In hippocampal neurons,
the proportion of multiple synaptic vesicle proteins in the
recycling pool approaches ~50%, and it has not previously
been possible to identify factors that regulate the size of this
pool (Fernandez-Alfonso and Ryan, 2008). In contrast, we
now find that the proportion of VMAT?2 in the recycling pool
is substantially lower than that of VGLUT1, and this does not
reflect increased expression of the VMAT?2 reporter. Although
the similar response to stimulation suggests that many synap-
tic vesicles contain both transporters, the ability to evoke re-
lease of more VGLUT1 than VMAT? indicates that a larger
proportion of VGLUT1 resides on the recycling pool, and
conversely, that a larger proportion of VMAT?2 resides on the
reserve pool of vesicles, which does not respond in the same
way to stimulation.

Recent work using FM dyes has shown that dopamine neu-
rons have a smaller recycling pool size (and hence lower proba-
bility of release) than hippocampal neurons (Daniel et al., 2009).
However, FM dyes label the membrane of all recycled synaptic
vesicles, not simply those that express VMAT2 or VGLUT1. Since
a larger proportion of VGLUTT1 resides in the recycling pool, we
might expect VGLUT1 to exhibit a smaller recycling pool size in
dopamine neurons, and Figure 4, B and E, supports this possibil-
ity. On the other hand, VMAT?2 recycling pool size shows little
difference between the two populations. Further, the difference
between VMAT2 and VGLUT1 expressed in the same neuronal
population indicates that these differences in recycling pool size
reflect differences in the transporter, as well as the cell type.
Although the time constant of FM dye destaining does not
appear to differ between dopamine and hippocampal neurons
(Daniel et al., 2009), we also find differences in the relative
rates of evoked exocytosis for VMAT2 and VGLUT1, with
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VGLUT1 faster in hippocampal neurons, and VMAT?2 faster in
dopamine neurons.

Differences in recycling pool size might reflect expression of
the two transporters at different synapses, or on different synaptic
vesicles at the same synapse. In dopamine neurons, VMAT?2 and
VGLUT1 generally localize at the same boutons, but VMAT2
(and to alesser extent VGLUT1) can appear alone even when the
IRES construct ensures expression of both transporters, consis-
tent with the observation of asymmetric synapses made by dopa-
mine neurons in vivo (Hattori et al., 1991). However, VMAT2
and VGLUT1 colocalize entirely at the boutons of hippocampal
neurons, where the difference in recycling pool size is even more
substantial than in dopamine neurons, indicating that the differ-
ences in behavior must reflect expression on different pools of
vesicles at the same bouton. Although controversial (Groemer
and Klingauf, 2007), previous work has indeed suggested that
different populations of synaptic vesicles mediate evoked and
spontaneous neurotransmitter release (Sara et al., 2005; Fredj
and Burrone, 2009). In addition to the functional differences, our
work now demonstrates that recycling and reserve pool vesicles
differ in the proportion of VMAT2 and VGLUT1. Higher expres-
sion of VMAT?2 on reserve pool vesicles may help dopamine neu-
rons to distinguish burst firing from pacemaking since, at least in
Drosophila, reserve pool vesicles contribute to the release pro-
duced specifically by high-frequency stimulation (Kuromi and
Kidokoro, 2000).

We also observed that, even in the absence of stimulation,
VMAT2* membranes exhibit greater mobility along the axon
than VGLUT1 * membranes, which remain almost entirely con-
fined to synaptic boutons. With stimulation, GFP-VMAT?2 fluo-
rescence over boutons also declines to a greater extent than that
of GFP-VGLUT1. This might reflect increased exocytosis of
VMAT?2, but a smaller proportion of VMAT?2 resides in the recy-
cling pool. Thus, the differences in dispersion probably reflect
intrinsic differences in either diffusion along the plasma mem-
brane or in endocytosis, which limits lateral spread. Indeed, dif-
ferences in diffusion away from the active zone may contribute to
the observed differences in endocytosis rate, particularly if the
endocytosis machinery is concentrated at the release site (Roos et
al., 2000; Marie et al., 2004). In addition, VMAT? fails to recover
at almost half of the boutons, and at those where recovery does
occur, the rate of recovery is slower than for VGLUT1. This may
again reflect differences in endocytosis, which is presumably re-
quired before vesicle reclustering, or alternatively, in the reclus-
tering of newly formed synaptic vesicles at the release site.
Differences in lateral diffusion, endocytosis, or reclustering may
in turn account for the observed differences in targeting to recy-
cling and reserve synaptic vesicle pools, and the subsequent be-
havior of VGLUT1 and VMAT?2 on stimulation.

In summary, the expression of VMAT?2 in dopamine neurons
confers a number of properties that distinguish synaptic vesicles
that release monoamines from those that release glutamate. Dur-
ing stimulation, midbrain dopamine neurons enable much more
rapid retrieval of VMAT?2 than hippocampal neurons. However,
VMAT2 shows a number of surprising differences from VGLUT1
in both cell populations. After the stimulus, VMAT2 undergoes
endocytosis more slowly than VGLUT1, and this may reflect the
increased diffusion of VMAT2 along the axon before retrieval.
The extent of exocytosis also differs between VMAT2 and
VGLUT], and this reflects reduced targeting of VMAT?2 to the
recycling pool, perhaps as a result of the endocytic pathway se-
lected. These properties may in turn contribute to the responsive-
ness of dopamine release to burst stimulation that signals reward.
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