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Glutamate Corelease Promotes Growth and Survival of
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Recent studies have proposed that glutamate corelease by mesostriatal dopamine (DA) neurons regulates behavioral activation by
psychostimulants. How and when glutamate release by DA neurons might play this role remains unclear. Considering evidence for early
expression of the type 2 vesicular glutamate transporter in mesencephalic DA neurons, we hypothesized that this cophenotype is partic-
ularly important during development. Using a conditional gene knock-out approach to selectively disrupt the Vglut2 gene in mouse DA
neurons, we obtained in vitro and in vivo evidence for reduced growth and survival of mesencephalic DA neurons, associated with a
decrease in the density of DA innervation in the nucleus accumbens, reduced activity-dependent DA release, and impaired motor
behavior. These findings provide strong evidence for a functional role of the glutamatergic cophenotype in the development of mesen-
cephalic DA neurons, opening new perspectives into the pathophysiology of neurodegenerative disorders involving the mesostriatal DA

system.

Introduction
Since their discovery (Bellocchio et al., 2000; Takamori et al.,
2000; Herzog et al., 2001), the presence of one or the other of the
three vesicular glutamate transporters (VGLUTs) has been dem-
onstrated in many neuron populations of CNS and notably in
dopamine (DA) neurons (El Mestikawy et al., 2011).
Patch-clamp recordings in single-neuron cultures initially
demonstrated that mesencephalic DA neurons can establish glu-
tamatergic synapses (Sulzer et al., 1998; Bourque and Trudeau,
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2000). Mesencephalic DA neurons were then found to express
VGLUT2 mRNA (Dal Bo et al., 2004), and VGLUT2 mRNA and
protein were visualized in subsets of these DA neurons and their
axon terminals in both rats and mice (Kawano et al., 2006; Yama-
guchi et al., 2007; Dal Bo et al., 2008; Descarries et al., 2008;
Mendez et al., 2008; Bérubé-Carriere et al., 2009). Vglut2 expres-
sion by mesencephalic DA neurons was shown to be regulated
developmentally (Dal Bo et al., 2008; Mendez et al., 2008). More-
over, VGLUT2 immunoreactivity was reported to disappear
from tyrosine hydroxylase (TH)-positive terminals of adult rat
striatum (Bérubé-Carriére et al., 2009). While VGLUT?2 allows
DA neurons to release glutamate, it has been hypothesized that it
may also facilitate the vesicular loading of DA (Hnasko et al.,
2010), a concept called “vesicular synergy,” first described for
VGLUTS3 in striatal cholinergic interneurons (Gras et al., 2008).

Little information is currently available regarding the func-
tional significance of glutamate corelease by DA neurons of the
CNS, but specific deletion of the Vglut2 gene in DA neurons of
mice has been shown to decrease DA release in the nucleus ac-
cumbens (Hnasko et al, 2010) and alter psychostimulant-
induced locomotor activation (Birgner et al., 2010; Hnasko et al.,
2010) as well as cocaine self-administration (Alsio et al., 2011).
Whether such anomalies are due to loss of glutamate corelease
and/or of vesicular synergy in the adult brain, or rather to a
developmental perturbation, is presently unclear. The early ex-
pression of Vglut2 in developing brain (Herzog et al., 2001; Taka-
mori etal., 2001) argues for a role of VGLUT2 during this period.
Although not entirely conclusive, there is data to support an early
expression of VGLUT2 by DA neurons (Dal Bo et al., 2008;
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Mendez et al., 2008). Evidence for regulation of DA neuron
growth by glutamate (Schmitz et al., 2009) and for enhanced
expression of Vglur2 in surviving DA neurons following toxin-
induced lesions (Dal Bo et al., 2008) also argues for a develop-
mental and perhaps pro-survival role of VGLUT2 in DA neurons.

To test this hypothesis, we generated mice with a conditional
deletion of the Vglut2 gene in DA neurons (cKO) and examined
the effects of this deletion on the survival and growth of mesen-
cephalic DA neurons in culture. We also determined the number
of mesencephalic DA neurons, the density of striatal DA inner-
vation, and DA release in the cKO mice, and examined the motor
activity of these mice.

Materials and Methods

Animals

All procedures involving animals and their care were conducted in strict
accordance with the Guide to Care and Use of Experimental Animals
(second edition) of the Canadian Council on Animal Care as well as the
Swedish Regulation and European Union Legislation. The experimental
protocols were approved by the animal ethics committees of the Univer-
sité de Montréal and by the University of Uppsala Animal Ethics Com-
mittee. Housing was at a constant temperature (21°C) and humidity
(60%), under a fixed 12 h light/dark cycle and food and water ad libitum.

TH-green fluorescent protein mice. The characterization of VGluT2 ex-
pression in DA neurons during development was performed using the
TH green fluorescent protein (TH-GFP) transgenic mouse line TH-
EGFP/21-31, which carries the enhanced GFP (EGFP) gene under the
control of the TH promoter (Matsushita et al., 2002). The presence of
GFP allowed identification and selection of DA neurons for single-cell
reverse transcription (RT)-PCR experiments.

Conditional Vglut2 knock-out mice. All other experiments were per-
formed using conditional Vglut2 knock-out mice and control littermates.
DAT-CRE transgenic mice (129/Sv/J background) (Zhuang et al., 2005)
were mated with Vglut2°*/* mice (129, C57 Bl/6 background) (Tong et
al.,2007) carrying the exon 2 surrounded by loxP sites. A breeding colony
was maintained by mating DAT-CRE; Vglut2 1" mice with Vglut2 1o/
flox mice. Twenty-five percent of the offspring from such mating were
thus used as controls (i.e., DAT-CRE; Vglut2 flox/* mice) and 25% lacked
Vglut2 in DA neurons (i.e., DAT-CRE;Vglut2 119 mice). Only male
littermates of such mating were used as study subjects.

Tissue processing and cell culture

P0—P2 mice were cryoanesthetized and decapitated for tissue collection.
For older mice, animals were anesthetized with Halothane (Sigma-
Aldrich) and decapitated. Freshly dissociated cells were prepared and
obtained as previously described (Mendez et al., 2008). Primary cultures
of mesencephalic DA neurons were also prepared according to previ-
ously described protocols (Fasano et al., 2008b). Mesencephalic cells
were plated onto either microislands (microcultures) or monolayers
(standard cultures) of astrocytes. The microculture system was used to
isolate single neuron and perform recordings of autaptic synaptic re-
sponses. Mesencephalic microcultures were used for immunocytochem-
istry or electrophysiology experiments at 10 days in vitro (DIV). Cultures
of fluorescence-activated cell sorting (FACS)-purified mesencephalic
DA neurons from TH-GFP mice were prepared as previously described
(Mendez et al., 2008). TH immunostaining revealed that 86% of the
neurons in such cultures were dopaminergic (total of 3 cultures ana-
lyzed). Purified cultures were chronically treated (every 3 d) with 20 um
aminophosphonopentanoic acid (AP-5) (Tocris Bioscience), 10 um
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Sigma), or 40 um LY
341945 (Ascent Scientific) until 12 DIV.

Multiplex single-cell RT-PCR

Collection of freshly dissociated GFP-positive neurons was performed as
previously described (Mendez et al., 2008). For the single-cell RT-PCR
experiments performed with TH-GFP mice, the cDNA produced was
used for a multiplex TH and Vglut2 amplification. For the experiments
performed on freshly dissociated cells from PO—P2 cKO mice, half of the
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¢DNA was used to amplify TH. The other half was used to amplify the
wild-type (WT) or cKO Vglut2 allele.

Primers were designed not to interact with other primers for multiplex
PCR. Primers were synthesized by AlphaDNA. Nested PCRs were per-
formed during the second round for TH, WT Vglut2, and KO Vglut2. The
identity of PCR products was confirmed by sequencing. Primers for
single-cell RT-PCR in experiments on TH-GFP mice were as follows: TH
5'-gttctcaacctgctcttctectt-3" and 5'-ggtagceaatttectectttgtgt-3'; TH nested
(374 bp) 5'-gtacaaaaccctecteactgtcte-3' and 5'-cttgtattggaaggeaatctctg-
3's WT Vglut2 5'-atctacagggtgctggagaagaa-3' and 5'-gatagtgctgttgttgac-
catgt-3'; WT Vglut2 nested (234 bp) 5'-atctacagggtgctggagaagaa-3' and
5'-gatagtgctgttgttgaccatgt-3'. Primers used for single-cell RT-PCR in ex-
periments on cKO were as follows: KO Vglut2 5'-aagaatggagtcggtaaaaca
aag-3' and 5'-gtgatgatatagccccagaagaac-3'; KO Vglut2 nested (WT allele:
417 bp; cKO allele: 165 bp) 5'-atccgtctttcatagccacaac-3'and 5'-
tcagcatattgagggtagaggtg-3'. Primers used for genotyping cKO
mice were as follows: DAT-Cre 5’-accagccagctatcaactcg-3' and 5'-tta
cattggtccagecacc-3'; lox-VGIuT2: 5'-gtctactgtaagtgaagacac-3' and
5'-ctttaggctttcatecttgag-3'.

Electrophysiology

Patch-clamp recordings were obtained from single DA neurons in mi-
crocultures using a Warner PC-505 patch-clamp amplifier (Warner In-
struments) and PClamp 10 software (Molecular Devices). Borosilicate
glass patch pipettes (3—6 M(); World Precision Instruments) were filled
with a potassium methylsulfate intrapipette solution consisting of the
following (in mm): 145 KMeSO,, 10 NaCl, 0.1 EGTA, 2 ATP (Mg salt),
0.6 GTP (Tris salt), 10 HEPES, 10 phosphocreatine (Tris salt), and pH
7.35 and osmolarity 295-300 mOsm. Series resistance was compensated
to ~75%. After recordings, the DA phenotype of patched neuron was
confirmed by TH immunocytochemistry as described below.

Immunocytochemistry on cell cultures

Standard and microcultures from cKO mice and standard FACS-purified
cultures from TH-GFP mice were fixed with 4% paraformaldehyde
(PFA), permeabilized, and nonspecific binding sites blocked. Primary
anti-GFP (Ab290; Abcam) antibody was used at a 1:5000 dilution to
amplify and visualize the GFP signal of freshly dissociated cells on fixed
coverslips after collection of cells. Images of GFP immunostaining were
then acquired with a Hamamatsu Orca-II digital-cooled CCD camera,
and a workstation using the ImagePro Plus imaging software suite.

To identify and analyze the density and the development of DA neu-
rons, a rabbit anti-TH antibody (Ab132;Millipore) was used at a dilution
of 1:1000 in combination with a mouse anti-VGLUT2 antibody (135611;
Synaptic Systems), at a dilution of 1:2000. The same rabbit anti-TH
antibody (1:1000) was also used in combination with a mouse anti-Taul
antibody (MAB3420PS; Millipore Bioscience Research Reagents, 1:1000)
to visualize DA neuron axons. To study the segregation of dopaminergic
and glutamatergic terminals established by DA neurons, a chicken anti-
GFP (GFP-1020; Aves Laboratories) was used at a dilution 1:1000 in
combination with a rabbit anti-VGLUT?2 (135 402; Synaptic Systems) at
a dilution of 1:4000 and a mouse anti-TH (MAB318; Millipore) at a
dilution of 1:3000 or a rat anti-DAT (MAB369; Millipore) at a dilution of
1:1000.

Immunohistochemistry

Male P70 mice were deeply anesthetized with sodium pentobarbital (80
mg/kg, i.p.) and fixed by intracardiac perfusion of 150 ml of 4% PFA. The
brain was removed, postfixed by immersion for 24—-48 h in the PFA
solution at 4°C, and washed in PBS (0.9% NaCl in 50 mMm PB, pH 7.4).
Coronal and sagittal 50 wm sections were cut using a VT1000S vibrating
microtome (Leica Microsystems). Coronal sections were permeabilized,
nonspecific binding sites blocked and incubated overnight with a mouse
anti-TH antibody (T1299; Sigma-Aldrich or MAB318; Millipore, 1:1000)
or with a rat anti-DAT antibody (MAB369; Millipore, 1:1000) in combi-
nation with a rabbit anti-VGLUT?2 antibody (135 402; Synaptic Systems,
1:2500); these were subsequently detected using mouse or rat Alexa Fluor
488-conjugated and rabbit Alexa Fluor 546-conjugated secondary anti-
bodies (Invitrogen, 1:200). For the evaluation of TH activity, coronal 150
pm sections were cut using a VT1000S vibrating microtome. Coronal
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sections were permeabilized, nonspecific binding sites blocked and incu-
bated overnight with a mouse anti-TH antibody (MAB318; Millipore,
1:1000) in combination with a rabbit anti-phospho-(Ser40) TH antibody
(cat# 2971; Cell Signaling Technology, 1:100); these were subsequently
detected using mouse Alexa Fluor 488-conjugated and rabbit Alexa Fluor
546-conjugated secondary antibodies (Invitrogen, 1:200). Sagittal sec-
tions were preincubated for 1 h in a blocking solution containing 5%
normal goat serum, 0.3% Triton X-100, and 0.5% gelatin in PBS and
incubated overnight with anti-TH antibody (1:1000) and then for 2 h in
biotinylated goat anti-mouse (1:1000) (Jackson ImmunoResearch-
Cedarlane) in blocking solution. After rinses in PBS (3 X 10 min), they
were incubated for 1 h in horseradish peroxidase-conjugated streptavi-
din (1:1000) (Jackson ImmunoResearch-Cedarlane), washed in PBS, and
incubated for 2-5 min in Tris-buffered saline (TBS) containing 3,3'-
diaminobenzidine tetrahydrochloride (DAB; 0.05%) and hydrogen per-
oxide (0.02%). The reaction was stopped by several washes in TBS
followed by PBS, and the sections were mounted on microscope slides,
dehydrated in ethanol, cleared in toluene, and coverslipped with DPX.
They were examined and photographed with a Leitz Diaplan optical
microscope coupled to a Spot RT color digital camera.

Image acquisition with confocal microscopy

All of the in vitro and in vivo imaging quantification analyses from cKO
mice were performed on images captured using confocal microscopy.
Images were acquired using an Olympus Fluoview FV1000 microscope
(Olympus). Images acquired using 488 and 546 laser excitation were
scanned sequentially to reduce nonspecific bleed-through signal. For the
quantification of soma diameter, TH surface, and axon length, 10 cells
per coverslip were randomly chosen and pictures acquired using a 40X
water-immersion objective. For the Sholl analysis, 10 cells per coverslip
were randomly chosen and pictures acquired using a 20X water-
immersion objective. For quantification of terminals in adult nucleus
accumbens shell, core, or dorsal striatum, images were acquired using a
60X oil-immersion objective. For image acquisition in the dorsal stria-
tum, five random fields on each side were taken from the left and the right
hemisphere in each section. For acquisition in the nucleus accumbens
core, five fields were selected next (ventromedial to ventrolateral) to the
anterior commissure from the left and the right hemisphere in each
section. For acquisition in the nucleus accumbens shell, five fields were
acquired from the cone, intermediate, and ventrolateral subregions,
from the left and the right hemisphere in each section. For quantification
of TH actvity, images were acquired using a 40X water-immersion ob-
jective; five fields containing either SN or VTA were examined from each
section.

Image quantification

All image quantification was performed using Image] (National Insti-
tutes of Health) software. We first applied a background correction at the
same level for every image analyzed before quantification of any of the
parameters described below. The ImageJ Sholl analysis plug-in was used
to quantify neurite complexity: images were first thresholded at the same
level in both control and cKO groups. The ImageJ Neuron] (Meijering et
al., 2004) plug-in was used to measure axon length. The soma diameter,
average TH surface, Sholl analysis, and axon length values were obtained
by averaging the values from 10 different DA neurons for each coverslip
analyzed. At least nine coverslips from three different cultures were used
for all quantifications. The quantification of dopaminergic and glutama-
tergic terminals in striatal sections performed by averaging five images
coming from five different sections for every structure analyzed per ani-
mal. Images were thresholded at the same level for the control and cKO
groups and quantification of terminals was performed by selecting ob-
jects with a surface area between 0.28 and 5.75 um?, as previously de-
scribed (Fasano et al., 2010). TH and VGLUT?2 colocalization analysis on
slices was performed by measuring the Pearson coefficient using the
Image] Manders coefficient (Manders et al., 1993) plug-in.

Unbiased stereological analysis

Unbiased estimates of the number of midbrain DA neurons were ob-
tained using the optical fractionator method as previously described (van
den Munckhof et al., 2003). The rostrocaudal extent of the midbrain was
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examined in TH-immunostained 40-um-thick coronal serial sections
from male P90 cKO and control mice, with the observer blind to geno-
type. TH-immunoreactive neurons were counted in every fourth section
at 100X magnification using a 60 X 60 um? counting frame. Sections
counted corresponded to levels —2.54, —2.80, —3.08, —3.40, —3.64,
—3.88, and —4.16 mm (240 wm interval), with respect to bregma (Paxi-
nos and Franklin, 2008). A 10 wm optical dissector was used with 2 um
guard zones, and counting sites were located at 150 um intervals after a
random start. Mesencephalic DA nuclei, including ventral tegmental
area (VTA), substantia nigra pars compacta (SNc), substantia nigra pars
reticulata (SNr), and retrorubral field (RRF) were examined. Stereologi-
cal estimates of the total number of TH-immunoreactive neurons within
each nucleus were obtained.

Fast scan cyclic voltammetry

One-month-old male mice were anesthetized with halothane (Sigma-
Aldrich), decapitated, and the brain was quickly removed. Coronal slices
(300 wm) containing the striatum were cut with a VT1000S vibrating
microtome (Leica) in ice-cold artificial cerebrospinal fluid (aCSF) con-
taining the following (in mm): 125 NaCl, 26 NaHCO;, 2.5 KCl, 2.4 CaCl,,
1.3 MgSO,, 0.3 KH,PO,, and 10 p-glucose saturated with 95/5% O,/
CO,. After 1 h of recovery at room temperature, slices were put in a
recording chamber and perfused with aCSF at 1 ml/min (32°C * 0.5).
Experimental recording started 20 min after transfer to the slice chamber.
Carbon-fiber electrodes (5 wm) were prepared as described previously
(Kawagoe et al., 1993). The electrode tips were placed ~100 nm below
the slice surface and the potential was linearly scanned from —400 mV to
+1000 mV at 300 V/s every 100 ms using an Axopatch 200B amplifier
(Molecular Devices). Single (400 wA, 1 ms), and train (10 Hz, 20 pulses)
pulses were computer generated and delivered by an S-900 stimulator
(Dagan) through a bipolar electrode (Plastics One) placed on the surface
of the slice. Slices were stimulated every 2 min.

Animal housing for behavioral studies

Male mice, 3 to 5 months old, were housed in standard macrolon cages
(59 X 38 X 20 cm) with aspen wood bedding (Scanbur AB Sollentuna)
and a wooden house. The temperature was 21 —22°C, the humidity 45—
55%, and a 12 h light/dark cycle was used, lights on at 7:00. The animals
had water and food ad libitum (R36, Labfor, Lactamin). In all experi-
ments, littermates were used to ensure that group differences were only
dependent on genotype. The experimenter/observer was blind to the
genotype of the mice throughout the study. Behavioral tests were per-
formed on 12 male cKO animals and 7 male control mice. The animals
were tested between 8:00 A.M. and 18:00 P.M.

Rotarod

The accelerating rotarod task was used to assess motor coordination and
balance. The apparatus consisted of five rotating rods separated by walls
and elevated 30 cm from the ground. The mouse was placed facing for-
ward on the rod and the speed of rotation was gradually increased from 0
to 45 rpm in 1 min. The mouse had to continuously walk forward to stay
on the cylinder. The rotations were counted and the trial was stopped
upon falling from the rod. Duration, speed, and number of rotations
were compared. Three trials per day were performed and averaged.

Forced swim test

The forced swim test was used to assess depressive behavior (Porsolt et
al., 1977). The mice were subjected to two trials where they were placed in
a Plexiglas cylinder filled with 30 cm deep water (25°C). Each animal was
videotaped for 6 min and thereafter scored using AniTracker software for
the time spent swimming and latency to first become still.

Spontaneous and psychostimulant-induced motor activity in a
novel environment

To evaluate spontaneous motor behavior in a novel environment, the
mice were placed in cages designed for activity monitoring (Locobox;
Kungsbacka Reglerteknik AB) containing a plastic box (55 X 55 X 22
cm) inside a ventilated and illuminated (10 lux) cabinet for 40 min. Mice
were then administered saline and three different doses of amphetamine
(0.75 mg/kg, 1.5 mg/kg, and 3.0 mg/kg, respectively) through intraperi-
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toneal injection in a randomized order with a minimum of 1 week be-
tween doses. Motor behavior was monitored for 90 min following
injection. Preceding all injections, animals were allowed to acclimatize to
the environment and basal motor activity was recorded. The mice were
returned to their home cages directly after activity monitoring.

Five weeks after the amphetamine study was finished, the mice were
analyzed for cocaine-induced response in the same activity-monitoring
setup as for amphetamine-induced response. In this study, the same mice
were used, except one cKO male mouse that had died. First, the mice were
injected intraperitoneally with saline and activity was recorded. After a 1
week rest, they were treated with 10 mg/kg cocaine and activity was
recorded again.

Statistics

Data are represented throughout as mean * SEM. Statistically significant
differences were analyzed using Student’s ¢ test, one-way repeated-
measures ANOVA, two-way ANOVA, or the Mann—Whitney rank sum
test, as appropriate. One animal was considered as an outlier (>2 SD)
and was rejected from the final analysis of the stereological counting
experiment.

Results

Early developmental expression of Vglut2 in DA neurons

To substantiate previous findings showing that Vglut2 is ex-
pressed early in developing DA neurons (Dal Bo et al., 2004,
2008), we profiled DA neurons, using single-cell RT-PCR, to
detect the presence of Vglut2 mRNA, as well as mRNA for the DA
neuron marker Th, at different prenatal (E14, E16, E18) and post-
natal (PO—P2, P14, P35, P70) time points. Neurons were freshly
dissociated from the ventral mesencephalon of TH-GFP trans-
genic mice expressing the GFP gene under control of the TH
promoter. Only GFP-expressing neurons were collected (Fig.
1A,B).

The proportion of TH-positive neurons expressing Vglut2
mRNA (Fig. 1C) was 7% (1/15) at E14, 47% at E16 (9/19), 33%
(9/27) at E18, 22% (8/37) at PO-P2, 14% (4/28) at P14, 30%
(10/33) at P35, and 47% (7/15) at P70 (Fig. 1D). To extend these
data, obtained from whole ventral mesencephalon, we also exam-
ined separately substantia nigra (SN) and VTA DA neurons ob-
tained from PO—P2 and P70 mice (Fig. 1E). The proportion of
Th/Vglut2 neurons was almost threefold higher in the VTA (P0—
P2: 36%, 5/14; P70: 78%, 14/18) than in the SN (P0—-P2: 13%,
3/23; P70: 25%, 2/8). mRNA for the DA transporter (DAT), an-
other marker of DA neurons, was detected in a majority of DA
neurons at both prenatal (83% at E16) and postnatal (89% at
P35) ages (Fig. 1F,G). Finally, in standard primary mesen-
cephalic cultures prepared from PO—P2 TH-GFP pups, single-cell
RT-PCR showed that 38% (8/21) of TH+ cells contained
VGLUT2 mRNA at 1 DIV, suggesting the existence of a certain
amount of upregulation of the Vglut2 gene in culture, as previ-
ously described (Mendez et al., 2008). Together, these results
indicate that Vglut2 is expressed early in developing VTA and SN
DA neurons, in keeping with a role early in development.

Absence of Vglut2 mRNA, VGLUT2 protein, and glutamate
release in DA neurons from cKO mice

We used a cKO approach to selectively disrupt the Vglut2 gene in
DAT-expressing DA neurons (Fig. 2). The cKO mice were gener-
ated by crossing DAT-Cre mice with Vglut2 floxed mice (see
Materials and Methods). The effectiveness of the strategy was
evaluated by single-cell RT-PCR on freshly dissociated cells from
the mesencephalon of PO—P2 pups. We found that in cKO pups,
all TH-positive DA neurons expressed the Vglut2 KO allele, but
not the Vglur2 WT allele (Fig. 2 A, B). Likewise, every TH-positive
DA neuron collected from control littermates expressed the WT
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Figure 1. DA neurons express Vglut2 early in development. 4, Phase-contrast and (B) epi-

fluorescence view of a 40X field containing five dissociated cells obtained from the mesen-
cephalon of an £18 TH-GFP mouse embryo. Only the GFP+ cells (red arrows) were individually
collected for RT-PCR. Scale bar, 25 um. €, Single-cell RT-PCR from freshly dissociated E16
TH-GFP cells. In this example (wells 2—5), two of the three TH-positive neurons collected ex-
pressed Vglut2 mRNA. Well 1, DNA ladder; well 6, whole mesencephalon RNA; well 7, water
control. D, Table summarizing the results of single-cell RT-PCR experiments performed with
mice aged E14 to P70. E, Table summarizing the results of single-cell RT-PCR experiments
comparing the VTA and SN of a P0—P2 and P70 mice. F, G, Dat mRNA is expressed in most
double phenotype neurons. F, Results of a single-cell RT-PCR experiment performed with
freshly dissociated P35 TH-GFP cells. In this example (wells 2—6), four of the five double phe-
notype neurons (TH and VGLUT2-positive neurons) collected expressed Dat mRNA. Well 1, DNA
ladder; well 7, whole mesencephalon RNA; well 8, water control. G, Table summarizing the
results of single-cell RT-PCR experiments performed with mice aged E16 and P35.
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Figure 2.  Absence of VGLUT2 prevents glutamate release from cultured DA neurons ob-

tained from conditional KO mice. 4, Gel image showing a single-cell RT-PCR experiment per-
formed with freshly dissociated cells from the mesencephalon of PO —P2 control and cKO mice.
Thand Vglut2 allele mRNA were amplified. Note that the size of the Vglut2 WT allele was 417 bp,
whereas the KO allele was 165 bp. Top, TH— (wells 2-5) or TH+ (wells 6 — 8), freshly dissoci-
ated cells from the mesencephalon of PO —P2 control pups were tested to detect Vglut2; three of
the three DA neurons expressed the WT Vglut2 allele. Well 1, DNA ladder. Bottom, TH— (well 2)
or TH+ (wells 3—4) freshly dissociated cells from the mesencephalon of PO —P2 cKO pups were
tested to detect Vglut2; two of the two DA neurons expressed the KO Vglut2 allele. Well 1, DNA
ladder. B, Summary data showing that the WT Vglut2 allele was detected in all mesencephalic
DA neurons collected from control mice, and the KO allele was detected in all TH-positive
DA neurons collected from cKO mice. €, Inmunofluorescence images of a TH and VGLUT2
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Vglut2 allele (Fig. 2A,B). We also found a small contingent of
TH-negative neurons collected from cKO tissue that expressed
the Vglur2 KO allele (Fig. 2B), thus suggesting that the DAT pro-
moter was active temporarily during development in a subset of
mesencephalic glutamatergic neurons.

To further confirm the success and selectivity of the cKO
strategy, we examined VGLUT2 protein expression in single-
neuron cultures prepared from the ventral mesencephalon of
cKO mice and control littermates (Fig. 2C,D). Mesencephalic
DA neurons cultured on microislands can form autapses and
express high levels of VGLUT2 protein (Dal Bo et al., 2004;
Mendez et al., 2008), thus allowing the recording of robust
autaptic currents mediated by glutamate. Confirming previ-
ous findings (Dal Bo et al., 2004; Mendez et al., 2008), we
found that the majority of isolated TH-positive DA neurons in
control cultures were immunopositive for VGLUT2 (32/42)
(Fig. 2C,D). We also found five control TH-negative neurons
expressing VGLUT2, consistent with the presence of glutama-
tergic neurons in the ventral mesencephalon (Yamaguchi et
al., 2007; Dobi et al.,, 2010). In cultures prepared from cKO
mice, there were no DA neurons positive for VGLUT2 (0/51)
(Fig. 2C,D). In cKO cultures, we also found 12 TH-negative
neurons positive for VGLUT?2, thus demonstrating that the
KO was selective for DA neurons and did not lead to loss of
VGLUT?2 in all mesencephalic glutamate neurons.

Patch-clamp recordings of autaptic synaptic currents from
isolated DA neurons were used to evaluate whether Vglut2
gene deletion leads to the predicted loss of the capacity for
glutamate release by DA neurons. In keeping with previous
findings (Sulzer et al., 1998; Bourque and Trudeau, 2000),
autaptic glutamate-mediated EPSCs were detected in 7 of 13
isolated TH-positive neurons in control cultures (Fig. 2E). In
contrast, no EPSCs were observed in 18 isolated TH-positive
DA neurons recorded from cKO cultures (Fig. 2E). Postre-
cording immunocytochemistry confirmed that EPSCs were
recorded in DA neurons containing VGLUT?2, while this pro-
tein was undetectable in DA neurons from cKO cultures (Fig.
2F). Together, these results confirm the selective and com-
plete deletion of the Vglut2 gene from DA neurons and show
that this manipulation abrogates the ability of DA neurons to
release glutamate.

Deletion of Vglut2 causes DA neuron loss in culture

To evaluate the possibility of a developmental role of VGLUT2
in DA neurons and to test the hypothesis of a contribution of
glutamate cotransmission to cell survival, we first counted the
number and proportion of DA neurons in primary mesen-
cephalic cultures prepared from Ctrl and cKO P0O—P2 mice
(Fig. 3A). Immunocytochemistry experiments revealed that
the number of TH-positive neurons normalized to the total
population of neurons present on each coverslip was signifi-
cantly decreased in the cKO cultures compared with Ctrl at all
time points examined: 1 DIV, 23% decrease (77.1 * 6.0% of
control); 5 DIV, 29% decrease (71.2 = 6.3% of control); and
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immunolabeling experiment performed in single-neuron microcultures. VGLUT2 was undetect-
able in cultured DA neurons from cKO mice. Scale bar, 25 wm. D, Summary data of the immu-
nolabeling experiments shown in C. E, Top, Patch-clamp recording showing a sodium current
followed by a large glutamate-mediated EPSC recorded in a control DA neuron. Bottom, EPSCs
were undetectable in DA neurons recorded from cKO cultures. Calibration: 5 nA, 10 ms. F,
Postrecording TH/VGLUT2 immunocytochemistry confirmed the absence of VGLUT2 protein
from cKO DA neurons. Scale bar, 20 m.
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Figure 3.  Loss of VGLUT2 reduces the number of DA neurons in culture. 4, Phase contrast
(left) and immunofluorescence (right) micrographs prepared from control mesencephalic neu-
rons after 5 DIV. One of the neurons is TH positive (green). Scale bar, 40 um. B, In vitro counts of
TH-positive mesencephalic neurons at 1, 5, and 14 DIV. The TH-positive neuron counts are
normalized to the total number of neurons per field. Compared with control cultures, there was
asignificant decrease in the proportion of TH-positive neurons per coverslip in cKO cultures at 1
DIV (**p << 0.07; Student's t test,n = 9), 5 DIV (***p << 0.001; Student's t test, n = 8),and 14
DIV (***p < 0.001; Student's ¢ test, n = 8). n represents the number of coverslips analyzed in
three different cultures. C, In vitro counts of TH-positive DA neurons after 12 DIV. DA neurons
were FACS-purified from the mesencephalon of PO —P2 TH-GFP mice. Compared with control
(water), there was a significant decrease in the number of TH-positive neurons per coverslip in
cultures treated chronically with 20 v AP-5 (*p << 0.05; Student's t test, n = 15). Compared
with control (dimethylsulfoxide), there was no difference in the number of TH-positive neurons

Fortin et al. @ Glutamate Corelease Promotes Growth

14 DIV, 36% decrease (64.3 £ 5.1% of control). The average
data, normalized to the control group of each experiment, is
shown in Fig. 3B. There was no significant difference in the
survival of DA neurons in cKO cultures from 1 to 14 DIV (Fig.
3B).

NMDA receptors contribute to the survival of DA neurons in
purified DA neurons culture

Considering that glutamate release from DA neurons has been
shown to activate ionotropic AMPA/kainate and NMDA recep-
tors (Stuber et al., 2010; Tecuapetla et al., 2010) and that NMDA
receptors are also present on the growth cone of developing DA
neurons (Schmitz et al., 2009), we next evaluated which class of
glutamate receptors contributes to survival. Purified DA neuron
cultures were prepared by automated cell sorting from P0-P2
TH-GFP mice to exclude indirect drug effects through an action
on non-DA neurons. DA neurons were treated chronically for
12 d with either AMPA/kainate (CNQX), NMDA (AP-5), or
mGluR (LY 341495) receptor antagonists. The number of TH-
positive neurons was significantly decreased in AP-5-treated cul-
tures (87.38 * 4.38% of control, p = 0.02) (Fig. 3C). However, no
difference was observed in cultures treated with CNQX or LY
341495 (Fig. 3C). If glutamate release in developing DA neuron
growth cones leads to a pro-survival autocrine-like activation of
NMDA receptors (Schmitz et al., 2009), we reasoned that block-
ing these receptors at an early stage of development should have a
greater effect on survival than at a later stage. To test this hypoth-
esis, we treated purified DA neuron cultures with AP-5 from 0 to
7 DIV or from 7 to 14 DIV. We observed decreased survival of
TH+ neurons treated with AP-5 between 0 and 7 DIV (82.54 *=
3.64% of control, p = 0.0006), but no difference when treated
from 7 to 14 DIV (115.1 % 8.99% of control, p = 0.14; Fig. 3D).

Deletion of Vglut2 impairs DA neurons growth in vitro

In keeping with a developmental role, it has recently been
proposed that glutamate regulates axonal growth in cultured
DA neurons (Schmitz et al., 2009). To test the hypothesis that
glutamate release by DA neurons contributes to the growth of
these cells, we examined DA neurons in culture after 1 DIV to
quantify soma size, neurite complexity, and axonal length
(Fig. 4A,B). The soma diameter of TH-positive neurons was
found to be modestly (6.2%) but significantly reduced in cul-
tures prepared from cKO mice compared with control (93.8 =
1.6% of control, p = 0.03) (Fig. 4C). We also examined the
total surface of TH-immunoreactive neurites to provide a
global index of cell size, including axons and dendrites. This
surface was 17.9% smaller in cKO cultures (82.1 * 4.4% of
control, p = 0.001) compared with control DA neurons (Fig.
4D). Sholl analysis was also used to evaluate branching com-
plexity. The number of intersections crossing analysis circles
was significantly smaller (p = 0.05) in cKO than in control DA
neurons (Fig. 4E), reflecting reduced complexity. Axon
growth was finally quantified by measuring the length of the
longest neurite, confirmed in initial experiments to be immu-
nopositive for Taul (Fig. 4F ). We observed thatat 1 DIV, axon
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per coverslip in cultures treated chronically with 10 m CNQX (n = 9) or with 40 m LY 341495
(n=11). D, In vitro counts of TH-positive DA neurons from FACS-purified DA neurons cultures
treated chronically with 20 um AP-5 from either 0 to 7 DIV or from 7 to 14 DIV. (***p << 0.001;
Student's t test, n = 14). n represents the number of coverslips analyzed in at least three
different cultures.
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Figure 4.  Deletion of Vglut2 impairs DA neuron development. A, Cultured mesencephalic DA neurons from control (4) or cKO PO—P2 mice (B) were identified by TH immunostaining (green)
before quantitative image analysis. Scale bars: 40 um. €, cKO DA neurons are significant smaller in soma diameter (*p << 0.05; Student’s t test, n = 9 for both genotypes). D, cKO DA neurons also
have a smaller TH-positive surface area, reflecting reduced neurite development (***p << 0.001; Student's t test, n = 21 for control, n = 20 for cK0). E, Average results from a Scholl analysis of
neurite complexity. cKO DA neurons show reduced neurite complexity (*p << 0.05; two-way ANOVA (genotype by distance), n = 9 for both genotypes, nointeraction). F, Micrographs from a control
DA neuron at 1 DIV. Axon length (green) was evaluated by measuring the length of the longest neurite where an axonal growth cone was apparent. This longest neurite was also generally Tau1
immunopositive (red). Scale bar, 25 wm. G, Bar graph showing that axon length was significantly shorter in ¢KO DA neurons (**p << 0.01; Student's ¢ test, n = 21 for control, n = 20 for cK0). n
represents the number of coverslips per genotype analyzed in a minimum of three different cultures; 10 neurons were analyzed in each coverslip.
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Figure5.
or (B) cKO P70 mice. Scale bar, T mm. N. Acc, nucleus accumbens.

length was 15.7% shorter in cKO DA neurons (84.3 = 4.0% of
control, p = 0.005) than in control DA neurons (Fig. 4G).
Together, these results show that loss of VGLUT2 and the
capacity for glutamate release impairs the morphological de-
velopment of DA neurons.

Deletion of Vglut2 compromises the development of the
mesostriatal DA system in vivo

To determine whether the growth impairment observed in
vitro would result in some disorganization of the mesostriatal
DA projection, we examined sagittal brain sections from adult
cKO and control mice after TH immunolabeling with the
immunoperoxidase-DAB technique. No overt changes in the

The general organization of dopaminergic projections is normal in ckO mice. Micrographs showing THimmunostaining in 50 em sagittal brain sections prepared from either (4) control

configuration of the median forebrain bundle DA pathway
were observed (Fig. 5).

The reduced number of TH-positive neurons observed as
soon as 1 DIV in mesencephalic cultures prepared from cKO
mice suggests the possibility that in vivo as well, independently of
cell culture, there is a reduced number of DA neurons. Therefore,
we next used unbiased stereological counting to quantify the
number of DA neurons in mesencephalic brain sections prepared
from both control and cKO P90 mice. The total number of TH-
positive neurons was found to be decreased by 19.7% in cKO
tissue compared with control littermate tissue (control =
12185 * 413, cKO = 9784 = 302, p = 0.0006). Analysis of dif-
ferent mesencephalic substructures revealed that the number of
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Figure6. Reduced number of mesencephalic DA neurons and decreased density of dopami-

nergic and glutamatergic innervation in the nucleus accumbens (N. Acc) of conditional Vglut2
KO mice. 4, Extrapolation of the total number of TH-positive neurons in adult cK0 and littermate
control P90 mice by unbiased stereological counting. Compared with littermate control mice
(Ctrl), there was a smaller number of TH-positive neurons in the VTA (**p << 0.01; Student’s t
test,n = 6 for control, n = 7 for cK0), SN¢ (**p << 0.01; Student's t test, n = 6 for control, n =
7for cK0), and whole SN (***p << 0.001; Student’s t test, n = 6 for control, n = 7 for cK0) of cKO
mice (KO). n represents the number of animals. Confocal images of (B) TH (green) and (C)
VGLUT2 (red) immunoreactivity examined in the nucleus accumbens core, shell, and neostria-
tum of control and P70 cKO mice. Scale bars: 40 m. D, Summary data showing the existence of
asignificant reduction in the number of TH-positive varicosities in the nucleus accumbens shell
of cKO mice (**p << 0.01; Student’s ¢ test; n = 24 for control, n = 20 for cKO), but not in the
nucleus accumbens core or the neostriatum. E, Summary data showing the existence of a sig-
nificant reduction in the number of VGLUT2-positive varicosities in the nucleus accumbens shell
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TH-positive neurons was reduced by 24.4% in the VTA (con-
trol = 4362 * 189, cKO = 3297 * 185, p = 0.002) and by 19.4%
in the SNc¢ (control = 5522 * 209, cKO = 4450 = 170, p = 0.002;
Fig. 6A). However, no differences were observed in either the SNr
or the RRF (Fig. 6A).

To determine whether the abnormal development of mesen-
cephalic DA neurons in VGLUT2-deficient mice was associated
with a defect in dopaminergic and/or glutamatergic innervation
of the striatum, we used TH/VGLUT2 double immunohisto-
chemistry coupled to confocal microscopy to quantify the rela-
tive number of TH, VGLUT?2, and TH/VGLUT?2 axon varicosities
in the nucleus accumbens and neostriatum of cKO versus control
P70 mice. A significant 33.3% decrease in the number of TH-
positive punctae was measured in the nucleus accumbens shell of
the cKO mice (66.7 = 6.7% of control, p = 0.006; Fig. 6B,D).
Although this did not reach statistical significance (p = 0.08), a
similar tendency was found in the nucleus accumbens core. Like-
wise, we observed a 33.6 and 38.2% decrease in the number of
VGLUT2-positive axon-like varicosities in the accumbens shell
(67.4 = 6.3% of control, p = 0.004) and core (61.8 = 8.7% of
control, p = 0.005), respectively (Fig. 6C,E). However, in the
neostriatum, there were no significant differences in the number
of either TH or VGLUT?2 punctae (Fig. 6B—E).

Interestingly, in these double labeling experiments, we did not
detect any significant colocalization of TH and VGLUT2 (Fig.
6F,H) or DAT and VGLUT?2 (Fig. 6G) in axon varicosities of the
ventral or dorsal striatum of Ctrl mice. The percentage of TH+
terminals colocalizing with VGLUT2+ terminals, as detected by
confocal microscopy, was relatively low in these Ctrl animals,
with a value ranging from 2 to 4% in the different striatal sub-
compartments (data not shown). Compatible with the possibility
that much of this low level of colocalization was actually false
positive signal due to the dense packing of terminals in the stria-
tum, there was no significant difference in the extent of correla-
tion between the two signals between ¢cKO and Ctrl tissue, as
revealed by determination of the Pearson coefficient (Fig. 6H ).

The demonstration of striatal glutamate release by DA neu-
rons in adult mice by optogenetic approaches (Stuber et al., 2010;
Tecuapetla et al., 2010) combined with the present results show-
ing there is no apparent colocalization of TH or DAT and
VGLUT2 in axon terminals in vivo could be interpreted as sug-
gesting the existence of segregation of glutamatergic and dopa-
minergic terminals established by DA neurons. To evaluate this
hypothesis, we used FACS-purified DA neurons in low density
standard cultures prepared from TH-GFP mice and used immu-
nocytochemistry to examine the phenotype of axonal varicosities
and axonal branches emanating from confirmed, isolated DA
neurons. First, we profiled such purified 7 DIV DA neurons by
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(**p < 0.01; Student’s ¢ test; n = 24 for control; n = 20 for cK0) and core (**p << 0.01;
Student's t test; n = 24 for control; n = 20 for cK0), but not in the neostriatum of cKO mice. F,
Colocalization of TH (green) and VGLUT2 (red) immunoreactivity was examined in the nucleus
accumbens shell of cKO mice. In the merged images on the right, note that there is minimal
colocalization (yellow). The area delineated by the white square is shown at higher magnifica-
tion at the extreme right. Scale bar, 40 um. G, Colocalization of DAT (green) and VGLUT2 (red)
immunoreactivity was also examined in the nucleus accumbens shell of P70 (57BL/6J mice. In
the merged images on the right, note that there is again minimal colocalization (yellow) be-
tween DAT and VGLUT2. The area delineated by the white square is shown at higher magnifi-
cation at the extreme right. Scale bar, 40 wm. H, Pearson coefficient of TH and VGLUT2
immunoreactivity colocalization was not different between the genotypes (n = 24 for control;
n = 20for cK0). n represents the number of 50 em slices analyzed in a total of five control and
four cKO P70 mice.
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Figure 7.  Colocalization of dopaminergic markers with VGLUT2 in isolated dopaminergic
neurons in vitro. A, Single-cell RT-PCR from 7 DIV standard FACS-purified cultured DA neurons.
Inthis example (wells 2— 6), four of the five GFP-positive neurons collected expressed Th mRNA.
Well 1, DNA ladder; well 7, whole mesencephalon RNA; well 8, water control. B, Table
summarizing the results of single-cell RT-PCR experiments performed with a standard 7 DIV
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single-cell RT-PCR (Fig. 7A). We found that 95% of the GFP-
positive neurons collected contained TH mRNA and that 53% of
the GFP/TH-positive neurons also contained VGLUT2 mRNA
(Fig. 7B). We performed triple immunolabeling for GFP, TH,
and VGLUT?2 on such cultures and found that 75% of isolated
GFP-positive neurons were immunolabeled by TH; moreover,
40% of these GFP/TH-immunopositive neurons were also im-
munopositive for VGLUT2 (Fig. 7C,D). VGLUT2-positive ax-
onal varicosities were found to coexpress GFP and TH in the
majority of isolated DA neurons examined. However, in some
cases, VGLUT2 immunoreactivity was found in a strong GFP
immunolabeled axonal branch with very weak TH immunolabel-
ing (Fig. 7E). A triple immunolabeling experiment to localize
GFP, DAT, and VGLUT2 revealed similar findings, with
VGLUT2-positive terminals usually showing strong GFP and
DAT immunolabeling (Fig. 7F), with occasional branches show-
ing strong GFP signal but low DAT immunolabeling (Fig. 7G).
Together, these results suggest that in vitro, DA neurons can es-
tablish at least two types of glutamatergic terminals, which are
either strongly or weakly immunopositive for dopaminergic
markers.

Reduced DA release in the nucleus accumbens of cKO mice
The reduced density of DA innervation in the nucleus accumbens
suggested that DA release might also be decreased in this part of
the striatum in cKO mice. Cyclic voltammetry was therefore used
to measure electrically evoked DA release in striatal brain slices
prepared from male P30 cKO mice and their littermate controls.
We compared the nucleus accumbens shell, where the most ro-
bust reduction in terminals was detected, and the neostriatum,
which showed no significant change in number of axon termi-
nals. Single pulse stimulation (400 wA, 1 ms) was used to evaluate
basal release, while short, physiologically relevant action poten-
tial trains (10 Hz, 20 pulses) were used to more closely examine
DA release under more demanding conditions, where D2 auto-
receptors and DAT function regulate DA overflow. We found a
36.8% decrease in the amplitude of DA overflow evoked by single
pulses in the nucleus accumbens shell (control = 5.7 * 0.4 nA,
cKO = 3.6 = 0.4 nA, p = 0.005; Fig. 8A). In neostriatum, there
were no significant differences between the two genotypes under
these conditions (Fig. 8D). This observation confirmed previous
findings (Hnasko et al., 2010). The kinetics of DA overflow (rise
time and decay time) remained unchanged (Fig. 8B-F). Using
action potential trains, we observed a 37.8% decrease in the max-
imal amount of DA overflow in the nucleus accumbens shell of
cKO mice (control = 8.2 = 0.8 nA,cKO = 5.1 = 0.7 nA, p = 0.03;
Fig. 8G). Here again, no significant differences were observed in
the neostriatum (Fig. 8J) or in the rise time or decay time of DA
overflow in either region (Fig. 8H-L). Finally, the ratio of train-
evoked versus single pulse-evoked DA overflow was also un-
changed in both regions (Fig. 8 M,N).

The reduced number of TH-positive terminals and of DA
release observed in the nucleus accumbens of cKO mice could
also suggest a perturbation in TH activity and/or TH expression.
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FACS-purified culture. ¢, Immunofluorescence images illustrating the results of a GFP/TH/
VGLUT2 triple-immunolabeling experiment performed in an isolated DA neuron from a stan-
dard 7 DIV FACS-purified culture. D, Summary data of the immunolabeling experiments shown
inC. E,Immunofluorescenceimagesillustrating a field from anisolated DA neuron with weak TH
signal and an otherwise GFP and VGLUT2-positive axonal branch. F, G, Inmunofluorescence
images illustrating the results of a strong (F) or weak (G) DAT immunoreactivity in a GFP and
VGLUT2-positive axonal branch originating from an isolated DA neuron.
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Figure8. Themagnitude but not the kinetics of DA release is decreased in the nucleus accumbens shell of conditional Vglut2 KO mice. A-C, Fast cyclic voltammetry recordings showing a decrease

insingle pulse-evoked DA overflow in the nucleus accumbens shell of P30 cKO mice (**p << 0.01; Mann—Whitney rank sum test; n = 5 for control; n = 7 for cK0). The bar graphsillustrate average
results and show that while the peak amplitude of DA overflow was reduced, the rise time and decay time of the response were not altered. D-F, In the neostriatum, the amplitude and kinetics of
single pulse-evoked DA overflow were not different between genotypes (n = 6 for control; n = 6 for cK0). G, Train stimulation (20 pulses, 10 Hz) was also used to evoke DA overflow. DA overflow
evoked in this way was reduced (upper graph) in the nucleus accumbens (N.Acc.) shell of cKO mice (*p << 0.05; Mann—Whitney rank sum test; n = 5 for control; n = 7 for cK0). Rise (H) and decay
(1) time of the response remained unchanged in this region. Train-evoked DA overflow (J—L) was unchanged in the neostriatum (n = 6 for control; n = 6 for cK0). The ratio of train-evoked to single
pulse-evoked DA overflow, an index of vesicle mobilization and autoreceptor control of DA release, was not changed in the nucleus accumbens shell (M) or in the neostriatum (N). n represents the

total number of slices recorded in three control and three cKO P30 mice.

We performed a double-labeling experiment in mesencephalic
brain sections using a TH antibody as well as a phospho-TH
antibody. Quantification of the level of immunoreactivity al-
lowed us to obtain an index of total TH as well as relative TH
activity. First, we found that total TH immunoreactivity per neu-
ron in the VTA and SNc was not different. Second, we found a
decrease in the phospho-TH/TH ratio per DA neuron in the VTA
(Fig. 9), but not in the SN¢, of cKO mice. This later observation is
compatible with a partial contribution of reduced TH activity to
the reduction in DA release.

cKO mice exhibit motor deficits

The reduced DA neuron number and growth in conditional
Vglut2 ¢KO mice raised the possibility of perturbations of DA-
dependent behaviors in these mice, as suggested by recent studies
(Birgner et al., 2010; Hnasko et al., 2010; Alsio et al., 2011). We
examined 3- to 5-month-old male Vglut2 cKO mice and first
monitored spontaneous motor activity in a novel environment.
In this setting, cKO mice displayed a significant decrease of 30%
in horizontal activity (total horizontal beam breaks) (p = 0.03)
compared with littermate controls (Fig. 104). Locomotion (se-
quences of >2 beam breaks in one direction) also showed a ten-

dency toward a reduction, but this did not reach statistical
significance (p = 0.11) (Fig. 10B). Rearing activity was not dif-
ferent between genotypes (Fig. 10C).

Neurotoxin-induced loss of DA neurons is known to decrease
performance on the accelerating rotarod task (Rozas et al., 1998),
a measure of crude motor activity and coordination. We thus
examined the performance of cKO mice in this paradigm. Con-
trol and cKO mice were put on the spinning rotarod for three 1
min trials on 2 consecutive days. Compared with control, the
Vglut2 ¢KO mice scored less for distance (Fig. 10D) on day 1
(control = 0.52 = 0.08 m, cKO = 0.31 £ 0.07 m, p = 0.018), on
speed (Fig. 10E) for both days (day 1: control = 19.9 * 1.5 rpm,
cKO = 15.4 = 1.4 rpm, p = 0.016; day 2: control = 202 = 2.1
rpm, cKO = 15.0 £ 1.5 rpm, p = 0.047), and on the latency to fall
(Fig. 10F) for both days (day 1: control = 22.2 + 2.2 's, cKO =
15.6 £ 2.0 s, p = 0.014; day2: control = 22.7 £ 3.2's, cKO =
15.1 + 2.3 s, p = 0.042).

The ¢KO mice and their controls were also evaluated on the
forced swim test, an index of behavioral despair. The latency to
the first immobilization and the total time immobile were re-
corded on two consecutive trials. There was no apparent differ-
ence between genotypes in the total time spent immobile (Fig.
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The ratio of p-TH/TH but not total TH is reduced in the VTA of cKO mice. A, C, Immunofluorescence images illustrating a TH/Ser(40)-Ph-TH double-immunolabeling experiment

performed in the SNc (4) or VTA (€) of CTRL and cKO P35 mice. B, D, The p-TH/TH ratio per TH+ neuron was reduced in the VTA (D) (p = 0.047; Mann—Whitney rank sum test; n = 12 for control;
n = 13 for cK0) but not in the SNc (B) (p = 0.74; Mann—Whitney rank sum test; n = 10 for control; n = 11 for cKO) of cKO mice. E, F, There was no difference in total TH immunoreactivity per
dopaminergic neuronin the SNc (E) (p = 0.74; Mann—Whitney rank sum test; n = 10 for control; n = 11 for cKO) or the VTA (F) ( p = 0.089; Mann—Whitney rank sum test; n = 12 for control;n =
13 for cKO) of cKO mice. n represents the number of slices analyzed on three animals of each genotype.

10G). However, in the first trial, the cKO mice showed a signifi-
cant decrease in the latency to first immobilization (control =
135.4 £ 44.2's,cKO = 23.0 £ 12.8 s, p = 0.043; Fig. 10H).

Finally, confirming earlier results (Birgner et al., 2010;
Hnasko et al., 2010), the cKO mice displayed a blunted locomo-
tor response when challenged with amphetamine (Fig. 11A-F) or
cocaine (Fig. 11G-L).

Discussion

This study suggests an important role of the glutamatergic cophe-
notype for the developmental regulation of the central DA sys-
tem. Selective deletion of the Vglut2 gene in these neurons
reduced their survival, soma size, neuritic complexity, and axonal
length in culture, and entailed a reduction of their number in
both the VTA and the SNc¢ in vivo, accompanied with a selective
decrease of the density of DA innervation and of DA release in
the nucleus accumbens. The ¢cKO mice also displayed motor
deficits, an altered motor response to psychostimulants, and
signs of behavioral despair. Altogether, these findings provide an
explanation for the reduced sensitivity of such cKO mice to
psychostimulants.

Early expression of Vglut2 in DA neurons
In the present study, single-cell RT-PCR evidence was ob-
tained for expression of Vglut2 mRNA by a high proportion of

mesencephalic DA neurons during the late embryonic period,
followed by a decrease during the postnatal period, but a re-
turn to a relatively high proportion in the adult (close to 50%
at P70). The lower proportion (15%) previously reported in
P45 mice (Mendez et al., 2008) may have been due to the fact
that in this earlier study, midline DA neuron cell groups, in
which VGLUT2 and TH coexistence is the most frequent
(Kawano et al., 2006; Yamaguchi et al., 2011), were not exam-
ined. Although the proportion of DA neurons expressing
Vglut2 mRNA was higher in the VTA than SN, in young and
adult mice, a subset of SN DA neurons did express Vglut2, in
agreement with our previous report. It is important to con-
sider that the relatively high proportion of DA neurons con-
taining Vglut2 mRNA at some developmental stages does not
necessarily imply that these neurons contain abundant levels of
such mRNA or protein. It has recently been reported that double
phenotype DA neurons express only a low copy number of Vglut2
mRNA compared with Th (Yamaguchi et al., 2011).

Role for VGLUT?2 in the survival and growth of
mesencephalic DA neurons

In the present study, an unbiased stereological counting method
revealed a decrease of TH-positive neurons in both VTA and SN¢
of cKO mice. Because the level of TH immunoreactivity per neu-
ron was found to be unchanged in either of these structures in
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cKO animals, the reduced number of
TH-positive neurons found in these
mice is unlikely to be due to reduced
detection of TH-positive neurons.
There were also significant reductions
in the number of neurons in cKO mes-
encephalic DA neurons cultures. Con-
sidering that cKO mice exhibited a 20%
decrease in the total number of mesen-
cephalic TH+ neurons, the 23% de-
crease in the number of TH+ neurons
in 1 DIV mesencephalic cKO cultures is
likely due to the prior loss of DA neu-
rons in vivo before the time of plating.
Moreover, we provide pharmacological
evidence suggesting that NMDA recep-
tors contribute to the survival of these
neurons in vitro. Activation of gluta-
mate receptors may result in excitotox-
icity (Choi et al., 1987), but glutamate
receptor stimulation may also be neuro-
protective under specific conditions
(Vernon et al., 2005). One hypothesis is
that glutamate release by developing DA
neurons could have autocrine neu-
rotrophic effects mediated by NMDA
receptors. The recent demonstration
that activation of presynaptic NMDA
receptors on growth cones of DA axons
facilitates neuritogenesis (Schmitz et al.,
2009) combined with the results of the
present study showing that early (0-7 DIV) but not late (7-14
DIV) NMDA receptor blockade reduces survival, speaks in
favor of such a model. Compatible with our model, a recent
study reported attenuated phasic DA release in the nucleus
accumbens following reward delivery in mice with a cKO of
NRI1 in DA neurons (Parker et al., 2010). Glutamate could also
act through other targets such as astrocytes (Lin et al., 1993;
Ho et al., 1995; Hartmann et al., 2001).

We also provide evidence for a role of the glutamatergic
cophenotype in DA neuron growth. Indeed, the maturation of
DA neurons cultured from Vglut2 cKO mice was significantly
impaired, as indicated by decreased soma size, neurite com-
plexity, and axon length. Acute application of glutamate has
been shown previously to increase the rate of DA neuron axon
growth (Schmitz et al., 2009). In vivo, there could be multiple
sources of glutamate to regulate the growth of DA axons, but
our results in vitro suggest that glutamate release by DA neu-
rons themselves plays a significant role. An alternate explana-
tion of the reduced survival and growth of DA neurons in cKO
mice is that this could be due to loss of vesicular synergy
between VMAT2 and VGLUT2, resulting in reduced vesicular
packaging and release of DA (Hnasko et al., 2010). However,
this would require that DA plays a pro-survival role in DA
neurons, which is not compatible with previous work (Fasano
et al., 2008a).
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Figure 10.

Impaired developmental regulation of the DA system in
Vglut2 cKO mice

Although the respective contribution of impaired survival and
reduced proliferation could not be determined in the present
study, we report a decrease of 25 and 20% in the number of DA
neurons in the VTA and SN, respectively, in cKO mice. We also
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Impaired motor behavior and depression-like behavior in conditional Vglut2 KO mice. A-C, Locomotor
activity in a novel environment. cKO mice show decreased horizontal activity (4) (*p < 0.05; two-way ANOVA test; n =7
for control; n = 12 for cKO) but (B) no difference in locomotion (p = 0.11; two-way ANOVA test; n = 7 for control; n =
12 for cKO) or rearing activity (€) compared with control mice. D—F, cKO mice show impaired performance in the rotarod
test, administered on 2 consecutive days. There is a significant decrease in distance for day 1 (D), speed (rpm) for days 1and
2 (E), and in latency to fall for days 1and 2 (F) for cKO mice (each value is the mean for three trials per animal per day (*p <
0.05; Mann—Whitney rank rum test; n = 7 for control; n = 12 for cK0). G, H, Forced-swim test paradigm. There is no effect
of genotype for the total time spentimmobilized (G) for both trials. cKO mice show a decreased latency to become immobile
(H) for the first but not the second trial (*p << 0.05; Mann—Whitney rank sum test; n = 6 for control; n = 9 for cK0).

found a decrease in the ratio of phospho- to total TH, an index of
the relative state of phosphorylation of TH and of TH activity, in
VTA DA neurons. This later observation stands in contrast to
findings reported in another study (Hnasko et al., 2010). The
30% decrease in density of DA innervation, associated with a 40%
decrease in the amount of electrically evoked DA release in the
nucleus accumbens of the cKO mice, was consistent with the DA
cellloss in the VT A. Reduced TH activity could also have contrib-
uted in part to the observed decrease in DA release. A comparable
decrease in DA release has been previously reported in the nu-
cleus accumbens of such cKO mice (Hnasko et al., 2010). In the
absence of differences in the kinetics of DA overflow or in the
ratio of train-evoked versus single pulse-evoked DA overflow in
cKO mice, major changes in DA reuptake, vesicle mobilization,
and/or DA autoreceptor feedback regulation seem unlikely
(Benoit-Marand et al., 2001).

Loss of vesicular synergy between VMAT2 and VGLUT2, re-
sulting in reduced vesicular packaging and release of DA (Hnasko
et al., 2010), could represent an alternate explanation for the
decreased release of DA in the nucleus accumbens of cKO mice.
The almost complete absence of colocalization of TH and
VGLUT? in dual labeling immunofluorescence and in immuno-
electron microscopy experiments (Bérubé-Carriere et al., 2012)
does not provide strong support for the vesicular synergy hypoth-
esis; however, these findings highlight an intriguing biological
phenomenon. Our in vitro results revealing the existence of
dopaminergic axonal branches with very weak TH or DAT
immunoreactivity raise the hypothesis that VGLUT2-positive
terminals established by DA neurons in the striatum in vivo
express only low levels of TH, thus making them difficult to
detect using standard immunohistochemical techniques. It is
important to highlight the fact that immunolabeling ap-
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Blunted locomotor response to amphetamine and cocaine. cKO mice displayed a decreased horizontal activity (4, B) and locomotion (€, D), but no difference in vertical activity (E, F)

when challenged by 0.75 mg/kg amphetamine (*p << 0.05; **p << 0.01; two-way ANOVA test; n = 7 for control; n = 12 for cKO). cKO mice also displayed decreased horizontal activity (G, H),
locomotion (/,J), and vertical activity (K, L) when challenged by 10 mg/kg cocaine (*p << 0.05;two-way ANOVA test; n = 7 for control; n = 12 for cKO). n represents the number of 3- to 5-month-old

control or cKO mice.

proaches simply cannot distinguish between complete lack of
expression and low, subdetection, levels of proteins in specific
cellular compartments.

Why the reduced number of SNc DA neurons did not lead
to significant reductions in the number of axon varicosities
and DA release in the neostriatum of Vglut2 cKO mice remains
to be explained. Compensatory sprouting may have occurred,
as seen in Parkinson’s disease or in response to partial
6-OHDA lesions (Rosenblad et al., 1998; Lee et al., 2008). An
alternate possibility is that the SNc neurons that were lost in
the Vglut2 ¢cKO mice are part of the small contingent of SNc
neurons that preferentially innervate the nucleus accumbens
(Lynd-Balta and Haber, 1994; Prensa and Parent, 2001). It
may also be that the stimuli used to trigger DA release in the
present experiments did not sufficiently challenge DA pools in
nigrostriatal terminals. Compatible with this possibility, evi-
dence has been provided recently for reduced DA release in the
dorsolateral striatum of Vglut2 cKO in response to potassium
depolarization (Alsio et al., 2011).

As for the 35% decrease in the number of VGLUT2-positive
axon terminals in the nucleus accumbens shell and core, it could
account for the recent finding of a tendency toward a decrease in
potassium-evoked glutamate release in the nucleus accumbens
core of another conditional Vglut2 cKO mice (Birgner et al.,
2010). This reduced number of VGLUT2-positive axon terminals
might reflect the absence of glutamatergic terminals established
by DA neurons projecting to the nucleus accumbens, or represent
an indirect effect.

Evidence for a role of the glutamate cophenotype in

motor function

The behavioral profile of two different lines of conditional
Vglut2 cKO mice has been recently examined in two studies;
interestingly, both of these groups reported reduced behav-
ioral activation in response to amphetamine and cocaine (Bir-
gner et al., 2010; Hnasko et al., 2010). The present report
confirms these results, but also provides evidence supporting
motor impairment in the cKO mice, including reduced per-

formance in the rotarod task. A similar deficit in the rotarod
test was not found in the other reports (Birgner et al., 2010;
Hnasko et al., 2010). The reason for this discrepancy is un-
clear, but sex differences could be involved because only males
were used in the present work, while both males and females
were used in the other studies (Birgner et al., 2010; Hnasko et
al., 2010). As no changes were observed in DA release (Alsio et
al., 2011) and in the density of dopaminergic terminals in the
neostriatum, reduced performance in the rotarod task could
be due to reduced somatodendritic DA release in the SNc
(Andersson et al., 2006), resulting from the decreased number
of DA neurons in this nucleus. Reduced somatodendritic DA
release could also contribute to the impaired response to psy-
chostimulants in these cKO mice. A contribution of reduced
striatal glutamatergic drive to these behavioral impairments is
also likely. Our finding of reduced performance in the forced
swim test could reflect depressive behavior or behavioral de-
spair in the cKO mice, due to perturbed interactions between
DA and 5-HT neurons (Wong et al., 1995). An alternate ex-
planation might be altered motivation, consistent with a role
of the glutamatergic cophenotype of DA neurons in reward
and motivated behaviors, as suggested by recent work demon-
strating altered self-administration of high-sucrose food and
cocaine in Vglut2 cKO mice (Alsio et al., 2011).

In summary, the present report suggests an important role for
the glutamatergic cophenotype of DA neurons in the develop-
ment and the regulation of the mesostriatal dopaminergic sys-
tem. Considering the involvement of this system in a number of
serious diseases such as Parkinson’s, schizophrenia, and drug de-
pendence, it opens new perspectives into the underlying patho-
physiological processes of such disorders.
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