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Abstract 

Dopamine is involved in addiction, cognition and motivated behaviours. Certain dopamine neurons have the 
ability to release glutamate as well as dopamine both in vitro and in vivo by expressing VGLUT2. This DA-
glutamate co-phenotype regulates psychostimulant-induced behaviour. When exposed to the neurotoxin 6-
OHDA, a higher proportion of dopamine neurons express VGLUT2. The expression of VGLUT2 is up-regulated 
when DA neurons are exposed to GDNF. We therefore postulate that VGLUT2 is necessary for regulating the 
survival and overall fitness of dopamine neurons. In this study, by disrupting the Vglut2 gene in dopamine 
neurons, we show that dopamine neurons are more resilient, under certain circumstances, when treated with 
a neurotoxin if they are able to release glutamate as well as DA. We also show that although GDNF up-
regulates the expression of VGLUT2, the ability to release glutamate is not necessary for GDNF to exert its 
neurotrophic effect on dopamine neurons. We also investigated whether or not the expression of VGLUT2 is 
up-regulated in an MPTP model of neurotoxicity as it is in a 6-OHDA model and concluded that it is up-
regulated in nucleus accumbens, which receives dopaminergic inputs from the ventral tegmental area. These 
findings provide evidence that the glutamatergic co-phenotype in dopamine neurons has a functional role in 
the neuronal circuits implicated in addiction and motivation. Keywords: dopamine, vesicular glutamate 
transporters, MPP+, MPTP, GDNF. 
  

Introduction 

Dopamine (DA) plays important roles in behaviour, cognition, reward and movement. The substantia 

nigra pars compacta (SNc) projects the terminals of its DA neurons to the neostriatum as a part of the 

basal ganglion loop of movement, whilst the ventral tegmental area (VTA) projects the terminals of its 

DA neurons to the nucleus accumbens (NAcc), amygdala, hippocampus and prefrontal cortex. 

Projections from the VTA are involved in motivated behaviours rather than movement. Patients 

suffering from  Parkinson’s disease (PD)  lose the ability to perform smooth movements as a result of 

death of almost all DA neurons, primarily in the SNc (Mounsey & Teismann 2010). Although certain 

genes have been identified as risk factors in what appears to be a hereditary form of PD, usually 

having an earlier age of onset (Klein et al. 2009), and environmental exposures, such as pesticides and 

herbicides have been linked to PD cases in some populations (Rugbjerg et al. 2011), most cases 

remain idiopathic (Segura Aguilar & Kostrzewa 2004).   

  The most potent therapeutic agent in the treatment of PD currently in use is glial cell line-derived 

neurotrophic factor (GDNF), a neurotrophic factor that aids the survival of DA neurons (Clarkson et 

al. 1995, Clarkson et al. 1997). Studies have shown that GDNF helps the survival and repair of DA 

neurons in vivo when administered both before DA neuron lesioning (Tomac et al. 1995, Bilang-

Bleuel et al. 1997, Biju et al. 2010)  and after (Kells et al. 2010), and also that GDNF can stimulate 

the formation of functional synapses in cultured DA neurons (Bourque & Trudeau 2000). The increase 

in the number of synapses could potentially enhance the release of dopamine and thus relieve some of 

the symptoms of PD.  
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 Co-transmission, the release of more than one neurotransmitter by a single neuron, appears to be, 

contrary to previous belief, a rule rather than an exception.  This has been shown for several different 

neuronal populations (Trudeau & Gutiérrez 2007, El Mestikawy et al. 2011). Before the cloning of the 

vesicular glutamate transporters (VGLUT), it was shown that DA neurons can make glutamatergic 

synapses in culture (Sulzer et al. 1998). Of the three VGLUTs (VGLUT1-3) that have been identified, 

only VGLUT2 mRNA has been detected in DA neurons (Mendez et al. 2008) and a subset of DA 

neurons naturally express the VGLUT2 protein (Dal Bo et al. 2004). The physiological role for the 

dual glutamate-DA phenotype is yet to be determined.   

 The expression of VGLUT2 in DA neurons appears to be up-regulated in a model of induced DA 

neuronal death, resulting in a higher proportion of surviving neurons that express VGLUT2 (Dal Bo et 

al. 2008, Bérubé-Carrière et al. 2009). DA neurons treated with GDNF also express VGLUT2 at a 

higher proportion than those that are not (Fortin et al., unpublished results). Furthermore, VGLUT2 

mRNA is expressed in DA neurons at a higher proportion in newborn than in adult mice (Mendez et 

al. 2008) and rats (Bérubé-Carrière et al. 2009, Dal Bo et al. 2004, Mendez et al. 2008) and DA 

neurons with the ability to release glutamate are more apt for survival than those that are unable to do 

so (Fortin et al., unpublished results). These results suggest a developmental role of the glutamate-DA 

co-phenotype. Glutamate also regulates the growth and branching of DA neurons (Schmitz et al. 

2009), further supporting this hypothesis.   

 VGLUT2 expression by DA neurons acts as a regulator of psychostimulant-induced 

behavioural activation (Birgner et al. 2010). Co-release of a primary neurotransmitter along with 

glutamate has been demonstrated for certain neuronal populations. For instance, VGLUT1 and 

VAChT are co-expressed in synaptic vesicles within the axonal terminals in the interpeduncular 

nucleus (Ren et al. 2011) and VGLUT1 and VGAT in the cerebral cortex of adult rats (Fattorini et al. 

2009). Vesicular synergy, increased packaging and release of the primary neurotransmitter when a 

glutamate transporter is located on the same vesicle, has been demonstrated with VGLUT3 in striatal 

acetylcholinergic interneurons (Gras et al. 2008). Vesicular synergy for DA neurons of the VTA has 

been suggested (Hnasko et al. 2010), but how the transmission of glutamate in DA neurons takes place 

is yet to be determined. For now, there are merely speculations (Figure 1).  

 Glutamate is well known for its ability to induce apoptosis via excitotoxicity, but it is an 

important survival signal as well (Hardingham & Bading 2003, Papadia & Hardingham 2007). This 

has been demonstrated in cerebellar granule cells (Contestabile 2002, Jiang et al. 2003). Glutamate can 

Figure 1 Suggested modes of glutamate release by a dopaminergic neuron. Modified from El Mestikawy et al., (2011). 
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also induce the production of neurotrophic factors, including GDNF, from microglia (Liang et al. 

2010). The role of glutamate in the survival of neurons is quite ambiguous.  

  Death of DA neurons can be induced in various ways. 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) is a selective pro-neurotoxin that kills DA neurons. It’s a structural analog 

of DA and is used for in vivo studies due to its ability to cross the blood-brain-barrier (BBB). Once in 

the brain, MPTP is metabolized by monoamine oxidase-B (MAO-B) available in astrocytes into the 

active neurotoxic metabolite 1-methyl-4-phenylpyridinium (MPP+), which in turn is transported into 

DA neurons via the dopamine transporter (DAT) and kills the cell by interfering with the 

mitochondrial respiratory chain (Lee et al. 2011). MPP+, being a polar molecule, cannot cross the 

BBB and is thus used for in vitro studies rather than in vivo (Serra et al. 2008).  

 6-hydroxydopamine (6-OHDA), another selective neurotoxin affecting noradrenergic neurons and 

DA neurons, is also widely used to induce Parkinsonism in laboratory animals, usually in combination 

with a noradrenalin re-uptake inhibitor, such as desipramine to limit its effects to merely DA neurons. 

6-OHDA cannot cross the BBB and requires injection into the substantia nigra, medial forebrain 

bundle, or the striatum (Hisahara & Shimohama 2010).   

 In this present study, we aimed to determine whether or not the glutamatergic co-phenotype in 

DA neurons is beneficiary in their survival when subjected to MPP+ induced neurotoxicity and, 

considering that the expression of VGLUT2 is up-regulated when treated with GDNF (Fortin et al., 

unpublished results), whether or not the aforementioned co-phenotype is required for GDNF to exert 

its neurotrophic effect on DA neurons. This was tested in the “Survival experiment”. We also tested 

whether the expression of VGLUT2 is up-regulated in MPTP induced neurotoxicity, as it is in a 6-

OHDA model (Dal Bo et al. 2008), in the “Regulation experiment”.
 

Experimental procedures 

Survival experiment 

Animals  

All procedures involving animals and their care were conducted in strict accordance with the Guide to 

care and use of experimental animals (2
nd

 Edition) of the Canadian Council on Animal Care. The 

experimental protocols were approved by the Comité de Déontologie pour l’Expérimentation sur des 

animaux (CDEA) of the Université de Montréal. Housing was at a constant temperature (21°C) and 

humidity (60%), under a fixed 12 hours light/dark cycle with free access to food and water.  

 The mice used in this experiment were produced via the Cre-Lox system of gene deletion. Exon 2 

of the Vglut2 gene was flanked by two loxP sites, which lead to the post-translational degradation of 

the now non-functional protein. The Cre recombinase was under the control of the DAT promoter, 

making the deletion of the Vglut2 gene selective for DA neurons. The insertion at this locus causes a 

disruption of the DAT in approximately half of the DA neurons, which is why, as a control, we 

decided not to work with a full wild type C57BL mouse, but rather one positive for Cre. Since MPP+ 

acts via uptake by the DAT, there would be great differences between the KO and control that relates 

simply to the number of DATs. The genotypes of the KO mice were thus DAT-Cre;VGLUT2
f/f

 and the 

control mice were DAT-Cre;VGLUT2
+/f

.  In subsequent graphs, the control will be denoted as wild 

type (WT). It is important to bear in mind that it is not a full WT mouse line.  

http://en.wikipedia.org/wiki/Methyl
http://en.wikipedia.org/wiki/Phenyl
http://en.wikipedia.org/wiki/Pyridine
http://en.wikipedia.org/wiki/Methyl
http://en.wikipedia.org/wiki/Phenyl
http://en.wikipedia.org/wiki/Phenyl
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Preparation of glass coverslips  

Culturing and plating of cortical astrocytes on 15 mm glass coverslips was prepared by our research 

assistant Marie-Josée Bourque in accordance with an established protocol (Fasano et al. 2008). The 

astrocytes were collected from mouse pups between postnatal day 0 (P0) and P5. 

Genotyping  

For genotyping of the pups, 0.5-1 cm of tail was used for DNA extraction along with the REDExtract-

N-Amp™ Tissue PCR Kit (Sigma). Amplification of Cre and Lox were conducted to verify KO and 

control genotype respectively and the products visualized on an ethidium bromide stained 2% agarose 

gel. 

Primers 

The primers used to genotype the mice were synthetized by AlphaDNA (Montréal, Canada). Their 

sequences were: DAT-Cre 5’-accagccagctatcaactcg-3’ and 5’-ttacattggtccagccacc-3’; lox-VGLUT2 5’-

gtctactgtaagtgaagacac-3’ and 5’-ctttaggctttcatccttgag-3’.  

Cell Culture  

The brains of P0-2 pups were collected for a primary culture of mesencephalic neurons. Dissection 

was preceded by cryoanaesthesia. The cranium was washed with 70% EtOH and dried with a piece of 

tissue paper and cut using micro-dissecting scissors. The skin and the cranium were removed using 

no. 7 curved forceps, the brain washed with 2 ml dissociating solution (6.39 g Na2SO4, 2.62 g K2SO4, 

590 mg MgCl2 hexahydrate, 18.4 mg CaCl2 dihydrate, 1.19 g HEPES, 1.80 g D-glucose, H2O to 

500 ml, 1 ml phenol red 0.5% in DPBS, pH 7.4; Sigma) collected using a flame-curved Pasteur pipet 

and dropped into a petri dish containing ice-cold dissociation solution. The mesencephalon was 

sectioned into tissue blocks, which were subsequently dissociated to a single cell suspension and 

plated onto the glass coverslips, also in accordance with the protocol (Fasano et al. 2008) by our 

research assistant. The neurons were plated at a concentration of 80 000 cells/ml. The coverslips for 

MPP+ treatment (see below) were kept in 35 mm Petri dishes, two coverslips/Petri dish, separated by a 

line drawn in the middle with a soldering iron. In said Petri dish, 2.5 ml of Neurobasal-A+MEM 

solution (86 ml Neurobasal-A medium 1 x without L-glutamine1 ml penicillin/streptomycin, 1 ml 

GlutaMAX2 ml B27 supplement,10 ml FBS, 50 ml conditioned MEM) was added. Coverslips for 

GDNF treatment were transferred to a 12 multi-well plate with 500 µl of Neurobasal-A+MEM 

solution in each well. The day following plating of the neurons onto the coverslips, the neuron cultures 

were treated with the mitotic inhibitor FUDR (203 ml MEM, 1x with Earle’s salts, without L-

glutamine; Invitrogen, 100 mg 5-fluoro-2’-deoxyuridine, 198 mg uridine; Sigma); 2.5 µl of FUDR per 

500 µl of medium was used, thus 2.5 µl per well and 12.5 µl per petri dish. 

Treatments  

Treatment with GDNF was performed in two ways. One treatment regimen was a single acute 

treatment with 3 nM GDNF (Alomone Labs) at 0 days in vitro (DIV) and the other was a chronic 

treatment with 3 nM GDNF every third day starting at 0 DIV, resulting in a total of 4 treatments. 

Control treatments consisted of the vehicle, which was sterile water, of the same volume and on the 

same treatment days. Coverslips from the control (DAT-Cre;VGLUT2
+/f

) mice and the KO (DAT-

Cre;VGLUT2
f/f

) mice were treated equally. Treatment with GDNF and water was performed in a 

12 multiwells plate containing 500 µl of Neurobasal-A+MEM+/well.  

 Treatment with MPP+ was divided into 5 groups. Treatment with 10 µM MPP+ (Sigma) was 

performed on two occasions: at 7 DIV and with fixation at 10 DIV and treatment at 10 DIV and 

fixation at 12 DIV. Treatment with 1 µM MPP+ was conducted at 5, 8 or 10 DIV and fixed 2 days 
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later. The MPP+ was freshly prepared for each experiment. Control treatment consisted of the vehicle 

(sterile water). KO and control genotypes were treated equally and the treatment was performed in 

35 mm Petri dishes. 

Immunocytochemistry  

The cultures were fixed in 4% paraformaldehyde (PFA), permeabilized with 0.1% Triton-X and 

unspecific binding was blocked. The primary antibody, mouse anti-TH (MAB318; Millipore, 

Etobicoke, Ontario) at a 1:1000 dilution was incubated overnight at room temperature in slow 

agitation. The secondary antibody, mouse Alexa Fluor® 488 (Invitrogen Canada, Burlington, Ontario) 

1:200, to detect the primary antibody, was applied at room temperature in slow agitation for 1 hour.  

Analysis  

With the use of a 488 nm excitation filter on a fluorescence microscope, the total number of TH+ 

neurons on each coverslip was counted. The person counting was blind to the experimental conditions 

of the coverslips as to avoid potential bias. 

Regulation experiment 

Animals  

The ethical approval for this experiment was granted by the same committee as described above. Eight 

C57BL mice between 4-6 weeks of age were used; four received effective treatment and four received 

control treatment.  

Treatments  

The treatments were conducted by Maxime Rousseau in David Park’s lab (Affiliate Investigator, 

Neuroscience, Ottawa Hospital Research Institute). Four of the mice were treated chronically with 

intra peritoneal (i.p.) injections of 25 mg/kg MPTP, four with saline; 1 treatment every two days for 

two weeks.   

Slice preparation  

Coronal 50 µm slices featuring both the nucleus accumbens (NAcc) and the neostriatum were prepared 

using a Leica VT1000S vibrating microtome (Leica Microsystems, Wetzlar, Germany). 5 slices per 

brain were collected. 

Immunohistochemistry  

The slices were permeabilized, unspecific binding was blocked, and slices were incubated overnight 

with a mouse anti-TH primary antibody (MAB318; Millipore, Etobicoke, Ontario) at a 1:2500 dilution 

in combination with a rabbit anti-VGLUT2 antibody (135 402; Synaptic Systems, Goettingen, GmbH) 

at a 1:2000 dilution. The secondary antibodies, mouse Alexa Fluor® 488 (1:500) and rabbit Alexa 

Fluor® 546 (1:500; Invitrogen Canada, Burlington, Ontario) were applied at room temperature for 

2 hours. 

Image acquisition 

The images were taken using a confocal microscope (Olympus Fluoview FV1000 microscope; 

Olympus Canada, Markham, Ontario) at a 60X magnification. 5 images of the neostriatum, the NAcc 

core and NAcc shell respectively were acquired using 488 nm and 546 nm laser excitations. The 

images were sequentially scanned. 

Image quantification  

The number and size of TH+ and VGLUT2+ terminals respectively, and the co-localization of TH and 

VGLUT2 in the nucleus accumbens core, nucleus accumbens shell and the neostriatum were all 
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analyzed using Image J (NIH), a free software for image processing and analysis. First, we applied a 

background correction adapted for VGLUT2 and TH at the same level for every image analyzed prior 

to quantification. 

Results 

Survival experiment 

Verification of the genotypes 

In these experiments, we’re determining whether or not VGLUT2 is beneficiary for the survival of DA 

neurons. To test this hypothesis, we used neurons from Vglut2-KO and their controls. Since VGLUT2 

is required for central respiratory rhythm generation and thus Vglut2-KO mice are unable to survive ex 

utero (Wallén-Mackenzie et al. 2006), we used transgenic mice that lack the Vglut2 gene specifically 

in DA neurons by use of the Cre-Lox system of gene deletion. As a control, we used littermates that 

were positive for Cre and heterozygous for Lox. To identify the respective genotypes, we amplified 

Cre and Lox respectively via PCR and ran the products on an agarose gel. This enabled us to identify 

and separated the KO (Cre+, Lox-/-) from the controls (Cre+, Lox+/-; Figure 2) prior to plating of the 

neurons. 

Identification of dopamine neurons 

The plated cell cultures were of mesencephalic origin, which contains glutamatergic and GABAergic 

neurons, as well as DA neurons. After immunostaining to detect tyrosine hydroxylase (TH), we 

viewed the coverslips in both phase contrast and in fluorescent excitation of 488 nm, which is the 

excitation wavelength of the secondary antibody Alexa Fluor® 488 (Invitrogen Canada, Burlington, 

Ontario). By doing so, we can confirm that the glutamatergic and GABAergic neurons do not stain and 

are thus not taken into account when counting the number of TH+ neurons on the coverslips 

(Figure 3).  

 

Figure 3 Mesencephalic neuron culture on a glass coverslip 

immunostained for TH. Left: A picture taken in phase contrast 

showing all neurons in this field of the coverslip. The white arrow 

head indicates a TH- neuron, the red arrow heads; TH+ neurons. 

The scale at the bottom right corner is 20 µm long. Right: Same 

frame as the left figure taken under 488 nm excitation, 
illuminating the TH+ neurons in green fluorescence.  

  

Figure 2 Amplification products of Cre (left) 

and Lox (right) respectively to identify KO and 

control genotypes. The Cre band is 200 bp long; 

Lox bands are 260 bp and 204 bp long 

respectively. Lox +/- are heterozygous for lox, 
Lox +/+ are homozygous. 
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The glutamatergic co-phenotype is not required for GDNF to exert its trophic effect 

It has been shown that GDNF can regulate the glutamatergic co-phenotype in DA neurons (Fortin et 

al., unpublished results). To investigate whether glutamate is required for GDNF to have an effect on 

the survival of DA neurons, cell cultures of both KO and control genotypes were treated with GDNF 

as an active treatment, or with the vehicle (sterile water) as a control. Treatment with GDNF was 

conducted in two fashions, an acute treatment of 3 nM and a chronic treatment of 3 nM GDNF given 

every third day starting at 0 days in vitro (DIV). All cell cultures were fixed at 10 DIV.   

  After acute treatment there was no significant difference between cell cultures treated with the 

vehicle or with GDNF, neither in the KO nor in the WT cultures. Whereas there was a difference 

between GDNF treatment and vehicle in the cell cultures chronically treated with GDNF, there was no 

statistically significant difference between KO and WT cell cultures (Figure 4A and 4B).  

Preliminary evidence for enhanced death of KO dopamine neurons in response to MPP+ at early 

postnatal stages 

To determine whether or not the glutamatergic co-phenotype in DA neurons is protective, the 

susceptibility of MPP+ induced neuronal death in DA neurons of both KO and control cell cultures 

was assessed. 5 different treatment regimens were conducted: 10 µM at 7 DIV with fixation at 

10 DIV, 10 µM at 10 DIV with fixation at 12 DIV and 1 µM at 5, 8 and 10 DIV respectively with 

fixation 2 days later.   

  We found a significant difference in survival with the control genotype cultures surviving better 

than KO when treated with 10 µM MPP+ at 7 DIV (p=0.0364; Figure 5A). This result comes from a 

single experiment, thus a definite conclusion cannot be made based on it alone. In treatment with 

10 µM of MPP+ at 10 DIV and fixation at 12 DIV, there was no statistically significant difference 

between KO and control mice treated with MPP+ (Figure 5B).  

 

Figure 4 Percentage of TH+ neurons when treated with GDNF compared to control. N= the number of coverslips in each 

treatment group. A) Cell cultures treated acutely with 3 nM of GDNF at 0 DIV and fixed at 10 DIV. There is no statistically 

significant difference between active treatment and water in neither the WT nor KO genotype or a significant difference 

between WT and KO treated with GDNF. One experiment was conducted, N=15. B) Cell cultures treated chronically with 

3 nM of GDNF, every third day starting at 0 DIV and fixed at 10 DIV. There is a significant difference between chronic 

treatment and water treatment in both WT and KO (p= 0.0403 and p=0.0491 respectively), but there is no significant 
difference between WT treated with GDNF and KO treated with GDNF. 3 experiments were conducted, N=46. 
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Figure 5 Changes in the number of TH+ neurons when subjected to treatment with 10 µM of MPP+ (A and B) and 1 µM of 

MPP+ (C-E). The KO and control genotypes were treated equally. The number of neurons has been normalized to their 

respective water control treatments. N= the number of coverslips. A) Treatment at 7 days in vitro (DIV) and fixation at 10 

DIV. There is a significant difference in survival with the DA neurons of the control genotype surviving better (p=0.0364). 1 

experiment was conducted, N=15. B) When treating at 10 DIV and fixing at 12 DIV, there is no difference in survival 

between KO and control genotypes treated with 10 µM of MPP+ (p=0.3116). 1 experiment was conducted, N=14. C) When 

treating at 5 DIV and fixing at 7 DIV, there’s no difference between KO and control genotypes in treating with 1 µM of 

MPP+ (p=0.4875). 3 experiments were conducted, N=43. D) Cell cultures treated at 8 DIV and fixed at 10 DIV. There is a 

higher proportion of survival of the TH+ neurons, but no difference in survival between control mice and KO when treating 

with 1 µM of MPP+ (p=0.4086). 4 experiments were conducted, N=55. E) Cell cultures treated at 10 DIV with 1 µM of 

MPP+ and fixed at 12 DIV. There is a smaller difference in survival between vehicle and MPP+ in the KO than in the control 

mice. There was no significant difference between control mice and KO treated with MPP+ at this age (p=0.1926). 

3 experiments were conducted, N=51.  

  Cell cultures were also treated with 1 µM of MPP+ at 5, 8 or 10 DIV and fixed 2 days later. There 

was no statistically significant difference between control mice treated with MPP+ and KO treated 

with MPP+ using this dose (Figure 5C-E). The fraction of DA neurons that survive when treated with  

MPP+ in relation to vehicle was greater with advanced neuronal age. In the group treated with at 

10 DIV, while there was no statistically significant difference between control mice and KO treated  

with MPP+, the difference in survival between vehicle and MPP+ treatment was greater in the control 

genotype than in the KO Figure 5E).  
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Regulation experiment  

Treatment with MPTP increases the number of VGLUT2+ terminals in the nucleus accumbens 

core  

To test whether or not the glutamatergic co-phenotype in DA neurons is regulated in an MPTP model 

of induced neurotoxicity, as it is in a 6-OHDA model (Dal Bo et al. 2008), we analyzed brain slices 

from mice treated chronically with MPTP. We quantified the number and size of TH+ and VGLUT2+ 

terminals respectively, and whether or not the VGLUT2+ terminals co-localize with TH+ terminals, 

indicating that DA and glutamate are released from the same terminals, in the neostriatum, the nucleus 

accumbens (NAcc) core and the NAcc shell.  

 To verify that the lesioning with MPTP worked, we first examined the number of TH+ terminals 

in the aforementioned structures. The number of TH+ terminals did not change significantly in either 

of the areas examined, though there is a tendency towards decrease in the group treated with MPTP in 

the neostriatum (Figure 6 and 7).  The number of VGLUT2+ terminals however did increase 

significantly in the NAcc core and there is a tendency towards increase in the NAcc shell as well. 

There was no change in the neostriatum (Figure 7). 

Treatment with MPTP increases the size of TH+ terminals in the nucleus accumbens core 

The size of the nerve terminals can be used to determine whether a potential up-regulation in the 

expression of the VGLUT2 protein or of DA coming from pre-existing terminals or if there are more 

terminals after treatment with MPTP.. An increase in terminal size is indicative of increased 

expression from pre-existing terminals.   

  There is a significant increase in the size of the TH+ terminals in the nucleus accumbens (NAcc) 

core (p=0.0426 and there is a tendency of increase of the size of VGLUT2+ terminals in the NAcc 

shell when treated with MPTP (p= 0.0977; Figures 6 and 7). 

There is a tendency towards increased co-localization of the VGLUT2+ and TH+ terminals in 

the nucleus accumbens core  

Co-localization of VGLUT2 and TH could imply release of DA and glutamate from the same terminal, 

which could happen in the form of VMAT2 and VGLUT2 expression either on the same or on 

separate vesicles (see Figure 1). An increase in co-localization, while it cannot differentiate between 

the two modes of transmission, is indicative of glutamate and DA release from the same terminal. The 

Mander’s co-efficient is a measurement of co-localization.  

 When treated with MPTP, there is no significant difference in co-localization between TH and 

VGLUT2. There is however a tendency towards increase in the nucleus accumbens core (p=0.0848; 

Figure 8). 



10 

 

  

Figure 6 Confocal images of coronal slices of brains of mice treated chronically with either saline or MPTP. 

Magnification is 60X and the scale indicates 20 µm. There are fewer TH+ terminals in the neostriatum and an increase of 

VGLUT2+ terminals in the NAcc core and a minor increase in the NAcc shell in mice treated with MPTP. A) 

Immunoreactivity showing TH (green) in the brain substructures receiving DA input. B) Immunoreactivity showing 

VGLUT2 (red) from either DA neurons or from subcortical inputs. C) Immunoreactivity of TH (green) and VGLUT2 

(red). Third image from the left is a merge of the two immunostaining, detecting overlap in their expression. The fourth 

image from the left is a magnification of the box in the third image. The white arrows indicate yellow dots, which are 

overlaps in expression of VGLUT2 and TH.  
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Figure 8 (Left) The Mander’s coefficient of co-

localization of VGLUT2 and TH. There is a 

tendency towards increased co-localization of the 

TH+ and VGLUT2+ terminals in the nucleus 

accumbens (NAcc) core (p=0.0848). There is no 

difference in the NAcc shell or in the neostriatum. 
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Figure 7 Changes in the number and size of TH+ and VGLUT2+ terminals in the nucleus accumbens (NAcc) core and shell 

and in the neostriatum when subject to chronic treatment with MPTP. A) There is a significant increase in the number of TH+ 

terminals in the neostriatum when treated with MPTP. B) There is a significant increase in the number of VGLUT2+ 

terminals in the NAcc core and a tendency towards increase in the nucleus accumbens shell (p=0.0976) C) There is a 

significant increase in the size of TH+ terminals in the NAcc core when treated with MPTP. D) There is a tendency towards 

increase in the size of VGLUT2+ terminals in the NAcc shell (p=0.0977) 

Discussion 

In this study, we aimed to further investigate the role that VGLUT2 plays in the survival and fitness of 

dopamine (DA) neurons. We did so by selectively knocking out the gene for VGLUT2 in DA neurons 

and treated the neurons of KO mice and their control littermates with either MPP+, at varying 

concentrations and durations, or treating with GDNF, either acutely or chronically. We also tested the 

regulation of VGLUT2 expression in DA neurons by treating mice chronically with MPTP and 

analyzing the differences in the number of axon terminals that express VGLUT2 and tyrosine 

hydroxylase (TH) respectively. We found that indeed the glutamate-DA co-phenotype can be 

protective from MPP+ induced neurotoxicity, though these results are inconclusive. We also found 

that the expression of VGLUT2 is up-regulated in mice treated with MPTP, however only in the 
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nucleus accumbens (NAcc) core with a slight tendency towards increase in the NAcc shell. No change 

was observed in the neostriatum.  

  To test whether or not the glutamatergic phenotype in dopamine neurons is protective of MPP+ 

induced neurotoxicity, we tried several different treatment regiments using varying days of treatment 

and different concentrations of MPP+. We saw no significant difference in overall survival between 

the KO and the control neurons when treating with 1 µM whether the neurons were treated at 5, 8 or 

10 days in vitro (DIV) and fixed two days later. We did however see a significant difference when 

treating with 10 µM at 7 DIV and fixing the neurons at 10 DIV with increased survival in the control 

genotype when compared to the KO, but no difference when treating neurons at 10 DIV with fixation 

at 12 DIV (Figure 5). These results could depend on a number of factors. One reason for why we got 

no difference at all when treating with 1 µM could be that at such a low concentration, there wouldn’t 

be enough MPP+ to affect all the DA and thus we wouldn’t see a difference regardless of the DA 

neurons ability to express glutamate. One piece of supporting evidence for this hypothesis is that when 

treating with 10 µM of MPP+, we do see a significant difference. One could argue that since we see a 

greater survival in the control coverslips compared to the KO when treating with a concentration that 

high, the surviving DA neurons could be the ones which expressed VGLUT2, which in turn is why we 

see a difference. We did however only see a difference in the coverslips treated at 7 DIV and fixed at 

10 DIV and not in the coverslips treated at 10 DIV and fixed at 12 DIV (Figure 5). One possible 

explanation for this is that at more advanced neuronal ages, fewer DA neurons express VGLUT2 

(Bérubé-Carrière et al. 2009). If it is indeed true that the DA neurons that survive after MPP+ 

treatment are the ones that express VGLUT2, at the age of 10 DIV, the number of VGLUT2+ DA 

neurons could be so low that a difference in survival between KO and control is not evident.   

  Since we know that GDNF can up-regulate the expression of VGLUT2 in DA neurons (Fortin et 

al., unpublished results), we tested whether or not VGLUT2 is necessary for GDNF to exert its 

neurotrophic effect on DA neurons. We did so by treating DA neurons of control neurons and KO 

neurons with GDNF, both acutely and chronically (Figure 4). We concluded that the ability of GDNF 

to increase the survival of dopamine neurons does not require VGLUT2 expression by these neurons.  

 We wanted to test whether VGLUT2 expression is up-regulated in DA neurons when treating with 

MPTP, as it is when treating with 6-OHDA (Dal Bo et al. 2008) and did so by analyzing brain slices 

from mice treated chronically with MPTP. We performed immunohistochemistry to detect TH+ and 

VGLUT2+ respectively terminals and compared the slices from mice treated with MPTP with slices 

from saline treated mice. The detection of TH+ terminals was a means of testing if the lesioning 

worked or not. A decrease in TH+ terminals indicate fewer DA neurons, though this cannot be stated 

with absolute certainty since we’re testing this indirectly and can only extrapolate from the data we 

acquire. In the terminals of the NAcc, both core and shell, which originate from the ventral tegmental 

area (VTA) there was no significant difference in the number of TH+ terminals, regardless of 

treatment. We did see however a tendency towards a decrease in the number of TH+ terminals in the 

neostriatum, which originate from the substantia nigra pars compacta (SNc; Figure 6 and 7). Since the 

SNc is the only region in which DA neurons die during Parkinson’s disease (Mounsey & Teismann 

2010), the decline in the number of TH+ terminals in the neostriatum is to be expected, though an 

explanation for this cannot be given, since the death of SNc DA neurons is idiopathic in Parkinson’s 

disease. That the decrease isn’t significant can depend on a number of factors. One factor is that 

younger mice, such as the ones we used, are less susceptible to MPTP induced neurodegeneration than 

adult mice are. This is not to say that the treatment wouldn’t work or wasn’t effective. MPTP takes 

time post-injection to have its effect on DA neurons (Jakowec & Petzinger 2004). The animals we 

used were sacrificed and their brains harvested without delay, shortly after the last injection. The 

neurodegenerative process may not have completed by this time .  On the question of whether or not the VGLUT2 expression was up-regulated when treating with MPTP compared to treating with saline, we found that in the number of VGLUT2+ terminals in the NAcc core increased 

significantly in the MPTP treated mice compared to their saline treated controls (Figure 6 and 7). The 

DA neurons which have their terminals in the NAcc originate from the VTA, making the up-regulation 

of VGLUT2+ terminals specific to this area and not to the SNc. Considering the evidence that only 

DA neurons of the VTA and not the SNc have the ability to co-release glutamate (Stuber et al. 2010), 

the fact that we saw no increase in VGLUT2+ terminals in the neostriatum, which have their cell 

bodies in the SNc, is not surprising. It is however interesting that there is an up-regulation in the 
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expression of VGLUT2+ terminals, as it is with rats treated with 6-OHDA (Dal Bo et al. 2008). We 

also saw, in the co-localization analysis, that there is a tendency towards increased co-localization of 

the TH+ and VGLUT2+ terminals in the NAcc core (Figure 8), though these results are inconclusive. 

If this up-regulation in expression of VGLUT2+ terminals is indeed in TH+ neurons, meaning DA 

neurons, there are two possible explanations for why the neurons would increase the expression of 

VGLUT2 when faced with toxic insult. If VGLUT2 is indeed beneficial for the survival of DA 

neurons, the up-regulation of VGLUT2 expression could be a way for the cell to try to protect itself 

from neuronal cell death. Or, entirely contradictory, it could be that the glutamate is released to trigger 

apoptosis and thus the cell dying rather than protecting itself. We cannot be sure of which scenario is 

in fact taking place.  

 In this study, we came upon many problems and ambiguities in our results, which could be solved 

and improved in future studies. We have results in our survival experiments, in which we saw an 

increased level of survival in the control coverslips compared to the KO coverslips when treating with 

10 µM of MPP+ for 3 days starting at 7 DIV. These results however come from a single experiment 

using 15 coverslips. To be certain that the results we acquired are not a mere statistical fluke but a true 

phenomenon, we need to perform more tests using the same treatment regimen and conditions of this 

experiment. In the MPTP lesioning, we need to alter the conditions of the treatment, using older mice 

and introducting a rest period after the final injection of MPTP, assuring that neurodegeneration has 

time to fully develop, assuring that the lesioning of the SNc resembles that of idiopathic Parkinson’s 

disease more accurately. Once the lesioning is secured, the experiments that we conducted here can be 

repeated and the analysis of the brain slices would be less ambiguous. On the question of whether or 

not the up-regulation of VGLUT2+ terminals when treating with MPTP is an attempt at protecting the 

neurons or a stage in their induction of apoptosis, it could be answered by using transgenic mice, as 

the ones used here in the survival experiment with a conditional KO of VGLUT2 in DA neurons, and 

repeating the experiment, with the difference of the conditions surrounding the lesioning as described 

above. In using conditional KO mice and their littermates as controls, we could measure the 

differences in the number of TH+ terminals between the two groups. If indeed there are more 

surviving terminals in the controls in comparison to the KO, which by extrapolation indicates more 

surviving DA neurons, it would imply that the up-regulation in VGLUT2 expression is indeed 

neuroprotective. If, on the other hand, the number of TH+ terminals is smaller in the controls than in 

the KO, it would indicate that the increased release of glutamate is not protective, but toxic. In solving 

these problems, we could greatly increase our knowledge on the functional role of glutamte release by 

DA neurons. 
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