
E
D
L

G
D
A
a

M
H
b

C
c

t
3
d

M
H
e

C

A
b
t
o
p
a
s
a
d
r
o
m
o
P
v
p
c
s
V
p
c
a
i
2
a
p

*
F
C
f
E
A
3
c
d
s
b
p

Neuroscience 156 (2008) 59–70

0
d

NHANCED GLUTAMATERGIC PHENOTYPE OF MESENCEPHALIC
OPAMINE NEURONS AFTER NEONATAL 6-HYDROXYDOPAMINE
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bstract—There is increasing evidence that a subset of mid-
rain dopamine (DA) neurons uses glutamate as a co-transmit-
er and expresses vesicular glutamate transporter (VGLUT) 2 ,
ne of the three vesicular glutamate transporters. In the
resent study, double in situ hybridization was used to ex-
mine tyrosine hydroxylase (TH) and VGLUT2 mRNA expres-
ion during the embryonic development of these neurons,
nd postnatally, in normal rats and rats injected with 6-hy-
roxydopamine (6-OHDA) at P4 to destroy partially DA neu-
ons. At embryonic days 15 and 16, there was a regional
verlap in the labeling of TH and VGLUT2 mRNA in the ventral
esencephalon, which was no longer found at late embry-
nic stages (E18 –E21) and postnatally. In normal pups from
5 to P15, only 1–2% of neurons containing TH mRNA in the
entral tegmental area (VTA) and substantia nigra, pars com-
acta, also displayed VGLUT2 mRNA. In contrast, after the
erebroventricular administration of 6-OHDA at P4, 26% of
urviving DA neurons in the VTA of P15 rats expressed
GLUT2. To search for a colocalization of TH and VGLUT2
rotein in axon terminals of these neurons, the nucleus ac-
umbens of normal and 6-OHDA-lesioned P15 rats was ex-
mined by electron microscopy after dual immunocytochem-
cal labeling. In normal rats, VGLUT2 protein was found in
8% of TH positive axon terminals in the core of nucleus
ccumbens. In 6-OHDA-lesioned rats, the total number of TH
ositive terminals was considerably reduced, and yet the

Correspondence to: L.-E. Trudeau, Department of Pharmacology,
aculty of Medicine, Université de Montréal, C.P. 6128, Succursale
entre-Ville, Montréal, QC, Canada H3C 3J7. Tel: �1-514-343-5692;

ax: �1-514-343-2291.
-mail address: louis-eric.trudeau@umontreal.ca (L.-E. Trudeau).
bbreviations: ANOVA, analysis of variance; DA, dopamine; DAB,
,3=-diaminobenzidine tetrahydrochloride; Dig, digoxigenin; nAcb, nu-
leus accumbens; PBS, phosphate-buffered saline; PFA, paraformal-
ehyde; RH, random hexamer; RLi, rostral linear nucleus; SN, sub-
tantia nigra; SNc, substantia nigra pars compacta; TBS, Tris–saline
a
uffer; TH, tyrosine hydroxylase; VGLUT, vesicular glutamate trans-
orter; VTA, ventral tegmental area; 6-OHDA, 6-hydroxydopamine.
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roportion also displaying VGLUT2 immunoreactivity was
odestly but significantly increased (37%). These results

ead to the suggestion that the glutamatergic phenotype of a
TA DA neurons is highly plastic, repressed toward the end
f normal embryonic development, and derepressed postna-
ally following injury. They also support the hypothesis of
o-release of glutamate and DA by mesencephalic neurons
n vivo, at least in the developing brain. © 2008 IBRO. Pub-
ished by Elsevier Ltd. All rights reserved.

ey words: dopamine, glutamate, VGLUT2, 6-OHDA, mesen-
ephalon, nucleus accumbens.

he dopamine (DA) system is known to be critical for motor
ontrol and many aspects of cognition. It is implicated in
arkinson’s disease and neuropsychiatric disorders, in-
luding schizophrenia and addiction. In the last 10 years,
onsiderable evidence has accrued for glutamate co-trans-
ission by central DA neurons. For example, release of
lutamate was demonstrated to occur at autapses estab-

ished by isolated DA neurons in culture (Sulzer et al.,
998; Bourque and Trudeau, 2000; Joyce and Rayport,
000) and stimulation of presumed DA neurons in the
entral tegmental area (VTA) was shown to evoke gluta-
atergic synaptic responses in neurons of the nucleus
ccumbens (nAcb) and prefrontal cortex (Chuhma et al.,
004; Lavin et al., 2005) . In addition, mesencephalic DA
eurons in culture were shown to express vesicular gluta-
ate transporter (VGLUT) 2 (Dal Bo et al., 2004), one of the

hree VGLUTs (Ni et al., 1995; Bellocchio et al., 1998; Hisano
t al., 2000; Aihara et al., 2000; Herzog et al., 2001; Fremeau
t al., 2001; Varoqui et al., 2002; Gras et al., 2002).

In two recent in situ hybridization studies, expression of
GLUT2 mRNA by mesencephalic DA neurons has been
emonstrated in intact tissue (Kawano et al., 2006; Yamagu-
hi et al., 2007). In the first study, the authors reported that as
uch as 19% of tyrosine hydroxylase (TH) immunopositive
eurons of the VTA (A10 cell group) also expressed VGLUT2
RNA (Kawano et al., 2006). In the second study, the au-

hors found that only 0.1% of neurons expressing TH mRNA
n this region also contained VGLUT2 mRNA (Yamaguchi et
l., 2007). This large difference in proportion remains to be
xplained, but could reflect technical differences in experi-
ental approach. In any case, both studies indicated a strik-

ng difference between in vivo and in vitro data, since a
ajority (80%) of isolated mesencephalic DA neurons in

ulture have been shown to express VGLUT2 (Dal Bo et al.,
004). In line with previous results demonstrating plasticity
f the transmitter phenotype of neurons during development

nd in response to changes in neuronal activity (Furshpan

mailto:louis-eric.trudeau@umontreal.ca
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t al., 1976; Borodinsky and Spitzer, 2007; Borodinsky et al.,
004; Yang et al., 2002; Gillespie et al., 2005; Trevino and
utierrez, 2005; Gutierrez and Heinemann, 2006; Gomez-
ira et al., 2005), this discrepancy between the in vivo and in
itro data is best resolved by hypothesizing that VGLUT2
xpression in DA neurons is regulated during development,
nd may be up-regulated in response to trauma, such as

issue dissociation and culture or a partial lesion in vivo.
To investigate the glutamatergic phenotype of developing

esencephalic DA neurons in vivo, we used double in situ
ybridization for TH mRNA and each subtype of VGLUT
ranscripts in pre- and postnatal rats, as well as double label-
ng immuno-electron microscopy with specific antibodies
gainst TH and VGLUT2 in 15 day-old pups. Intact rats as
ell as rats subjected to neonatal i.c.v. administration of the
eurotoxin 6-hydroxydopamine (6-OHDA) were examined in
rder to evaluate the effects of an early injury on the trans-
itter phenotype of surviving DA neurons.

We confirm that a small subset of mesencephalic DA
eurons selectively expresses VGLUT2 mRNA, but not
GLUT1 or VGLUT3, and suggest that the glutamatergic
henotype of these neurons is repressed during late em-
ryonic development and may be up-regulated in response

o early postnatal injury. By visualizing both TH and
GLUT2 proteins in the same axon terminals of the nAcb,
e also provide strong evidence for the capacity of mes-
ncephalic DA neurons to release both DA and glutamate

n vivo, at least in developing brain.

EXPERIMENTAL PROCEDURES

nimals

ll procedures involving animals and their care were conducted in
trict accordance with the Guide to the Care and Use of Experi-
ental Animals (Ed2) of the Canadian Council on Animal Care.
he experimental protocols were approved by the animal ethics
ommittee (CDEA) of the Université de Montréal and conformed
o international guidelines on the ethical use of animals, such as
hose of the Canadian Council on Animal Care. Care was also
aken to minimize the number of animals used and their suffering.
prague–Dawley male rats and pregnant dams were purchased

rom Charles River (Montreal, QC, Canada) and housed at a
onstant temperature (21 °C) and humidity (60%), under a fixed
2-h light/dark cycle, with free access to food and water.

eonatal 6-OHDA lesions

eonatal 6-OHDA lesions were produced as previously described
Stachowiak et al., 1984; Jackson et al., 1988; Fernandes Xavier
t al., 1994). Four day-old pups received an s.c. injection of
esipramine (50 �l, 5.6 mg/ml in aCSF) (Sigma Chemical, St.
ouis, MO, USA) 45 min before toxin injection, to protect norad-
energic neurons. The toxin (6-OHDA hydrochloride, Sigma), was
issolved (10 mg/ml) in aCSF containing 0.2% ascorbic acid to
revent oxidation. Pups were anesthetized on ice, placed on a
old body mold, and administered 5 �l of 6-OHDA solution in each
ateral brain ventricle (stereotaxic coordinates: L �1.5 mm, AP

mm to Bregma, and V 3.3 mm below the dura), at a rate of
pproximately 1.5 �l/min. The intraventricular injections were
ade with a 30-gauge needle attached to a 10 �l Hamilton

yringe. The syringe was left in place for 3 min after each injection.
ham controls were injected with vehicle under the same condi-
ions. The pups were then warmed in a humidified box and re- u
urned to their mother 2 h later. They were maintained with their
other until sacrifice, 11 days post-surgery (at P15).

ouble in situ hybridization

he double in situ hybridization technique (Beaudry et al., 2000)
as used in rat embryos as well as in normal P5, P10 and P15 rat
ups, and in 6-OHDA-lesioned P15 rats and their sham controls
Cossette et al., 2004; St-Hilaire et al., 2005). The embryos were
emoved from gestating dams under isoflurane anesthesia (isoflu-
ane 2%, O2 1.8 l/min), on days 14, 15, 18 and 21 of gestation.
hey were immersed in frozen isopentane, and stored at �80 °C
ntil used. The postnatal rats were anesthetized with halothane
nd their brain was quickly dissected out, immersed in cold phos-
hate-buffered saline (PBS, 50 mM, pH 7.4), and cut in two parts
t the level of the median eminence. The rostral part containing
he striatum was fixed by immersion in 4% paraformaldehyde
PFA) solution for 48 h and processed for TH immunohistochem-
stry as described below. The caudal part containing the mesen-
ephalon was immersed in frozen isopentane and stored at
80 °C until used.

[35S]UTP-labeled VGLUT1, 2 or 3 probes, and a nonradioac-
ive digoxigenin (Dig)-labeled TH probe were prepared as follows.
omplementary RNA (cRNA) probes for each VGLUT subtype
ere synthesized from pCRII-Topo plasmids containing a frag-
ent of each VGLUT cDNA. cDNA fragment sizes were 519, 539
nd 415 base pairs for VGLUT1, 2 and 3, respectively (Herzog et
l., 2001; Gras et al., 2002). Antisense probes were produced by

inearization of the plasmid using the NotI restriction enzyme and
P6 polymerase, and synthesized with the Promega riboprobe kit

Promega, Madison, WI, USA) and [35S]UTP (Perkin-Elmer, Mis-
isauga, ON, Canada). For sense probes, the HindIII restriction
nzyme was used to linearize the plasmid, and probes were
ynthesized with T3 polymerase. Labeled probes were purified
ith mini QuickSpin RNA columns (Roche Diagnostics, Laval, QC,
anada). The Dig-labeled TH probe was generated as previously
escribed (Cossette et al., 2004). Both Dig-labeled TH (20 ng/�l)
nd specific radioactive-labeled VGLUT probes (2�106 CPM)
ere included simultaneously in the hybridization solution.

Transverse sections of the mesencephalon (12 �m-thick)
ere cut with a cryostat, mounted on Superfrost Plus slides

Fisher Scientific, Toronto, ON, Canada), and stored at �80 °C
ntil used. Before hybridization, slides were fixed in 4% PFA for 20
in and rinsed three times in PBS. In situ hybridization was
erformed overnight at 58 °C. To reduce non specific Dig labeling,
n additional step was added to standard post-hybridization treat-
ents: immersion in a 50% formamide solution in 2� saline–

odium citrate buffer (SSC, 300 mM NaCl, 30 mM sodium citrate,
H 7 in DEPC water) for 30 min at 60 °C. The slides were then

mmersed for 30 min in blocking solution containing 2% BSA and
.3% Triton X-100 in buffer A solution (100 mM Tris–HCl, pH 7.5
nd 150 mM NaCl), covered with 100 �l of an anti-Dig antibody
onjugated to alkaline phosphatase (Roche Diagnostics) diluted
/200 in buffer A, and placed at 4 °C overnight. After three rinses
10 min) in buffer A, the Dig was revealed in buffer B (100 mM
ris–HCl, pH 9.5, 100 mM NaCl and 50 mM MgCl2) containing
.4 mM nitroblue tetrazolium chloride, 0.45 mM 5-bromo-4-chloro-
-indolyl phosphate (Dig detection kit, Roche Diagnostic) and
mm levamisole, for 30 min at room temperature, in the dark. The
ig reaction was stopped by immersion in buffer C (100 mM
ris–HCl, pH 8 and 1 mM EDTA). After three additional washes
ith distilled water, slides were air-dried, and apposed against
iomaxMR radioactive-sensitive film (Kodak, New Haven, CT,
SA) for 3 days. Following film exposition, the slides were coated
y dipping with LM-1 photographic emulsion (Amersham, ON,
anada), stored in the dark for 21 days at 4 °C, developed in D-19

Kodak) and coverslipped with a water-soluble mounting medium
Permafluor; Lipshaw Immunon, Pittsburgh, PA, USA). Slides

sed to compare the dual labeling at different ages and/or be-
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ween experimental conditions were systematically processed to-
ether. All these sections were examined under bright-field illumi-
ation with an Olympus IX-50 microscope (Carsen Group,
arkham, ON, Canada), at 400� magnification.

In sections from embryos, the contour of individual neurons
ould not be distinguished after the above processing for dual in
itu hybridization. To quantify in situ hybridization signals, counts
f silver grains (VGLUT2 mRNA) were therefore obtained from
issue areas also displaying Dig positivity (TH mRNA). This was
one with the aid of the public domain Image J software (NIH) in

mages captured with an ORCA-II cooled digital camera
Hamamatsu, Bridgewater, NJ, USA). In each section, silver grain
ounts were obtained from three square areas (�6000 �m2 each)
f the ventral mesencephalon displaying Dig positivity, and three
reas of the same sections (�5600 �m2 each) showing only
eak, silver grain labeling (background). The counts from TH-Dig
ositive areas were then averaged at each embryonic age, and
xpressed in number of grains per 500 �m2 (an area correspond-

ng to a cluster of DA neurons cell bodies), after subtracting the
ackground (0.9–1.9 silver grains per 500 �m2 of section). This
nalysis was performed in three or four sections per embryo, and
hree embryos each at E15 and E18, and five embryos each at
16 and E21.

In sections from postnatal rats, background labeling was sim-
larly measured and found at 0.37–0.53 silver grains per 500 �m2

f section. As in previous studies (Kawano et al., 2006), TH-Dig
ositive cells (DA neurons) were considered to be labeled for
GLUT2 mRNA if displaying three times the background level, i.e.
t least six silver grains per cell body (Gratto and Verge, 2003). In

our rats of each experimental condition tested and three or four
ections per rat, located between stereotaxic planes �5.28 mm
nd �6.24 mm from Bregma in adult rats (Paxinos and Watson,
005), singly and doubly labeled cells were then counted visually.

H immunohistochemistry

H immunohistochemistry was used to verify the extent of
-OHDA lesions. After 48 h of fixation in PFA, 24 �m-thick trans-
erse sections of the forebrain were cut with a VT1000s vibratome
Leica Microsystems, Nussloch, Germany), rinsed in PBS (3�10
in) and then incubated in 5% goat serum solution containing
0% BSA and 0.1% Triton X-100 for 1 h, in order to block non-
pecific labeling. Sections across the striatum were incubated
vernight in mouse monoclonal TH antibody (Clone TH-2, Sigma)
iluted 1/1000 in PBS. The signal was detected with biotinylated
nti-mouse antibodies (Jackson Immunoresearch, West Grove,
A, USA) diluted 1/1000, followed by 1/1000 streptavidin–HRP

Jackson). After 3�10 min washes in PBS, followed by 2�10 min
ashes in Tris–HCl (50 mM, pH 7.4), the peroxidase reaction was

evealed with 0.05% 3,3=-diaminobenzidine tetrahydrochloride
DAB; Sigma) and hydrogen peroxide (0.01%) in Tris–HCl. The
AB reaction was stopped by immersion in Tris–HCl.

T-mPCR

ransverse slices (�1 mm thickness) of the mesencephalon, cut
y hand at the level of the VTA and substantia nigra (SN), were

solated from the frozen brain of normal, sham-injected and
-OHDA-lesioned, 15 day-old rats (n�3 in each group). The slices
ere trimmed under the microscope to keep only the VTA and SN
ars compacta (SNc). Total RNA was extracted from each indi-
idual sample using TRIzol® Reagent (Invitrogen, Burlington, ON,
anada), according to the manufacturer’s instructions. All sam-
les were stored at �80 °C until used. Reverse transcription was
erformed on 2.5 �g of total RNA for 1 h at 37 °C with 0.5 mM
NTPs mix (Qiagen), 2.5 �M random hexamers (RH) (Applied
iosystems, CA, USA) and 100 U M-MLV reverse transcriptase

Invitrogen). Reaction was stopped by heating at 70 °C for 15 min,

hen multiplex-semiquantitative PCR amplification was performed s
sing 10% of the RT reaction, 2.5 �l 10� PCR buffer, 0.5 �l of
00 mM dNTPs, 2.5 U of Taq polymerase (all from Quiagen, ON,
anada), 1.5 mM MgCl2, and 10 pmol of each primer. Twenty-
even cycles were carried out as follows: denaturation at 94 °C for
0 s, annealing at 55 °C for 30 s and extension at 72 °C for 30 s.
mplification products were analyzed by 1.6% agarose gel elec-

rophoresis. Band intensities were evaluated with Kodak ID v3.6.0
oftware.

ultiplex single-cell RT-PCR

ells dissociation was performed following a protocol modified
rom Puma et al., (2001). Briefly, the ventral mesencephalon was
issected from E15 embryos and collected in ice-cold PBS sup-
lemented with 6 mg/ml glucose. The tissue was treated with
apaïn (Worthington Biochemical Corporation, Lakewood, NJ,
SA) for 20 min at 37 °C in dissociation solution (in mM: 90
a2SO4, 30 K2SO4, 5.8 MgCl2, 0.25 CaCl2, 10 Hepes, 20 glucose,
.001% Phenol Red, pH 7.4), and then triturated to obtain a cell
uspension (Bourque and Trudeau, 2000), that was subjected to
differential gradient centrifugation to eliminate dead cells and

ebris. Cells were plated on polyethyleneimine-coated (PEI) cov-
rslips, mounted into an electrophysiology recording chamber and
ere left to adhere at room temperature for 15 min, then washed
nder perfusion with physiological saline solution (in mM: 140
aCl, 5 KCl, 2 MgCl2, 2 CaCl2, 10 Hepes, 10 glucose, 6 sucrose,
H 7.35 and 305 mOsm) to remove non-attached cells.

Cells were collected individually under RNAse-free conditions
y using sterile borosilicate patch pipettes. No intracellular pipette
olution was used. Each cell was collected by applying light neg-
tive pressure to the pipette. The recording chamber was fixed to
he stage of an inverted Nikon Eclipse TE-200 microscope. Cov-
rslips were kept under perfusion of physiological saline solution
sing a gravity flow system (1 ml/min). Once samples were col-

ected, the content of the pipette was transferred immediately into
pre-chilled 200-�l tube containing 6 �l of a freshly prepared

olution of 20 U of RNaseOUT and 8.3 mM of DTT (Invitrogen)
nd then frozen immediately until use. Frozen samples were
hawed on ice and subjected to the RT reaction as described for
otal RNA, but using 1.25 �M RH, 100 units M-MLV RT and 20
dditional units of RNaseOUT. A first round of PCR was done as
entioned above, but using half of the RT reaction and 27 cycles.
second round of PCR was done using 10% of the first PCR

eaction and 28 cycles.

rimers

ll primers were designed according to the NCBI GenBank se-
uence database using Primer3 (http://frodo.wi.mit.edu/cgi-bin/
rimer3/primer3_www.cgi) as well as Vector NTI software, and
ynthesized by AlphaDNA (Montreal, QC, Canada). They were
ested using the appropriate positive and negative controls. For
-actin, the forward and reverse primers were 5=-ctcttttccagccttc-
ttctt-3= and 5=-agtaatctccttctgcatcctgtc-3=, respectively (product
ize 175 pb). For TH, the primers were 5=-GTTCTCAACCT-
CTCTTCTCCTT-3= and 5=-GGTAGCAATTTCCTCCTTTGTGT-3=;
H-nested, 5=-GTACAAAACCCTCCTCACTGTCTC-3= and 5=-
TTGTATTGGAAGGCAATCTCTG-3= (product size 375 pb). For
GLUT2, the primers were 5=-GGGGAAAGAGGGGATAAA-
AA-3= and 5=-TGGCTTTCTCCTTGATAACTTTG-3; VGLUT2-
ested 5=-atctacagggtgctggagaagaa-3= and 5=-gatagtgctgttgttgac-
atgt-3= (product size 230 pb). Nested primers were the same as
he ones used in the RT-mPCR experiments.

ouble immunolabeling for electron microscopy

ifteen day-old pups were deeply anesthetized with sodium pen-
obarbital (80 mg/kg, i.p.) and fixed by intra-cardiac perfusion of a

olution of 3% acrolein in 0.1 M phosphate buffer (PB, pH 7.4),

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
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ollowed by 4% PFA in the same buffer. The brain was removed,
ost-fixed by immersion in the PFA solution at 4 °C for 2 h, and
ashed in PBS. Fifty micrometer-thick transverse sections across

he nAcb were cut in PBS with a vibratome, immersed in 0.1%
odium borohydride in PBS for 30 min at room temperature, and
ashed in this buffer before further processing. After preincuba-

ion for 1 h at room temperature in a blocking solution containing
% normal goat serum and 0.5% gelatin in PBS, sections were

ncubated for 48 h at room temperature with both mouse mono-
lonal anti-TH (Sigma) (1:500) and rabbit polyclonal anti-VGLUT2
ntiserum (Synaptic Systems, Goettingen, Germany) (1:500) (An-

auf and Derouiche, 2005) antibodies in blocking solution. The
onoclonal anti-TH antibody recognizes an epitope present in the
-terminal region of both rodent and human TH (Haycock, 1993),
hile the polyclonal anti-VGLUT2 antibody was raised against a
-terminal segment of mammalian VGLUT2 (Fujiyama et al.,
001). The VGLUT2 and TH antibodies were then sequentially

abeled in this order with the immunogold and the immunoperox-
dase technique, respectively. Sections were rinsed in PBS, incu-
ated overnight at room temperature in goat anti-rabbit IgGs
onjugated to 1 nm colloidal gold particles (AuroProbe One, Am-
rsham, Oakville, ON, Canada), diluted 1:50 in blocking solution,
nd the size of immunogold particles was increased by silver
nhancement for 15 min with IntenSE kit (Amersham). Sections
ere then rinsed in PBS, incubated for 1.5 h at room temperature
ith biotinylated goat anti-mouse IgGs (Jackson) diluted 1:1000 in
locking solution, rinsed in PBS, incubated for 1 h in a 1:1000
olution of streptavidin–HRP (Jackson), washed in PBS and then
n 0.05 M Tris–saline buffer (TBS; pH 7.4), incubated for 2–5 min
n TBS containing 0.05% DAB and hydrogen peroxide (0.02%),
nd washed again in TBS to stop the reaction.

Further processing for electron microscopy was as previously
escribed in detail (Riad et al., 2000). In brief, sections were
smicated, dehydrated and flat-embedded in resin between a
lass slide and a plastic coverslip (Rinzl, Thomas Scientific,
wedesboro, NJ, USA). After 48 h of polymerization at 60 °C, the
overslips were removed, and the region of interest (nAcb), iden-
ified by light microscopy, was excised from the slides and glued
t the tip of resin blocks. Ultrathin sections were then cut with an
ltramicrotome (Reichert Ultracut S, Leica Canada, St-Laurent,
C, Canada), collected on bare square-meshed copper grids,
tained with lead citrate and examined with an electron micro-
cope (Philips CM100, Philips Electronics, St-Laurent, QC, Can-
da). Immunocytochemical controls included processing as above
ut without either one or both primary antibodies. Only the ex-
ected single labeling was observed when omitting one or the
ther primary antibody, and no labeling whatsoever in the ab-
ence of both of them.

The electron microscopic analysis focused on the core of the
Acb, at transverse levels that correspond to between A 10.8 and
1.28 mm in the stereotaxic atlas of Paxinos and Watson (2005).
aterial from seven normal and seven 6-OHDA-lesioned rats,
ged 15 days, was examined. In both normal and 6-OHDA-le-
ioned rats, a minimum of 50 electron micrographs per rat were
btained from a narrow area of thin sections less than 10 �m away
rom the tissue-resin border at working magnifications ranging
rom 3000–15,000�. The film negatives were scanned (Epson
erfection 3200), converted into a positive picture, adjusted for
rightness and contrast with Photoshop (Adobe), and printed at a
nal magnifications ranging from 7500–37,500�.

Most immunolabeled profiles could then be positively identi-
ed as axon varicosities, i.e. axon dilations (�0.25 �m in trans-
erse diameter) containing aggregated small vesicles and often
ne or more mitochondria, and displaying or not a synaptic mem-
rane specialization (junctional complex). Smaller immunolabeled
rofiles were assumed to represent intervaricose segments of
nmyelinated axons. Only profiles decorated with three or more
mmunogold particles were considered as immunogold-labeled. s
he immunoperoxidase labeling was readily identified as a more
r less dense precipitate, often outlining the small vesicles or
itochondria and the membrane of varicosities. In 30 micrographs
er rat, printed at a uniform magnification of 30,000� and showing
he best morphological preservation, all singly or dually immuno-
abeled profiles of axon varicosities were counted and categorized
s immunopositive for TH alone, for VGLUT2 alone or for both TH
nd VGLUT2 (TH/VGLUT2). As an equivalent ultrathin section
urface (�1665 �m2) was being examined in every rat, the total
umber of varicosities in the different categories could be merely
ivided by the number of rats (n�7) for the comparison between
ormal and 6-OHDA-lesioned rats.

tatistical analyses

ll data were expressed as group mean�S.E.M. Statistical
nalyses were performed with SigmaStat (Systat Software,
hicago, IL, USA) or GraphPad Prism 4 (La Jolla, CA, USA).

-Tests, analyses of variance (one-way ANOVA) and Tukey
ost hoc tests were used to determine statistical significance. P
alues below 0.05 were considered statistically significant.

RESULTS

xpression of VGLUT2 mRNA in pre- and postnatal
entral mesencephalon

ouble in situ hybridization against TH and the three VGLUT
ubtypes was performed in order to detect VGLUT1-3
RNAs in developing DA neurons in vivo. The selectivity
f the [35S]VGLUT mRNA probes was validated by evalu-
ting their distribution in autoradiographs from the brain of
ormal 15 day-old rats. In keeping with previous observa-
ions (Boulland et al., 2004; Fremeau et al., 2002; Gras et
l., 2002; Herzog et al., 2004b), VGLUT1 mRNA was
bundant in the pyramidal cell layer of hippocampus and in
erebral cortex; VGLUT2 mRNA in the red nucleus and the
edial geniculate nucleus, and VGLUT3 mRNA in the
orsal and median raphe nuclei (Supplementary online
aterial) (Herzog et al., 2004a). No signal was observed
ith sense probes (data not shown).

Inspection of these autoradiographs did not show
bundant VGLUT2 labeling in the ventral mesencephalon,

ncluding the VTA and SN, which could be due to a low
ensitivity of detection of our in situ hybridization tech-
ique, but could also reflect a truly low level of VGLUT2
RNA at that age (Boulland et al., 2004). However, this did
ot exclude co-expression by a sub-population of these
eurons, or the repression of a broader co-expression at
arlier stages of development.

The expression of each VGLUT subtype was therefore
xamined from E14 to E21 as well as in neonatal rats, using
ouble in situ hybridization with Dig-TH and [35S]VGLUT
robes. No labeling for VGLUT1 and VGLUT3 mRNA was
etected in the mesencephalic region of embryonic or neo-
atal rats (data not shown). In contrast, at E14–E15 and E16,
trong labeling for VGLUT2 mRNA was observed in the
egion displaying TH mRNA labeling (Fig. 1A, A1), i.e. in the
entral and paramedial zone of the mesencephalon where
eveloping DA neurons are found (Smits et al., 2006). At later
mbryonic ages (E18–21), TH mRNA labeling remained
bundant, but the overlap with VGLUT2 labeling was lost,

uggesting a lowering of VGLUT2 expression in dopaminer-
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ic nuclei (Fig. 1B, B1). Quantification of the VGLUT2 mRNA
abeling in TH-Dig-positive regions of embryonic ventral

ig. 1. Selectivity and evaluation of co-expression of TH and VGLUT2
RNA in prenatal ventral mesencephalon. (A–B1) Double in situ hybrid-

zation with DIG-labeled probes to detect TH mRNA (purple) and radio-
abeled probes to detect VGLUT2 mRNA (silver grains). (A–A1) TH and
GLUT2 mRNAs in the ventral mesencephalon of an E15 rat. Note the
trong overlap in regional co-localization of both mRNAs. (B–B1) At E18,
here is little overlap in the regional distribution of the two mRNAs. A1 and
1 are enlargements of the areas outlined in dashed line in A and B.

C) Density of VGLUT2 mRNA labeling (number of silver grains per
00 �m2 of section) in TH-Dig positive areas of mesencephalic sections
rom embryos at different ages. Both E18 and E21 values are significantly
ower than E15 and E16 values (means�S.E.M. from three embryos at
15 and E18 and 5 embryos at E16 and E21). *** P�0.001 by ANOVA
nd Tukey post hoc test. (D) Presence of VGLUT2 mRNA in freshly
issociated mesencephalic DA neurons (cells 1–3) identified by the pres-
nce of TH mRNA. Cell 4 only expresses TH mRNA, while cell 5 only
xpresses VGLUT2. MS, mesencephalon plus striatum used as positive
ontrol; m, muscle, used as negative control. For interpretation of the
eferences to color in this figure legend, the reader is referred to the Web
ersion of this article.
esencephalon showed averages of 7.9�0.9 and 7.3�0.6
W
l

ilver grains per 500 �m2 of section at E15 (N�3) and E16
N�5), respectively, and significant decreases to 2.3�0.4
nd 1.9�0.2 per 500 �m2 at E18 (N�3) and E21 (N�5),
espectively (P�0.001 by one-way ANOVA and Tukey’s mul-
iple comparison post hoc test) (Fig. 1C). To confirm the
resence of VGLUT2 mRNA in embryonic DA neurons, sin-
le-cell RT-PCR was used in individual E15 DA neurons.
fter acute dissociation of the ventral mesencephalon from
15 embryos, 54 cells were collected. Of these 54 cells, 13
ere found to contain VGLUT2 mRNA and four to contain TH
RNA. Out of these four DA neurons, three were found to

ontain VGLUT2 mRNA (Fig. 1D), thus confirming the appar-
nt frequent expression of this transcript in embryonic DA
eurons.

In postnatal rats, numerous neurons dually-labeled for
H and VGLUT2 mRNAs were visible in the rostral linear
aphe (RLi) nucleus (Fig. 2A, B), while only small numbers
ere observed in the VTA and SNc (Fig. 2C, D). The
ercentage of DA (TH mRNA) neurons co-expressing
GLUT2 mRNA in the VTA and SN of normal neonatal rats

s given in Table 1. In P5, P10 and P15 pups (N�4 for each
ge), we counted a total of 5382 neurons containing TH
RNA in the SN, and 4656 in the VTA. Out of these, only
small subset showed dual labeling (33 in the SN, and 120

n the VTA). There was no statistically significant change in
he percentage of dually labeled neurons in the VTA or the
N between these ages (Table 1). At each age, the per-

ig. 2. Co-expression of TH and VGLUT2 mRNA in RLi, VTA or SNc
eurons of 15 day-old normal rats. Double in situ hybridization with
IG-labeled and radiolabeled probes as in Fig. 1 (TH mRNA in purple,
nd silver grains for VGLUT2 mRNA). (A, B) Co-expression of VGLUT2
nd TH mRNA is observed in a subset of DA neurons (black arrows) in
he RLi. Many other neurons displayed only TH mRNA (red arrows). (C,
) A few neurons in the SNc (C) and VTA (D) of normal rats display both
RNAs (black arrows). Red arrows designate neurons containing TH
RNA only. Outlines of VTA, SNc and RLi drawn from Paxinos and

atson (2005). For interpretation of the references to color in this figure

egend, the reader is referred to the Web version of this article.
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entage of co-expression was significantly higher in the
TA (parabrachial and paranigral subdivisions) than the
N (2.6�0.5% versus 0.6�0.1% in average; P�0.001,

-test). The highest ratio was observed in the RLi
24.1�6.4%; N�3), in which DA neurons are less numer-
us and dispersed along the midline (Fig. 2A, B). Some
eurons expressing VGLUT2 only were also seen in the
TA, suggesting the presence of primarily glutamatergic
eurons in this mesencephalic region (e.g. Fig. 4A).

o-expression of VGLUT2 by DA neurons after
eonatal 6-OHDA lesion

he neonatal administration of 6-OHDA allowed us to eval-
ate the effects of an early injury on the transmitter phe-
otype of surviving DA neurons. As expected from earlier
tudies (Fernandes Xavier et al., 1994), 11 days after
-OHDA (P15), TH immunoreactivity was almost abolished

n the dorsal striatum of 6-OHDA rats, but residual labeling
ersisted in the ventral striatum, and notably in the nAcb
Fig. 3A, B). The consequences of the 6-OHDA lesion on
GLUT2 expression were first investigated by measuring
H, VGLUT2 and �-actin mRNAs in tissue blocks of the
TA and SN of normal, sham and 6-OHDA-lesioned 15
ay-old rats (N�3), using semi-quantitative RT-PCR. As
hown in Fig. 3C and D, TH mRNA was markedly de-
reased after 6-OHDA compared with normal or sham
ontrols (optical density 0.41�0.04 vs. 1.1�0.04 and
.87�0.16 for normal and sham respectively; one-way
NOVA, F(2,8)�12,1, P�0.05). In contrast, there were no
ignificant differences in VGLUT2 mRNA levels between
ither group (Fig. 3C, D; OD 0.94�0.03 for 6-OHDA rats
s. 0.88�0.03 and 0.82�0.1 for normal and sham rats,
espectively; one-way ANOVA, F(2,8)�0,9, P�0.05).

In view of the major decrease in the number of DA
eurons, the lack of a parallel decrease in VGLUT2 mRNA
as compatible with either one of two possibilities. The
roportion of surviving DA neurons expressing VGLUT2
ould be increased following the 6-OHDA lesion, thus com-
ensating for the decrease in DA neuron number, or else,
ost of the VGLUT2 mRNA that was measured originated

able 1. Number and proportion of VTA and SN neurons co-express-
ng TH and VGLUT2 mRNA in postnatal control rats

ontrol
ats

TH� cells
per section

TH�/VGLUT2�
cells per section

TH�/VGLUT2
percent

5 (N�4)
VTA 121�14 4.1�1.2 3.4�0.8%
SN 131�10 0.9�0.2 0.7�0.1%

10 (N�4)
VTA 158�18 3.8�1 2.4�0.4%
SN 167�19 1.3�0.6 0.8�0.3%

15 (N�4)
VTA 102�7 1.8�0.3 1.8�0.3%
SN 152�12 0.7�0.4 0.4�0.2%

Means�S.E.M. for the number of neurons counted per section in
our rats at each age (three or four sections per rat). On the right, the
umber of dually labeled neurons (TH�/VGLUT2�) is expressed as a
ercentage of all neurons containing TH mRNA (TH�).
rom non-DA neurons that were not affected by the lesion.
o
c

o distinguish between these possibilities, the number and
roportion of DA neurons that expressed VGLUT2 mRNA
ere determined by double in situ hybridization in sham-
perated compared with 6-OHDA-lesioned rats. As shown

n Table 2, 11 days after the lesion, there was a modest but
onsignificant increase in the number and proportion of
ually labeled neurons in the VTA of sham-operated (N�4)
ompared with control rats (N�4) (56 TH�/VGLUT2�
ver 1124 TH�, i.e. 7.1�1.5% versus 19 TH�/VGLUT2�
ver 1116 TH�, i.e. 1.8�0.3%), and no change in the SN.
s also shown in Table 2, the total number of neurons
isplaying TH mRNA was considerably reduced in the VTA
f the lesioned rats (N�4), while such neurons had almost

otally disappeared from the SN. Yet, the number of VTA
eurons co-expressing TH and VGLUT2 mRNA after
-OHDA (142 TH�/VGLUT2� over 530 TH� neurons) was
igher than in control and sham-operated animals (Fig. 4),
hereas none were observed in the SN. As the number of

ig. 3. Effect of the neonatal 6-OHDA lesion on TH and VGLUT2 mRNA
evels in the ventral mesencephalon of 15 day-old rats. (A, B) TH immu-
oreactivity in the P15 rat striatum after i.c.v. injection of aCSF (sham) (A)
r 6-OHDA (B). Note that the 6-OHDA lesion induced an almost complete

oss of TH levels, confirming the success of the lesion. (C) Expression
rofile of relative TH, VGLUT2 and �-actin mRNA levels in the mesen-
ephalon of P15 rats. Measurements were made by multiplex semi-
uantitative RT-PCR from control, sham-operated and 6-OHDA-le-
ioned rats (three animals per condition). (D) Histogram representing
he relative levels of TH and VGLUT2 mRNA measured from control,
ham or lesioned tissue. The data represents the average�S.E.M.
rom three rats per condition. Values were normalized to the signal

btained for �-actin mRNA levels. * P�0.05 when compared with
ontrol or sham groups by ANOVA and Tukey post hoc test.



V
r
d
A
e
a
c

T
n

I
r
l
l
a
q
d
v
(
l
b
c
w
t
T
t
6
w
m
t
s
e
H
t
t

W
n
t
p

a
s
fi
T
i
t

V
n

T
g
a
2
a
Y
V
v
T
e
e
a
a
o
n
w
w
a
t
a
t
1
D
t
n
(
(
e
i

w

F
1
C
n
a
c

T
i

P

S

6

a
c
l
i
*

G. Dal Bo et al. / Neuroscience 156 (2008) 59–70 65
TA DA neurons was markedly reduced by the lesion, this
esulted in a highly significant increase in the proportion of
ually labeled VTA neurons (26.3�2.5%; Table 2). An
NOVA confirmed the statistical significance of this differ-
nce (P�0.001 for 6-OHDA versus each other group), in the
bsence of a significant difference between the sham and
ontrol rats.

H and VGLUT2 containing axon terminals in the
Acb of normal and 6-OHDA-lesioned 15 day-old rats

n every specimen from both normal and 6-OHDA-treated
ats examined by electron microscopy after dual immuno-
abeling for TH and VGLUT2, axon terminals (varicosities)
abeled for TH only (DAB), VGLUT2 only (gold particles)
nd both TH and VGLUT2 could be observed (Fig. 5). A
uantification of these results revealed a considerable re-
uction (38%) in the number of TH positive singly-labeled
aricosities after the 6-OHDA lesion compared with normal
Table 3). An apparent reduction in the number of singly
abeled, VGLUT2 positive terminals was also measured,
ut did not reach statistical significance because of the
onsiderable variability between rats. Surprisingly, there
as no significant decrease in the number of dually labeled

erminals estimated as a proportion of the total number of
H positive terminals after 6-OHDA (Table 3). To the con-

rary, 37% of residual TH positive terminals in the nAcb of
-OHDA-lesioned rats were dually labeled, a value which
as significantly higher than the 28% measured in nor-
al rats (P�0.05). Interestingly, even in single thin sec-

ions, the dually labeled terminals frequently showed a
ynaptic membrane specialization (junctional complex),
ither asymmetrical or symmetrical (Fig. 5C and 5F).
owever, a larger sample will be required to determine

he relationship between synaptic specializations and
ransmitter status.

DISCUSSION

hile confirming that, in normal rats, a subset of VTA DA
eurons expresses VGLUT2 mRNA, this study suggests
hat this dual transmitter phenotype is more broadly ex-

able 2. Number and proportion of VTA and SN neurons co-express-
ng TH and VGLUT2 mRNA in sham and 6-OHDA lesioned rats

15, rats TH� cells
per section

TH�/VGLUT2�
cells per section

Percent

hams (N�4)
VTA 98�7 6.9�2.7 7.1�1.5%
SN 126�13 0.9�0.4 0.7�0.3%

-OHDA (N�4)
VTA 39�5 10.3�1 26.3�2.5%***
SN 4.6�2.6 0 0

Data from P15 rats subjected to vehicle (sham) or 6-OHDA injection
t P4. As in Table 1, means�S.E.M. for the number of neurons
ounted per section in four rats of each group. The proportion of dually
abeled neurons (TH�/VGLUT2� over all TH�) is significantly greater
n 6-OHDA-lesioned than sham rats.
** P�0.001 by ANOVA and Tukey test post hoc.
ressed during early than late embryonic development,
m
l

nd reveals that it may be activated in VTA DA neurons
urviving a neonatal 6-OHDA lesion. It also provides the
rst demonstration of the presence of VGLUT2 protein in
H-immunopositive axon varicosities of the nAcb, reinforc-

ng the possibility of a dual release of glutamate and DA by
hese nerve terminals in vivo.

GLUT2 expression in mesencephalic DA
eurons in vivo

he initial goal of the present study was to characterize the
lutamatergic phenotype of mesencephalic DA neurons,
nd to determine whether, as in culture (Dal Bo et al.,
004), these neurons co-express VGLUTs in vivo. In
greement with two recent reports (Kawano et al., 2006;
amaguchi et al., 2007), in normal postnatal rat, only
GLUT2 mRNA was detected in a small sub-population of
entral mesencephalic neurons containing TH mRNA.
herefore, like other monoaminergic neuronal populations
xpressing a glutamatergic phenotype, such as C1 adren-
rgic neurons expressing VGLUT2 (Stornetta et al., 2002)
nd raphe serotonin neurons expressing VGLUT3 (Gras et
l., 2002), mesencephalic DA neurons co-express only
ne VGLUT subtype. Albeit low, the proportion of DA
eurons co-expressing VGLUT2 in normal postnatal rat
as significantly higher in the VTA than in the SNc. This
as in keeping with the recent observations of Kawano et
l. (2006) in adult animals, and further highlights pheno-
ypic differences between DA neurons in these two nuclei,
s already shown for the levels of expression of TH, DA
ransporter and calbindin (Rogers, 1992; Blanchard et al.,
994; Korotkova et al., 2004, 2005). The small subset of
A neurons expressing VGLUT2 mRNA in normal postna-

al rat contrasted with the high proportion of isolated DA
eurons in culture known to release glutamate synaptically
�60%) (Sulzer et al., 1998) or to express VGLUT2 protein
�80%) (Dal Bo et al., 2004), suggesting that VGLUT2
xpression might be enhanced in isolated DA neurons

n vitro.
In vivo, VGLUT2 expression may be abundant and

idespread during development but repressed in mature

ig. 4. Co-expression of TH and VGLUT2 mRNA in VTA neurons of
5 day-old sham control (A) or 6-OHDA-lesioned (B) rats. (A, B)
ompared with normal (Fig. 2D) and sham control (A), a greater
umber of VTA neurons co-expressed TH and VGLUT2 mRNA (black
rrows) in 6-OHDA-lesioned rats (B). Red arrows designate neurons
ontaining TH mRNA only, and double arrows neurons with VGLUT2

RNA only. For interpretation of the references to color in this figure

egend, the reader is referred to the Web version of this article.
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A neurons. Indeed, at 14–16 embryonic days, VGLUT2
RNA was strongly and broadly co-expressed with TH
RNA in the region of ventral mesencephalon where DA
eurons first develop (Kalsbeek et al., 1988), and no

onger detectable at later embryonic stages (E18 and E21).
ingle-cell RT PCR confirmed the frequent co-expression
f VGLUT2 in E15 DA neurons. In rat ventral midbrain at
18, DA neurons are found in the same relative location

hat they will occupy in the adult brain, and their projections
egin to reach the ventro-lateral part of the neostriatum
Specht et al., 1981; Voorn et al., 1988) in which neuro-
enesis begins (Bayer, 1984). Future work will be needed
o verify that the rapid change in regional overlap of TH and
GLUT2 expression in embryonic ventral midbrain does

ig. 5. Electron microscopic visualization of singly (TH or VGLUT2)
Acb of normal (A–C) or 6-OHDA-lesioned (D–F) 15-day old rats. TH
recipitate) and the immunogold technique (dense, silver-intensified, g

or TH only (thin black arrows), VGLUT2 only (empty arrows) or TH an
he presence of two doubly labeled varicosities closely apposed to a n
xon varicosities, one of which shows TH labeling only (thin black arrow
rrows designate two varicosities along the same axon, which display b
ynaptic contact (between small arrows) with a dendritic spine (asteris
ts parent unmyelinated axon. To its right, a small profile (presumably a
ingly labeled for VGLUT2, a larger, doubly labeled axon varicosity (th
ith a dendritic spine (asterisk). Scale bars�1 �m (A, D); 0.5 �m (B,
epresent a reduced number of DA neurons expressing J
GLUT2 mRNA, and to determine the specific role of this
ual phenotype during the growth of these neurons. Rapid
eclines in VGLUT2 expression have been described pre-
iously in postnatal rat brain (Boulland et al., 2004) (see
lso Danik et al., 2005). They are likely to reflect the
epression of a glutamatergic phenotype transiently ex-
ressed during critical periods of development.

GLUT2 expression in DA neurons surviving a
eonatal 6-OHDA lesion

eonatal i.c.v. administration of 6-OHDA is a well-estab-
ished model to study adaptive and plastic properties of
entral DA neurons in vivo (Fernandes Xavier et al., 1994;

ly (TH/VGLUT2) immunopositive axon terminals (varicosities) in the
UT2 were respectively labeled with the immunoperoxidase (fine DAB
les). At the relatively low magnification of A and D, varicosities labeled
T2 (thick black arrows) may be observed in the same field. In D, note
ell body (N in cytoplasm). In B, a triad is formed by three juxtaposed
two others VGLUT2 labeling only (empty arrows). In C, the thick black

nd VGLUT2 labeling. Both of these varicosities make an asymmetrical
a doubly labeled varicosity (thick black arrow) is seen emerging from
labeled for TH only (thin black arrow). In F, underneath a small profile
arrow) forms a symmetrical synaptic contact (between small arrows)

.

and doub
and VGL
old partic
d VGLU
euronal c
) and the
oth TH a
ks). In E,
xonal) is
oyce et al., 1996; Penit-Soria et al., 1997; Neal-Beliveau
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nd Joyce, 1999). This lesion destroys most DA neurons in
he SNc and decreases the number of DA neurons in the
TA, but, as previously shown, many DA neurons of this

atter region survive. The present study revealed that the
ercentage of VTA DA neurons expressing VGLUT2
RNA was markedly increased in 15 day-old 6-OHDA

esioned rats compared with normal or sham controls. This
ncrease in number of VTA DA neurons containing
GLUT2mRNA was far greater than could be explained by
preferential survival of those VTA neurons normally ex-

ressing the dual phenotype. Interestingly, an increase in
he number and in the proportion of dually labeled DA
eurons was already observed 2 days after the surgery, at
6 (96 VGLUT2�/TH� over 561 TH� counted in three
nimals; 17.1�4.4), indicating an early and rapid activation
f VGLUT2 expression in surviving DA neurons (data not
hown). These data argue in favor of the hypothesis of an

nduction or derepression of VGLUT2 expression in many
f the surviving DA neurons.

The proportion of VTA DA neurons expressing
GLUT2 appeared to be also slightly increased in sham-

njected rats that were pre-treated with desipramine to
revent degeneration of noradrenergic neurons. Although

his trend did not reach statistical significance, it may have
een due to an elevation of extracellular norepinephrine.

nterestingly, in adult rat, chronic desipramine treatment
as been shown to increase VGLUT1 mRNA in the cere-
ral cortex and hippocampus (Moutsimilli et al., 2005;
ordera et al., 2005), and VGLUT2 mRNA in the thalamus
Tordera et al., 2005). Preliminary data suggest that a
odest increase of VGLUT2 mRNA in the ventral mesen-

ephalon may indeed result from a single injection of de-
ipramine in normal neonatal rats (data not shown).

On the other hand, there was no detectable increase in
GLUT2 mRNA expression in the SNc DA neurons having
urvived the 6-OHDA lesion. This perhaps reflected a fur-
her difference between VTA and SNc DA neurons, not
nly in their ability to express VGLUT2 under normal con-
itions, but also in their potential to up-regulate its co-
xpression after trauma. Experiments in progress should

ell whether VTA DA neurons of adult rats retain the po-
ential to express VGLUT2 after partial 6-OHDA lesion.
nterestingly, a number of recent reports have described

able 3. Number of TH, VGLUT2, and TH/VGLUT2 immunopositive a

15 rats TH� terminals VGLUT2

ormal (N�7)
N terminals 1125 892
Mean�S.E.M. 161�8 127�32

-OHDA (N�7)
N terminals 696 581
Mean�S.E.M. 99�11*** 88�16

N terminals is the total number of immunopositive axon terminals in
ection (1665 �m2 per rat) in each group, as explained in Experim
mmunolabeled for VGLUT2 is given on the right.
** P�0.001 by unpaired Student’s t-test.
P�0.05 by unpaired Student’s t-test.
n enhanced expression of VGLUT2 by mature neurons in r
esponse to various stimuli (Kawasaki et al., 2005, 2006;
rabovszky et al., 2006; Aymerich et al., 2006). These
ndings illustrate the remarkable plasticity of the glutamate
ransmitter phenotype of neurons. The recent demonstration
hat hippocampal granule cells begin to express glutamic
cid decarboxylase and to release GABA in addition to
lutamate after a kindling protocol (Gutierrez, 2000; Guti-
rrez and Heinemann, 2006) or in response to glial cell-
erived neurotrophic factor (Gomez-Lira et al., 2005) also

avors this view. These latter results have been interpreted
s the reactivation of a normally repressed developmental
rogram (Seal and Edwards, 2006), which might also be

he case for VGLUT2 expression by neonatally-lesioned
A neurons.

resence of VGLUT2 protein in DA terminals

onsidering that mesencephalic DA neurons of the VTA
ensely innervate the nAcb (Oades and Halliday, 1987),
his small nucleus was the ideal anatomical area to search
or a colocalization of TH and VGLUT2 protein in axon
erminals. After dual immunolabeling for electron micros-
opy, 28% of TH positive terminals in the core of nAcb
ould be distinctly visualized as also containing VGLUT2
rotein. Such a proportion of axon terminals containing
oth TH and VGLUT2 protein was much higher than the
bserved proportion of DA neurons expressing VGLUT2
RNA, a discrepancy for which several possible explana-

ions could be advanced, in addition to limitations in sen-
itivity of the dual in situ hybridization technique. VGLUT2
ositive DA neurons could have established a higher den-
ity of axon terminals at this stage of development than DA
eurons which do not express VGLUT2. It is also possible
hat the half-life of the VGLUT2 protein is relatively long,
ccounting for its persistence many days after interruption
f its synthesis and export to axon terminals.

As expected, the 6-OHDA lesion caused a substantial
ecrease in the number of TH-immunopositive terminals in
he nAcb, as evaluated either by dual immunofluorescence
r by double labeling immuno-electron microscopy. In the

atter material, the 38% decrease in axon terminals labeled
or TH was considerably less than the 60% reduction in
umber of VTA neurons displaying TH mRNA, perhaps

inals in the nAcb of 15 day-old normal versus 6-OHDA-lesioned rats

als TH�/VGLUT2� terminals Percent

318 28�2%
45�6

256 37�4%*
37�4

egory, counted over an equivalent total surface of 11 655 �m2 of thin
ocedures. The percentage of all TH-labeled axon terminals dually
xon term

� termin

each cat
ental Pr
eflecting, at least in part, the survival of DA neurons which
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o longer expressed detectable amounts of TH mRNA.
nterestingly, this diminished number of TH terminals was
ot accompanied by a statistically significant reduction in
he number of dually TH and VGLUT2 positive axon ter-
inals (decrease of less than 20%). On the contrary, there
as a small but significant increase in the percentage of all
H terminals which exhibited the dual phenotype (from
8% to 37%; P�0.05). This finding is in line with the

ncrease in the proportion of VTA DA neurons that co-
xpressed VGLUT2 mRNA after the lesion. Alternatively, it
ould indicate that axon terminals arising from DA neurons
hat also contain VGLUT2 were less sensitive to the
-OHDA-induced degeneration. Because, in many brain
egions, central DA neurons are endowed with non-synap-
ic as well as synaptic axon varicosities (Hattori et al.,
991; Descarries et al., 1996; Ingham et al., 1998), it will
e of interest to explore the possible relationship between
he glutamatergic phenotype of TH positive terminals and
heir synaptic versus non-synaptic differentiation.

CONCLUSION

lthough the specific role of glutamate in mesencephalic
A neurons remains undetermined, the early developmen-

al expression of VGLUT2 in these neurons suggests an
mplication of glutamate release in the establishment or
ne-tuning of their projections. Further experiments will be
equired to test this hypothesis more directly and to inves-
igate which signals activate or derepress VGLUT2 expres-
ion in lesioned VTA neurons. It will also be of major
nterest to determine whether such a phenotypic switch

ay occur in adult animals, as well as the possible role of
he dual DA-glutamate phenotype (and its regulation)
ithin the context of pathological states.
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