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Abstract

Dopamine neurons in the ventral tegmental area (VTA) are involved in a variety of physiological
and pathological conditions, ranging from motivated behaviours to substance use disorders. While
many studies have shown that these neurons can express plasticity at excitatory and inhibitory
synapses, little is known about how inhibitory inputs and glial activity shape the output of DA
neurons and therefore, merit greater discussion. In this review, we will attempt to fill in a bit more
of the puzzle, with a focus on inhibitory transmission and astrocyte function. We summarize the
findings within the VTA as well as observations made in other brain regions that have important
implications for plasticity in general and should be considered in the context of DA neuron
plasticity.
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Introduction

The ventral tegmental area (VTA) is mainly populated by dopamine (DA) neurons, which
are critical for reinforcing rewarding behaviours and attributing salience to important
environmental cues (Schultz et al., 1997; Wise, 2004; Yamagata et al., 2015). They
display a large capacity for experience-dependent plasticity (Stuber et al., 2008; Mao et
al., 2011; Collo et al., 2014; Friedman et al., 2014; Gore et al., 2014), in both their

synaptic connections and intrinsic excitability. These intrinsic and extrinsic cellular changes
profoundly alter the output of DA neurons, and therefore, release of DA in downstream
brain regions. Because changes in DA release have important consequences for motivated
behaviours, learning, and memory formation (Berridge, 2006; Friedman et al., 2014; Berry
et al., 2015; Popescu et al., 2016), many labs have focused on identifying ways in which DA
neuron plasticity can occur.

The VTA is a rich signalling milieu that receives inputs from multiple regions and houses a
heterogeneous population of cells (Watabe-Uchida et al., 2012; Barker et al., 2016). Elegant
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studies using modern genetic approaches and classic slice electrophysiology have unveiled
numerous forms of plasticity and mechanisms that drive them (Bonci & Williams, 1996;
Kalivas & Duffy, 1998). Although the different forms of excitatory synapse plasticity have
been extensively reviewed (Luscher, 2013; van Huijstee & Mansvelder, 2015; Pignatelli &
Bonci, 2015), relatively little attention has been devoted to discussing the role of inhibitory
inputs and glial cells in shaping the intrinsic activity and output of DA neurons (Fig. 1).

Excitatory synapse plasticity

Much of the existing data on plasticity in the VTA is focused on excitatory input onto

DA neurons, with good reason. DA neurons can switch from tonic firing activity (1-4 Hz)
to a burst firing pattern (15-30 Hz) at the presentation of behaviourally relevant stimuli
(Paladini & Roeper, 2014), and this switch appears to be triggered by presynaptic excitatory
inputs (Chergui et al., 1993; Floresco et al., 2003) arising from various parts of the brain
(Watabe-Uchida et al., 2012; Beier et al., 2015; Tian et al., 2016). Thus, excitatory inputs
critically influence DA neuron output, and consequently, DA-dependent behaviours.

Like elsewhere in the brain, excitatory synapses on DA neurons can undergo experience-
dependent plasticity (Ungless et al., 2001; Chen et al., 2008; Ahn et al., 2010; Mao et

al., 2011; Hausknecht et al., 2015). Changes at excitatory synapses can be elicited /n vitro
by high-frequency stimulation protocols and spike-timing dependent protocols (Bonci &
Malenka, 1999), as well as /n vivo by experiences such as social deprivation and exposure
to drugs of abuse (Ungless et al., 2001; Chen et al., 2008; Mao et al., 2011; Whitaker et al.,
2013; Hausknecht et al., 2015).

Long-term potentiation

Within the VTA, multiple forms of long-term potentiation (LTP) (Bellone & Lischer, 2006;
Mameli et al., 2011) and long-term depression (LTD) (Jones et al., 2000; Bellone & Lischer,
2006; Mao et al., 2011; Labouébe et al., 2013) of excitatory synapses have been observed.
In contrast to the classic N-methyl-D-aspartate receptor (NMDAR)-dependent recruitment
of additional a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARS)
to the synapse, synaptic strength in DA neurons can increase via a switch in AMPAR
subunit composition, from non-calcium permeable GIuA2 subunit containing AMPARS to
GluA2-lacking, calcium permeable AMPARs (Bellone & Liischer, 2006). In the case of
drug experience, changes in AMPAR subunit composition are accompanied by changes in
NMDAR subunit composition, specifically a switch from NDMARSs that permit calcium
entry at depolarized potentials to NDMARs that are quasi-calcium impermeable (Yuan et
al., 2013). NMDARs can also exhibit plasticity independent of AMPARS; in the presence

of AMPAR blocker DNQX, a synaptic stimulation-burst pairing protocol was able to induce
potentiation of NMDAR-mediated excitatory postsynaptic currents (EPSCs) in VTA DA
neurons in animals treated with repeated amphetamine injections, but not in saline controls
(Ahn et al., 2010). This facilitation of NMDAR LTP can also be observed in animals that
were socially isolated during adolescence, and appears to be dependent on an increase in
mGIuR/IP3R mediated calcium signalling (Whitaker et al., 2013). Salient experiences like
repeated drug exposure can also increase the amount of glutamate located in presynaptic
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terminals and extracellular glutamate levels in the VTA (Kalivas & Duffy, 1998; Kozell &
Meshul, 2001).

Long-term depression

Several forms of long-term depression (LTD) have been observed at excitatory synapses
onto VTA DA neurons (Jones et al., 2000; Gutlerner et al., 2002; Bellone & Lischer,
2006; Mameli et al., 2007). The standard LTD protocol of pairing a 1-Hz presynaptic
stimulation with postsynaptic depolarization produces LTD that involves internalization of
GluA1l subunit containing AMPARS; but in contrast to hippocampal LTD, this requires
the activation of cyclic AMP-dependent protein kinase A and is independent of NMDAR
and protein phosphatase activity (Jones et al., 2000; Gutlerner et al., 2002). Stimulation of
metabotropic glutamate receptors (mGIuRs) can also produce LTD by causing a switch in
subunit composition of AMPARSs at the synapse, from GluA2-lacking AMPARSs to GIuA2
containing AMPARs with lower single-channel conductance (Mameli et al., 2007). On the
presynaptic side, insulin and alpha-2 noradrenergic signalling can depress both AMPAR
and NMDAR EPSCs in VTA DA neurons via a reduction in glutamate release probability
(Jiménez-Rivera et al., 2012; Labouébe et al., 2013; Thompson & Borgland, 2013).

Inhibitory synaptic transmission

While much work has focused on potentiation of excitatory inputs onto DA neurons, recent
evidence suggests that inhibitory inputs also undergo plasticity in response to drugs of
abuse. DA neurons receive dense inhibitory inputs. In the substantia nigra pars compacta
(SNc), approximately 70% or more of the inputs to DA neurons are GABAergic (Ribak et
al., 1976; Bolam & Smith, 1990; Henny et al., 2012). Inhibitory synaptic transmission in DA
neurons is thought to underlie the extinction of learned behaviours and to control excessive
DA neuron excitability. Therefore, GABAergic inputs may provide a therapeutic substrate
for preventing increased DAergic activity during exposure to drugs of abuse.

GABAergic synaptic transmission onto DA neurons is mediated by both GABAA
receptors (GABAARS) and GABAg receptors (GABARRS). GABAARS act by fast synaptic
transmission and inhibit neurons through the activation of chloride currents, while
GABAgRs are slower metabotropic receptors that produce hyperpolarization via coupling
to G-protein coupled inwardly rectifying potassium channels (GIRKSs) (Lischer et al.,
1997). Both GABAARS and GABARgRs control the tonic and burst firing of DA neurons
in the VTA and SNc (Erhardt et al., 1999, 2002; Paladini & Tepper, 1999; Paladini et al.,
1999). Interestingly, indirect evidence suggests that the presynaptic inputs to GABAaRS
and GABAGRgRs arise from separate presynaptic sources (Sugita et al., 1992). This is
demonstrated by findings showing that electrically evoked GABA and GABAg currents
undergo differential presynaptic neuromodulation. For instance, the inputs activating
GABAGgRs are modulated by DA D1 receptors, serotonin 1B receptors, and adenosine
Al receptors, while the inputs activating GABAARS are unaffected by agonists of these
receptors (Sugita et al., 1992; Cameron & Williams, 1993, 1994; Wu et al., 1995). These
findings suggest that GABAAR and GABARgR signalling in DA neurons are mediated by
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distinct inhibitory afferents and that these inputs might target separate subcellular domains
within DA neurons.

In addition to the potentiation of glutamatergic inputs discussed above, many lines of
evidence suggest that GABAergic inhibition is reduced by exposure to multiple drugs of
abuse, potentially contributing to the maladaptive increases in DA neuron activity. Because
the afferents activating GABAARs and GABARRS are thought to arise from separate
sources, we will focus on the plasticity of these inputs separately.

Inputs onto GABA, receptors

DA neurons are under tonic inhibitory control by both local and long-range GABAergic
inputs. Interestingly, transient blockade of GABAARS, either pharmacologically or via
dynamic clamp techniques, can induce burst firing in DA neurons in slice recordings

(Lobb et al., 2011). The VTA contains a large subset of GABAergic cells that form local
synapses onto DA neurons and inhibit them via GABAARS (Steffensen et al., 1998; Tan

et al., 2010; van Zessen et al., 2012). Additionally, recent work has shown that multiple
brain regions activate GABAARS in DA neurons, including local VTA GABA neurons, the
rostromedial tegmental nucleus (Jhou et al., 2009), and the lateral hypothalamus (Nieh et al.,
2015). Recent studies have shown that inhibitory inputs from the nucleus accumbens and
lateral hypothalamus can increase DA neuron activity by inhibiting VTA GABA neurons
(Bocklisch et al., 2013; Nieh et al., 2016). These studies demonstrate the importance of local
VTA GABA neurons in regulating the activity of DA neurons and suggest that modulation
or plasticity of GABAergic inputs represent important mechanisms for both maladaptive
processes and potential therapeutic targets.

Drugs of abuse are thought to act by increasing DA neuron activity. One of the major
mechanisms by which drugs exert their effect is through the removal of tonic inhibition
onto DA neurons. For example, opioids and cannabinoids are thought to produce rewarding
behaviours by reducing the activity of GABAergic cells and synapses onto VTA DA neurons
(Johnson & North, 1992). Recent research suggests that, similar to excitatory synapses,
inhibitory synapses undergo plasticity in response to drugs of abuse. Repeated exposure to
drugs of abuse show can induce long-lasting changes in GABAaR-expressing inhibitory
synapses onto DA neurons. Early work showed that GABA pR-containing synapses are
potentiated during withdrawal from repeated morphine exposure (Bonci & Williams, 1997).
This increased GABAergic tone is due to a potentiation of presynaptic GABA release and
appears to be causally related to symptoms of withdrawal (Madhavan et al., 2010).

Inhibitory synapses onto DA neurons undergo a form of LTP after high-frequency
stimulation, termed LTPgaga (Nugent et al., 2007). Interestingly, LTPgapa is dependent
on NMDA receptor activation and the recruitment of retrograde nitric oxide (NO) signalling
(Nugent et al., 2007), suggesting an interplay between glutamatergic and GABAergic
transmission in the expression of plasticity. NO-dependent potentiation of GABAAR-
containing synapses does not affect GABAgR-containing synapses (Nugent et al., 2009),
further suggesting that the inputs onto GABARS and GABAgRs arise from separate
sources and undergo differential forms of plasticity. After a single injection of morphine,
DA cells no longer undergo LTPgaga (Nugent et al., 2007), due to activation of kappa
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opioid receptors (Graziane et al., 2013; Polter et al., 2014), revealing a potential deficit

in GABAergic signalling. One possibility is that a single exposure to morphine induces
LTPgaBa., effectively occluding LTPgaga induction in brain slices. However, the loss of
LTPgaga after morphine exposure is mirrored by a loss of LTDgaga (Dacher & Nugent,
2011; Dacher et al., 2013), suggesting that a single exposure to morphine might generally
reduce GABAergic plasticity in the VTA. On the other hand, repeated exposure to morphine
potentiates GABAergic transmission in the VTA (Bonci & Williams, 1997), suggesting
differences between acute and chronic drug exposure. In addition to morphing, a single
exposure to cocaine, nicotine, or acute stress block LTPgaga (Niehaus et al., 2010),
suggesting that, similar to glutamatergic synaptic plasticity (Saal et al., 2003), each of these
events triggers a common alteration in inhibitory synaptic transmission.

Little is known about how excitatory and inhibitory signalling are integrated in DA neurons.
During /n vitrosslice recordings, synaptic blockers are usually used to isolate specific

types of synaptic responses (i.e. AMPA, NMDA, or GABA ), prohibiting the ability to
investigate interactions between excitatory and inhibitory plasticity. However, recent work
suggests that glutamatergic and GABAergic inputs might be mutually involved in various
forms of plasticity. For example, GABAergic synapses onto dopamine neurons undergo
spike-timing dependent plasticity that appears to be mediated by postsynaptic activation

of NMDARs (Kodangattil et al., 2013). Additionally, repeated cocaine exposure reduces
GABAR-mediated inhibition of DA neurons and allows for the induction of glutamatergic
LTP (Liu et al., 2005; Pan et al., 2008a,b, 2011), indicating a role for inhibitory transmission
in the expression of excitatory synaptic plasticity. However, this idea has been the subject

of controversy, as other studies suggest that glutamatergic LTP is occluded by repeated

drug exposure (Argilli et al., 2008; Luu & Malenka, 2008). Interestingly, benzodiazepines
activate the DAergic system by inhibiting local interneurons. Recent evidence suggests that
this form of disinhibition can lead to potentiation of excitatory synapses in DA neurons (Tan
et al., 2010). These findings suggest a complex interplay between excitatory and inhibitory
transmission that is mediated through unknown mechanisms. How might disinhibition allow
for the potentiation of excitatory synapses? One possibility is that benzodiazepines increase
DA release, causing the activation of D2 receptors, and preventing the occurrence of LTD
(Thomas et al., 2000). Another possibility is that disinhibition might increase the efficacy

of excitatory transmission by removing the shunting inhibition provided by GABAARS,
lengthening the integration window for spike-timing dependent plasticity and potentially
allowing for increased Ca2* signalling. However, these hypotheses have yet to be tested.
Finally, many neuromodulators transiently affect the excitatory-inhibitory balance within
DA neurons by inhibiting GABAergic inputs (Johnson & North, 1992; Sugita et al., 1992).
Thus, the disinhibitory role of neuromodulators could potentially shape longer lasting forms
of synaptic plasticity.

Inputs onto GABAg receptors

In addition to GABAAR-mediated inhibition, GABAgR-containing synapses are also
affected by multiple forms of pre- and postsynaptic plasticity. Chronic exposure to either
cocaine or morphine induces long-lasting changes in GABAgR signalling, causing a
presynaptic reduction in GABA release. These changes are mediated by increased adenosine
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tone, an effect that can last for a week or more (Bonci & Williams, 1996; Shoji et al., 1999),
suggesting that chronic exposure to drugs of abuse can lead to prolonged disinhibition of DA
neurons. However, in contrast to GABAR-mediated inhibition, the sources of presynaptic
innervation onto GABAgR-containing synapses are not known. Early work suggested that
nucleus accumbens inputs might inhibit VTA and SNc DA neurons via GABARRS, but this
finding has been called into question by more recent studies (Brazhnik et al., 2008; Xia et
al., 2011). While the monosynaptic inputs onto DA neurons have been studied extensively
(Watabe-Uchida et al., 2012; Beier et al., 2015; Menegas et al., 2015), the functional
contributions of many of these inputs are still unclear. Therefore, future experiments
combining optogenetic manipulations of inputs with electrophysiological recordings will
help determine which inputs are affected by different manipulations.

Postsynaptic GABAgRs and their downstream effector proteins also undergo plasticity in
response to drugs of abuse. As mentioned above, GABAgRs produce inhibition through

the activation of GIRKs (Lischer et al., 1997). GIRK channels have the ability to undergo
plasticity, depending on the firing activity of DA neurons (Lalive et al., 2014). Interestingly,
GABA and DA neurons of the VTA express different GIRK subunits, conferring differential
sensitivity to GABA, as well as other GABAgR agonists (Cruz et al., 2004; Labouebe et

al., 2007). These findings suggest that GABA and DA neurons of the VTA can undergo
cell-type specific modification of GABARg responses through selective plasticity of specific
GIRK subunits. Indeed, a single exposure to methamphetamine causes long-term depression
of GABAg signalling in VTA GABA neurons, but not DA neurons (Padgett et al.,

2012). Additionally, a single cocaine injection disinhibits DA neurons through postsynaptic
reduction of GABAgR-GIRK signalling (Arora et al., 2011), potentially contributing to
increased DA neuron activity in the early stages of addiction.

While the importance and prevalence of inhibitory plasticity is beginning to become
apparent, the roles of GABAgRRS in DA neurons are relatively unknown. In addition to

their role in inhibitory transmission, GABAgRs regulate the entry of Ca2* through NMDA
receptors and through voltage-sensitive Ca2* channels (Chalifoux & Carter, 2010, 2011).
As excitatory synaptic plasticity is dependent on postsynaptic CaZ* entry, these findings
suggest that GABAgRs may play a role in regulating glutamatergic LTP or LTD in DA
neurons. Additionally, GABAgRs within DA neurons are coupled to HCN channels which
regulate the pacemaker firing of DA neurons (Schwenk et al., 2016). Therefore, plasticity of
GABAgR-containing synapses might be important for the control of DA neuron firing rates.
Finally, GABARRS represent an important therapeutic target in the treatment of craving for
cocaine and other drugs of abuse (Slattery et al., 2005; Filip et al., 2015). Future work
should address the roles of DA neuron GABAgRs and GABARgR plasticity in addiction and
other DA-dependent behaviours.

regulation of signalling strength and synaptic plasticity

Stimuli that trigger DA neuron plasticity can also alter astrocyte gene expression and
function (Knackstedt et al., 2010; Garcia-Pérez et al., 2014; Scofield et al., 2016). In
addition, there is evidence that astrocytes can be affected by the activity level of DA neurons
themselves, via dopamine receptor signalling. Blockade of D1/D2 receptor signalling can
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increase astrocyte calcium excitability in the substantia nigra pars reticulata (Bosson et

al., 2015), and preferential deletion of D2Rs from astrocytes leads to an exaggerated
inflammatory response to DA neuron injury (Shao et al., 2013). Given the limitations of
existing techniques, it is essentially impossible to confirm that these effects are due to direct
expression of dopamine receptors by astrocytes. Nevertheless, they indicate that dopamine
signalling can significantly change the functional state of astrocytes. And regardless of
whether astrocytes are undergoing changes first or reacting to neuronal changes, it would
be prudent to consider how altered astrocyte function might affect neighbouring neurons.
Below, we discuss just a few of the many potential ways in which astrocytes can shape DA
neuron activity and plasticity.

Glutamate uptake

Perhaps the most famous role of astrocytes is the uptake of synaptically released glutamate
via high levels of glutamate transporters located on their plasma membrane (Chaudhry et

al., 1995). Astrocyte glutamate uptake is critical for avoiding excitotoxicity and seizures,

but more interestingly, it appears to be dynamically regulated by neuronal activity (Murphy-
Royal et al., 2015; Al Awabdh et al., 2016). An elegant study using quantum dot imaging
showed that the astrocytic glutamate transporter GLT-1 is highly diffusible in astrocyte
processes and responds to glutamate binding by diffusing away from the synapse (Murphy-
Royal et al., 2015). When diffusion was impaired by crosslinking, the decay time of
spontaneous EPSCs (SEPSCs) was significantly increased (Murphy-Royal et al., 2015), thus
showing that astrocytic glutamate transporters can directly shape glutamatergic transmission.

In addition to modulating the time course of synaptic glutamate receptor activation, astrocyte
ensheathment of synapses, or lack thereof, can determine the degree to which glutamate
spillover from synapses can activate pre- and extrasynaptic glutamate receptors (Oliet et
al., 2001; Oliet & Bonfardin, 2010; Wild et al., 2015). This aspect of astrocyte biology
merits greater scrutiny within the VTA, as studies in other regions have shown that both

the structure of astrocyte processes and the level of glutamate transporters present on

these processes are altered by stimuli that impact signalling in the VTA. For example,

in the nucleus accumbens (NAc), prolonged exposure to drugs of abuse downregulates
astrocytic GLT-1 expression and causes a retraction of astrocyte processes from the synapse
(Knackstedt et al., 2010; Scofield et al., 2016). Postmortem analysis of human tissue
revealed that GLT-1 and GLAST, the other astrocytic glutamate transporter, were both
downregulated in the PFC of individuals who suffered from major depressive disorder
(Choudary et al., 2005). These adaptations are likely to have important behavioural
consequences, as evidenced by /n vivo studies using dihydrokainic acid (DHK) to block
GLT-1 activity (John et al., 2012; Smith et al., 2014). A similar adaptation in the VTA could
greatly impact signalling onto DA neurons. In support of this hypothesis, pharmacological
blockade of GLT-1 and GLAST increases activation of extrasynaptic NMDARs in DA
neurons (Wild et al., 2015), and disrupting the orthologue of GLT-1 (g/t-1-6) in C. elegans
produces DA neuron hyperexcitability (Hardaway et al., 2015). It is conceivable, then, that
certain stimulus-triggered adaptations within the VTA may be resulting from, or at least
enhanced by, a reduction in astrocyte uptake of glutamate.
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Release of D-serine

Astrocyte ensheathment of synapses may also determine the amount of D-serine available to
bind the glycine site of NMDARSs, a necessary binding site for the activation of NMDARs
(Kleckner & Dingledine, 1988). A study looking at the supraoptic nucleus of lactating

rats found that depletion of D-serine, but not glycine, significantly reduced the size of
NMDAR-mediated EPSCs (Panatier et al., 2006), which supports the idea that, at least in
certain parts of the brain, the endogenous ligand at the NMDAR glycine site is D-serine
(Mothet et al., 2000; Yang et al., 2003). The same group also made the observation that
D-serine availability is correlated with the degree of synapse ensheathment by astrocytes -
unsurprising, given the localization of D-serine and its synthesizing enzyme serine racemase
in astrocyte processes (Schell et al., 1997; Panatier et al., 2006; Fossat et al., 2012). Slice
electrophysiology experiments in the hippocampus, prefrontal cortex, and neuron astrocyte
co-cultures indicate that astrocyte-derived D-serine is necessary for NMDAR-dependent
induction of LTP (Yang et al., 2003; Martineau et al., 2008; Henneberger et al., 2010; Fossat
et al., 2012). In addition to having the capacity to synthesize and release D-serine, astrocytes
can also take up D-serine through the neutral amino acid transporter SLC1A4 (Foster et al.,
2016).

Within the VTA, D-serine can participate in NMDAR activation and induction of plasticity.
Intra-VTA infusion of D-serine enhances cocaine-induced behavioural sensitization and
activation of CamKI|, a protein kinase associated with the formation of long-term memory
(Fernandez-Espejo et al., 2007). In mice lacking D-amino acid oxidase, the enzyme that
degrades D-serine, VTA DA neurons exhibited /n7 vivo burst firing more frequently than

in wild-type animals (Schweimer et al., 2014). This is consistent with the known role of
NMDAR activation in generating burst firing of DA neurons (Tong et al., 1996; Paladini

& Roeper, 2014). Intriguingly, D-serine may also inhibit some NMDARs that are active

at hyperpolarized potentials (Seif et al., 2015). Thus, astrocytes could alter the degree of
NMDAR activation in VTA DA neurons - and therefore, NMDAR-dependent plasticity - by
gating the availability of D-serine.

Regulation of glycine

Like D-serine, glycine is a co-agonist for NMDARs at the (aptly named) glycine site

and can potentiate NMDAR responses (Johnson & Ascher, 1987; Kleckner & Dingleding,
1988). Astrocytes express high levels of the glycine transporters GlyT1 and GlyT2 (Zhang
et al., 2014), and therefore have the capacity to shift extracellular concentrations of

glycine through transporter-mediated uptake. Indeed, the degree of glycine uptake can be
reduced by plasticity-triggering stimuli like BDNF, which promotes internalization of GlyTs
in astrocyte processes (Aroeira et al., 2015). In the NAc, blocking glycine transporters
pharmacologically enhances NMDA responses /7 vivo (Lewis & O’donnell, 2003). Intra-
VTA injection of 7-chlorothiokynurenic acid, an NMDAR glycine site antagonist, impaired
conditioned place preference to cocaine without affecting locomotion (Zhou et al., 2011),
which suggests that co-activation of NMDARs by glycine (or D-serine) is required for
NMDAR-dependent plasticity of DA neurons.
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Independent of its co-agonist activity at NMDARS, glycine can also bind to glycine
receptors located on both terminals and cell bodies of neurons. Within the VTA, glycine
potently depressed both spontaneous and evoked IPSCs onto DA neurons by inhibiting
presynaptic release of GABA (Ye et al., 2004). Thus, whether via NMDAR modulation or
glycine receptor activation, changes in the degree or location of astrocytic glycine uptake
can greatly impact the size, and consequence, of inputs onto DA neurons.

Release of ATP

Astrocytes can release ATP through lysosome exocytosis (Zhang et al., 2007). This ATP
acts on astrocytic purinergic receptors and is responsible for the propagation of astrocytic
calcium waves (Bowser & Khakh, 2007), but it can also be degraded by ectonucleotidases
into adenosine and act on neuronal adenosine receptors (Pascual et al., 2005; Sun et

al., 2016). Artificially elevating calcium within hypothalamic astrocytes led to a rapid
decrease in the firing rate of AGRP neurons; this decrease was completely blocked by bath
application of an adenosine Al receptor antagonist (Yang et al., 2015). In the hippocampus,
adenosine accumulated from astrocytic ATP release acted on presynaptic adenosine Al
receptors to suppress glutamatergic transmission (Sun et al., 2016). In addition to the
effects of ATP-derived adenosine, ATP release from astrocytes can also activate postsynaptic
neuronal P2X receptors and trigger dynamin-dependent endocytosis of AMPARSs (Pougnet
et al., 2014). There is also evidence that astrocytic ATP can regulate developmental synapse
elimination via P2Y1 receptor signalling (Yang et al., 2016), although it remains to be seen
whether this form of regulation remains active in adulthood.

Within the VTA, chronic exposure to cocaine and morphine produces an increased adenosine
tone that reverses the effect of D1R signalling on DA neurons (Bonci & Williams, 1996).
The elevation of adenosine tone could be a result of increased astrocytic ATP, as chronic
drug use can impair norepinephrine clearance (Fox et al., 2015) and astrocytes respond

to norepinephrine with calcium elevations that drive ATP release (Pougnet et al., 2014).
Thus, whether by the actions of ATP on purinergic receptors, or by indirect activation of
adenosine receptors, release of ATP by astrocytes can produce changes in both pre- and
postsynaptic signalling strength, and possibly even alter the consequences of dopamine
receptor signalling in DA neurons.

Concluding remarks

Landmark studies on plasticity in the hippocampus and cortex have served as phenomenal
templates for studying similar adaptations in the VTA (Huganir & Nicoll, 2013). However, it
is now clear that the plasticity and output of DA neurons are governed by its own set of rules
— hardly surprising, as DA neurons and pyramidal neurons of the hippocampus and cortex
are serving very different purposes in brain computation. Given the distinct mechanisms
regulating the expression of LTP in the midbrain, it is reasonable to suspect that inhibitory
transmission and glial interactions are different as well. This review highlights several

ways in which inhibitory inputs and astrocytes could be involved in DA neuron signalling
and plasticity, but it is by no means an exhaustive list. Modulatory inputs to the region,

such as acetylcholine (Graupner et al., 2013; Solecki et al., 2013), orexin, and dynorphin
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(Muschamp et al., 2014), as well as microglia and oligodendrocytes (Parkhurst et al., 2013;
Gibson et al., 2014), are prominent components of the VTA circuitry that we haven’t even
touched on — though they deserve a full review on their own. Thus, despite our best efforts
to speculate based on existing data, many more experiments need to be done within the VTA
to uncover the multifaceted ways in which non-excitatory inputs and glial cells restrict and
permit plasticity in DA neurons.
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Fig. 1.

A%chematic of inhibitory inputs and astrocyte processes surrounding dopamine (DA)
neurons in the ventral tegmental area (VTA). As depicted, in addition to excitatory inputs,
many elements are present in the local signalling milieu. Inhibitory inputs arising from
multiple sources synapse onto GABAA and GABAB receptors on DA neurons. Astrocytes
take up and release several signalling molecules, including glutamate, ATP, and D-serine.
These processes are likely exerting important influences on the output and plasticity of DA
neurons.
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