
Almost 80 years after the formulation of the hypothesis 
epitomized as Dale’s principle (BOX 1), there are many 
reasons to think that the complexity of the chemical and 
anatomical organization of the mammalian nervous sys-
tem is much greater than was previously imagined. It is 
becoming increasingly clear that most if not all neurons 
of the central and the peripheral nervous systems do not 
use a single chemical transmitter. Neuropeptides were 
long considered to be the most frequently co-localized 
transmitter in monoamine-, acetylcholine- (ACh) and 
GABA-containing neurons of the CNS. However, there is 
mounting evidence that many neuronal populations in the 
brain and spinal cord — hitherto defined as using a single, 
‘classical’ transmitter plus or minus a neuropeptide — in 
fact use more than a single non-peptide transmitter.

The recent identification of proton-dependent carrier 
molecules, which transport glutamate from the cytosol 
into synaptic vesicles and thereby allow for the exocytotic 
release of glutamate, has renewed interest in the concept 
of neurons using multiple transmitters. The expression of  
a vesicular glutamate transporter (VGLUT) is not only 
used to formally identify neurons that are primarily 
glutamatergic but also suffices to assign a glutamater-
gic phenotype to neurons already known to use another 
transmitter. In this Review, we provide a brief histori-
cal overview of the discovery and functions of VGLUTs 
and discuss the increasing evidence for the presence of 

VGLUTs in ‘non-glutamatergic’ CNS neurons. We then 
consider cellular, physiological and behavioural impli-
cations of such a phenomenon, including glutamate 
co-release and enhanced packaging of the primary  
transmitter through a process called vesicular synergy.

Discovery of the VGLUTs
In 1994, Ni and colleagues isolated brain-specific Na+-
dependent inorganic phosphate co-transporter (BNPI), 
a ‘brain-specific’ protein that exhibited weak similarities 
with Na+-dependent inorganic phosphate transporters1. 
It came as a surprise when 6 years later, two independ-
ent studies elegantly unravelled that BNPI was in fact 
a vesicular glutamate transporter2,3. Indeed, the heter-
ologous transfection of this protein sufficed to endow 
GABA neurons with a glutamatergic phenotype3. BNPI 
was subsequently renamed vesicular glutamate trans-
porter 1 (VGLUT1) and was shown to share all of the 
basic characteristics previously reported for glutamate 
accumulation by brain vesicles, including: first, millimo-
lar affinity for glutamate; second, an inability to trans-
port aspartate, glutamine or GABA; third, a dependence 
on the proton gradient; fourth, a dependence on the ΔΨ 
component (vesicular transmembrane potential) of 
the pH gradient (and not the ΔpH); and fifth, biphasic 
chloride dependence (allosteric activation between 1 and 
4 mM, inhibition above 10 mM)4,5.
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Abstract | Recent data indicate that ‘classical’ neurotransmitters can also act as 
co-transmitters. This notion has been strengthened by the demonstration that three 
vesicular glutamate transporters (vesicular glutamate transporter 1 (VGLUT1), VGLUT2 and 
VGLUT3) are present in central monoamine, acetylcholine and GABA neurons, as well as in 
primarily glutamatergic neurons. Thus, intriguing questions are raised about the 
morphological and functional organization of neuronal systems endowed with such a dual 
signalling capacity. In addition to glutamate co-release, vesicular synergy — a process 
leading to enhanced packaging of the ‘primary’ transmitter — is increasingly recognized as  
a major property of the glutamatergic co-phenotype. The behavioural relevance of this 
co-phenotype is presently the focus of considerable interest.
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Asymmetrical synapse
An asymmetrical synapse 
(or Gray type I synapse) 
contains predominantly round 
or spherical small synaptic 
vesicles and are characterized 
by a thickened postsynaptic 
density. Asymmetrical 
synapses are thought to 
be excitatory.

Tyrosine hydroxylase 
The enzyme that converts 
tyrosine to dihydroxyphenyla-
lanine (DOPA). This reaction is 
the rate-limiting step in the 
biosynthesis of catecholamines 
(dopamine, noradrenaline and 
adrenaline).

Microculture
A primary culture system that 
allows single-neuron cultures 
by growing neurons on 
microdroplets of growth 
substrate.

Interestingly, VGLUT1 was found to be strongly 
expressed by a subpopulation of neurons in the cere-
bral cortex, hippocampus and cerebellar cortex (FIG. 1a), 
with very little expression in subcortical regions; this 
suggested that in these subcortical regions, glutamate 
vesicular packaging is mediated by a second subtype of 
the transporter6.

In 2000, another member of the Na+-dependent inor-
ganic phosphate transporters (named differentiation- 
associated Na+-dependent inorganic phosphate co-
transporter (DNPI)) was discovered by Aihara et al.7. 
DNPI shared a high degree of homology with BNPI 
(VGLUT1), and was strongly enriched in subcortical 
regions7,8 (FIG. 1a). In 2002, five research groups reported 
that DNPI was also a vesicular glutamate transporter and 
renamed it VGLUT2 (ReFs 9–13). Similar to VGLUT1, 
VGLUT2 translocates glutamate inside vesicles using an 
electrochemical proton gradient as the driving force11 
and is distributed in excitatory axon terminals that form 
asymmetrical synapses11,14. It was concluded from these 
early observations that VGLUTs are genuine markers 
of glutamatergic synapses. Moreover, the presence of 
a single type of VGLUT seemed to be sufficient to fill 
synaptic vesicles with glutamate15.

In 2002, a third subtype of VGLUT — VGLUT3 — 
was discovered, which shared all structural and func-
tional characteristics of the other two VGLUTs16–19. 
Unlike Vglut1 and Vglut2 transcripts, which were widely 
expressed in cortical and subcortical regions, respec-
tively, the distribution of Vglut3 mRNA was restricted 
to neuronal populations not previously considered as 
primarily glutamatergic: VGLUT3 was found in serot-
onin (5-hydroxytryptamine (5-HT)) neurons in raphe 
nuclei, ACh neurons in the dorsal and ventral striatum, 
and subclasses of GABA interneurons (basket cells) in 
the cerebral cortex and hippocampus17,18,20,21 (FIG. 1a). In 
addition, VGLUT3 is present in subgroups of primarily 
glutamatergic neurons in the raphe, habenula, hypotha-
lamus, olfactory tubercles and sensory inner hair cells of 
the cochlea17,20,22–25.

Three main conclusions resulted from this initial 
phase of discovery and characterization. First, three 
VGLUTs ensure the vesicular uptake of glutamate in 

CNS neurons and thus represent unambiguous mark-
ers of glutamatergic transmission; second, VGLUT1 
and VGLUT2 are expressed in neuronal populations 
already known to be glutamatergic; and third, VGLUT3, 
by contrast, is mostly expressed in neurons that were 
not initially identified as glutamatergic, indicating that 
glutamate may act as a co-transmitter in these cells. As 
described below, a broader examination of the distribu-
tion and functions of VGLUTs subsequently revealed 
that VGLUT1 and VGLUT2 can also be expressed in 
neurons not initially characterized as glutamatergic, 
thus raising the hypothesis that glutamate acts as a co-
transmitter in many types of neurons (see BOXes 2,3 for 
a discussion of the role of VGLUTs as transporters of 
inorganic phosphate and chloride).

VGLUTs in ‘non-glutamatergic’ neurons
Abundant cytochemical data have demonstrated the 
expression of vesicular glutamate transporters in CNS 
neurons whose identity is defined by another ‘primary’ 
neurotransmitter (TABLe 1). Thus far, each of the three 
VGLUTs has been shown to be present in some ACh 
and GABA neurons of the CNS, but only VGLUT2 
is expressed in some noradrenaline, adrenaline or 
dopamine neurons, and only VGLUT3 seems to be 
expressed in some 5-HT neurons (FIG. 1b).

VGLUT2 in dopamine neurons. Soon after the iden-
tification of VGLUT2, early studies combining in situ 
hybridization and immunocytochemistry revealed the 
existence of Vglut2 mRNA in noradrenergic neurons 
of the A1 and A2 groups and in adrenergic neurons of  
the C1, C2 and C3 groups of the rat medulla, raising the 
possibility that glutamate might act as a co-transmitter 
in catecholamine neurons26,27.

The first evidence that both Vglut2 mRNA and 
VGLUT2 protein could be present in dopamine neu-
rons came from a study combining single-cell reverse 
transcription PCR (RT-PCR) with tyrosine hydroxylase 
(TH) and VGLUT2 immunocytochemistry on isolated 
mesencephalic dopamine neurons from postnatal rat 
in microculture28. A subsequent single-cell RT-PCR 
study showed Vglut2 mRNA to be present in mesen-
cephalic dopamine neurons of both newborn (post-
natal day 0 (P0)) and P45 mice, with a much higher 
yield at P0 (ReF. 29), suggesting that Vglut2 expres-
sion might be developmentally regulated. Subsequent 
analyses revealed that Vglut2 mRNA is expressed in 
TH-expressing subpopulations of hypothalamic and 
ventral tegmental area (VTA) dopamine neurons, 
whereas those in the substantia nigra show barely 
detectable levels of Vglut2 mRNA30–32. A dynamic 
regulation of Vglut2 expression in these neurons has 
also been observed in a study that examined Vglut2 and 
TH mRNA expression in the ventral mesencephalon 
of rats treated with 6-hydroxydopamine (6-oHDA)33. 
The abundance of Vglut2 mRNA was increased in sur-
viving dopamine neurons of these rats, suggesting an 
induction of Vglut2 expression under pathological con-
ditions or a negative regulation by dopamine34. Both 
in culture and in vivo, there are indications that Vglut2 

 Box 1 | Dale’s principle

Dale’s principle is commonly quoted as stating that, “Neurons release only a single type 
of neurotransmitter at all of their synapses”92,93. Notwithstanding the fact that we know 
today that this is not the case and that many, if not most, neurons use more than a single 
transmitter, it is important to set the record straight and acknowledge what Sir Henry 
Hallet Dale (1875–1968), the famous Nobel laureate pharmacologist, actually said. In a 
lecture published in 1934, entitled ‘Pharmacology and nerve endings’94, Dale wrote:

“When we are dealing with two different endings of the same sensory neurone, the 
one peripheral and concerned with vaso-dilatation and the other at a central synapse, 
can we suppose that the discovery and identification of a chemical transmitter of 
axon-reflex vasodilatation would furnish a hint as to the nature of the transmission 
process at a central synapse? The possibility has at least some value as a stimulus to 
further experiment.” 

In reality, the statement was rather conservative and open-minded, and simply 
suggested that before considering a complicated hypothesis, one should start with the 
simplest one: that neurons perhaps release the same neurotransmitters from all of their 
axon terminals.
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Choline-acetyltransferase 
(ChAT). The enzyme that 
catalyses the synthesis of 
acetylcholine from acetyl-CoA 
and choline. One isoform of 
ChAT has been identified — 
this is a specific marker of 
cholinergic neurons.

expression by mesencephalic dopamine neurons might 
be regulated through a contact-dependent interaction 
with GABA neurons and with other dopamine neu-
rons29; in particular, contact with GABA neurons seems 
to act as a strong repressor of Vglut2 expression in 
dopamine neurons, and lesioning striatal GABA neu-
rons — which project to dopamine neurons — leads 
to an increase in the proportion of dopamine neurons 
expressing Vglut2.

Recent immunoelectron microscopic studies in P15 
rats showed that 28% of all TH immunopositive axon 
terminals in the nucleus accumbens, and 17% of those in 
the neostriatum, contain VGLUT2 (ReF. 33). Interestingly, 
such double labelling was no longer found in adult rats 
(P90), which suggested an age-dependent regulation 
of VGLUT2 and TH co-expression34,35, although it is 
also possible that VGLUT2 and TH are segregated in  
different branches and/or axon terminals at later ages.

VGLUT3 in serotonin neurons. In most parts of adult rat 
or mouse dorsal and median raphe nuclei, the vast major-
ity (~80%) of 5-HT neurons express Vglut3 mRNA18,36, 

and VGLUT3 protein is present in the cell bodies and 
dendrites of these neurons17,22,23,37–40. Although midbrain 
5-HT neurons project widely and diffusely to most parts 
of the forebrain (for example, ReF. 41), VGLUT3 has thus 
far only been detected in subsets of 5-HT axon termi-
nals, notably in the cerebral cortex37,38,40 and hippoc-
ampus18,37,40,42. Results from triple immunofluorescence 
confocal microscopy studies suggested that terminals 
that are positive for both 5-HT and VGLUT3 rarely con-
tain the 5-HT transporter (SeRT), in contrast to those 
that apparently lack VGLUT3 (ReFs 37,39). 5-HT axon 
terminals of the olfactory bulb40, amygdala40, ventral teg-
mental area43, supra-ependymal plexus37 and interme-
diolateral cell column of the rat spinal cord44 also show 
VGLUT3 immunoreactivity.

VGLUTs in acetylcholine neurons. Vglut1 and Vglut2 
mRNA are expressed in ACh (that is, choline-acetyltrans-
ferase (ChAT) immunopositive) motor neurons of the 
rat spinal cord45, but VGLUT1 and VGLUT2 protein 
seem to be absent from the motor endplates in skeletal  
muscles45–47. VGLUT1 protein is, however, present in 

Figure 1 | Distribution of vesicular glutamate transporters in the brain. a | Schematic representation in a sagittal rat 
brain section of the anatomical distribution of mRNAs transcribed from the genes encoding the three vesicular glutamate 
transporters (VGLUTs). Vesicular glutamate transporter 1 (Vglut1) mRNA is found mostly in the cerebral cortex and 
hippocampus, and Vglut2 mRNA is found mostly in subcortical structures, including the thalamus and the brain stem. 
Vglut3 mRNA has a more restricted distribution in serotonin neurons of the midbrain raphe nuclei, acetylcholine 
neurons of the striatum and basal forebrain and a subset of GABA interneurons in the cerebral cortex and hippocampus. 
 b | Schematic representation in coronal rat brain sections of the anatomical regions in which VGLUT2 or VGLUT3 proteins 
have been shown to be present in axon terminals containing dopamine (shown in yellow), serotonin (shown in pink), 
acetylcholine (shown in dark green) or GABA (shown in blue). Vesicular monoamine transporter 2 (VMAT2), vesicular 
acetylcholine transporter (VAChT) and vesicular inhibitory amino acid transporter (VIAAT) may also be used to visualize 
dopamine and serotonin, acetylcholine and GABA axon terminals, respectively. Vesicular synergy can theoretically occur 
in all brain regions indicated.
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 Box 2 | VGLUTs and chloride transport

Chloride plays an intricate part in 
synaptic vesicle homeostasis and 
its implication in vesicle 
acidification has long been 
known95. The impact of Cl– on 
vesicular glutamate (glut) 
accumulation was first established 
with crude preparations of brain 
vesicles. Naito and Ueda reported 
that the permeant anion Cl– 
sharply stimulated vesicular 
glutamate uptake at low 
concentrations, whereas it had an 
inhibitory effect at higher 
concentrations5. How Cl– regulates 
glutamate uptake is not totally 
clear. In brain synaptic vesicles, the 
steep stimulation of vesicular 
glutamate accumulation at low 
vesicular Cl– concentrations 
(below 4 mM) has been proposed 
to be related to the presence of a 
positive allosteric regulatory 
binding site on the vesicular 
glutamate transporters (VGLUTs) 
(with a highly cooperative Hill 
coefficient of ≈3 (ReFs 96,97)). The 
inhibitory effect of high vesicular 
Cl– levels on glutamate 
accumulation could be due to a 
buffering role. Specifically, VGLUT 
bioenergetics depends mostly on 
the Δψ component of the ΔμH+ 
(see ReF. 98 for a review), and in 
the absence of an intravesicular 
buffering anion the vacuolar-type 
proton ATPase (V-ATPase) will 
generate a strong positive 
potential (Δψ; see the figure, shown by a blue line) and a small pH difference between the vesicular lumen and the 
cytoplasm (ΔpH; see the figure, shown by a red line). A high luminal concentration of Cl– will buffer H+ ions (generating 
HCl), allowing V-ATPase to accumulate more protons inside the vesicle. Consequently, a high Cl– concentration decreases 
Δψ and increases ΔpH (for example, ReF. 99). As Δψ is the main driving force for glutamate accumulation, high Cl– 
concentrations would inhibit vesicular glutamate accumulation (see the figure, left panels).

The role of Cl– in regulating glutamate accumulation raises the question of whether vesicles bear a Cl– channel or 
transporter. The proteome of synaptic vesicles does not seem to include any Cl– channels100. However, two 
independent groups reconstituted vesicular glutamate transporter 1 (VGLUT1) or VGLUT2 in proteoliposomes 
containing the bacterial F-ATPase (also known as ATP synthase holoenzyme (TFOF1)) as an energy donor99,101 and quite 
convincingly established that in this in vitro system, VGLUTs indeed behave as Cl– channels99,101. By contrast, a recent 
study using liposomes containing VGLUT2 and valynomicin (used to generate a K+ driving force) exclusively, reported 
that VGLUT2 activity plateaued and did not decrease at high Cl– concentrations97, a finding that is incompatible with 
the hypothesis that VGLUT2 acts as a Cl– channel. This conclusion was confirmed through the use of isotope tracing 
methods ([36Cl] uptake) and Cl– fluorescence probes (6-methoxy-N-(3-sulphopropyl)-quinolinum monohydrate) to 
directly measure Cl– transport97. Thus, the data seem to indicate that VGLUTs do not function as chloride channels; 
the vesicular chloride channel therefore remains to be identified. Given these most recent data, a provocative and 
controversial suggestion emerges: perhaps ATP-dependent chloride transport (ReF. 95) could be driven by the 
V-ATPase itself. One way to assess this new hypothesis would be to reconstitute highly purified V-ATPase in artificial 
liposomes and to assay them for [36Cl] uptake. Indeed, when ATPases are absent (see the figure, right panels), the Δψ 
remains stable and VGLUT activity is no longer inhibited by high chloride concentrations.

What is the relevance of these considerations for vesicular synergy (BOX 4) and co-transmission? Concerning vesicular 
synergy, the buffering role of the anion could very well be played by chloride and/or glutamate. If this is the case, then 
chloride should be able to accelerate the vesicular accumulation of serotonin, acetylcholine, dopamine or GABA. 
However, recent evidence suggests that vesicular synergy is most probably operated by glutamate and not by chloride79. 
Thus, as far as we can judge today, glutamate acts both as a neurotransmitter and as a buffering anion in subpopulations 
of serotonin, acetylcholine, dopamine and GABA terminals.
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Renshaw cell
A GABAergic interneuron 
found in the ventral horn of 
the spinal cord. Renshaw cells 
form and receive excitatory 
recurrent collaterals from, and 
send inhibitory synapses on to, 
spinal motor neurons.

Optogenetics
The use of genetically 
encoded light-activated 
proteins (for example, ion 
channels) to control functional 
parameters (for example, 
the membrane potential) of 
targeted neuronal populations.

Vesicular inhibitory amino 
acid transporter 
(VIAAT; also known as VGAT). 
A proton-dependent vesicular 
transporter that accumulates 
the inhibitory transmitters 
GABA and glycine into synaptic 
vesicles.

ACh terminals that innervate striated oesophageal mus-
cle46, and VGLUT2 in non-cholinergic axons that origi-
nate from spinal motor neurons and contact Renshaw 
cells45. Renshaw cells are also contacted by choliner-
gic collaterals from spinal motor neurons, a pathway 
involved in feedback regulation of motor circuitry. The 
absence of VGLUT protein in all axon terminals estab-
lished by motor neurons that do express Vglut1 or Vglut2 
transcripts has led to the suggestion that spinal motor 
neurons might give rise to separate sets of cholinergic 
and glutamatergic axon terminals, with the latter possi-
bly involved in the regulation of motor functions47 (how-
ever, see ReF. 48 for conflicting results). VGLUT1 is also 
expressed in ACh axon terminals of the interpeduncular 
nucleus in mice, which may account for the co-release 
of glutamate and ACh upon optogenetic stimulation of 
medial habenula neurons projecting to this nucleus49.

In adult mouse and rat brain, Vglut3 mRNA is 
expressed in ACh interneurons of dorsal and ventral 
striatum17,18, and some of the nucleus basalis ACh neu-
rons projecting to the basolateral amygdala50. In ACh 
interneurons, VGLUT3 protein seems to be targeted to 
the soma and proximal dendrites16,51, as well as to the 
majority of, if not all, axon terminals17,18,51. The role of 
VGLUT3 in the somatodendritic compartment of these 
neurons remains to be elucidated.

VGLUTs in GABA neurons. Neurons in several brain 
regions have been shown to express, seemingly para-
doxically, both the inhibitory transmitter GABA and 
VGLUTs. For example, in cat retina, a subset of cone bipo-
lar cells (and their terminals) contains VGLUT1 as well as 
GABA, its synthetic enzyme glutamate decarboxylase 2 
(GAD65) and the vesicular inhibitory amino acid transporter 
(VIAAT)52. There are also GABAergic axon terminals 
containing VGLUT1, VGLUT2 or VGLUT3 in develop-
ing and/or adult rat cerebral cortex and/or hippocam-
pus20,38,51,53–56. Vglut2 is expressed by some GABA neurons 
in the ventral tegmental area31, and in adult female rats 
Vglut2 mRNA and VGLUT2 protein have been detected 
in GABA neurons of the hypothalamic anteroventral 

periventricular nucleus and in their terminals (in the ros-
tral preoptic area), respectively57. During early postnatal 
development, Vglut3 mRNA and VGLUT3 protein are 
present in Purkinje cells and terminals around their cell 
body, respectively58, as well as in neurons of the nucleus 
of the trapezoid body and their immature synapses that 
are both GABAergic and glycinergic (GABA/glycine 
synapses), in the lateral superior olive (LSo)59. In adult 
rat brain, VGLUT3 is found in cholecystokinin-positive 
GABAergic basket cells in the cerebral cortex and hippoc-
ampus21, and preprotachykinin B-producing GABAergic 
interneurons in the neocortex38.

The glutamatergic co-phenotype
The growing evidence for the coexistence of VGLUTs in 
monoamine, ACh and GABA neurons raises fundamen-
tal issues regarding the structural and functional prop-
erties of neurons endowed with such a dual phenotype. 
A first and obvious question is whether glutamate is 
actually released by these neurons in vivo. Then, assum-
ing it is, a second question is whether such glutamate 
release occurs at the same axon terminals that release the 
primary neurotransmitter (FIG. 2). Thirdly, if both gluta-
mate and the primary transmitter are released from the 
same terminals, are the vesicular transporters for both 
transmitters present in the same or in different synap-
tic vesicles (FIG. 2)? Moreover, what are the mechanisms 
of VGLUT sorting and trafficking that are required to 
explain the fact that axon terminals can contain het-
erogeneous pools of synaptic vesicles with and without 
VGLUTs, as well as heterogeneous populations of axon 
terminals with and without VGLUT-containing vesicles? 
Lastly, when a VGLUT is present in synaptic vesicles that 
also contain a vesicular transporter for another transmit-
ter, does this have any impact on the vesicular loading of 
this transmitter? These questions are discussed below.

Functional properties of the glutamatergic co-phenotype  
of dopamine neurons. Patch-clamp recordings of iso-
lated rat mesencephalic dopamine neurons in micro-
culture provided the first evidence that CNS dopamine 
neurons could form axon terminals capable of releasing 
glutamate60,61. The short latency and rapid rise time of 
the recorded responses were strongly suggestive of syn-
aptic contacts, even though in adult rats in vivo, these 
neurons release dopamine mainly from axon terminals 
that do not form morphologically-defined synaptic 
membrane specializations62. Interestingly, in the nucleus 
accumbens of P15 rats, all dopamine terminals doubly 
immunolabelled for TH and VGLUT2 were indeed 
found to make a synaptic junction, as opposed to those 
labelled for TH only33,34. Recent studies in adult mice 
have provided unequivocal evidence for the release of 
glutamate by VTA dopamine neurons in vivo63,64. These 
studies demonstrated that optogenetic activation of 
axon terminals originating from VTA dopamine neu-
rons induced AMPA receptor-mediated glutamatergic 
fast synaptic responses in nucleus accumbens neurons. 
Furthermore, targeted deletion of Vglut2 in the mesen-
cephalic dopamine neurons completely abolished such 
light-dependent excitatory postsynaptic potentials64.
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 Box 3 | VGLUTs and Pi transport

Studies in Xenopus laevis oocytes transfected with mRNA encoding vesicular 
glutamate transporters (VGLUTs) suggested that these proteins might also transport 
inorganic phosphate (Pi)1,7. Pi uptake via VGLUTs was reinvestigated in 2006, when Juge 
et al. reconstituted proteoliposomes with purified vesicular glutamate transporter 2 
(VGLUT2) and bacterial F-ATPase (also known as ATP synthase holoenzyme (TFOF1)) 
(as the energy source)99. They detected — in addition to a Δψ–driven glutamate 
vesicular accumulation — uptake of Pi when a Na+ gradient was imposed to this 
simplified system. Surprisingly, the Pi transport in proteoliposomes was not affected 
by the presence of glutamate, VGLUT inhibitors (including Evans blue), the chloride 
concentration or mutagenesis of amino acids that are key to VGLUT2 function99. 
These results suggest either that the compact putative three-dimensional structure of 
VGLUTs bear two independent transport machineries (one for glutamate and one for 
Pi)99,102 or that Na+-dependent Pi transport is not an intrinsic property of the VGLUTs.

Of the three proposed functions of VGLUTs — glutamate transport, Cl– transport and 
Pi transport — Pi transport is the least studied and the least firmly established. 
Additional experiments demonstrating that Na+-dependent Pi uptake is an intrinsic 
property of VGLUTs are still awaited; reconstitution of VGLUTs alone in 
proteoliposomes may be required (ReF. 97).



Dopamine transporter 
A plasma membrane protein 
from the family of Na+- and 
Cl–-dependent transporters. 
It efficiently takes dopamine up 
from the extracellular space 
into neurons (affinity 10–7 M) 
using energy based on the 
Na+ gradient generated by the 
Na+/K+ ATPase.

The question arises as to whether such glutamate 
release from dopamine neurons occurs at the same axon 
terminals that release dopamine. Immunolabelling stud-
ies performed in cultured rat dopamine neurons before 
the identification of VGLUTs showed that the vast major-
ity of axon varicosities formed by dopamine neurons in 
single neuron microculture were double labelled for TH 
and glutamate, suggesting that most terminals have the 
capacity to release both transmitters60 (see also ReFs 62,65 
for early ultrastructural data suggesting that dopamine 
neurons establish two morphologically distinct subsets of 
axon terminals). Close examination of VGLUT2 immu-
noreactivity in vitro28 and in vivo66, however, suggests that 
dopamine neurons possess different subsets of axon termi-
nals — perhaps as many as three: a first that contains only 
TH; a second, perhaps smaller, subset containing both TH 
and VGLUT2; and a third subset containing VGLUT2  
but not TH (FIG. 2). The possibility that TH might be 
absent from some axonal branches and/or axon termi-
nals of dopamine neurons may come as a surprise in light 
of the fact that such biosynthetic enzymes are known to 
be mostly cytosolic. However, there is some evidence that 
TH may be membrane bound even to synaptic vesicles, 
notably in the striatum67, and it may therefore be une-
venly distributed among axon terminals. Indeed, isolated 

dopamine neurons in culture have a large number of 
VGLUT2 immunopositive, TH immunonegative varicosi-
ties, confirmed as axon terminals by the presence of syn-
aptic vesicle 2-related protein (SV2)28. A recent study has 
suggested that VGLUT2 is only found in a small subset of 
TH- and synaptic vesicular amine transporter (VMAT2)-
containing axon terminals in cultured dopamine neu-
rons68. The notion of a phenotypical heterogeneity among 
axon terminals of dopamine neurons might also explain 
why in adult rats (as opposed to P15 rats), axon termi-
nals double labelled for TH and VGLUT2 are no longer 
observed in the ventral or dorsal striatum34. This is even 
the case after a partial 6-oHDA lesioning of the mesen-
cephalic dopamine neurons, which is known to activate 
expression of Vglut2 and increase the co-localization of TH  
and VGLUT2 in the dopamine axon terminals of post-
natal rats34. These results now need to be re-evaluated by 
quantifying the co-localization of VGLUT2 with other 
dopaminergic markers such as the sodium-dependent 
dopamine transporter (DAT) and VMAT2. 

Functional properties of the glutamatergic co-phenotype 
of 5-HT neurons. An early electrophysiological study 
demonstrated that isolated 5-HT neurons in culture can 
show fast AMPA receptor-mediated synaptic currents69. 

Table 1 | Anatomical distribution of transmitter-defined neurons containing a VGLUT in the CNS 

Neuronal type mrNA expression Protein localization

cell bodies Terminals

Vglut1/VGLUT1

Acetylcholine Spinal cord motor neurons45 Nucleus interpeduncularis49

GABA Retina52 Cerebral cortex54, 
hippocampus56, cerebellar 
cortex35,56, retina52

Vglut2/VGLUT2

Noradrenaline Medulla A1, A2 cell groups26, 
area prostrema26

Adrenaline Medulla C1 cell group26,27, 
medulla C2, C3 cell group26

Dopamine Medulla A9, A10 cell 
groups29–31,33,34, medulla A11 
cell group30

Nucleus accumbens33–35, 
neostriatum33–35

Acetylcholine Spinal cord motor neurons45,47 Spinal cord47

GABA AVPV57 rPOA57, hippocampus53,55,56

Vglut3/VGLUT3

Serotonin DRN, MRN18,36 DRN17,22,23,37,39,40, MRN17,23,37,39,40 Cerebral cortex37,38,40, 
hippocampus21,37,40,42, olfactory 
bulb40 amygdala40, VTA43, 
supra-ependymal plexus37, 
spinal cord (IML)44

Acetylcholine Striatum17,18, basal forebrain50 Striatum16,51, basal forebrain50 Striatum17,18,51, amygdala50

GABA Hippocampus45 Cerebral cortex38, 
hippocampus16,21, Purkinje 
cells58, nucleus of the trapezoid 
body59

Cerebral cortex38, 
hippocampus20,51, Purkinje cell 
layer58, superior olive59

Data are mostly from rat or mouse. Transmitter identity of CNS neurons defined by double labelling of a vesicular glutamate 
receptor (Vglut) mRNA or VGLUT protein together with an mRNA or protein for transmitter, biosynthetic enzyme, plasma 
membrane transporter or specific vesicular transporter. AVPV, anteroventral periventricular nucleus; DRN, dorsal raphe nucleus; 
IML, intermediolateral cell column; MRN, median raphe nucleus; rPOA, rostral preoptic area; VTA, ventral tegmental area.
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Vesicular monoamine 
transporters 
(VMATs). synaptic vesicle 
proteins that translocate 
monoamines (dopamine, 
noradrenaline, 5-HT and 
histamine) from the cytoplasm 
into vesicles. The driving force 
is the proton gradient 
generated by the vacuolar-type 
proton ATPase (V-ATPase). 
Two isoforms have been cloned, 
VMAT1 in the periphery and 
VMAT2 in the CNs. VMATs 
belong to a large family of sugar 
transporters that also includes 
the vesicular acetylcholine 
transporter (VAChT).

Tryptophan hydroxylase 
(TPH). The rate-limiting enzyme 
for the biosynthesis of serotonin 
(5-hydroxytryptamine (5-HT)). 
TPHs convert tryptophan to 
5-hydroxytryptophan. Two TPH 
genes have been identified in 
mammals: TPH1 is expressed 
in the periphery and TPH2 in 
raphe nuclei.

In a recent study, optogenetic stimulation of neuron 
axonal fibres arising from mouse raphe nuclei42 trig-
gered short-latency AMPA receptor-mediated synaptic 
responses in GABAergic interneurons in the hippoc-
ampus. Interestingly, in many neurons, the fast synaptic 
response was partially reduced by a 5-HT3 ionotropic 
receptor antagonist (albeit at a relatively high dose)42, 
suggesting that glutamate and 5-HT mediate synaptic 
excitation in the same time frame. By contrast, optical 
stimulation evoked slow postsynaptic-like responses 
(rise time slower than 100 ms) in a subset of CA1 hip-
pocampal pyramidal neurons, and these were reduced 
by a metabotropic 5-HT1A receptor antagonist42 (see 
also ReF. 69 for a similar and earlier finding in vitro). A 
caveat of this study was that channelrhodopsin 2 was 
not expressed in raphe neurons under the control of a 
5-HT neuron-selective promoter, thus making it pos-
sible that VGLUT3-expressing non-5-HT neurons23,36,38 
were also optically stimulated. Nonetheless, the find-
ing strongly suggests that 5-HT neurons can co-release 
glutamate and suggests the intriguing possibility that 
such co-release can lead to the encoding of parallel sig-
nals that operate along different timescales. Such dual 
synaptic responses — with a fast, ionotropic component 
and a slower, metabotropic component — have not yet 

been described in response to activation of dopamine 
or ACh neurons.

In isolated cultured postnatal rat 5-HT neurons, 
a majority of 5-HT immunoreactive axon varicosi-
ties contain VGLUT3, a substantial subset contains 
only 5-HT and a small subset contains VGLUT3 but  
not 5-HT16. Similarly, in embryonic rat midbrain raphe 
cultures, some tryptophan hydroxylase (TPH) immuno-
positive varicosities are VGLUT3 immunopositive18. 
Axon terminals that are immunopositive for both 
VGLUT3 and 5-HT have also been reported in the VTA 
and substantia nigra (pars compacta)67,70; however, the 
vast majority of 5-HT varicosities in these areas seem 
to be VGLUT3 immunonegative67, suggesting segrega-
tion of the co-transmitters to different axonal branches 
(FIG. 2). By contrast, in the limbic cortex, hippocampus 
and lateral septum, 30–50% of 5-HT immunoreactive 
terminals contain VGLUT3 and VMAT2, the rest being 
VGLUT3 immunonegative37 (FIG. 2). Taken together, 
these findings are consistent with axon terminal heter-
ogeneity, as already suggested for dopamine neurons.

Functional properties of the glutamatergic co-phe-
notype of ACh neurons. Cholinergic neurons of the 
medial septum in microculture can release glutamate 

Box 4 | Molecular mechanisms of vesicular synergy

Neurotransmitter vesicular 
uptake is driven by an 
electrochemical gradient 
of protons (ΔμH+) across 
the membrane, which is 
established by the vacuolar 
type proton ATPase 
(V-ATPase; see the figure)103. 
Vesicular packaging of 
cationic transmitters such as 
acetylcholine and dopamine 
through the vesicular 
acetylcholine transporter 
(VAChT; see the figure, 
shown in red) and the 
vesicular monoamine 
transporter (VMAT2; not 
shown), respectively, largely 
depends on the pH gradient 
across the vesicular 
membrane (ΔpH). By 
contrast, the function of vesicular glutamate transporters (VGLUTs) is largely driven by the vesicular 
transmembrane potential (ΔΨ) component of the proton gradient98. GABA and glycine accumulation by the 
vesicular inhibitory amino acid transporter (VIAAT) depends on both ΔpH and ΔΨ98.

The kinetic properties of VMAT2 and VAChT are such that to accumulate one molecule of monoamine, 2 protons 
are extruded from the vesicle (see the figure, left panel). This has the consequence that VMAT2 and VAChT rapidly 
dissipate the ΔpH. Studies using the pH-sensitive dye acridine orange have shown that glutamate and chloride 
acidify synaptic vesicles through distinct and additive mechanisms3,80,104. It can thus be proposed that the presence 
of a VGLUT results in more acidified vesicles, and this enables VMAT2 and VAChT to accumulate higher amounts  
of their respective neurotransmitter in these vesicles79. Interestingly, despite its partial dependence on ΔpH,  
vesicular accumulation of GABA by VIAAT is also accelerated by glutamate56. The VGLUT-dependent  
increased vesicular accumulation of serotonin, acetylcholine, dopamine or GABA is known as vesicular synergy.

We suggest that vesicular synergy is fulfilled by glutamate itself79 (BOX 2). However, a possible role for other anions 
putatively transported by VGLUTs — Cl– or Pi — may be involved (BOXes 2,3). In addition, low concentrations of Cl– could 
have an indirect effect on vesicular synergy through its allosteric regulation of VGLUTs.
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Autaptic connection
A synaptic contact established 
by a neuron onto its own 
dendrites or cell body.

Non-synaptic axon terminal
An axon terminal (varicosity) 
that displays no 
morphologically identifiable 
synaptic membrane 
specialization (junctional 
complex). Also referred to as 
an asynaptic terminal or free 
nerve ending.

Vesicular acetylcholine 
transporters 
(VAChTs). synaptic vesicle 
proteins mediating the 
accumulation of acetylcholine 
into secretory vesicles. VAChTs 
use the proton gradient 
generated by the vacuolar-type 
proton ATPase (V-ATPase) as 
the driving force.

from autaptic connections71, in keeping with the pre-
vious demonstration of Vglut1 or Vglut2 expression 
in a subset of these neurons72. Interestingly, numer-
ous neurons displayed mixed synaptic responses, 
with both AMPA receptor-mediated and nicotinic 
receptor-mediated components, which is suggestive 
of co-release of the two transmitters71. optogenetic 
stimulation of ACh neurons of the medial habenula 
projecting to the interpeduncular nucleus evoked 
fast, glutamate-mediated synaptic responses in neu-
rons of this region49. Interestingly, stimulus trains at 

20–50 Hz evoked slow nicotinic receptor-mediated 
postsynaptic inward current (15 s rise time) in tar-
get neurons49. This finding provides strong evidence 
for the hypothesis that glutamate co-release from 
cholinergic neurons mediates fast signals to target 
neurons, whereas release of ACh — presumably from 
non-synaptic axon terminals73,74 — mediates excitatory  
signals on a much slower timescale.

Glutamate release from striatal ACh interneurons 
has not yet been demonstrated. However, dual immuno-
labelling for both the vesicular acetylcholine transporter 

Figure 2 | Heterogeneity of terminals co-expressing VGLuTs and other vesicular neurotransmitter carriers. 
Schematic representation of the possible modes of co-transmission in dopamine, serotonin (5-hydroxytryptamine (5-HT)) 
and acetylcholine (Ach) neurons. a | For dopamine neurons, terminals that contain only vesicular glutamate transporter 2 
(VGLUT2) and that only release glutamate (1), terminals expressing vesicular monoamine transporter 2 (VMAT2) alone (2), 
terminals with both types of vesicular transporter, expressed in separate pools of synaptic vesicles (3) and terminals with 
synaptic vesicles that contain both VMAT2 and VGLUT2 (4) are shown. We propose that vesicular synergy only occurs  
at type 4 terminals, leading to enhanced extracellular accumulation of dopamine following its exocytotic release.  
b | For 5-HT neurons, terminals that contain only VGLUT3 and that only release glutamate (1), terminals expressing VMAT2 
and 5-HT transporter (SERT) (2), terminals with synaptic vesicles that contain both VMAT2 and VGLUT3, in addition to the 
plasma membrane transporter SERT (3) and terminals with synaptic vesicles that contain both VMAT2 and VGLUT3, but 
without a plasma membrane transporter (4) are shown. We propose that vesicular synergy only occurs at type 3 and 4 
terminals, and that the absence of SERT leads to further enhancement of extracellular 5-HT following its exocytotic 
release. c | For ACh neurons, terminals expressing VAChT alone (1) and terminals with synaptic vesicles that contain both 
vesicular ACh transporter (VAChT) and VGLUT3 (2) are shown. We propose that vesicular synergy only occurs at type 2 
terminals, leading to enhanced extracellular accumulation of ACh following its exocytotic release. Thus, the various 
combinations of vesicular and plasma membrane transporters could determine the strength of dopamine, 5-HT and ACh 
neurotransmission. Figure is modified, with permission, from ReF. 37 © (2010) Society for Neuroscience.
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Stimulated emission 
depletion (STED) 
microscopy
A high-resolution fluorescence 
microscopy technique that 
takes advantage of 
de-excitation of fluorescent 
dyes to partly overcome the 
resolution limit imposed by 
diffraction.

Total internal reflection 
fluorescence (TIRF) 
microscopy
A high-resolution fluorescence 
microscopy technique that 
takes advantage of a 
laser-induced evanescent wave 
of fluorescence emission very 
close to the interface of two 
media that have different 
refractive indices.

(VAChT) and VGLUT3 has demonstrated that the vast 
majority of neostriatal ACh axon varicosities (termi-
nals) do contain VGLUT3 (ReF. 17). Thus, in contrast to 
dopamine and 5-HT neurons, striatal ACh interneurons 
seem to show little, if any, segregation of their two vesicular  
transporters in distinct terminals (FIG. 2).

Functional properties of the glutamatergic co-phenotype  
of GABA neurons. Although a recent study provided 
strong evidence for in vivo release of GABA from 
glutamatergic hippocampal granule neurons75, gluta-
mate release by hippocampal GABA neurons remains 
to be demonstrated. Glutamate release from immature 
VGLUT3-positive GABA/glycine synapses has, how-
ever, been reported in the auditory system59,76. The early 
developmental expression of Vglut3 in some GABA 
neurons and the fact that VGLUT3 endows GABA/ 
glycine synapses with the ability to release glutamate and 
to stimulate NMDA receptors59,76 suggests that gluta-
mate release might have a role in the functional matu-
ration of the GABAergic/glycinergic circuitry. Indeed, 
VGLUT3-mediated glutamate release in GABA/glycine 
neurons contributes to a refinement of the synaptic  
connections in the auditory system76.

Sorting of VGLUTs. Co-transmission in the strictest 
sense implies that two neurotransmitters are released 
at the same time from a common pool of synaptic vesi-
cles within one axon terminal. A few examples of such 
co-release have already been documented, such as the 
release of glycine and GABA at synapses in the spinal 
cord77. Co-release of two transmitters from the same 
vesicle is quite difficult to demonstrate conclusively 
and would imply that some vesicles contain vesicular 
transporters for two different neurotransmitters. A 
number of recent studies have used synaptic vesicle 
immunopurification (using paramagnetic beads cou-
pled to vesicular transporter antibodies) to show that 
this can indeed occur (FIG. 2). For example, VGLUT1 
and VGLUT2 are co-expressed in the same vesicles 
in the hippocampus78, as are VIAAT and VGLUT1 
in cortical neurons54, VAChT and VGLUT3 in stri-
atal ACh interneurons79, VAChT and VGLUT1 in the 
interpeduncular nucleus49, and VMAT2 and VGLUT2 
in striatal axon terminals80. Furthermore, VIAAT and 
VGLUT2 can be found on the same vesicle subset in 
vesicles purified from whole brain56. By contrast, an 
immunoelectron microscopy study showed that in ter-
minals of the dentate gyrus of the rat hippocampus, 
VIAAT and VGLUT2 are co-expressed but localized 
to different subsets of vesicles53. It is thus possible that 
transporter co-localization differs regionally. Whether 
it is also developmentally regulated is a question that 
remains to be explored.

How vesicular transporters are segregated in different 
populations of vesicles and axon terminals is an important 
area for future research. Neuronal synaptic proteins are 
thought to be synthesized in the membrane of the rough 
endoplasmic reticulum, followed by trafficking through 
the Golgi complex. Newly synthesized vesicular proteins 
such as VGLUTs can then be shipped to the appropriate 

location — mainly axon terminals — by trafficking either 
through constitutive or regulated secretory vesicles (see 
ReFs 81,82 for recent reviews). A specific synaptic vesicle 
trafficking motif has been identified in a VMAT ortho-
logue in Drosophila spp., however, corresponding sorting 
domains in VGLUTs have been more elusive83. Although 
direct data are presently lacking, it has been proposed that 
— similar to VMAT2 — VGLUT3 might be sorted to reg-
ulated secretory vesicles to reach both the somatodentritic 
and axonal compartments of neurons81.

Most studies documenting the presence of VGLUTs 
and another vesicular transporter on the same vesicles used 
immunopurification coupled to western blot analyses.  
However, the lack of resolution of these biochemical 
methods does not allow a quantification of the percent-
age of co-localization or the identification of differences 
in expression between vesicles. Being able to answer 
such questions would increase our understanding of the 
nature and functions of co-transmission. For example, 
axon terminals are known to contain two functionally 
distinct pools of vesicles, known as the reserve pool and 
the readily releasable pool84; could vesicles from these 
two pools be molecularly heterogeneous, with only 
one of two pools containing vesicles with two types of 
vesicular transporters? A better understanding of the 
sorting of VGLUTs and other vesicular carriers to vari-
ous vesicular pools, as well as of the dynamics of vesicu-
lar protein content, may come from the use in coming 
years of high-resolution microscopy techniques such as 
stimulated emission depletion (sTeD) microscopy and total 
internal reflection fluorescence (TIRF) microscopy85.

Vesicular synergy. In addition to enabling the co-release 
of glutamate, there is increasing evidence that the pres-
ence of a VGLUT in axon terminals may have other 
important functional consequences. For example, it may 
result in increased filling of synaptic vesicles with the 
primary transmitter, and hence, increased release of this 
transmitter. This has been demonstrated for VGLUT3 in 
ACh and 5-HT neurons37,79, and has been suggested for 
VGLUT2 in dopamine neurons80 and GABA neurons56, 
but remains unexplored in other systems.

one study showed that in wild-type mice, VGLUT3 and  
VAChT were located in a common pool of vesicles  
and that vesicular co-accumulation of glutamate resulted 
in increased ACh filling of vesicles79. The functional sig-
nificance of this was indicated by the hypocholinergic 
phenotype of Vglut3 knockout mice (Vglut3–/– mice)79 
as well as their increased basal and cocaine-stimulated 
locomotor activity79. Such cooperation between two 
vesicular transporters was termed vesicular synergy37,79 
(BOX 4).

experiments in Vglut3–/– mice also demonstrated 
that vesicular synergy between VGLUT3 and VMAT2 
occurs in 5-HT terminals of the hippocampus and pre-
limbic cortex40. Here, glutamate promoted the packaging 
of 5-HT in synaptic vesicles of VGLUT3 immunore-
active terminals40. Interestingly, the 5-HT terminals 
that also contained VGLUT3 were immunonegative 
for the 5-HT reuptake transporter SeRT40, suggesting 
that these terminals might have the capacity to locally 
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Conditioned place 
preference paradigm
A behavioural test commonly 
used with rodents, in which 
drug administration is paired 
with specific environmental 
cues. On the test day, the 
proportion of time spent in the 
chamber previously associated 
with the drug provides an 
estimate of the positive 
subjective properties of the 
drug, as well as of its addictive 
potential.

Miniature synaptic current
A synaptic current that is due 
to the simultaneous activation 
of ionotropic receptors 
following the release of a 
quantum of neurotransmitter. 
A mixed miniature synaptic 
current is possible if two 
different types of 
neurotransmitters are present 
in a given synaptic vesicle and 
the corresponding receptors 
are present postsynaptically.

deliver a strong and prolonged 5-HT signal through 
both enhanced release (through vesicular synergy) and 
reduced reuptake (FIG. 2). These results suggest that the 
strength of 5-HT transmission might vary greatly, both 
regionally and temporally, according to the combina-
tion of vesicular and membrane transporters present in 
a given 5-HT terminal. It is noteworthy that Vglut3–/– 
mice also displayed increased anxiety-like behaviour37, 
whereas other behaviours regulated by 5-HT transmis-
sion, such as aggression and depression-like responses, 
were unaltered40, suggesting a specific role for glutamate 
in limbic areas and in anxiety-related behaviours.

The mechanism underlying vesicular synergy 
between glutamate and other co-transmitters probably 
involves VGLUT-dependent acidification of the vesicu-
lar lumen79,80. However, which one of the 3 substrates of 
VGLUTs (glutamate, chloride or Pi) is the actual buff-
ering anion used to increase vesicular accumulation 
of 5-HT, ACh, dopamine or GABA is not yet clearly  
established (BOXes 2,3,4).

A role for VGLUTs in reward?
Little is presently known about the behavioural effects of 
glutamate co-transmission or of expression of a VGLUT 
in monoamine and ACh neurons. Conditional deletion 
of a Vglut in specific neuron subsets would enable one to 
gain insight into this important question, but so far this 
has only been achieved in dopamine neurons.

Based on the previously mentioned expression of 
Vglut2 in dopamine neurons of the medial A10 area and 
the rostral linear nucleus30 — regions shown to project  
to the nucleus accumbens86 — and on electrophysiologi-
cal recordings showing glutamatergic transmission in 
mesoaccumbal slice preparations87, it has been suggested 
that VGLUT2-mediated glutamate co-transmission 
might have a role in reward-relevant pathways. A first 
evaluation of this question has been performed in mice in 
which Vglut2 was specifically deleted in dopamine neu-
rons (Vglut2f/f;DAT–Cre mice). There are two Vglut2f/f;DAT–Cre  
lines, which differ both with regard to the floxed Vglut2 
allele and to the DAT-Cre line used80,88.

The first Vglut2f/f;DAT–Cre mice showed normal basal 
cognitive and locomotor functions88. In response to an 
acute challenge with low dose amphetamine (which 
triggers dopamine release), the conditional knockout 
mice showed reduced locomotor response compared to 
littermate controls. However, with increasing doses of 
amphetamine, they displayed increased locomotion and 
rearing88. In the other line of Vglut2f/f;DAT–Cre mice, cocaine 
(which blocks dopamine reuptake) induced a smaller 
increase in locomotion compared with controls80. As 
these studies administered different psychostimulants, 
a unified picture of how the absence of VGLUT2 influ-
ences psychostimulant-induced locomotion has not 
yet emerged.

Does VGLUT expression in dopamine neurons 
have a role in reward learning? A first attempt to 
address this question used a conditioned place preference 
paradigm80. This study did not detect any differences 
between Vglut2f/f;DAT–Cre and control mice, which led the 
authors to suggest that at least some forms of reward 

and associative learning remain intact in the absence 
of VGLUT2. Further analyses are required to evaluate 
other aspects of the reward system — for example, drug 
self-administration paradigms could provide a meas-
ure of goal-directed responding and be utilized to dis-
criminate between the reinforcing effects of a substance 
and the motivation to consume it. Thus, it is clear that 
more research is needed to address the possible role of 
VGLUT2-mediated co-transmission in the reward  
circuitry and in reward-related behaviour.

Conclusions and future directions
The time is now ripe to envisage new models of transmit-
ter signalling in the CNS, taking into account that sub-
populations of neurons use glutamate as a co-transmitter 
and/or as a synergistic enhancer of vesicular packaging 
and release. It may even be time to revisit the concept 
that neurons use a particular transmitter as a ‘primary’ 
transmitter and another as a ‘secondary’ transmitter, 
especially if the co-transmitter phenotype varies dur-
ing development or in response to physiological signals 
and injury. At the very least, four key issues still need to 
be tackled.

The first issue involves the fate and role of glutamate 
released from the axon terminals of dopamine, 5-HT, ACh 
or GABA neurons. optogenetic studies have already dem-
onstrated that glutamate released from such terminals can 
activate ionotropic glutamate receptors, but it remains to 
be examined whether a majority of these terminals make 
direct contact with postsynaptic cells or exert their effect 
presynaptically through axonal ionotropic or metabo-
tropic glutamate receptors. In addition, it is not known 
whether glutamate co-transmission has the potential to 
regulate synaptic transmission and mechanisms of synap-
tic plasticity such as long-term potentiation, and whether 
glutamate-releasing terminals release only glutamate or 
co-release it along with the neuron’s ‘primary’ transmit-
ter. With currently available techniques, co-release of two 
transmitters from the same vesicle can only be conclu-
sively demonstrated by the presence of mixed miniature 
synaptic currents, mediated by both ionotropic glutamate 
receptors and ionotropic receptors for ACh (nicotinic 
receptors), 5-HT (5-HT3 receptors) or GABA (GABA 
subtype A (GABAA) receptors).

even if co-release is difficult to prove, the demon-
stration of vesicular synergy between two transmitters 
— such as has already been shown for ACh and gluta-
mate, 5-HT and glutamate, and dopamine and glutamate 
— speaks in favour of the presence of two transport-
ers in a common pool of vesicles. A second issue to be 
addressed, therefore, is the physiological significance of 
such synergy. This will require experiments in which 
the functional effects of a loss of glutamate release 
per se can be discriminated from the effects of a loss of 
vesicular synergy. The impact of vesicular synergy on 
quantum size also needs to be clarified, as the influx of 
cytoplasmic glutamate into synaptic vesicles may con-
siderably increase vesicular storage of the coexistent 
transmitter, by as much as 300% in the case of striatal 
ACh79. Vesicular synergy operates in the physiological 
range of glutamate concentrations (between 0.1 mM 
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and 10 mM79), which implies that, in the presence of a 
VGLUT, the ACh or monoamine quantal size could vary 
markedly depending on the cytoplasmic concentration 
of glutamate. Continued research on this topic should 
determine whether — and at which intracytoplasmic 
concentrations — glutamate is able to regulate the 
amount of ACh, 5-HT or dopamine stored in synaptic 
vesicles. experiments that directly test whether gluta-
mate transport by the VGLUTs, as opposed to Cl– or Pi 
transport (BOXes 2,3), is required for vesicular synergy 
are also needed to clarify the molecular mechanism lead-
ing to increased vesicular accumulation of 5-HT, ACh, 
dopamine or GABA.

Third, additional experiments are required to further 
document the morphological and functional heterogene-
ity of axon terminals in dual phenotype neurons express-
ing a VGLUT. If VGLUTs are found in only a subset of 
axon terminals established by a given neuron, as seems 
to be the case for dopamine neurons68, this requires a 
finely regulated sorting mechanism that has not yet been 
defined. Identification of such a mechanism will probably 
benefit from analysing the proteome of axon terminals 
and the specific proteins that associate with VGLUTs.

Finally, considering the expression of VGLUT2 and 
VGLUT3 early in development10,11,13,16–18,25,51,58, it will be 
important to investigate whether VGLUTs in dopamine, 

5-HT or ACh neurons could have a develop mental role, 
such as promoting neuronal survival or synapse for-
mation. A detailed examination of the impact of con-
ditional deletion of Vgluts on neuronal survival and 
morphology should be a first step towards answering 
this question.

Knowledge emerging from studies of VGLUT-
mediated co-transmission may also provide new insights 
into normal and pathological CNS function. Very little 
is known about the role of dual phenotype neurons and 
glutamate co-transmission in the regulation of behav-
iour. Progress in this direction will undoubtedly continue 
to come from the study of constitutive and conditional 
knockout mice, which have already shown that the dele-
tion of Vgluts in monoamine and ACh neurons leads to 
altered anxiety-related behaviours, sensitivity to psycho-
stimulants and/or locomotion37,80,88. The pathophysiologi-
cal implications of glutamate co-transmission are also of 
great potential interest. Recent studies suggest that expres-
sion of Vgluts — and thus the transmitter phenotype of 
neurons — is highly plastic and can be altered in patho-
logical contexts, such as in response to brain lesions or to 
psychotropic medications29,33,89–91. Further studies are now 
required to evaluate whether and how up- or downregu-
lation of Vgluts in monoamine, ACh or GABA neurons 
might be pathogenic. 
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Online at-a-glance summary
• Vesicular transporters accumulate neurotransmitters in synaptic 

vesicles before their regulated release. They are key functional mark-
ers as they define the ‘transmitter phenotype’ of a given neuron.

• Vesicular glutamate transporters (VGLUTs) are found not only in 
neurons previously known to use glutamate as their primary trans-
mitter but also in ‘non-glutamatergic’ neurons, including some that 
release a monoamine, acetylcholine or GABA.

• The role of VGLUTs in these non-glutamatergic neurons is the sub-
ject of intense research. Two major roles have thus far been pro-
posed: co-release of glutamate as a co-transmitter and enhanced 
packaging of the primary transmitter through a mechanism called 
‘vesicular synergy’.

• The co-release of glutamate by serotonin (5-HT), dopamine and 
acetylcholine neurons was initially demonstrated in vitro, in iso-
lated neuron microcultures. These initial discoveries were recently 
validated in vivo in the mouse, using optogenetics and patch-clamp 
electrophysiology.

• Vesicular synergy is emerging as an important function of VGLUTs 
in acetylcholine, serotonin and dopamine neurons. Its molecular 
mechanisms are still incompletely defined.

• The behavioural consequences of glutamate co-release and/or 
vesicular synergy by dopamine, serotonin, acetylcholine or GABA 
neurons have only recently begun to be explored.

• Recent work in knockout mice suggests: first, that vesicular gluta-
mate transporter 2 (VGLUT2) in dopamine neurons regulates 
behavioural activation induced by psychostimulant drugs; sec-
ond, that VGLUT3 in cholinergic interneurons regulates basal and 
cocaine-stimulated locomotor activity; and third, that VGLUT3 in 
5-HT neurons regulates anxiety-related behaviours.
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Vesicular glutamate transporters are expressed not 
only in glutamate neurons but also in monoamine, 
acetylcholine and, intriguingly, GABA neurons. 
Trudeau and colleagues discuss the role of these 
transporters in glutamate co-release and vesicular 
synergy — a process leading to enhanced packaging of 
the ‘primary’ transmitter.
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