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Abstract
Midbrain dopamine neurons signal rapid information about rewards and reward-related events. It has been suggested that this fast
signal may, in fact, be conveyed by co-released glutamate. Evidence that dopamine neurons co-release glutamate comes largely
from studies involving cultured neurons or tissue from young animals. Recently, however, it has been shown that this dual
glutamatergic ⁄ dopaminergic phenotype declines with age, and can be induced by injury, suggesting that it is not a key feature of adult
dopamine neurons. Here, we provide further support for this view by showing that dopaminergic axons and terminals in subregions of
the adult striatum do not express vesicular glutamate transporters (VGluT1, VGluT2 or VGluT3). Striatal tissue from the adult rat was
immunolabelled to reveal tyrosine hydroxylase (TH; biosynthetic enzyme of dopamine) and one of the three known VGluTs.
Importantly, we compared the immunogold labelling for each of the VGluTs associated with TH-positive structures with background
labelling at the electron microscopic level. In addition, we carried out a subregional analysis of the core and shell of the nucleus
accumbens. We found that dopaminergic axons and terminals in the dorsolateral striatum and ventral striatum (nucleus accumbens
core and shell) do not express VGluT1, VGluT2 or VGluT3. We conclude, therefore, that in the normal, adult rat striatum,
dopaminergic axons do not co-release glutamate.

Introduction
Midbrain dopamine neurons play central roles in reward processing,
and their dysfunction is implicated in a range of neurological and
psychiatric disorders. It has been suggested that midbrain dopamine
neurons co-release glutamate, which has important implications for
our understanding of their function (for discussion see Rayport, 2001;
Sulzer & Rayport, 2000; Lapish et al., 2007). In particular, it has been
argued that glutamate may convey their rapid reward-related signal
(for discussion see Lapish et al., 2007), which occurs with a latency
and duration of 100–200 ms (Schultz, 1998).
The possibility of glutamate co-release was originally raised by the
observation that dopamine neurons express phosphate-activated
glutaminase, the biosynthetic enzyme for the neurotransmitter glutamate (Kaneko et al., 1990). In addition, stimulation of the substantia
nigra pars compacta evoked fast excitatory synaptic events in striatal
neurons (Kitai et al., 1976). This was followed by the striking
observations that individual dopamine neurons in culture form
functional glutamatergic autapses (Sulzer et al., 1998) and synapses
onto co-cultured striatal neurons (Joyce & Rayport, 2000). Moreover,
in ex vivo brain slices, with the mesoaccumbens pathway partly intact,
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glutamatergic synaptic events can be evoked by stimulating cell bodies
in the ventral tegmental area (VTA) (Chuhma et al., 2004).
The co-release hypothesis makes two key predictions. First,
dopamine neuron cell bodies should express mRNA for one or more
vesicular glutamate transporters (VGluTs). However, although the
majority of cultured dopamine neurons express VGluT2 (Dal Bo
et al., 2008), co-expression in adult dopamine neurons has been
reported to be extremely limited (Kawano et al., 2006; Yamaguchi
et al., 2007; Nair-Roberts et al., 2008). Moreover, these studies have
provided evidence for a discrete population of glutamatergic (nondopaminergic) neurons within the rostro-medial VTA (Kawano et al.,
2006; Yamaguchi et al., 2007; Nair-Roberts et al., 2008), which may
be responsible for the excitatory events evoked in the striatum by
stimulation of the VTA (e.g. Chuhma et al., 2004). Mendez et al.
(2008) report not only that culturing of dopamine neurons induces
VGluT2 expression, but also that its in vivo expression declines with
age. Furthermore, 6-hydroxydopamine lesions increase co-expression
of VGluT and tyrosine hydroxylase (TH) in the VTA and substantia
nigra pars compacta (Dal Bo et al., 2008; Bérubé-Carrière et al.,
2009). Taken together, these results suggest that dopamine neurons
only express mRNA for the VGluTs early in development, or
following injury.
The second key prediction that the co-release hypothesis makes is
that dopaminergic terminals in target regions, including the striatum,
should be immunopositive for VGluTs. However, as for mRNA in the
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cell bodies, it appears that VGluT2 protein is expressed only in
younger animals or following injury (Dal Bo et al., 2008; Descarries
et al., 2008; Bérubé-Carrière et al., 2009). In these studies, however,
VGluT labelling was not compared with background, so it is possible
that low levels of VGluT immunolabelling were merely reﬂective of
background labelling. We therefore sought to address this issue by
conducting a thorough assessment of background labelling in
subregions of the striatum and by direct comparison with nondopaminergic terminals forming asymmetrical synapses. In addition,
these previous studies have analysed the core, but not the shell, of the
nucleus accumbens. This may be important because, in brain slices,
VTA stimulation is particularly effective at evoking glutamatergic
synaptic responses in the ventromedial shell of the nucleus accumbens
(e.g. Chuhma et al., 2009). We therefore conducted a subregional
analysis, to include the shell of the nucleus accumbens. The results of
this study have previously been reported in abstract form (Moss &
Bolam, 2009a,b).

Peterborough, UK); diluted 1 : 200 in 1% NGS-PBS] and then
avidin–biotin–peroxidase complex (Vector Laboratories), before being
revealed by a peroxidase reaction, with diaminobenzidine (DAB) as
the chromogen. They were treated with osmium tetroxide (7 min, 1%
in 0.1 m phosphate buffer, pH 7.4), dehydrated through a series of
dilutions of ethanol (50%, 70% with 1% uranyl acetate, 95% and
100%) and propylene oxide, and placed into resin overnight. The
sections were then mounted onto slides, coverslips were applied, and
the resin was cured at approximately 65 C over three nights. Tissue
from the three striatal regions was removed from slides, and 50-nm
serial sections were cut, collected onto pioloform-coated, single-slot
copper grids, and lead-stained to improve contrast for electron
microscopic examination. Omitting primary antibodies in turn, but
carrying out the rest of the double-labelling procedure, resulted in a
complete lack of peroxidase or immunogold labelling for TH and
VGluT, respectively. Omitting secondary antibodies individually
demonstrated that immunolabelling could not be a result of crossreactivity.

Materials and methods
Tissue preparation

Electron microscopic analysis

Twelve male adult Sprague–Dawley rats [postnatal day (P)42–98
and 294–425 g; Charles River, Margate, UK] were perfused-ﬁxed
with 200 mL of ﬁxative (3% paraformaldehyde, 0.1% glutaraldehyde in 0.1 m phosphate buffer, pH 7.4) over approximately
25 min. Their brains were cut into sagittal sections on a vibrating
vibratome, freeze-thawed, and incubated in 10% normal goat serum
(NGS) in phosphate-buffered saline (PBS). All experiments were
conducted in accordance with the Animals (Scientiﬁc Procedures)
Act 1986 (UK).

A Philips CM10 electron microscope was used to examine THimmunopositive axons in each striatal region for the presence of
immunogold particles identifying the VGluTs. The TH immunolabelling also identiﬁes noradrenergic structures, but these are scarce in the
DLS and only slightly more common in the ventral striatum (Carlsson,
1959; Moore & Card, 1984). Analyses were performed at a minimum
of 5 lm from the tissue–resin border (i.e. the surface of the section).
The maximum distance from the tissue–resin border examined was
determined by the penetration of the gold-conjugated antibody
together with the angle at which the tissue–resin was sectioned, and
was therefore variable. Fifty electron micrograph frames were
randomly selected for analysis from each striatal area (DLS, NAC
and NAS) for each staining protocol (VGluT1, VGluT2 or VGluT3
with TH) in three animals for each (a total of 27 sets of 50 frames).
This was carried out by selecting a random serial section from a set of
six, selecting a random point within this section at a magniﬁcation of
· 6200, increasing the magniﬁcation to between · 54 100 and
· 99 100, and digitally recording the image (Gatan multiscan CCD
camera; Gatan, Abingdon, UK). Analyses were performed on the
digital images with the publicly available software ImageJ (rsb.info.nih.gov/ij); brightness and contrast functions were used to separate the
VGluT-positive immunogold labelling from the TH-positive DAB
peroxidase labelling when the two occurred in the same structures,
thus preventing the possibility that the DAB reaction product obscured
the immunogold particles. The number of immunogold particles
within each TH-positive structure in these series of 50 frames was then
quantiﬁed (approximately 1546 lm2 for each VGluT in each region).
As a control, the same micrographs were used to assess the numbers of
immunogold particles overlying structures known not to express
VGluTs, namely dendritic spines. The numbers and proportions of
both TH-positive structures and dendritic spines containing immunogold labelling were examined and compared (paired t-test) for each
striatal region (Table 1; Fig. 2).
The mean densities of gold immunolabelling for VGluTs overlying
TH-positive structures were also calculated (Table 1; Fig. 3). These
densities were calculated for each structure on the basis of the
number of gold particles that it contained and the mean area of a
sample of TH-positive structures of that speciﬁc animal, region and
VGluT labelling (sample composed of about 23 structures from an
area of 378 lm2 per animal, region and VGluT labelling, 623 in

Immunohistochemistry
Sections containing dorsolateral striatum (DLS), nucleus accumbens
core (NAC) and nucleus accumbens shell (NAS) were selected
(Paxinos & Watson, 2007) and double-immunolabelled to reveal TH
and one of VGluT1, VGluT2 or VGluT3 by immunoperoxidase and
immunogold methods, respectively, as described previously (Moss &
Bolam, 2008). Of the 12 animals used, animals 1–3 were used to
examine VGluT1 in the DLS, animals 4–6 to examine VGluT2 in the
DLS, animals 7–9 to examine VGluT1 and VGluT2 in the NAC and
NAS, and animals 10–12 to examine VGluT3 in all regions. In brief,
sections from three animals were each incubated with antibodies
against VGluT1, VGluT2 or VGluT3 [VGluT1, raised in rabbits
(MAb Technologies, Stone Mountain, GA, USA); VGluT2, raised in
rabbits (Synaptic Systems, Göettingen, Germany); and VGluT3, raised
in guinea pigs (Millipore, Molsheim, France)] at a dilution of 1 : 2000
in 2% NGS-PBS overnight. Antigenic sites were revealed with
secondary antibodies conjugated to colloidal gold [1.4-nm gold
particles (Nanoprobes, Yaphank, NY, USA); 1 : 100 in 1% NGS-PBS]
with subsequent silver intensiﬁcation [HQ Silver kit (Nanoprobes);
silver-intensiﬁed immunogold particles are hereafter simply referred to
as immunogold particles]. The distribution of immunolabelling at the
light and electron microscopic levels was distinct for each primary
antibody, and consistent with previous observations (Fremeau et al.,
2002; Dal Bo et al., 2004, 2008; Fujiyama et al., 2004; Herzog et al.,
2004; Lacey et al., 2005; Descarries et al., 2008; Moss & Bolam,
2008).
All sections were then incubated with a mouse monoclonal antibody
raised against TH (Sigma; 1 : 1000 in 2% NGS-PBS), followed by a
biotinylated secondary antibody [BA9200 (Vector Laboratories,
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Table 1. Immunogold labelling for VGluT1–3 in TH-positive structures, dendritic spines and asymmetrical synapse-forming terminals of the DLS, NAC and NAS
Number of
examined

structures

VGluT and
striatal region

TH

Sp.

Asym.

VGluT1
VGluT2
VGluT3
VGluT1
VGluT2
VGluT3
VGluT1
VGluT2
VGluT3

425
383
267
304
278
365
299
217
256

369
350
348
295
401
372
298
272
269

42
33
–
41
69
–
36
43
–

DLS
DLS
DLS
NAC
NAC
NAC
NAS
NAS
NAS

Mean density (all structures)
per lm2 ± SEM
TH
0.60
1.20
0.32
0.53
0.91
0.15
1.02
0.86
0.14

±
±
±
±
±
±
±
±
±

0.24
1.16
0.09
0.13
0.42
0.07
0.72
0.43
0.01

Mean number of each structure
labelled ± SEM (% mean ± SEM)

Sp.
1.27
2.99
1.08
1.11
1.16
1.01
0.87
2.07
0.28

±
±
±
±
±
±
±
±
±

0.30
1.00
0.54
0.52
0.40
0.23
0.40
0.91
0.11

TH
6
4
3
6
6
1
5
8
1

±
±
±
±
±
±
±
±
±

3
4
1
1
3
1
2
3
0

(4 ± 1)
(5 ± 5)
(3 ± 1)
(5 ± 1)
(6 ± 3)
(1 ± 1)
(5 ± 2)
(11 ± 4)
(1 ± 0)

Sp.
10
17
5
5
10
7
5
9
2

±
±
±
±
±
±
±
±
±

1
2
3
1
3
1
3
5
1

(8 ± 1)
(15 ± 3)
(4 ± 2)
(5 ± 1)
(8 ± 3)
(5 ± 0)
(6 ± 3)
(7 ± 4)
(2 ± 1)

Mean density (labelled structures)
per lm2 ± SEM
TH
14
12
12
10
13
9
16
7
11

±
±
±
±
±
±
±
±
±

Sp.
3
7
2
1
3
5
6
1
1

16
19
17
19
16
18
19
23
15

±
±
±
±
±
±
±
±
±

Asym.
4
4
9
4
4
3
5
6
1

72 ±
114 ±
–
50 ±
45 ±
–
49 ±
78 ±
–

16
12
12
5
6
14

Data for each VGluT and striatal region are shown as means of the three animals examined ± SEMs to show animal-to-animal variability. The numbers of THpositive structures (TH) and dendritic spines (Sp.) examined for each are shown, together with the mean densities of immunogold labelling, when either all structures
are taken into account or when only those structures labelled with at least one gold particle are taken into account. The numbers and percentages of TH-positive
structures and spines labelled with gold particles are also shown. The densities of labelling in only those TH-positive structures and spines labelled with immunogold
particles are displayed, together with the densities of VGluT1-positive and VGluT2-positive terminals forming asymmetrical synapses (Asym.) for comparison. By
deﬁnition, the number of VGluT1-positive and VGluT2-positive terminals examined were the number that were labelled. Terminals forming asymmetrical synapses
do not contain VGluT3 labelling so no values are shown.

total; density = number of gold particles ⁄ mean area of structures).
These individual structure densities were then used to calculate
means and standard errors of the mean (SEMs) for each animal
(Table 1; Fig. 3). The means for each region and VGluT labelling
were then calculated from the three individual animal means with
SEMs to show animal-to-animal variability (Table 1; Fig. 3). Similar
density calculations were performed for dendritic spines for the
purpose of comparison (VGluT1 and VGluT2, one-way anova with
Tukey’s post hoc test; VGluT3, paired t-test; Table 1; Fig. 3). The
dendritic spines measured to ascertain the mean area of dendritic
spines for each animal, region and VGluT labelling came from the
same electron micrograph that were analysed for the mean area of
TH-positive structures (sample of approximately 24 spines per
animal, region and VGluT labelling, 641 in total). As an additional
comparison, the mean densities of VGluT immunogold particles in
VGluT1-immunolabelled and VGluT2-immunolabelled terminals
forming asymmetrical synapses were measured for each animal,
region and either VGluT1 or VGluT2 labelling (n = 119 for VGluT1
and n = 145 for VGluT2 in total; Fig. 3). These densities were
compared (one-way anova with Tukey’s post hoc test) against the
mean densities of only the TH-positive structures and spines that
were labelled, as the asymmetrical synapse-forming terminals were,
by deﬁnition, labelled. The mean densities for asymmetrical synapseforming terminals of the three animals for each region and VGluT1
or VGluT2 are shown with SEMs to reﬂect animal-to-animal
variability (Table 1; Fig. 3). Corrections for shrinkage of the tissue
were not made.

Results
The relative densities of immunolabelling for TH and VGluT1–3
The distribution and form of peroxidase immunolabelling for TH were
consistent with previous observations at the light and electron
microscopic levels. Thus, the striatum and both divisions of the
nucleus accumbens were densely innervated by TH-positive ﬁbres
and, at the electron microscopic level, contained numerous proﬁles
that often contained synaptic vesicles and formed symmetrical
synapses (Hanley & Bolam, 1997; Moss & Bolam, 2008). Similarly,
immunogold labelling for VGluT1 and VGluT2 was consistent with

previous studies (Dal Bo et al., 2004, 2008; Fujiyama et al., 2004;
Lacey et al., 2005; Descarries et al., 2008; Moss & Bolam, 2008). The
striatal complex was densely labelled with punctate structures that,
when examined at the electron microscopic level, consisted of
preterminal axons and terminal axons forming asymmetrical synapses,
densely overlaid with immunogold particles (Fig. 1A and B). The
mean densities (± SEM) for VGluT1 labelling in terminals were
72 ± 16, 50 ± 12 and 49 ± 6 immunogold particles ⁄ lm2 in the DLS,
NAC and NAS, respectively (n = 119; Table 1). The mean densities
(± SEM) for VGluT2 labelling in terminals were 114 ± 12, 45 ± 5 and
78 ± 14 immunogold particles ⁄ lm2 in the DLS, NAC and NAS,
respectively (n = 145; Table 1). Immunogold labelling for VGluT3
was, in general, much more sparse than that for VGluT1 and VGluT2
in all regions of the striatum examined (Fig. 1C), with fewer than 10
gold particles typically being present in 12.6-lm2 electron micrograph
frames. Labelling was chieﬂy seen in vesicle-ﬁlled axonal processes,
but also in cell bodies and dendritic shafts. This labelling is consistent
with previous studies (Fremeau et al., 2002; Herzog et al., 2004) and
is likely to reﬂect the VGluT3-expressing cholinergic interneurons of
the striatum; cell bodies labelled for VGluT3 are large and sparsely
distributed (Herzog et al., 2004) and also express choline acetyltransferase (Fremeau et al., 2002).

Low levels of VGluT immunolabelling in TH-positive structures
To determine whether dopaminergic axons in the DLS, NAC and NAS
express VGluTs, tissue double-labelled by the immunogold and
immunoperoxidase methods to reveal the VGluTs and TH, respectively, was examined at the electron microscopic level. In randomly
selected electron micrographs, the frequency of occurrence, number
and density of VGluT immunogold particles within TH-positive
structures were quantiﬁed (Table 1; Figs 2 and 3). In the same data set,
the frequency of occurrence, number and density of VGluT immunogold particles within dendritic spines were also quantiﬁed (Table 1;
Figs 2 and 3). As medium spiny neurons in the striatum do not express
any of the VGluTs (Fremeau et al., 2001, 2002; Herzog et al., 2004)
and account for the vast majority of dendritic spines, the values
observed serve to quantify the levels of non-speciﬁc or background
labelling.
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Fig. 1. The distribution of VGluT immunogold labelling in TH-positive structures and dendritic spines is similar and substantially less than that in excitatory
boutons forming asymmetrical synapses. (A) An excitatory bouton (b) containing multiple VGluT1 immunogold particles makes an asymmetrical synaptic contact
(arrowhead) with a dendritic spine (s). Lying beneath the axon is a TH-positive structure (TH) that contains a single gold particle (arrow); this is typical of the level of
labelling seen in all tissue examined. (B) A dendritic spine (s) postsynaptic to a bouton (b1) contains two VGluT2 immunogold particles (arrow); this is typical of the
levels of background labelling seen in dendritic spines and similar to the levels seen in TH-positive structures. In the vicinity is a VGluT1-positive excitatory bouton
(b2) that contains multiple gold particles, and a TH-positive structure (TH) that is devoid of gold particles. (C) Typically sparse immunogold labelling for VGluT3,
most commonly found in vesicle-ﬁlled axonal processes (black arrow), one particle of which (white arrow) is seen overlying a TH-positive structure (TH). Scale bars
– 0.2 lm.

Dorsolateral striatum

A

TH+ structures

16

Dendritic spines

14
12
10

*

8
6
4
2
0

VGluT1

VGluT2

TH+ structures

10

Dendritic spines

8
*

6
4
2
0

VGluT3

VGluT1

VGluT examined

15
10
5

2
3
VGluT1

4

5
6
VGluT2

10
8
6
4
2
VGluT1

10

11
12
VGluT3

Animal and VGluT examined

VGluT3

Nucleus accumbens shell

F
25

TH+ structures

12

Dendritic spines

10
8
6
4
2
0

VGluT2

VGluT examined

7

8
9
VGluT1

7

8
9
VGluT2

10

11
12
VGluT3

Animal and VGluT examined

Percentage of structures labelled

Dendritic spines

1

12

Nucleus accumbens core

E
Percentage of structures labelled

Percentage of structures labelled

TH+ structures

20

Dendritic spines

14

0

VGluT3

14

25

0

VGluT2

TH+ structures

16

VGluT examined

Dorsolateral striatum

D

Nucleus accumbens shell

C
18

Percentage of structures labelled

18

Percentage of structures labelled

Percentage of structures labelled

Nucleus accumbens core

B
12

20

TH+ structures
Dendritic spines

20
15
10
5
0

7

8
9
VGluT1

7

8
9
VGluT2

10

11
12
VGluT3

Animal and VGluT examined

Fig. 2. TH-positive structures do not contain more immunogold labelling for VGluTs than background levels observed in dendritic spines. The mean percentages
(± SEMs; three animals each) of TH structures and dendritic spines labelled with immunogold for VGluT1, VGluT2 and VGluT3 in the DLS (A), NAC (B) and NAS
(C). Statistical comparisons were made with paired t-tests (statistical differences are shown by *P < 0.05; for exact P-values, see text), and the numbers used to
calculate each percentage can be found in Table 1. The percentages for each individual animal, from which the means were calculated, are shown beneath the mean
data for each corresponding striatal region (D–F).

Overall, the analysis of 2794 TH-positive proﬁles over the three
striatal regions in three rats revealed that a very small proportion were
associated with VGluT immunogold particles (VGluT1, 4.9%,
50 ⁄ 1028; VGluT2, 6.4%, 56 ⁄ 878; VGluT3, 1.7%, 15 ⁄ 888; all VGluTs,
4.3%, 121 ⁄ 2794). Proportions for VGluT1, VGluT2 and VGluT3,
respectively, ranged from 4 ± 1% to 5 ± 2%, 5 ± 5% to 11 ± 4% and
1 ± 0% to 3 ± 1% over the three striatal regions (mean ± SEM;
Table 1; Fig. 2). Signiﬁcantly more proﬁles contained a single immunogold particle (74 ⁄ 2794) than two or more (47 ⁄ 2794; v2 = 6.2,

P = 0.013). This represented an overall density of between 0.14 ± 0.01
and 1.20 ± 1.16 immunogold particles ⁄ lm2 for each VGluT and striatal
region (mean ± SEM; Table 1) or, when only considering those
structures that were associated with immunogold particles, 7 ± 1 to
16 ± 6 particles ⁄ lm2 (mean ± SEM; Table 1; Fig. 3A–C).
Considering each of the striatal regions separately, the highest levels
of labelling were seen for VGluT2 in the NAC, where 11 ± 4% of the
TH-positive structures were associated with immunogold particles
(Table 1; Fig. 2C). However, this proportion represents 25 structures
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Fig. 3. Mean densities of VGluT immunogold labelling observed in TH-positive structures are no different from background densities seen in dendritic spines and
are signiﬁcantly less than densities seen in VGluT1-positive or VGluT2-positive, asymmetrical synapse-forming terminals. The mean densities (± SEMs; three
animals each) of VGluT1, VGluT2 or VGluT3 immunogold labelling observed in VGluT-labelled TH-positive structures and dendritic spines in the DLS (A), NAC
(B) and NAS (C) and mean densities of VGluT1 and VGluT2 immunogold labelling in asymmetrical synapse-forming terminals immunopositive for these VGluTs.
Statistical comparisons were made with one-way anova with Tukey’s post hoc test (VGluT1 and VGluT2) or paired t-test (VGluT3; statistical differences are shown
by *P < 0.05). The numbers relating to these mean densities can be found in Table 1. The densities (± SEMs) for each individual animal, from which mean densities
were calculated, are shown beneath the mean data for each corresponding striatal region (D–F).

of 217 examined; 13 contained one gold particle, six contained two
particles, ﬁve contained three particles, and one contained four
particles. For excitatory terminals that form asymmetrical synapses in
the same striatal region, the mean number of gold particles per
terminal was 18 ± 4, with a range of 1–73 particles (16 of the 43
examined contained ﬁve gold particles or fewer, but 11 contained over
30). The density of VGluT1 and VGluT2 immunogold associated with
immunogold-labelled TH-positive structures was lower than that of
immunogold-labelled excitatory terminals when the two were compared within the same striatal regions (one-way anova with Tukey’s
post hoc test, P < 0.05; Fig. 3A–C).

Background levels of VGluT immunolabelling match or exceed
those seen in TH-positive structures
Although we observed only low numbers of immunogold particles
associated with TH-positive structures in comparison with excitatory
terminals, the labelling may, in fact, reﬂect low levels of the VGluTs.
In order to control for this, background immunolabelling was analysed
in dendritic spines that lack vesicles and thus also lack VGluTs. Seven
per cent of dendritic spines were associated with immunogold
labelling for VGluT1–3 (208 ⁄ 2974; VGluT1, 6.4%, 62 ⁄ 962; VGluT2,
10.3%, 105 ⁄ 1023; VGluT3, 4.1%, 41 ⁄ 989). Proportions for each
VGluT in each striatal area ranged from 5 ± 1% to 8 ± 1%, 7 ± 4% to
15 ± 3% and 2 ± 1% to 5 ± 0% for VGluT1, VGluT2 and VGluT3,
respectively (Table 1; Fig. 2A–C). Background levels of immunogold
labelling for each VGluT were similar to, or higher than, the levels in
TH-positive structures of the same striatal region (paired t-test; DLS,
VGluT1, t = 6.097, P = 0.0259; DLS, VGluT2, t = 1.303,

P = 0.3224; DLS, VGluT3, t = 1.053, P = 0.4026; NAC, VGluT1,
t = 0.08091, P = 0.9429; NAC, VGluT2, t = 1.075, P = 0.3948;
NAC, VGluT3, t = 4.534, P = 0.0454; NAS, VGluT1, t = 0.6136,
P = 0.6020; NAS, VGluT2, t = 2.373, P = 0.1410; NAS, VGluT3,
t = 0.7816, P = 0.5163; Fig. 2A–C).
As was the case for the TH-positive structures, signiﬁcantly more
spines contained one immunogold particle (161 ⁄ 2974) than greater
numbers of gold particles (47 ⁄ 2974; v2 = 64.7, P = 8.5 · 10)16). The
density of immunolabelling for each VGluT in dendritic spines ranged
from 0.28 ± 0.11 to 2.99 ± 1.00 immunogold particles ⁄ lm2, and
when considering only immunogold-labelled spines, densities of
labelling for VGluTs ranged from 15 ± 1 to 23 ± 6 immunogold
particles ⁄ lm2 (Table 1). These densities were similar to those of THpositive structures (VGluT1 and VGluT2, one-way anova with
Tukey’s post hoc test, P > 0.05, and VGluT3, paired t-test – DLS,
t = 0.49, P = 0.673; NAC, t = 1.25, P = 0.338; NAS, t = 2.69,
P = 0.115; Fig. 3A–C).
Taken together, the data thus show that speciﬁc immunoreactivity
for VGluT1, VGluT2 or VGluT3 is not present in TH-positive
structures of the adult rat striatum, and suggest that dopaminergic
axons of this region do not contain vesicular glutamate transporters, or
express them at levels below detectability.

Discussion
We show here that, in the adult rat striatum, immunolabelling for
vesicular glutamate transporters associated with dopaminergic structures is equivalent to, or less than, background labelling. In particular,
we show that this is the case for the DLS, the NAC and the NAS.
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Moreover, we have carefully examined background labelling to
establish that our methods are sensitive enough to detect even low
levels of labelling. We therefore conclude that dopaminergic structures
in the dorsolateral and ventral striatum of the adult rat do not express
VGluT1, VGluT2 or VGluT3. Because the expression of a VGluT is a
prerequisite for a structure to accumulate glutamate in vesicles
(Bellocchio et al., 2000; Fremeau et al., 2001, 2002; Takamori et al.,
2001), it is likely that the vesicular release of glutamate does not occur
from dopaminergic neurons in the adult forebrain.
With the use of similar methods to those used in the present study, it
has been shown that 28% of dopaminergic axon terminals of the NAC
in P15 rats contain more than two VGluT2-positive immunogold
particles (Dal Bo et al., 2008; Descarries et al., 2008). It is notable
that analysis of the same region in adult rats (P90) (Descarries et al.,
2008) showed that 12% of TH-positive axon terminals displayed this
level of labelling, more than seen in the present study (2% of THpositive axons contained more than two VGluT2-positive gold
particles in the NAC). A more recent study showed a complete lack
of VGluT2 labelling in the striatal terminals of mesencephalic
dopaminergic neurons of the adult rat (Bérubé-Carrière et al., 2009).
Here, we have addressed a concern that VGluT levels may be low in
dopaminergic terminals and that previous studies have therefore failed
to detect them. By controlling for background levels of labelling, and
through comparison with glutamatergic terminals, we show that it is
highly unlikely that dopaminergic terminals are expressing even low
levels of VGluT2. Moreover, our results extend previous ﬁndings by
showing no co-expression in the NAS.
The majority of asymmetrical synapses in the dorsal striatum have
presynaptic boutons that are immunopositive for either VGluT1 or
VGluT2, but about 28% are immunonegative for both (Lacey et al.,
2005). Cholinergic interneurons of the striatum, which express
VGluT3 in their axon terminals, form symmetrical, not asymmetrical,
synapses (Gras et al., 2002; Wainer et al., 1984; Izzo & Bolam, 1988.
So, approximately one-third of the excitatory synapses of the striatum
are unaccounted for, if indeed they are glutamatergic. This leaves the
possibility that another VGluT might exist (e.g. Miyaji et al., 2008;
Yarovaya et al., 2005) that is capable of accumulating glutamate in its
vesicles at these asymmetrical synapses, but also in dopaminergic
neurons. Future studies will no doubt address this possibility, but the
present study demonstrates that it is unlikely to be any of the three
known VGluTs that perform this function.
The behavioural consequences of the loss of dopamine neurons,
whether in animal models as a consequence of the administration of a
dopamine neuron toxin or in Parkinson’s disease, are alleviated by the
administration of therapeutic agents designed to increase activity at
dopamine receptors and, indeed, the glutamate receptor antagonist
amantadine also has therapeutic beneﬁt in Parkinson’s disease (see
Lange & Riederer, 1994 for review). One implication of this
conclusion is that it is indeed dopamine that is being used to signal
rapid reward prediction errors. It is often stated that this signal (with a
latency and duration in the order of hundreds of milliseconds) is too
fast to be mediated via dopamine (e.g. Chuhma et al., 2004; Lapish
et al., 2007). However, glutamatergic synaptic events are so fast that it
could be argued they are equally inappropriate to convey this signal.
Importantly, dopamine signalling at D2 receptors in the VTA can
evoke inhibitory events with a latency and duration in the order of
hundreds of milliseconds (Ford et al., 2009), suggesting that, at least
under some circumstances, they are capable of signalling the temporal
properties of reward prediction errors.
Our data are consistent with an emerging view that dopamine
neurons are more likely to co-release glutamate during development,
or following injury. For example, the degree of co-localisation of TH

and mRNA for VGluT2 has been reported to be low (19% of THpositive cells are VGluT2-positive) (Kawano et al., 2006) or only
rarely detected (0.3% of VGluT2-positive cells are TH-positive)
(Yamaguchi et al., 2007) in the VTA and virtually absent in the
substantia nigra and retrorubral ﬁeld (Kawano et al., 2006) in adult
animals. In addition, expression of VGluT2 in the NAC appears to be
upregulated when animals are subjected to a neonatal 6-hydroxydopamine lesion (Dal Bo et al., 2008; Descarries et al., 2008). If
GABAergic or dopaminergic neurons can suppress the VGluT
phenotype in standard cell cultures (Mendez et al., 2008), then it
is possible that a lack, or loss, of this suppression in developing or
6-hydroxydopamine-lesioned animals, respectively, enables the
expression of the VGluT phenotype. Importantly, the expression of
VGluT2 appears to be a consequence of the single-cell microculture,
as the inclusion of GABAergic or dopaminergic neurons in the culture
results in suppression of the VGluT2 phenotype to levels similar to
those seen in vivo (Mendez et al., 2008).
Recent studies, however, suggest that glutamatergic synaptic events
in the accumbens evoked by VTA stimulation in brain slices do, in fact,
come from dopamine neurons (Stuber et al., 2010; Tecuapetla et al.,
2010 Hnasko et al., 2010). First, selective stimulation of dopamine
neurons in the VTA, using optogenetics, evokes glutamatergic synaptic
events in the accumbens (Stuber et al., 2010; Tecuapetla et al., 2010).
Second, these events are largely absent following selective deletion of
VGluT2 in dopamine neurons (Stuber et al., 2010; Hnasko et al., 2010).
How can these ﬁndings be reconciled with our anatomical ﬁndings and
those of others discussed previously? Two caveats should be kept in
mind. First, the genetic manipulation of dopamine neurons might induce
responses akin to injury or immaturity that could lead to the expression
of VGluT2. Second, in dopaminergic terminals in adults, VGluT2 may
be expressed at extremely low levels that are not detectable with
conventional electron microscopy. It is possible that the functional
strength of these glutamatergic synapses also declines with age,
although this has not been tested. One interesting possibility that would
reconcile the functional and structural data is that dopamine neurons
make segregated, glutamatergic synapses that are non-dopaminergic.
In conclusion, we found no evidence for the expression of VGluT1,
VGluT2 or VGluT3 in dopaminergic axons and terminals in the DLS
and ventral striatum (NAC and NAS). We therefore conclude that, in
the normal, adult striatum, dopaminergic synapses do not co-release
glutamate, and that the co-release of glutamate by dopamine neurons
occurs only during development or following injury, or from
segregated, non-dopaminergic synaptic terminals.
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