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The ventral tegmental area (VTA) is lo-
cated close to the midline on the floor of
the midbrain. VTA neurons project
densely and largely ipsilaterally to the ven-
tromedial striatum, primarily the nucleus
accumbens (NAc) core and shell. The
neuronal circuit between VTA and NAc is
involved in the acquisition and expression
of learned appetitive behavior and in drug
addiction. Approximately 60% of VTA
neurons are dopaminergic and abnormal
dopaminergic signaling in the NAc is
thought to be a critical component in sev-
eral neuropsychiatric disorders.

Increasing evidence indicates that
some dopaminergic neurons may also
use glutamate as a neurotransmitter in
the striatum (Descarries et al., 2008). Se-
lective stimulation and intracellular record-
ing of synaptic responses in autaptic
cultures of dopaminergic neurons from
VTA suggested that dopamine and gluta-
mate were released by the same neuron
(Sulzer et al., 1998). In cocultures of dopa-
minergic and accumbens neurons, stimula-
tion of dopaminergic neurons evoked
glutamate-mediated excitatory synaptic re-
sponses in accumbens neurons (Joyce and
Rayport, 2000). Additionally, release of glu-

tamate by VTA dopaminergic neurons was
suggested by the presence of vesicular gluta-
mate transporter 2 (VGluT2), a marker of
glutamatergic neurons (Dal Bo et al., 2004).
In mesoaccumbens slice preparations,
glutamate-mediated excitatory responses
were detected in postsynaptic accumbens
neurons after focal extracellular stimula-
tion of dopaminergic neurons in the VTA
(Chuhma et al., 2004; Hnasko et al.,
2010). However, whether or not gluta-
mate is released from the terminals of
dopaminergic neurons in vivo is contro-
versial because extracellular stimulation
might excite nondopaminergic neurons
in VTA that express VGluT2 and release
glutamate in NAc (Kawano et al., 2006;
Mendez et al., 2008; Hnasko et al., 2010).

In a paper recently published in the The
Journal of Neuroscience by Stuber et al.
(2010), the light-activated cation channel
channelrhodopsin-2 (ChR2) was selectively
expressed in midbrain dopaminergic neu-
rons and its fibers in striatum. Subsequent
optical stimulation of dopaminergic termi-
nals in NAc evoked glutamate-mediated
postsynaptic responses in medium spiny
neurons (MSNs), and these responses
were abolished by conditional knock-out
of VGluT2 in dopaminergic neurons.
Similar results were also reported recently
by Tecuapetla et al. (2010).

Specific expression of ChR2-mcherry
in midbrain dopaminergic neurons was
achieved by injecting Cre-inducible adeno-
associated virus vectors carrying a gene
encoding ChR2 into the VTA of adult
mice that expressed Cre under the control

of the dopamine transporter promoter
(Stuber et al., 2010, their Fig. 1). Light-
evoked stimulation of labeled dopaminergic
terminals resulted in AMPA receptor-
mediated EPSCs in all recorded MSNs in
the NAc shell (Stuber et al., 2010, their
Figs. 2, 3), suggesting that glutamate was
released from the dopaminergic termi-
nals. In agreement with this, Tecuapetla et
al. (2010) found that stimulation of dopa-
minergic terminals activated both AMPA
and NMDA receptors in all recorded
MSNs. These two studies provide clear
and straightforward evidence that dopa-
minergic neurons release glutamate in the
NAc. In addition, conditional knock-out
of VGluT2 in dopaminergic neurons
abolished EPSCs evoked by optical stimu-
lation (Stuber et al., 2010, their Figs. 2, 3),
strongly suggesting that glutamate medi-
ates the EPSCs evoked by stimulation of
dopaminergic terminals.

Previous electron microscopic (EM)
data suggested that both synaptic (bou-
tons) and nonsynaptic (varicosities) re-
lease sites were present in dopaminergic
axon branches in the striatum (Descarries
et al., 2008). The dopaminergic varicosi-
ties presumably exhibit no obvious pre-
synaptic and postsynaptic membrane or
classic active zone (Fig. 1B,D,F), but do-
pamine released from varicosities might
diffuse in the extracellular space to reach
dopamine receptors (Descarries et al.,
2008). Given two types of release sites and
the fact that glutamate and dopamine
could be packaged into the same or differ-
ent vesicles, eight patterns of glutamate
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and dopamine release are theoretically
possible in the striatum (Fig. 1). Optical
stimulation combined with electrophysi-
ology is unable to provide clues about
which pattern of glutamate release occurs
in the NAc. For example, whether dopa-
minergic VTA neurons have some bou-
tons or varicosities that only release
glutamate in the NAc is still an open ques-
tion (Fig. 1G,H). However, it is clear that
synaptic boutons release both dopamine
and glutamate (Fig. 1C,E), based on the
rapid postsynaptic response to light stim-
ulation and morphological evidence from
previous EM studies (Descarries et al.,
2008; Stuber et al., 2010). Tyrosine hy-
droxylase is coexpressed with VGluT2 in
presynaptic boutons visualized by EM, indi-
cating that dopamine and glutamate are
likely present in the same presynaptic termi-
nals. Furthermore, vesicular monoamine
transporter 2 (VMAT2) can be coimmuno-
precipitated with VGluT2 from synaptic
vesicle preparations from rat striatum,
suggesting that VMAT2 and VGluT2
physically interact and/or are located on
the same presynaptic vesicle membranes.
Therefore, dopamine and glutamate are
very likely to be packaged into the same
synaptic vesicle by VMAT2 and VGluT2,
respectively (Fig. 1C) (Hnasko et al.,
2010). Moreover, synaptic vesicular coen-
try of dopamine and glutamate promotes
monoamine storage by increasing the pH
gradient that drives vesicular monoamine
transport (Hnasko et al., 2010). However,
it is not clear whether dopamine and glu-
tamate are also packaged into separate
synaptic vesicles (Fig. 1E). This question
can be answered using electron micros-
copy to examine the double immunola-
beling of VMAT2 and VGluT2 in striatum
tissue.

Stuber et al. (2010) found that core-
lease of dopamine and glutamate was
restricted to the NAc shell. Glutamate-
mediated current was not detected in the
dorsal striatum after optical stimulation,
although light-evoked dopamine release
was detected voltammetrically in both the
dorsal striatum and NAc shell (Stuber et
al., 2010, their Fig. 4). This suggests that
VTA dopaminergic terminals in dorsal
striatum do not release glutamate, or re-
lease minimal glutamate that is unable to
evoke detectable EPSCs. Additionally, this
result also suggests that substantia nigra
pars compacta (SNc) dopaminergic neu-
rons do not release glutamate, because do-
paminergic terminals in dorsal striatum
are largely derived from SNc dopaminer-
gic neurons, which were infected with vi-
rus along with VTA dopaminergic

neurons (Stuber et al., 2010, their Fig. 1).
It is consistent with previous study that
SNc dopaminergic neurons lack VGluT2
and therefore are unlikely to release gluta-
mate (Hnasko et al., 2010).

It is surprising that the clearance of do-
pamine (via uptake by the dopamine
transporter) after release in the NAc shell
is much slower than that in the dorsal stri-
atum, as suggested by the fact that the de-
cay time of the dopamine transient is
much longer in the NAc shell (Stuber et
al., 2010, their Fig. 4). Given that VGluT2
expression is correlated with the slowed
dopamine uptake, it would be interesting
to know whether glutamate-releasing do-
paminergic terminals express less dopa-
mine transporter, which decreases the rate
of dopamine reuptake. It is also possible that
released glutamate activates glutamate re-
ceptors and consequently alters local ion
concentration gradient, which is the driving
force for dopamine transporter-mediated
dopamine uptake. To study the role of
VGluT2 and glutamate in dopamine re-
uptake, measurement of optically evoked
dopamine release in the striatum could be
performed in the VGluT2 conditional
knock-out and wild-type control mice with
or without the presence of glutamate recep-
tor antagonists.

From Stuber et al. (2010) and previous
studies (Descarries et al., 2008), it is clear
that dopamine and glutamate are pack-
aged into the same synaptic vesicles and
released from the dopaminergic termi-
nals originating from a sublet of dopami-
nergic neurons in the VTA that project to
the NAc shell. Although presence of glu-
tamate in the dopaminergic vesicles pro-
motes dopamine sequestration into
presynaptic vesicles (Hnasko et al., 2010),
the postsynaptic function of glutamate re-
lease from VTA dopaminergic neurons
remains unclear. It is not clear from Stu-

ber et al. (2010) whether glutamate from
dopaminergic boutons or varicosities can
evoke action potentials in MSNs of the
NAc, or whether glutamate-evoked EP-
SCs merely boost the excitability by depo-
larizing the MSNs to a membrane
potential close to spike threshold. The
membrane potentials of MSNs move be-
tween a down state, where neurons are
slightly hyperpolarized and do not gener-
ate action potentials, and an up state,
where neurons sit at a membrane poten-
tial close to the threshold for spike gen-
eration in response to temporally
coherent, convergent-excitatory synaptic
input from the cortex (Wilson and
Kawaguchi, 1996). Thus, glutamatergic
excitatory input from VTA dopaminergic
neurons might work synergistically with
cortical excitatory input to modulate
MSNs activities in striatum. Consistent
with this hypothesis, Tecuapetla et al.
(2010) found that glutamate-evoked
EPSCs elicited action potentials at mem-
brane potentials close to the typical MSN
up state in five of seven recorded MSNs
after a single optical stimulation.

The effect of glutamate corelease at do-
paminergic synapses is likely to depend on
what dopamine receptor is present. Most
MSNs in NAc express either D1 or D2 re-
ceptors, depending on the projection tar-
get (D1 receptors in striatonigral neurons,
D2 receptors in striatopallidal neurons)
(Humphries and Prescott, 2010), but ac-
cumulating evidence indicates that some
NAc neurons express both D1 and D2 re-
ceptors. Several lines of evidence suggest
that D1 receptor signaling enhances,
whereas D2 receptor signaling inhibits, den-
dritic excitability and glutamatergic signal-
ing, at least in dorsal striatum. Therefore, if
D1 receptor is present at the postsynaptic
site of synapses at which glutamate and
dopamine are coreleased, glutamate and

Figure 1. Schematic representation of possibilities of synaptic and nonsynaptic dopaminergic axon terminals containing
either or both dopamine and glutamate. The synaptic terminals display a classical active zone, postsynaptic density, and synaptic
cleft (A, C, E, and G). The nonsynaptic terminals (varicosities) show the lack of presynaptic and postsynaptic specializations (B, D,
F, and H ).
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dopamine would synergistically regulate
the excitability of MSNs. However, it is
also possible that glutamate and dopa-
mine modulate the excitability of MSNs in
opposite ways by corelease at D2 receptor-
expressing synapses, to increase precision.
Further functional and morphological stud-
ies are needed to address these possibilities.

In conclusion, Stuber et al. provide de-
finitive physiological evidence for the
corelease of glutamate from dopaminer-
gic terminals derived from VTA in the
NAc. Future studies will most likely focus
on the properties as well as the pathophys-
iological functions of this subgroup of
synapses that corelease dopamine and
glutamate in the NAc.
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