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Summary. While direct application of dopamine modulates postsynaptic
activity, electrical stimulation of dopamine neurons typically evokes excita-
tion. Most of this excitation appears to be due to activation of collateral
pathways; however, several lines of evidence have suggested that there is
a monosynaptic component due to glutamate corelease by dopamine neurons.
Recently, more direct evidence obtained in culture has shown that ven-
tral midbrain dopamine neurons release both dopamine and glutamate.
Moreover, they appear to do so from separate release sites, calling into
question recent modifications of Dale’s Principle. The neurochemical
phenotype of a given synapse may be determined by subcellular neuro-
transmitter levels, uptake, or storage. However, the relationship between
dopamine and glutamate release from dopamine neuron synapses in the intact
brain — and the mechanisms involved — has yet to be resolved.
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Introduction

The idea that neurons release the same neurotransmitter from all of their
synapses is associated with Sir Henry Dale, who suggested that this assumption
would simplify the task of identifying neurotransmitters in the central nervous
system (Dale, 1935). Sir John Eccles later elevated this notion to the status
of a Principle (Feldman et al., 1997). Subsequent studies have required
successive modifications of Dale’s Principle. For instance, the discovery
of stimulation-dependent corelease of neuropeptides (Hokfelt et al., 1984)
forced modification of the Principle to the idea that neurons would release the
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same mix of neurotransmitters from all their synapses. The discovery of
stimulation-dependent corelease of additional neuroactive substances capable
of diffusing across lipid bilayers, such as nitric oxide and arachidonic acid,
reinforced that Dale’s Principle needed to be modified further.

Less generally acknowledged was evidence that multiple classical
neurotransmitters can be coreleased. Winkler and others demonstrated that
ATP was present in the same adrenal chromaffin granules as catecholamines
(Baumgartner et al., 1973). The adrenal chromaffin-derived PC12 cell line
was shown by Greene and colleagues to release both acetylcholine and
catecholamines (Greene and Rein, 1977). Furshpan and colleagues
demonstrated that peripheral neurons convert from catecholaminergic to
acetylcholinergic status depending on their postsynaptic target, and go
through a phase when they show corelease (Furshpan et al., 1976). Sub-
sequently, Stjarne and colleagues showed that peripheral neurons corelease
norepinephrine and ATP (Stjarne et al., 1994; Stjarne and Stjarne, 1995).

These examples of corelease of classical transmitters involve catechol-
amines that act via G-protein coupled receptors rather than ionotropic
receptors. Therefore, a short-lived reworking of Dale’s Principle was that it
only applied to fast neurotransmitters. However, spinal cord interneuron-
motor neuron synapses coexpress GABA, acetylcholine, and glycine (Spike et
al., 1993), and a recent report demonstrated corelease of GABA and glycine
(Jonas et al., 1998) — all compounds that activate ionotropic receptors.
Corelease of GABA and glycine could be seen as an aberrant exception to
Dale’s Principle, since the same synaptic vesicle GABA transporter is known
to accumulate both transmitters (Burger et al., 1991; Mclntire et al., 1997,
Sagne et al., 1997; Chaudhry et al., 1998; Dumoulin et al., 1999). However,
ATP —if this is to be considered a classical transmitter —is also coreleased with
GABA from spinal neurons (Jo and Schlichter, 1999).

Given the evidence for corelease of neurotransmitters/classical neuro-
transmitters/fast classical neurotransmitters, could Dale’s Principle be
restated to hypothesize that the same classical neurotransmitters are released
from each synapse of a given neuron? Certainly this is not true for non-
classical transmitters, as peptide neurohormones derived from the same
precursor are distributed to different synapses in the marine mollusk Aplysia
californica (Sossin et al., 1990); however, it had been difficult to disprove this
version of the Principle for classical transmitters.

Corelease of monoamine transmitters and glutamate

Recent studies demonstrating corelease of monoamines and glutamate
now indicate that even this modification of Dale’s Principle requires further
modification. For instance, noradrenergic locus coeruleus neurons projecting
to the spinal cord corelease glutamate (Liu et al., 1995). In this study,
retrograde tracers injected into the spinal cord were used to label locus
coeruleus neurons, which were then shown to immunostain for both tyrosine
hydroxylase (TH) and glutamate. Electrical stimulation of the locus coeruleus
produced lumbar motor neuron excitation measured in the ipsilateral ventral
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root. Selective autoreceptor-mediated inhibition of noradrenergic neurons by
infusion of the 2-andrenergic agonist clonidine into the locus coeruleus
blocked the excitation, showing that it was mediated by the noradrenergic
neurons. In the spinal cord, motor neuron excitation was reduced by both
NMDA and 2-andrenergic antagonists, showing that the excitation was
mediated both by glutamate and norepinephrine. Thus, spinally-projecting
locus coeruleus neurons appear to release two classical neurotransmitters,
namely norepinephrine and glutamate.

Single neuron microcultures of serotonergic raphe neurons provided
the first direct demonstration that central neurons corelease monoamines
and glutamate (Johnson, 1994; Johnson and Yee, 1995). The neurons in these
cultures form recurrent synapses, known as autapses (Van der Loos and
Glaser, 1972). If autoreceptors are present, specific antagonists can be used to
demonstrate that a given transmitter is released (Segal, 1991; Segal, 1994).
Stimulation of single raphe neurons evoked either excitation, inhibition, or in
about 10% of cells both excitation and inhibition; the excitation was blocked
with glutamate antagonists while the inhibition was blocked with serotonin
antagonists. At the ultrastructural level, individual serotonergic neurons
formed both symmetric and asymmetric synapses. These synapses contained a
mix of synaptic vesicles — small synaptic vesicles, clear round vesicles, and
dense core granules. Although the mix varied from cell to cell, the mix
of vesicles was the same at all of the synapses in a given cell. In the case of
raphe neurons in microculture, both serotonin and glutamate components
were blocked by the appropriate antagonists, clearly demonstrating core-
lease (Johnson, 1994). There was, however, no evidence that glutamate and
serotonin were differentially localized to different synapses of a given neuron.

Corelease of dopamine and glutamate from ventral midbrain
dopamine neurons

Several studies conducted in the 1970’s indicated that direct application of
dopamine (DA) tended to inhibit firing of medium spiny neurons in the
striatum, while stimulation of the DA neurons in the SN or their axons in the
medial forebrain bundle generally produced excitation, although depression
of firing was noted in some studies (Siggins, 1978). These divergent responses
to DA could be explained by recent findings that DA can either potentiate or
depress excitatory synaptic transmission in the striatum or nucleus accumbens
depending on the state of the postsynaptic neurons (Hernandez-Lopez et al.,
1997; Surmeier and Kitai, 1997; Yan et al., 1997; Yan and Surmeier, 1997). In
addition, DA can modulate activity of afferent pathways to the striatum
(Nicola et al., 1996; Nicola and Malenka, 1997). Similar state-dependent re-
sponses to DA are also seen in the ventral midbrain depending on the state of
the local GABAergic neurons (Bonci and Williams, 1996). Probably, most of
the divergence between results with DA application versus stimulation
of DA neurons can be attributed to activation of collateral pathways, as
the magnitude of striatal EPSPs evoked by SN stimulation was greatly reduced
by removal of cortex and transection of thalamic tracts (Wilson et al., 1982).
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However, even after interruption of the collateral pathways, a small long
latency EPSP was still evoked by SN stimulation, which Wilson and colleagues
attributed to a direct monosynaptic excitation mediated by DA neurons.

More recently, a combined electrochemical/extracellular recording study
showed that median forebrain bundle stimulation in anesthetized rats evoked
two excitatory responses in a given striatal neuron, either rapid or delayed
(Gonon, 1997). The delayed excitatory response was mediated by DA as it
was blocked by the D1 receptor antagonists. In contrast, the fast component
was not blocked by DA antagonists, and although that response was not
sensitive to acute (one hour) exposure to the DA neurotoxin 6-hydroxy-
dopamine, it could be due to glutamate release from ventral midbrain
DA neurons if the toxin exposure was too brief. Consistent with Gonon’s
observation, stimulation of SN neurons in SN-striatum-cortex triple explant
cultures has also been shown to evoke fast excitatory responses in striatal
neurons (Plenz and Kitai, 1996).

While excitatory responses in the striatum due to activation of DA
neurons could be explained by corelease of glutamate from midbrain DA
neurons, this has not been explicitly considered despite evidence from
morphological studies suggesting that glutamate might be a cotransmitter in
midbrain dopamine neurons. Indeed, most DA neurons immunostain for
phosphate-activated glutaminase, the major biosynthetic enzyme responsible
for neurotransmitter glutamate in rat (Kaneko et al., 1990), DA neurons in rat
and monkey immunostain for glutamate (Sulzer et al., 1998). Lesioning the
dopaminergic projection to striatum reduced the number of asymmetric
synaptic profiles by about 17% (Ingham et al., 1998) which could be explained
by the loss of the glutamatergic terminals of DA neurons. Most directly, in an
orthograde labeling study in combination with TH immunostaining, midbrain
DA neurons were shown to have two types of synapses, ones with symmetric
synaptic specializations that stained for TH, and asymmetric synapses labeled
only by orthograde {*H} leucine transport (Hattori et al., 1991). While these
studies were consistent with glutamate corelease from DA, they did not
provide a direct demonstration.

To test this directly, we placed ventral tegmental area dopamine neurons
in single cell microcultures and examined their autaptic responses. Stimu-
lation of DA neurons produced excitatory autaptic responses that could be
blocked by both NMDA and AMPA-type glutamate receptor antagonists,
indicating that glutamate itself was the likely transmitter (Sulzer et al., 1998).
Similarly, when DA neurons were co-cultured with postsynaptic neurons from
the nucleus accumbens they also made glutamatergic connections (Joyce et
al., 1999). To date, neither a direct DA autaptic response nor a DA synaptic
response has been seen; however, it is clear from amperometric recordings
that DA neurons show quantal DA release at axonal sites that also show
vesicular accumulation of the DA analog 5-hydroxy-DA (Pothos et al., 1998).
Moreover, activity-dependent DA release produced a presynaptic inhibition
of the glutamatergic autapses via D2 receptor activation.

Ultrastructural observation indicated that DA neurons in microculture,
like raphe neurons, also formed both symmetric and asymmetric autapses.
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However, unlike the results with raphe neurons, two classes of synapses were
observed, rare ones that had symmetric synaptic profiles and stained for TH
and more frequent synapses with asymmetric profiles that were comparatively
unstained for TH. In cultures observed at the light level after immunostaining
for glutamate and TH, there was a partially overlapping distribution of TH
and glutamate at individual synapses.

Together these results indicate, in contrast to the most recent modification
of Dale’s Principle, that neurotransmitters may be segregated to the different
synapses of individual central neurons. In the case of DA neurons, glutamate
release from asymmetric synapses mediates the rapid excitation, similar to
classic glutamate actions in the brain, while DA released from symmetric
synapses, or axonal varicosities without obvious synaptic specializations, may
be mostly active at extrasynaptic sites.

Control of neurochemical phenotype

Given the findings of plasticity and multiplicity of transmitter phenotypes in
single neurons, one may ask, how is the neurochemical phenotype of neurons
and their synapses controlled? For classical transmitters, the control could be
exerted by pathways that provide cytosolic transmitter and control vesicular
uptake. The regulation of these pathways, however, may prove to be quite
complex, as seen with the myriad changes that occur in PC12 cells exposed to
nerve growth factor, including the accumulation and release of acetylcholine
from small synaptic vesicles (Greene and Rein, 1977; Tsao et al., 1990).

Cytoplasmic transmitter levels can control neurochemical phenotype. In
acutely isolated Xenopus spinal motor neurons, glutamate loaded into
the cytoplasm via patch pipettes enabled stimulation-dependent glutamate
release from this normally cholinergic neuron; similarly, acetylcholine loaded
into glutamatergic hippocampal neurons enabled stimulation-dependent
acetylcholine release from this normally glutamatergic neuron (Dan et al.,
1994). Therefore, it appears that synaptic vesicles can be somewhat pro-
miscuous and package and release false transmitters present at sufficiently
high cytosolic levels.

The role of vesicular transporters is shown by transfection experiments
with recombinant VMAT2, the CNS vesicular monoamine transporter. In
AtT-20 cells, a cell line that normally secretes neuropeptides transfected
with TH alone, there was very little quantal DA release, as measured by
amperometry. However, with coexpression of both TH and VMAT?2, the cells
showed robust stimulation-dependent DA release (Pothos et al., 1999b).
Hippocampal neurons in culture will also release DA in a stimulation-
dependent manner, if they are transfected with VMAT2 and bathed in high
external DA concentrations (Pothos et al., 1999a).

How then could a given neuron regulate local neurochemical phenotype at
a given synapse? In addition to Hattori’s ultrastructural studies mentioned
above, it appears that TH is targeted selectively to a subset of axonal
varicosities in cultured ventral midbrain neurons (Sulzer et al., 1998), pre-
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sumably controlling the local cytosolic transmitter pool of DA. TH activity
and expression are regulated by numerous pathways (Kumer and Vrana,
1996) and phosphate-activated glutaminase could be regulated as well.
For instance, the inorganic phosphate transporter that provides a necessary
co-factor for glutaminase activity and has been localized to excitatory
synaptic terminals, could be differentially distributed (Bellocchio et al., 1998).
Interestingly, culturing midbrain DA neurons in the presence of the
glutamate receptor antagonist kynurenate increased the percentage of DA
neurons that expressed glutamate autapses; however, this may be due to an
upregulation of glutamate receptors rather than a potentiation of presynaptic
function (Sulzer et al., 1998). Alternatively, vesicular transporters could be
differentially trafficked to different synapses. When the vesicular glutamate
transporter is cloned, this issue should become tractable.

Conclusion

Dale’s Principle continues to inspire neuroscientists to define and test the
basic rules governing synaptic transmission. This impetus now drives the
investigation of neurochemical phenotype. In particular, there is presently
little understanding of the subcellular control of neurochemical identity,
particularly if and how different synapses of a given neuron maintain different
transmitters. There is also a large gap between the known range of possible
phenotypes for a given neuron observed in culture and what the neuron
actually does in vivo — it will be necessary to devise new strategies to study
these issues in vivo. If past work provides any indication, it seems safe to
predict that neurons are both more plastic and more complex than our
models.
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