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ost neurons in the nervous system appear to contain and release more than one chemical acting as a neurotransmitter or
neuromodulator. Cotransmission can therefore be considered the rule rather than the exception. Indeed, cotransmission of a

classical neurotransmitter and a peptide is a ubiquitous phenomenon, but several neuron types can also contain more than one classical
neurotransmitter [glutamate, γ-amino butyric acid (GABA), acetylcholine, dopamine, etc.]. Although the expression of peptide cotransmitters
is known to be highly regulated in response to various physiological, chemical and pathological signals, new data now suggest that a similar
situation prevails in neurons that co-release two classical transmitters. In this review we will consider a number of recently described
examples of cotransmission implicating more than one classical neurotransmitter. We will also consider new data showing that during
development and later in adulthood, as well as in the context of disease, the neurotransmitter phenotype of neurons can be highly plastic as
revealed by changes in the expression of neurotransmitter synthesis enzymes and vesicular neurotransmitter transporters.
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Introduction

Co-release in Invertebrate Neurons

Dale postulated that a neuron functions as a metabolic unit,
whereby a process occurring in the cell can influence all of the
compartments of that given neuron (1). Through the years, this
was unfortunately transformed in the literature to a principle stating that “a single cell releases only one neurotransmitter.” Until
recently, this statement has influenced many neuroscientists to
consider with skepticism the idea that classical neurotransmitters
could be co-released from neurons.
It is now clear that the “one neuron, one neurotransmitter”
postulate is the exception rather than the rule. Indeed, the corelease of a fast-acting “classical” neurotransmitter and a peptide,
nucleotide (e.g., ATP), Zn2+, neurotrophic factor, nitric oxide, or
endogenous cannabinoids––among other modulators––has been
established. In all these cases the co-released factors are synthesized in the cell (except for Zn2+), released in a selectively regulated
fashion, act on receptors, and are removed or inactivated by specific mechanisms. These characteristics help to confer upon the factors the status of “neurotransmitter,” and they serve a modulatory
purpose. On the other hand, the coexistence and co-release of two
or more “classical” neurotransmitters, each conveying a “principal
message,” has been studied less extensively and has in some ways
remained a curiosity. In the present review, our objective is to show
that, in fact, co-release is not that uncommon and is now known
to exist in a variety of neural systems. In addition, we argue that
although many populations of neurons may not release two classical neurotransmitters under basal conditions, many appear to do
so early during development or postnatally in response to a variety
of physiological and pathophysiological stimuli.

Early work in invertebrates has also provided evidence for the
co-release of classical neurotransmitters. For example, giant metacerebral neurons of Helix aspersa (garden snail) were first identified as using serotonin [5-hydroxytryptamine (5-HT)] as primary
neurotransmitter but later shown to also produce and release
ACh as a cotransmitter (12). Some 5-HT neurons of Aplysia also
contain additional transmitters, including ACh and octopamine (a
monoamine closely related in structure to NE) (13), whereas giant
neurons from Lymnaea stagnalis (great pond snail) can contain
both dopamine and serotonin (14). The specific physiological role
of such forms of cotransmission in invertebrate neurons has not
been determined.

Co-release of Neurotransmitters during Development and in the Adult under
Basal Conditions
Co-release of ATP with Acetylcholine or
Norepinephrine
One of the first known examples of co-release of two classical or
small-molecule neurotransmitters was provided by the discovery
that the adenosine-derived nucleotide ATP is co-released with
acetylcholine (ACh) from the electric organ of Torpedo (2, 3) and
in the neuromuscular junction of the rat (4, 5). ATP appears to be
co-released with ACh or with norepinephrine (NE) from neurons
of the autonomic nervous system (6–10). The co-release of ATP
may serve physiological purposes such as presynaptic inhibition
of excitatory neurotransmission secondary to ectoenzyme-mediated catalysis of ATP, and activation of adenosine receptors (11). In
pathophysiological conditions (i.e., after neuronal injury), activation
of purinergic receptors may also play a neuroprotective role (11).

Co-release of Acetylcholine and Norepinephrine
from Sympathetic Neurons
Elegant studies by Patterson and by Furshpan and their colleagues, published in the mid-1970s and early 1980s, demonstrated that postganglionic sympathetic neurons can release ACh
as a cotransmitter in addition to NE. These authors placed neurons from the superior cervical ganglion of rats in primary culture
together with dissociated heart cells. Recordings from the heart
cells showed that the neurons first established contacts releasing NE. Over time in culture, however, the neurons gradually
switched to a cholinergic phenotype leading to the production of
nicotinic synaptic responses (15, 16). The specific benefits from
such a switch are unclear. However, a phenotypic switch of this
type apparently recapitulates the development of the sympathetic
innervation of sweat glands: outgrowing sympathetic neurons start
out with a noradrenergic phenotype but subsequently change to a
cholinergic phenotype in response to the release of a secreted factor produced by the sweat glands (sweat gland factor or SGF) (17).

Co-release of GABA and Glycine
GABA and glycine were the first pair of fast-acting neurotransmitters unequivocally proven to be co-released from synapses in the
mammalian central nervous system (CNS). This phenomenon
was observed in the synapse made by interneurons and motoneurons of the spinal cord of neonatal rats (18). The coexistence
of both amino acids in single cells of the spinal cord was already
known (19), and it was later determined that these two amino
acids are packaged in and released from the same vesicles (20, 21).
Interestingly, GABA and glycine are expressed in different amounts
and released at different timepoints during development in the
lateral superior olive (22) and the medial nucleus of the trapezoid
body (23). Of course, although they are co-released, pure GABA
type A (GABAA) receptor (GABAAR)- or glycine receptor–mediated
synaptic responses can occur as a function of the kind of receptors expressed by different target cells (24). In the spinal cord,
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Figure 2. Schematic representation of the synaptic and non-synaptic axon terminals established by dopamine neurons. DA neurons are known to establish two morphologically distinguishable axon terminals: some that are non-synaptic and others that are synaptic. The non-synaptic terminals (varicose-like structures) display no obvious pre- and postsynaptic specialization (see lower illustration showing a magnified view of a single non-synaptic terminal), contain tyrosine
hydroxylase (TH) and could be specialized for the release of DA. The synaptic terminals display a more classical active zone, postsynaptic density and synaptic
cleft, and could be the site of VGluT2 expression and of glutamate (Glu) release (see upper illustration showing a magnified view of a synaptic axon terminal).

matergic fiber (34). This evidence suggests that the “mismatching”
of the glutamatergic and GABAergic elements on either side of
the synaptic connection reflects a common signal involved in the
alignment of presynaptic and postsynaptic components during the
formation of excitatory and inhibitory synapses (34). Interestingly,
excitatory nicotinic receptors and inhibitory glycinergic receptors
have also been found apposed to a presynaptic cholinergic terminal, although in distinct postsynaptic membrane microdomains
(35). These data suggest that postsynaptic sites possess the ability
to adjust to dynamic shifts in the release of neurotransmitters of
opposing functions. In particular, in the highly plastic mossy fiber
synapse, AMPARs and GABAARs colocalize in apposition to release
sites on mossy fibers, where glutamate and GABA coexist (36).

Additionally, GABAergic interneurons of the hippocampus contain
GABA and aspartate at presynaptic boutons apposed to GABARs
and N-methyl D-aspartate (NMDA) receptors (37).

Co-release of Monoamine Neurotransmitters
and Glutamate
Although dopamine (DA) and other monoamine neurons in the
vertebrate CNS have long been known to contain a number of
peptide cotransmitters, such as cholecystokinin (CCK) and neurotensin, recent work now suggests that at least a proportion
of such neurons also use glutamate as a cotransmitter (38–41).
Immunohistochemical data first revealed that a number of monoJune 2007
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amine neurons are strongly immunopositive for glutamate (42–47)
as well as for phosphate-activated glutaminase (48), an enzyme
involved in the synthesis of neurotransmitter pools of glutamate.
Studying isolated 5-HT neurons in culture, Johnson demonstrated
that monoamine neurons could, indeed, not only contain but also
release glutamate from synaptic vesicles (49). Similar results were
subsequently published for DA neurons (47, 50, 51). Finally, more
recently, electrophysiological recordings obtained from mouse
brain-slice preparations and from anesthetized rats showed that
extracellular stimulation of presumed DA neurons in the ventral
tegmental area (VTA) generates glutamate-mediated postsynaptic
responses in ventral striatal and prefrontal cortex neurons, respectively (52, 53). Earlier indirect results obtained with a slice culture
preparation also yielded a similar conclusion (54).
A better understanding of glutamate cotransmission by
monoamine neurons requires explaining why these neurons are
able to package and release glutamate, whether this is a capacity
shared by all mesencephalic DA neurons, and whether all axon
terminals of any given glutamate-releasing DA neuron do in fact
release both neurotransmitters. Answers to all these questions are
not available; however, the recent cloning and characterization of
three vesicular glutamate transporters (VGluT1–3) in the CNS has
provided important clues (55–67). Interestingly, the initial mapping of the expression of the mRNA of these transporters revealed
that VGluT2 is found in subpopulations of noradrenergic neurons
in the brain stem whereas VGluT3 is found in 5-HT neurons of
the Raphe nuclei (67–69). Finally, although there is no widespread
regional expression of any of the three VGluTs in adult mesencephalic DA neurons, VGluT2 is expressed by mesencephalic rat
DA neurons in primary culture, as demonstrated by immunocytochemistry and single-cell RT-PCR (70). That a subset of mesencephalic DA neurons in vivo also express VGluT2 was recently
confirmed by in situ hybridization (71, 72), validating earlier preliminary reports (73, 74). Further experiments are now required
to identify the signals that regulate the expression of VGluT2 and
thus of a glutamatergic phenotype by DA neurons in vivo. A current hypothesis is that DA neurons may establish two sets of axon
terminals: some that are synaptic and others that are non-synaptic
(i.e., free nerve endings) (75). A majority of terminals, most likely
those that have been described as non-synaptic could be specialized for the release of DA. The other subset of terminals, showing
a more classical synaptic structure with pre- and postsynaptic
specialization, could be specialized for the release of glutamate,
either alone or together with DA (Figure 2) (38). The physiological significance of dopamine-glutamate cotransmission is also
presently unclear; however, DA neurons are known to encode
motivational changes, reward predictions or stimulus salience
(i.e., novel, infrequent stimuli) via fast transient neuronal activity (76, 77). Considering that DA itself signals through activation
of G protein–coupled receptors and cascades that are relatively
slow, it is possible that such fast information encoding may be
mediated through glutamate release by DA neurons. In addition
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to glutamate, GABA might also be present in DA neurons and act
as a cotransmitter. Indeed, immunocytochemical data shows that
a subset of DA neurons in the substantia nigra compacta contains
GAD (78). Indirect evidence also suggested the presence of GAD
in 5-HT neurons (79). These findings are controversial considering
an earlier report showed that DA neurons lack immunoreactivity for GABA in the rat (47). In primary culture, however, a small
subset of DA neurons do indeed appear to contain GABA (47, 80),
although they appear not to release it synaptically. We can therefore conclude that although a minority of DA (and perhaps 5-HT)
neurons may express GAD and synthesize GABA, in some cases,
this transmitter does not appear to act as a bona fide cotransmitter
in these neurons.

Can Neurotransmitter Phenotypes
Change in Response to Changes in
Activity or Disease?
Following initial work on the role of activity and calcium influx
on neurotransmitter phenotype choice in sympathetic neurons
(81), an increasing amount of evidence suggests that during both
development (in utero) and the postnatal period, the neurotransmitter phenotype of neurons is plastic and can be adapted as a
function of activity or various environmental signals. Thus, activity-dependent phenotypic plasticity occurs in mature animals, suggesting that a dormant phenotype can be put in play by external
inputs. A few examples are briefly reviewed here.

Activity-dependent Homeostatic Changes
in Neurotransmitter Phenotype
Neurons of the Xenopus laevis embryonic spinal chord gradually
give rise to the cholinergic, GABAergic, glycinergic, and glutamatergic neurons found in adult animals. The neurotransmitter
phenotype of these neurons is influenced by their spontaneous
firing activity and by the intracellular calcium spikes associated
with firing (82, 83). Silencing of these developing spinal neurons
by overexpression of potassium channels or by blocking calcium
spikes with sodium and calcium channel antagonists enhances
the expression of cholinergic and glutamatergic markers (choline
acetyltransferase and VGluT2, respectively) whereas enhancement of their activity by overexpression of voltage-dependent
sodium channels or by using the sodium channel activator
veratridine inhibits the expression of these same phenotypic
markers. The neurotransmitter phenotype plasticity observed in
this model appears to be homeostatic in terms of maintaining
an adequate balance of excitatory and inhibitory transmission
because the increased or decreased expression of the cholinergic
and glutamatergic phenotypes was accompanied by opposite
changes in the proportion of neurons containing GABA or glycine.
Motoneurons normally expressing cholinergic markers can thus
begin expressing GABA in response to increases in calcium spik-
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ing. Interestingly, plasticity of neurotransmitter phenotype in these
neurons is accompanied by corresponding adaptations in the postsynaptic receptor repertoire (84).

Transmitter Phenotype Changes
in Hypothalamic Neurons
Basal co-release of glutamate and GABA from a set of neurons is
documented in the hypothalamus of adult female rats during the
ovulation cycle (85). Indeed, cells in the anteroventral periventricular nucleus of the hypothalamus, which are mainly GABAergic,
express glutamatergic markers. Furthermore, the expression of
markers of both phenotypes is regulated by photoperiodic signals
and estradiol stimulation. In addition, phenotypic plasticity of
a type similar to that found in spinal neurons (discussed above)
has also been described in hypothalamic neurons. When placed
in primary culture, embryonic neurons of the medial hypothalamus display a range of neurotransmitter phenotypes, including
glutamatergic, GABAergic, and dopaminergic. A small proportion
(less than 1%) of cholinergic neurons is also found. Interestingly,
chronic blockade of NMDA-subtype glutamate receptors or
calcium-channel antagonists induces a marked increase in the
proportion of neurons expressing choline acetyltransferase, associated with a large increase in ACh-induced excitation and calcium
influx in neurons (86, 87). Although the physiological significance
of this observation has not been closely examined [but see (88)],
the data show quite clearly that a subset of hypothalamic neurons
have the potential to modify their neurotransmitter phenotype in
response to chronic changes in the release or synaptic action of
classical neurotransmitters.
Magnocellular vasopressin and oxytocin-containing hypothalamic neurons also demonstrate neurotransmitter phenotype plasticity. Increasing the concentration of sodium chloride in the drinking water of rats induces an increase in the expression of VGluT2
mRNA and protein in these neurons (89–91). These data suggest
that glutamate co-release in this neuronal population is highly plastic even at postnatal stages in response to physiological stimuli.

Glutamate-GABA Co-release in Epilepsy
Epileptic activity increases the GABAergic markers in the glutamatergic granule cells of the hippocampus: expression of
GABA, GAD67, and vesicular GABA transporter (VGAT) mRNAs
is elevated after seizures (28, 92–94) (Figure 1). and under these
conditions, activation of the mossy fibers in the presence of ionotropic glutamate receptor antagonists produces GABAAR-mediated monosynaptic responses (29, 30, 95, 96) and the release of
GABA from the mossy fibers produces a tonic GABAAR-mediated
inhibition of spontaneously occurring oscillatory activity in CA3
(97). Interestingly, the presynaptic modulation of glutamate and
GABA release from the mossy fibers appears to be controlled by
different metabotropic glutamate receptors (33, 98). Epileptic

activity is generated when the balance of excitation and inhibition
is impaired and when excitatory activity––normally conveyed by
cells releasing glutamate––surpasses inhibition (normally exerted
by cells releasing the inhibitory amino acid GABA). Thus, because
a tight maintenance of the excitation-inhibition balance is needed
to avoid the emergence of epileptic activity, the emergence of
GABAergic activity from an originally glutamatergic pathway
would provide an effective means to rapidly auto-regulate the
system by limiting excitability (30, 97). After the seizure-evoked
emergence of the GABAergic phenotype in granule cells––and
thus, in the mossy fiber pathway––the spontaneous oscillatory
activity of area CA3 is modulated in a manner consistent with
tonic GABAA-receptor-mediated inhibition, whereby β/γ oscillatory activity is depressed, probably to limit further the spread of
hyperexcitability (97). Oscillatory activity in the β/γ band (20-80
Hz) is thought to be of key importance for higher brain functions.
Oscillations provide a temporal framework, with regards to which
neurons may either fire in synchrony or not. The synchrony of
firing carries meaning, in that such synchrony (or its absence)
defines whether particular groups of neurons are devoted to a
common task. Thus, inhibition of oscillatory activity in CA3 by
enhanced GABA transmission from the dentate gyrus could, in
part, underlie the deficits in storage of information in the hippocampal network after seizures.

Are There Advantages to Cotransmission?
Functional cotransmission resulting in the release of two or more
neurotransmitters by a single neuron implies that postsynaptic
receptors for both transmitters exist in front of or in the vicinity of
the terminal. In the context of such a configuration, a neurotransmitter could eventually modulate the action of another at either
side of the synapse. The existence of different postsynaptic receptors apposing a single terminal could allow differential control of
the excitability of a given neuron and the receptors for each neurotransmitter could also be differentially modulated. It is possible
that co-release adds a safety factor to the communication process.
Such a mechanism could compensate for activity- or pathologydependent alterations in postsynaptic receptor subunits. Whether
and how this actually occurs in various neuronal populations is an
open field of research.

Current Challenges
The work reviewed here illustrates the fact that the neurotransmitter repertoire of neurons is highly plastic, and it is likely that in
the near future, a number of additional examples of neurons coreleasing classical neurotransmitters will be described. One of the
major challenges that lie ahead will be to identify the physiological and pathophysiological signals that regulate such plasticity in
adult animals and in humans.
doi:10.1124/mi.7.3.5

June 2007
Volume 7, Issue 3

143

Review

References
1.

Strata, P. and Harvey, R. Dale’s principle. Brain Res. Bull. 50, 349–350
(1999).

2.

Whittaker, V.P., Dowdall, M.J., and Boyne, A.F. The storage and release
of acetylcholine by cholinergic nerve terminals: Recent results with nonmammalian preparations. Biochem. Soc. Symp. 49–68 (1972).

3.

Israel, M., Lesbats, B., Marsal, J., and Meunier, F.M. [Variations in the
tissue levels of acetylcholine and adenosine triphosphate during stimulation of the Torpedo electric organ]. C. R. Acad. Sci. Hebd. Seances Acad.
Sci. D 280, 905–908 (1975).

4.

Silinsky, E.M. and Hubbard, J.I. Release of ATP from motor nerve terminals. Nature 243, 404–405 (1973).

5.

Silinsky, E.M. On the association between transmitter secretion and the
release of adenine nucleotides from mammalian motor nerve terminals.
J. Physiol. 247, 145–162 (1975).

6.

Nakanishi, H. and Takeda, H. The possibility that adenosine triphosphate is an excitatory transmitter in guinea-pig seminal vesicle. Jpn. J.
Pharmacol. 22, 269–270 (1972).

7.

Nakanishi, H. and Takeda, H. The possible role of adenosine triphosphate in chemical transmission between the hypogastric nerve terminal
and seminal vesicle in the guinea-pig. Jpn. J. Pharmacol. 23, 479–490
(1973).

8.

Fedan, J.S., Hogaboom, G.K., O’Donnell, J.P., Colby, J., and Westfall,
D.P. Contribution by purines to the neurogenic response of the vas deferens of the guinea pig. Eur. J. Pharmacol. 69, 41–53 (1981).

9.

Silinsky, E.M. and Ginsborg, B.L. Inhibition of acetylcholine release
from preganglionic frog nerves by ATP but not adenosine. Nature 305,
327–328 (1983).

10. Sneddon, P. and Burnstock, G. ATP as a co-transmitter in rat tail artery.
Eur. J. Pharmacol. 106, 149–152 (1984).
11. Burnstock, G. Historical review: ATP as a neurotransmitter. Trends
Pharmacol. Sci. 27, 166–176 (2006). A very complete and updated
review on the role of ATP as a neurotransmitter and cotransmitter.
12. Hanley, M.R., Cottrell, G.A., Emson, P.C., and Fonnum, F. Enzymatic
synthesis of acetylcholine by a serotonin-containing neurone from Helix.
Nature 251, 631–633 (1974).
13. Brownstein, M.J., Saavedra, J.M., Axelrod, J., Zeman, G.H., and
Carpenter, D.O. Coexistence of several putative neurotransmitters in
single identified neurons of Aplysia. Proc. Natl. Acad. Sci. U.S.A. 71,
4662–4665 (1974).
14. Boer, H.H., Schot, L.P., Steinbusch, H.W., Montagne, C., and Reichelt,
D. Co-existence of immunoreactivity to anti-dopamine, anti-serotonin and
anti-vasotocin in the cerebral giant neuron of the pond snail Lymnaea
stagnalis. Cell Tissue Res. 238, 411–412 (1984).
15. Patterson, P.H. and Chun, L.L. The influence of non-neuronal cells on
catecholamine and acetylcholine synthesis and accumulation in cultures
of dissociated sympathetic neurons. Proc. Natl. Acad. Sci. U.S.A. 71,
3607–3610 (1974).
16. Furshpan, E.J., MacLeish, P.R., O’Lague, P.H., and Potter, D.D. Chemical
transmission between rat sympathetic neurons and cardiac myocytes
developing in microcultures: Evidence for cholinergic, adrenergic, and
dual-function neurons. Proc. Natl. Acad. Sci. U.S.A. 73, 4225–4229
(1976). A pioneering paper providing an elegant demonstration of
neurotransmitter phenotype plasticity.
17. Habecker, B.A. and Landis, S.C. Noradrenergic regulation of cholinergic
differentiation. Science 264, 1602–1604 (1994).
18. Jonas, P., Bischofberger, J., and Sandkuhler, J. Corelease of two fast
neurotransmitters at a central synapse. Science 281, 419–424 (1998).
These authors conclusively demonstrated for the first time the corelease of a pair of fast acting neurotransmitters in the spinal cord.

144

corelease of GABA and glycine. Neuron 50, 575–587 (2006).
21. Chery, N. and de Koninck, Y. Junctional versus extrajunctional glycine
and GABAA receptor-mediated IPSCs in identified lamina I neurons of
the adult rat spinal cord. J. Neurosci. 19, 7342–7355 (1999).
22. Nabekura, J., Katsurabayashi, S., Kakazu, Y., Shibata, S., Matsubara,
A., Jinno, S., Mizoguchi, Y., Sasaki, A., and Ishibashi, H. Developmental
switch from GABA to glycine release in single central synaptic terminals.
Nat. Neurosci. 7, 17–23 (2004).
23. Awatramani, G.B., Turecek, R., and Trussell, L.O. Staggered development of GABAergic and glycinergic transmission in the MNTB. J.
Neurophysiol. 93, 819–828 (2005).
24. Dugue, G.P., Dumoulin, A., Triller, A., and Dieudonne, S. Target-dependent use of co-released inhibitory transmitters at central synapses. J.
Neurosci. 25, 6490–6498 (2005).
25. Gillespie, D.C., Kim, G., and Kandler, K. Inhibitory synapses in the
developing auditory system are glutamatergic. Nat. Neurosci. 8, 332–338
(2005).
26. Gutierrez, R., Romo-Parra, H., Maqueda, J., Vivar, C., Ramirez, M.,
Morales, M.A., and Lamas, M. Plasticity of the GABAergic phenotype of
the “glutamatergic” granule cells of the rat dentate gyrus. J. Neurosci. 23,
5594–5598 (2003).
27. Sandler, R. and Smith, A.D. Coexistence of GABA and glutamate in
mossy fiber terminals of the primate hippocampus: An ultrastructural
study. J. Comp. Neurol. 303, 177–192 (1991). The authors provide
the first description of the coexistence of glutamate and GABA in
single cells.
28. Sloviter, R.S., Dichter, M.A., Rachinsky, T.L., Dean, E., Goodman, J.H.,
Sollas, A.L., and Martin, D.L. Basal expression and induction of glutamate decarboxylase and GABA in excitatory granule cells of the rat and
monkey hippocampal dentate gyrus. J. Comp. Neurol. 373, 593–618
(1996). This is the first description of the coexistence of glutamate,
GABA, and its synthesizing enzyme in granule cells.
29. Gutierrez, R. Seizures induce simultaneous GABAergic and glutamatergic transmission in the dentate gyrus-CA3 system. J. Neurophysiol.
84, 3088–3090 (2000). These results were the first to describe functional GABAergic neurotransmission from the mossy fibers.
30. Gutierrez, R. and Heinemann, U. Kindling induces transient fast inhibition
in the dentate gyrus–CA3 projection. Eur. J. Neurosci. 13, 1371–1379
(2001).
31. Walker, M.C., Ruiz, A., and Kullmann, D.M. Monosynaptic GABAergic
signaling from dentate to CA3 with a pharmacological and physiological
profile typical of mossy fiber synapses. Neuron 29, 703–715 (2001).
32. Kasyanov, A.M., Safiulina, V.F., Voronin, L.L., and Cherubini, E. GABAmediated giant depolarizing potentials as coincidence detectors for
enhancing synaptic efficacy in the developing hippocampus. Proc. Natl.
Acad. Sci. U.S.A. 101, 3967–3972 (2004).
33. Gutierrez, R. The dual glutamatergic-GABAergic phenotype of hippocampal granule cells. Trends Neurosci. 28, 297–303 (2005). This is a
comprehensive review on the expression of the dual glutamatergicGABAergic phenotype.
34. Rao, A., Cha, E.M., and Craig, A.M. Mismatched appositions of presynaptic and postsynaptic components in isolated hippocampal neurons. J.
Neurosci. 20, 8344–8353 (2000).
35. Tsen, G., Williams, B., Allaire, P., Zhou, Y.D., Ikonomov, O., Kondova,
I., and Jacob, M.H. Receptors with opposing functions are in postsynaptic microdomains under one presynaptic terminal. Nat. Neurosci. 3,
126–132 (2000).
36. Bergersen, L., Ruiz, A., Bjaalie, J.G., Kullmann, D. M., and Gundersen,
V. GABA and GABAA receptors at hippocampal mossy fibre synapses.
Eur. J. Neurosci. 18, 931–941 (2003).

19. Todd, A.J. and Sullivan, A.C. Light microscope study of the coexistence
of GABA-like and glycine-like immunoreactivities in the spinal cord of the
rat. J. Comp. Neurol. 296, 496–505 (1990).

37. Gundersen, V., Holten, A.T., and Storm-Mathisen, J. GABAergic synapses in hippocampus exocytose aspartate on to NMDA receptors:
Quantitative immunogold evidence for co-transmission. Mol. Cell.
Neurosci. 26, 156–165 (2004).

20. Wojcik, S.M., Katsurabayashi, S., Guillemin, I., Friauf, E., Rosenmund,
C., Brose, N., and Rhee, J.S. A shared vesicular carrier allows synaptic

38. Trudeau, L.E. Glutamate co-transmission as an emerging concept in
monoamine neuron function. J. Psychiatry Neurosci. 29, 296–310 (2004).

Neurotransmitter Cotransmission

This is a comprehensive review on cotransmission in monoamine
neurons such as those release dopamine, serotonin, or norepinephrine.
39. Seutin, V. Dopaminergic neurones: Much more than dopamine? Br. J.
Pharmacol. 146, 167–169 (2005).
40. Rayport, S. Glutamate is a cotransmitter in ventral midbrain dopamine
neurons. Parkinsonism Relat. Disord. 7, 261–264 (2001).
41. Lapish, C.C., Seamans, J.K., and Judson Chandler, L. Glutamate-dopamine cotransmission and reward processing in addiction. Alcohol Clin.
Exp. Res. 30, 1451–1465 (2006).
42. Ottersen, O.P. and Storm-Mathisen, J. Glutamate- and GABA-containing
neurons in the mouse and rat brain, as demonstrated with a new immunocytochemical technique. J. Comp. Neurol. 229, 374–392 (1984).
43. Nicholas, A.P., Pieribone, V.A., Arvidsson, U., and Hokfelt, T. Serotonin-,
substance P- and glutamate/aspartate-like immunoreactivities in medullo-spinal pathways of rat and primate. Neuroscience 48, 545–559 (1992).
44. Fung, S.J., Reddy, V.K., Zhuo, H., Liu, R.H., Wang, Z., and Barnes, C.D.
Anatomical evidence for the presence of glutamate or enkephalin in
noradrenergic projection neurons of the locus coeruleus. Microsc. Res.
Tech. 29, 219–225 (1994).
45. Fung, S.J., Reddy, V.K., Liu, R.H., Wang, Z., and Barnes, C.D. Existence
of glutamate in noradrenergic locus coeruleus neurons of rodents. Brain
Res. Bull. 35, 505–512 (1994).
46. Liu, R.H., Fung, S.J., Reddy, V.K., and Barnes, C.D. Localization of glutamatergic neurons in the dorsolateral pontine tegmentum projecting to
the spinal cord of the cat with a proposed role of glutamate on lumbar
motoneuron activity. Neuroscience 64, 193–208 (1995).
47. Sulzer, D., Joyce, M.P., Lin, L., Geldwert, D., Haber, S.N., Hattori, T., and
Rayport, S. Dopamine neurons make glutamatergic synapses in vitro. J.
Neurosci. 18, 4588–4602 (1998). This is the first report of functional
glutamate-mediated synaptic transmission by dopamine neurons in
culture.
48. Kaneko, T., Akiyama, H., Nagatsu, I., and Mizuno, N.
Immunohistochemical demonstration of glutaminase in catecholaminergic and serotoninergic neurons of rat brain. Brain Res. 507, 151–154
(1990).
49. Johnson, M.D. Synaptic glutamate release by postnatal rat serotonergic
neurons in microculture. Neuron 12, 433–442 (1994). This is the first
report of a central monoamine neuron establishing glutamatergic
synaptic connections in a microculture system.
50. Bourque, M.J. and Trudeau, L.E. GDNF enhances the synaptic efficacy
of dopaminergic neurons in culture. Eur. J. Neurosci. 12, 3172–3180
(2000).

Uptake of glutamate into synaptic vesicles by an inorganic phosphate
transporter. Science 289, 957–960 (2000).
58. Takamori, S., Rhee, J.S., Rosenmund, C., and Jahn, R. Identification of
a vesicular glutamate transporter that defines a glutamatergic phenotype
in neurons. Nature 407, 189–194 (2000).
59. Aihara, Y., Mashima, H., Onda, H. et al. Molecular cloning of a novel
brain-type Na+-dependent inorganic phosphate cotransporter. J.
Neurochem. 74, 2622–2625 (2000).
60. Bai, L., Xu, H., Collins, J.F., and Ghishan, F.K. Molecular and functional
analysis of a novel neuronal vesicular glutamate transporter. J. Biol.
Chem. 276, 36764–36769 (2001).
61. Fremeau, R.T. Jr, Troyer, M.D., Pahner, I. et al. The expression of vesicular glutamate transporters defines two classes of excitatory synapse.
Neuron 31, 247–260 (2001).
62. Herzog, E., Bellenchi, G.C., Gras, C., Bernard, V., Ravassard, P., Bedet,
C., Gasnier, B., Giros, B., and El Mestikawy, S. The existence of a second vesicular glutamate transporter specifies subpopulations of glutamatergic neurons. J. Neurosci. 21, RC181 (2001).
63. Takamori, S., Rhee, J.S., Rosenmund, C., and Jahn, R. Identification of
differentiation-associated brain-specific phosphate transporter as a second vesicular glutamate transporter (VGLUT2). J. Neurosci. 21, RC182
(2001).
64. Varoqui, H., Schafer, M.K., Zhu, H., Weihe, E., and Erickson, J.D.
Identification of the differentiation–associated Na+/PI transporter as a
novel vesicular glutamate transporter expressed in a distinct set of glutamatergic synapses. J. Neurosci. 22, 142–155 (2002).
65. Schafer, M.K., Varoqui, H., Defamie, N., Weihe, E., and Erickson, J.D.
Molecular cloning and functional identification of mouse vesicular glutamate transporter 3 and its expression in subsets of novel excitatory
neurons. J. Biol. Chem. 277, 50734–50748 (2002).
66. Takamori, S., Malherbe, P., Broger, C., and Jahn, R. Molecular cloning
and functional characterization of human vesicular glutamate transporter
3. EMBO Rep. 3, 798–803 (2002).
67. Gras, C., Herzog, E., Bellenchi, G.C., Bernard, V., Ravassard, P., Pohl,
M., Gasnier, B., Giros, B., and El Mestikawy, S. A third vesicular glutamate transporter expressed by cholinergic and serotoninergic neurons. J.
Neurosci. 22, 5442–5451 (2002).
68. Stornetta, R.L., Sevigny, C.P., and Guyenet, P.G. Vesicular glutamate
transporter DNPI/VGLUT2 mRNA is present in C1 and several other
groups of brainstem catecholaminergic neurons. J. Comp. Neurol. 444,
191–206 (2002).

51. Joyce, M.P. and Rayport, S. Mesoaccumbens dopamine neuron synapses reconstructed in vitro are glutamatergic. Neuroscience 99, 445–456
(2000).

69. Stornetta, R.L., Sevigny, C.P., Schreihofer, A.M., Rosin, D.L., and
Guyenet, P.G. Vesicular glutamate transporter DNPI/VGLUT2 is
expressed by both C1 adrenergic and nonaminergic presympathetic
vasomotor neurons of the rat medulla. J. Comp. Neurol. 444 , 207–220
(2002).

52. Chuhma, N., Zhang, H., Masson, J., Zhuang, X., Sulzer, D., Hen, R., and
Rayport, S. Dopamine neurons mediate a fast excitatory signal via their
glutamatergic synapses. J. Neurosci. 24, 972–981 (2004). An elegant
demonstration of the existence of glutamate-mediated synaptic
responses induced by stimulating dopamine neurons in situ in a
brain slice preparation.

70. Dal Bo, G., St-Gelais, F., Danik, M., Williams, S., Cotton, M., and
Trudeau, L.E. Dopamine neurons in culture express VGLUT2 explaining
their capacity to release glutamate at synapses in addition to dopamine.
J. Neurochem. 88, 1398–1405 (2004). The first demonstration that
dopamine neurons selectively express VGluT2, one of the vesicular
glutamate transporters.

53. Lavin, A., Nogueira, L., Lapish, C.C., Wightman, R.M., Phillips, P.E., and
Seamans, J.K. Mesocortical dopamine neurons operate in distinct temporal domains using multimodal signaling. J. Neurosci. 25, 5013–5023
(2005).

71. Kawano, M., Kawasaki, A., Sakata-Haga, H., Fukui, Y., Kawano, H.,
Nogami, H., and Hisano, S. Particular subpopulations of midbrain and
hypothalamic dopamine neurons express vesicular glutamate transporter
2 in the rat brain. J. Comp. Neurol. 498, 581–592 (2006).

54. Plenz, D. and Kitai, S.T. Organotypic cortex-striatum-mesencephalon
cultures: The nigrostriatal pathway. Neurosci. Lett. 209, 177–180 (1996).

72. Yamaguchi, T., Sheen, W., and Morales, M. Glutamatergic neurons are
present in the rat ventral tegmental area. Eur. J. Neurosci. 25, 106–118
(2007).

55. Ni, B., Rosteck, P.R. Jr, Nadi, N.S., and Paul, S.M. Cloning and expression of a cDNA encoding a brain-specific Na+-dependent inorganic phosphate cotransporter. Proc. Natl. Acad. Sci. U.S.A. 91, 5607–5611 (1994).
56. Bellocchio, E.E., Hu, H., Pohorille, A., Chan, J., Pickel, V.M., and
Edwards, R.H. The localization of the brain-specific inorganic phosphate
transporter suggests a specific presynaptic role in glutamatergic transmission. J. Neurosci. 18, 8648–5869 (1998).
57. Bellocchio, E.E., Reimer, R.J., Fremeau, R.T. Jr, and Edwards, R.H.

73. Dal Bo, G., Lévesque, D., and Trudeau, L.E. A 6-OHDA lesion up-regulates VGLUT2 expression in dopaminergic neurons of the VTA. Program
No. 155.6. 2005 Neuroscience Meeting Planner. Washington, DC:
Society for Neuroscience, 2005. Online.
74. Mendez, J.A., Bourque, M.-J., and Trudeau, L.E. Evidence for the
expression of VGLUT2 mRNA in acutely-dissociated TH-GFP mouse
dopamine neurons. Program No. 155.3. 2005 Neuroscience Meeting

June 2007
Volume 7, Issue 3

145

Review

Planner. Washington, DC: Society for Neuroscience, 2005. Online.
75. Descarries, L., Watkins, K.C., Garcia, S., Bosler, O., and Doucet, G. Dual
character, asynaptic and synaptic, of the dopamine innervation in adult
rat neostriatum: A quantitative autoradiographic and immunocytochemical analysis. J. Comp. Neurol. 375, 167–186 (1996).
76. Fiorillo, C.D., Tobler, P.N., and Schultz, W. Discrete coding of reward
probability and uncertainty by dopamine neurons. Science 299, 1898–
1902 (2003).
77. Schultz, W. Getting formal with dopamine and reward. Neuron 36, 241–
263 (2002).
78. Hedou, G., Chasserot-Golaz, S., Kemmel, V., Gobaille, S., Roussel,
G., Artault, J.C., Andriamampandry, C., Aunis, D., and Maitre, M.
Immunohistochemical studies of the localization of neurons containing
the enzyme that synthesizes dopamine, GABA, or gamma-hydroxybutyrate in the rat substantia nigra and striatum. J. Comp. Neurol. 426,
549–560 (2000).
79. Nanopoulos, D., Belin, M.F., Maitre, M., Vincendon, G., and Pujol, J.F.
Immunocytochemical evidence for the existence of GABAergic neurons
in the nucleus raphe dorsalis. Possible existence of neurons containing
serotonin and GABA. Brain Res. 232, 375–389 (1982).
80. Masuko, S., Nakajima, S., and Nakajima, Y. Dissociated high-purity
dopaminergic neuron cultures from the substantia nigra and the ventral
tegmental area of the postnatal rat. Neuroscience 49, 347–364 (1992).
81. Walicke, P.A. and Patterson, P.H. On the role of cyclic nucleotides in the
transmitter choice made by cultured sympathetic neurons. J. Neurosci. 1,
333–342 (1981).
82. Spitzer, N.C., Root, C.M., and Borodinsky, L.N. Orchestrating neuronal
differentiation: Patterns of Ca2+ spikes specify transmitter choice. Trends
Neurosci. 27, 415–421 (2004). A well written and authoritative review
of neurotransmitter phenotype differentiation and plasticity in spinal neurons.
83. Borodinsky, L.N., Root, C.M., Cronin, J.A., Sann, S.B., Gu, X., and
Spitzer, N.C. Activity-dependent homeostatic specification of transmitter
expression in embryonic neurons. Nature 429, 523–530 (2004).
84. Borodinsky, L.N. and Spitzer, N.C. Activity-dependent neurotransmitterreceptor matching at the neuromuscular junction. Proc. Natl. Acad. Sci.
U.S.A. 104, 335–340 (2007).
85. Ottem, E.N., Godwin, J.G., Krishnan, S., and Petersen, S.L. Dual-phenotype GABA/glutamate neurons in adult preoptic area: Sexual dimorphism
and function. J. Neurosci. 24, 8097–8105 (2004).
86. Belousov, A.B., Hunt, N.D., Raju, R.P., and Denisova, J.V. Calciumdependent regulation of cholinergic cell phenotype in the hypothalamus
in vitro. J. Neurophysiol. 88, 1352–1362 (2002).
87. Belousov, A.B., O’Hara, B.F., and Denisova, J.V. Acetylcholine becomes
the major excitatory neurotransmitter in the hypothalamus in vitro in the
absence of glutamate excitation. J. Neurosci. 21, 2015–2027 (2001).
88. Virgili, M., Facchinetti, F., and Contestabile, A. Chronic neonatal NMDA
blockade results in long-term cholinergic increase in the rat spinal cord.
Neuroreport 5, 2023–2025 (1994).
89. Kawasaki, A., Hoshi, K., Kawano, M., Nogami, H., Yoshikawa, H., and
Hisano, S. Up-regulation of VGLUT2 expression in hypothalamic-neurohypophysial neurons of the rat following osmotic challenge. Eur. J.
Neurosci. 22, 672–680 (2005).
90. Kawasaki, A., Shutoh, F., Nogami, H., and Hisano, S. VGLUT2 expression is up-regulated in neurohypophysial vasopressin neurons of the rat
after osmotic stimulation. Neurosci. Res. 56, 124–127 (2006). Epub Jul
13 2006.
91. Hrabovszky, E., Csapo, A. K., Kallo, I., Wilheim, T., Turi, G. F., and
Liposits, Z. Localization and osmotic regulation of vesicular glutamate transporter-2 in magnocellular neurons of the rat hypothalamus.
Neurochem. Int. 48, 753–761 (2006).
92. Ramirez, M. and Gutierrez, R. Activity-dependent expression of GAD67
in the granule cells of the rat hippocampus. Brain Res. 917, 139–146
(2001).
93. Lamas, M., Gomez-Lira, G., and Gutierrez, R. Vesicular GABA transporter mRNA expression in the dentate gyrus and in mossy fiber synap-

146

tosomes. Brain Res. Mol. Brain Res. 93, 209–214 (2001).
94. Gomez-Lira, G., Lamas, M., Romo-Parra, H., and Gutierrez, R.
Programmed and induced phenotype of the hippocampal granule cells.
J. Neurosci. 25, 6939–6946 (2005).
95. Romo-Parra, H., Vivar, C., Maqueda, J., Morales, M. A., and Gutierrez,
R. Activity-dependent induction of multitransmitter signaling onto pyramidal cells and interneurons of hippocampal area CA3. J. Neurophysiol. 89,
3155–3167 (2003).
96. Trevino, M. and Gutierrez, R. The GABAergic projection of the dentate
gyrus to hippocampal area CA3 of the rat: Pre- and postsynaptic actions
after seizures. J. Physiol. 567, 939–949 (2005).
97. Trevino, M., Vivar, C., and Gutierrez, R. Beta/gamma oscillatory activity in the CA3 hippocampal area is depressed by aberrant GABAergic
transmission from the dentate gyrus after seizures. J. Neurosci. 27,
251–259 (2007).
98. Gutierrez, R. The GABAergic phenotype of the “glutamatergic” granule
cells of the dentate gyrus. Prog. Neurobiol. 71, 337–358 (2003).

Louis-Eric Trudeau, PhD, is an
Associate professor of pharmacology, neuroscience and psychiatry at
the Université de Montréal Faculty
of Medicine in Montreal, Quebec.
His research interests focus on
the regulation of neurotransmitter release by dopamine neurons
of the midbrain. His group has
been recently studying some of the
peculiar properties of these neurons, such as their ability to release
dopamine from their somatodendritic compartment or their capacity to use glutamate as a cotransmitter at some of the axon terminals. E-mail louis-eric.trudeau@umontreal.ca; fax 514-343-2291.
Rafael Gutiérrez, PhD, is a
Professor of Neurosciences at
the Center for Research and
Advanced Studies in Mexico City.
He described the emergence of
GABAergic transmission from the
glutamatergic mossy fiber pathway
after the induction of hyperexcitability in the adult dentate gyrus
and the transient expression of
the dual glutamatergic-GABAergic phenotype in the developing
granule cells during development. His research interests include
the molecular determinants of phenotypic plasticity of the granule
cells and its consequences in hippocampal function. E-mail grafael@fisio.cinvestav.mx; fax (5255) 5061-3368.

