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Opioid drugs are highly valued as potent analgesics; however, there are significant risks
associated with long-term use because of their abuse liability. Opioids cause changes in
ventral tegmental area (VTA) gene expression and cell activity that have been linked to
addiction-related behaviors in rodent models. Here, we focus on VTA dopamine (DA)
neurons and review the cellular, structural, and synaptic plasticity changes induced by
acute and chronic opioid exposure. We also discuss many avenues for future research in-
cluding determination of whether opioid neuroadaptations are specific for subpopulations of
VTA DA neurons. A better understanding of the molecular adaptations within the cells and
circuits that drive opioid abuse is crucial for the development of better treatments for sub-
stance use disorders and to create novel, safer pain-relieving therapeutics.

pioid drugs have been used medically for

centuries for their potent analgesic prop-
erties (Fields 2011). This class of drugs includes
naturally occurring compounds derived from
the opium poppy such as codeine and morphine
as well as many synthetic derivatives such as
heroin, oxycodone, and fentanyl. Although opi-
oids remain among the most effective medica-
tions for acute pain relief, there are serious side
effects that can occur with long-term opiate use,
such as tolerance, physical dependence, and ad-
diction (Ballantyne and LaForge 2007). In the
United States, abuse of prescription drugs, and
specifically pain-relieving opioids, has increased
greatly since 1992 (Compton and Volkow 2006;
Manchikanti et al. 2010; Han et al. 2017). De-
spite a recent strengthening of regulations that
has decreased the number of opioid prescrip-

tions, opioid-related deaths continue to rise, in-
dicating that these measures alone are inade-
quate to combat the crisis (Manchikanti et al.
2018; Volkow and Koroshetz 2019). Although
the ethics of chronic pain treatment and the
potential for over- or underuse of opioid drugs
can be debated (Fields 2011), there is no ques-
tion that chronic opioid use causes neuroadap-
tations that lead to undesirable effects.

We will focus on the opioid-induced
changes to midbrain ventral tegmental area
(VTA) dopamine (DA) neurons, a key region
and cell type in opioid addiction. Specifically,
we discuss three types of opioid-induced VTA
plasticity in response to acute and chronic ex-
posure: synaptic plasticity—persistent changes
in glutamatergic and y-aminobutyric acid
(GABA)ergic synaptic transmission (Liischer
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and Malenka 2011; Langlois and Nugent 2017);
cellular plasticity—homeostatic changes in in-
tracellular signaling cascades (Williams et al.
2001; Nestler 2004); and structural plasticity—
long-lasting changes in neuronal morphology
(Russo et al. 2010). Because most preclinical
opioid studies to date have utilized morphine
and heroin, our discussion focuses on neuro-
adaptations induced by these opioid drugs.
However, given the increased use and abuse of
opioids such as fentanyl and oxycodone, future
work will likely interrogate a wider range of
opioid drugs. This is one of many ways that
researchers hope to bridge the gap to translation,
such that identification of the neuronal determi-
nants of VTA plasticity helps to enable better
therapeutics for opioid addiction and inform
the design of safer drugs for pain relief.

VENTRAL TEGMENTAL AREA NEURON
COMPLEXITY

The VTA has been widely studied in drug
addiction because of its central role in reward-
related behaviors. This heterogeneous region is
composed of 60%-65% DA, 30%-35% GABA,
and 2%-3% glutamate neurons (Swanson 1982;
Nair-Roberts et al. 2008). While neuronal cell
types do not strictly localize to one subnucleus
of the VTA, they are organized in gradients, par-
ticularly across anteroposterior and mediolat-
eral axes. Specifically, the ratio of GABA to
DA neurons is higher in posterior sections of
the VTA compared to anterior sections (Nair-
Roberts et al. 2008) and glutamatergic neurons
are concentrated in medial subnuclei (Yamagu-
chi et al. 2007). However, recent studies have
shown that the VTA is even more heterogeneous
than previously thought. VTA DA neurons have
been historically defined using two main crite-
ria: (1) expression of tyrosine hydroxylase (TH),
the rate-limiting enzyme in DA synthesis, and
(2) presence of a large hyperpolarization-acti-
vated (I},) current. However, VTA DA neurons
are now known to be capable of expressing
and releasing multiple neurotransmitters (for
review, see Barker et al. 2016; Morales and
Margolis 2017). These combinatorial DA neu-
rons have been classified as dual DA-glutamate

when coexpressing TH and vesicular glutamate
transporter 2 (VGLUT2) or dual DA-GABA
through coexpression of TH and vesicular
GABA transporter (VGAT) or glutamic acid
decarboxylase (GAD) (Barker et al. 2016). Ad-
ditionally, I, current fails to fully distinguish
between VTA DA and non-DA neurons, as
there are subsets of DA neurons that express
little to no I, current (Margolis et al. 2006;
Chieng et al. 2011). Thus, our understanding
of opioid adaptations of VTA DA neurons
may be incomplete, as many of the foundational
studies preceded the identification of these sub-
populations. The functional relevance of sub-
populations of VTA DA neurons is currently
an active area of research, and this is especially
true for populations of VTA DA neurons de-
fined by their projection target.

Individual dopaminergic projections from
the VTA largely innervate only one region
(Swanson 1982), with major targets including
the nucleus accumbens (NAc), prefrontal cortex
(PFC), and amygdala (Swanson 1982; Sesack
and Grace 2010; Morales and Margolis 2017).
These outputs are roughly organized topo-
graphically in the mediolateral axis. Because
the NAc receives dense VTA DA projections,
much work has focused on characterizing these
neurons. For example, DA cell bodies located in
more lateral portions of the VTA project to the
NAc lateral shell (IShell), while more medial
neurons project to the NAc core and NAc me-
dial shell (mShell) (Lammel et al. 2008, 2014;
Breton et al. 2019). There is a clear separation
between DA projections terminating in NAc
subregions, where lateral DA arborizations in
the IShell minimally overlap with medial DA
arborizations concentrated in the mShell (Beier
et al. 2015). Moreover, these subpopulations are
functionally distinct. For example, VTA DA
projections targeting the ventral portion of the
mShell are excited by unexpected aversive stim-
uli, in contrast to the inhibition seen in all other
projection targets (de Jong et al. 2019). Because
of VTA neuronal heterogeneity, it will be espe-
cially important to take factors such as cell type,
cell body location, and projection into account
when interpreting VTA DA adaptations in re-
sponse to drugs of abuse.
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The VTA also receives input from a variety
of brain regions. Prominent afferents to VTA
DA neurons include excitatory input originating
from the medial PFC (mPFC), lateral habenula,
bed nucleus of the stria terminalis, pedunculo-
pontine tegmentum, and laterodorsal tegmen-
tum nucleus (Sesack and Grace 2010; Morales
and Margolis 2017) as well as inhibitory input
arising from the NAc, rostromedial mesopon-
tine tegmental nucleus, lateral hypothalamus,
and ventral pallidum (Sesack and Grace 2010;
Morales and Margolis 2017). There is also com-
plexity at this level of regulation, as illustrated by
examination of inhibitory inputs from the NAc
to VTA DA neurons (Watabe-Uchida et al.
2012; Beier et al. 2015). NAc IShell neurons
project indirectly to disinhibit lateral VTA DA
neurons via synapses onto VTA GABAergic in-
terneurons and result in reinforcement, as mice
form a real-time place preference to 1Shell ter-
minal stimulation and will self-stimulate these
terminals (Yang et al. 2018). In contrast, mShell
neurons predominately project directly to me-
dial VTA DA neurons, inhibiting their activity
(Yang et al. 2018). These studies demonstrate
that inputs are capable of targeting discrete
DA subpopulations and influencing a variety
of behaviors, from aversion to reward (Lammel
etal. 2014), and thus could also be differentially
affected by opioid exposure.

ACUTE OPIOID EFFECTS ON VTA DA
NEURONAL ACTIVITY

Like other classes of drugs of abuse, acute sys-
temic or intra-VTA infusion of opioids such as
morphine causes increased DA release into the
NAc (DiChiara and Imperato 1988; Leone et al.
1991). This effect is primarily achieved through
opioid binding to Gy/,-coupled p-opioid recep-
tors (MORs) located on VTA GABA neurons.
Opioid binding hyperpolarizes presynaptic
VTA GABA neurons and decreases their spon-
taneous firing rate, consequently disinhibiting
DA neuron firing (Ostrowski et al. 1982; Gysling
and Wang 1983; Matthews and German 1984;
Johnson and North 1992). Moreover, opioid-in-
duced increases in DA spontaneous firing rate
can be blocked by systemic or local infusion of
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the MOR antagonist naloxone, consistent with a
prominent inhibitory role of opioid action at
MORs on GABA neurons (Gysling and Wang
1983; Matthews and German 1984). These
MOR-mediated effects significantly contribute
to opioid reward behaviors, as intra-VTA in-
fusion of MOR agonists alone is capable of
forming a conditioned place preference (CPP)
(Bals-Kubik et al. 1993) and small interfering
RNA knockdown of MORs in the VTA and sub-
stantia nigra prevents heroin CPP (Zhang et
al. 2009). However, while the canonical model
describes opioid action exclusively on VTA
GABA neurons, postsynaptic MOR expression
has been described on a subset of VTA DA neu-
rons as well, where opioid peptides can elicit
both excitation and inhibition of these neurons
(Margolis et al. 2014). Although the contribu-
tion of the MOR-expressing DA subpopulation
to behavior is not well understood, the possibil-
ity that these neurons could respond differen-
tially to rewarding versus aversive stimuli (Bri-
schoux et al. 2009; Lammel et al. 2012; Margolis
et al. 2014) is an area worthy of future study.

SYNAPTIC PLASTICITY INDUCED BY ACUTE
ADMINISTRATION OF OPIOIDS

In addition to opioid actions via opioid recep-
tors to alter VTA DA neuronal activity, acute
opioid exposure also drives synaptic plasticity
(glutamatergic and GABAergic) onto VTA DA
neurons. Glutamatergic transmission in the
VTA is critical for opioid responses, as pharma-
cological inhibition prevents expression of her-
oin self-administration (SA) (Xi and Stein 2002)
and morphine CPP (Harris et al. 2004), and
glutamatergic signaling is required for mor-
phine-driven increases in VTA DA spontaneous
firing rate and burst firing (Jalabert et al. 2011).
Thus, much work has sought to define the reg-
ulation of the glutamate receptors (oi-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor [AMPAR] and N-methyl-p-aspartic
acid receptor [NMDAR]) that mediate excitato-
ry postsynaptic currents (EPSCs) in the VTA
following drug exposure. A single dose of mor-
phine increases AMPA/NMDA ratio on VTA
DA neurons, consistent with an increase in
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long-term potentiation (LTP) (Saal et al. 2003;
Baimel and Borgland 2015; Authement et al.
2016), an effect similar to that observed with
other drugs of abuse (Ungless et al. 2001; Saal
et al. 2003). This is achieved in part through
increased synaptic localization of AMPARs,
measured through labeling of their constituent
subunits (e.g., GluA1, GluA2, etc.). Specifically,
acute morphine causes a shift in the distribution
of GluAl subunits from the cytoplasm to the
plasmalemma in VTA DA neurons (Lane et al.
2008), suggesting an increase in postsynaptic
AMPAR expression and enhanced LTP. At

the same time, acute morphine treatment also
drives insertion of calcium-permeable GluA2-
lacking AMPARs in exchange for calcium-
impermeable  GluA2-containing AMPARs
(Brown et al. 2010; Baimel and Borgland 2015;
Authement et al. 2016). These results are linked
to DA neuronal activity, as direct optogenetic
activation of VTA DA neurons induces AMPAR
redistribution and exchange of subunits similar
to that following drug exposure (Brown et al.
2010). Together, these adaptations in receptor
expression mediate enhanced glutamatergic
transmission onto VI'A DA neurons (Fig. 1),
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' Glutamate interneuron
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Figure 1. Ventral tegmental area (VTA) dopamine (DA)-glutamatergic synaptic plasticity is regulated by acute
morphine. Morphine promotes the release of presynaptic glutamate in part through inhibition of VTA
y-aminobutyric acid (GABA) interneurons. Morphine binds to Gy/,-coupled p-opioid receptors (MORs), caus-
ing a hyperpolarization of GABA neurons and decreasing their firing. This decreased GABAergic output onto
glutamate neurons, via GABAp receptor signaling, results in increased frequency of miniature and spontaneous
excitatory postsynaptic currents (m/sEPSCs) of DA neurons (Baimel and Borgland 2015; Chen et al. 2015). Ata
second level of DA-glutamatergic plasticity, morphine increases c-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid receptor/N-methyl-p-aspartic acid receptor (AMPA/NMDA) ratio, consistent with an increase in
long-term potentiation (LTP), and causes the exchange of calcium-impermeable GluA2-containing AMPARSs
(CI-AMPARSs) for calcium-permeable GluA2-lacking AMPARs (CP-AMPARs) (Saal et al. 2003; Baimel and
Borgland 2015; Authement et al. 2016). Together, these mechanisms of synaptic plasticity increase glutamatergic
signaling in the VTA.
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which is thought to contribute to the develop-
ment of addiction (Wolf 2016).

Outside of adaptations within the VTA, opi-
oids also induce changes in brain regions that
project to the VTA. Following acute in vivo or
ex vivo morphine exposure, there is an increased
probability of presynaptic glutamate release
onto VTA DA neurons, as measured by an in-
crease in frequency of miniature and spontane-
ous EPSCs and paired-pulse depression (Baimel
and Borgland 2015; Chen et al. 2015). Morphine
promotes the release of presynaptic glutamate
in part through inhibition of VITA GABA
interneurons. Optogenetic stimulation of VTA
GABA neurons decreases VTA DA excitatory
responses, while inhibition of VTA GABA neu-
rons has the opposite effect (Chen et al. 2015).
Further, metabotropic GABAjp receptors are
located on glutamatergic terminals in the VTA,
and inhibiting these receptors prevents the re-
duction in VTA DA excitatory responses caused
by VTA GABA stimulation (Fig. 1; Chen et al.
2015). This increased glutamatergic input in
combination with the depression of local GABA
inhibitory input (discussed below [Nugent et al.
2007; Dacher and Nugent 2011; Authement
et al. 2016]) shifts the balance of excitatory and
inhibitory synaptic transmission onto VTA DA
neurons (Baimel and Borgland 2015).

In addition to altering VTA DA neuron glu-
tamatergic plasticity, drugs of abuse (including
ethanol, morphine, nicotine, and cocaine) alter
inhibitory synaptic plasticity in the VTA (Melis
et al. 2002; Liu et al. 2005; Nugent et al. 2007;
Niehaus et al. 2010). Unsurprisingly, opioids
also regulate VTA DA neuron GABAergic re-
sponses (for review, see Langlois and Nugent
2017). VTA GABAergic LTP (LTPgapa) can be
evoked by high-frequency electrical stimulation
and results in facilitation of inhibitory postsyn-
aptic currents (IPSCs) onto VTA DA neurons
(Nugent et al. 2007). This form of inhibitory
plasticity is driven by NMDAR-dependent re-
lease of nitric oxide (NO) (Nugent et al. 2007).
NO acts as a retrograde messenger to activate
guanylate cyclase (GC) in presynaptic GABA-
ergic terminals, resulting in increased GABA
release and initiating LTPgapa (Nugent et al.
2007). Acute in vivo morphine exposure blocks

Opioids and VTA Dopamine Neurons

the induction of LTPgapa through disrupted
NO-GC—protein kinase G signaling (Nugent
et al. 2007, 2009; Niehaus et al. 2010).
Amplitude and frequency of miniature IPSCs
(mIPSCs) are also decreased following acute
morphine exposure (Authement et al. 2016),
consistent with evidence that LTPgapa is main-
tained presynaptically through a steady increase
in GABA release (Nugent et al. 2007) and
further supporting decreased inhibitory control
of VTA DA neurons following opioid exposure.
These data support disrupted inhibitory regu-
lation of VTA DA neurons, contributing to
increased VTA DA neuronal activity in response
to acute morphine treatment (Fig. 2).
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Figure 2. Acute morphine disrupts ventral tegmental
area (VTA) dopamine (DA)-y-aminobutyric acid
(GABA) synaptic plasticity. Acute morphine treat-
ment prevents long-term potentiation of GABAergic
(LTPGaga) synapses on VTA DA neurons. LTPGapa
derives from NMDAR-dependent release of nitric
oxide (NO) via activation of NO synthase (NOS)
(Nugent et al. 2007). NO acts as a retrograde messen-
ger to activate guanylate cyclase (GC) in presynap-
tic GABAergic terminals, resulting in increased
GABA release and initiating LTPgapa (Nugent et al.
2007). Morphine prevents LTPgapa and disrupts
normal inhibitory signaling in the VTA by blocking
NO-GC—protein kinase G (PKG) signaling (Nugent
et al. 2007, 2009; Niehaus et al. 2010).
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Long-term depression (LTD) of GABAergic
synapses onto VTA DA neurons (LTDgapa) has
also been characterized (Dacher and Nugent
2011). LTDgapa is NMDA-independent and
induced postsynaptically through D, receptor
(D,R) activation (Dacher and Nugent 2011;
Dacher et al. 2013). Downstream of the D,R,
inositol triphosphate receptor activation causes
a local increase in intracellular calcium, result-
ing in internalization of GABA, receptors
through protein kinase A signaling (Dacher
et al. 2013). Acute morphine treatment blocks
the induction of LTDgapa, thereby disrupting
normal inhibitory control through a second
mechanism, although the exact mechanism of
action is not well understood (Dacher and Nu-
gent 2011). Taken together, these studies indi-
cate that opioids such as morphine both disrupt
inhibitory input and strengthen excitatory input
onto VTA DA neurons, altering the normal ex-
citatory to inhibitory balance to increase VTA
DA neuronal activity.

Although protein signaling mechanisms
contribute to the expression and redistribution
of glutamate and GABA receptors induced by
opioids, recent evidence suggests that opioid-
induced changes in VTA plasticity are also me-
diated via epigenetic regulation. Epigenetic
mechanisms represent a class of changes capable
of generating long-lasting repression or en-
hancement of gene regulation (Browne et al.
2019). Following a single morphine injection,
expression of histone deacetylase (HDAC)2 is
increased in VTA DA neurons, but not in sub-
stantia nigra DA neurons, demonstrating re-
gional specificity (Authement et al. 2016). Bath
application of an HDAC inhibitor (HDACi) was
sufficient to eliminate glutamatergic plasticity
onto VTA DA neurons, preventing the increase
in AMPA/NMDA ratio seen with morphine
treatments (Authement et al. 2016). HDACi
treatment also rescued decreased mIPSC ampli-
tude and frequency, restoring normal inhibitory
control (Authement et al. 2016). Thus, epigenet-
ic regulation could in part explain the long-
lasting effects of opioids on synaptic plasticity.
Collectively, this work clearly establishes that
opioids alter plasticity onto VTA DA neurons
that contributes to DA neuronal activity and

output, and that these effects are mediated
through multiple signaling and likely epigenetic
mechanisms.

SYNAPTIC PLASTICITY INDUCED BY
CHRONIC ADMINISTRATION OF OPIOIDS

Although research has focused on the effects of
acute morphine on VTA DA physiology as de-
scribed above, relatively little is known about the
long-term consequences of opioid exposure. Be-
cause opioids are generally taken chronically,
understanding whether similar mechanisms
are induced by acute and chronic opioid expo-
sure is critical to our understanding of opioid
abuse. Similar to acute treatment, chronic mor-
phine administration increases VTA DA neuro-
nal firing, as morphine-dependent rats show a
significantly increased in vivo firing rate and
burst event frequency compared to drug-naive
rats (Georges et al. 2006). Supporting this find-
ing, similar effects are found in mice, both in vivo
and in ex vivo slices (Mazei-Robison et al. 2011;
Koo etal. 2012). This increased activity is in part
mediated through potassium channel regulation,
as the peak and sustained components of potas-
sium currents are significantly decreased in VTA
DA neurons of morphine pelleted mice (Koo
et al. 2012). Chronic morphine also decreases
VTA messenger RNA (mRNA) expression of
potassium channel subunits (Mazei-Robison et
al. 2011). Specifically, voltage-gated potassium
channel subunit B2 (KCNAB2) and G-protein-
gated inwardly rectifying potassium (GIRK)
channel 3 show decreased permissive epigenetic
markers and binding of RNA polymerase II
(Pol II) at the gene promoters, consistent with
decreased transcription (Mazei-Robison et al.
2011). These findings support enhanced excit-
ability of VTA DA neurons following chronic
morphine exposure; however, further research
is needed to uncover the opioid-induced adap-
tations to ion channel expression and function
that contribute to changes in cellular activity.
Altered VTA DA glutamatergic plasticity
has also been demonstrated following chronic
morphine; however, there is a gap in the litera-
ture compared to acute opioid mechanisms.
Chronic escalating morphine injections increase
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GluAl protein in the VTA (Fitzgerald et al.
1996) and VTA GluAl overexpression potenti-
ates morphine CPP (Carlezon et al. 1997), es-
tablishing this induction as behaviorally rele-
vant. Ultrastructural studies using the same
morphine administration paradigm have found
increased GluA1l synaptic labeling in VTA DA
neurons (Lane et al. 2008), consistent with in-
creased LTP. These GluA1 effects are consistent
with those observed following acute opioid
treatment; however, VTA DA-glutamatergic
and -GABAergic plasticity mechanisms remain
largely unexplored following chronic exposure.
To date, much of the research on long-term opi-
oid-induced plasticity has focused on aspects of
withdrawal. Although withdrawal is an impor-
tant translational issue, mechanisms supporting
withdrawal may be distinct from those elicited
by chronic exposure, highlighting the need for
synaptic plasticity studies that examine effects of
long-term opioid exposure.

CELLULAR PLASTICITY INDUCED BY
CHRONIC ADMINISTRATION OF OPIOIDS

Changes in VTA gene transcription and expres-
sion have been linked to changes in drug-related
behaviors in mice (Liischer and Malenka 2011;
Wolf 2016). Discussion of brain-derived neuro-
trophic factor (BDNF) regulation is useful in
this regard, as it shows the multiple levels at
which opioids can influence transcription and
expression. BDNF is a positive modulator of
cellular and behavioral plasticity in the central
nervous system, and chronic opioid exposure
decreases bdnf expression in the VTA (Chu et
al. 2007; Koo et al. 2012, 2015). This is a trans-
lationally relevant change, as human heroin ad-
dicts, as well as rodents in both passive and SA
protocols, demonstrate decreased bdnf mRNA
levels (Koo et al. 2015). Further, in rodent mod-
els of acute morphine exposure, a single injec-
tion was not sufficient to decrease bdnf expres-
sion (Koo et al. 2015), indicating that chronic
drug use is required to induce these effects. This
decrease in bdnf expression has been correlated
with changes in epigenetic regulation of gene
transcription and histone modifications. Chron-
ic morphine causes Pol II stalling within bdnf

Opioids and VTA Dopamine Neurons

promoter regions, indicative of gene suppres-
sion (Koo et al. 2015). Additionally, changes in
histone modifications at bdnf-promotor 2 have
been characterized, with decreased histone H3
acetylation (acH3) and increased trimethylation
of histone H3 at Lys27 (H3K27me3), supporting
evidence of decreased gene expression (Koo
et al. 2015). Critically, these changes influence
animal behavior. H3K27me3-mediated gene re-
pression is necessary and sufficient for morphine
CPP, as overexpression or deletion of enhancer
of zeste homolog 2 (EZH2), a key protein for
interacting with H3K27, enhances or blocks
CPP, respectively (Koo et al. 2015). This is con-
sistent with the idea that BDNF is a negative re-
gulator of morphine reward. Infusion of BNDF
into the VTA prevents morphine CPP while, in
contrast, VTA bdnf gene knockout or decreased
signaling via tyrosine receptor kinase B (TrkB)
knockout increases morphine CPP (Koo et al.
2012). Further, decreased TrkB signaling specif-
ically in VTA DA neurons is capable of yielding
these effects (Koo et al. 2012), indicating DA
neurons are an important cellular population.
However, BDNF’s role in the VTA is complex,
as BDNF is also critical for the transition from
inhibitory to excitatory GABA , receptor signal-
ing on VTA GABA neurons that underlies the
shift from DA-independent (opioid-naive) to
DA-dependent (opioid-dependent) reward and
motivation (Laviolette et al. 2004; Vargas-Perez
et al. 2009). In these studies, exogenous BDNF
shifted motivation to a DA-dependent state, but
failed to diminish morphine CPP (Vargas-Perez
et al. 2014). Importantly, BDNF is only one of
hundreds of genes identified in large genome
expression studies whose expression is regulated
by chronic opioid administration (McClung
et al. 2005; Heller et al. 2015), providing many
candidate genes for future analyses.

Using RNA sequencing to identify novel
gene targets, our group previously identified
serum- and glucocorticoid-inducible kinase 1
(SGK1) as one of only five genes similarly up-
regulated in the VTA of mice treated with chron-
ic cocaine or morphine (McClung et al. 2005;
Heller et al. 2015). In addition to regulation
at the level of mRNA, SGK1 catalytic activity
and phosphorylation at Ser78 are significantly
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increased by chronic, but not acute, morphine
(Heller et al. 2015). To determine the behavioral
relevance of these changes, we overexpressed
mutant versions of SGK1 in the VTA of adult
mice. A constitutively active version of SGK1
(S422D) promoted morphine sensitization
(Heller et al. 2015), while decreased catalytic
activity (K127Q) or phosphodeficiency (S78A)
decreased morphine preference in a two-bottle
choice task (Doyle et al. 2017). Current work
explores whether these biochemical changes
occur in VTA DA or GABA neurons as well as
which population is responsible for driving the
observed behavioral effects.

While the findings above are informative,
they were derived from homogenization of the
whole VTA, so it is unclear whether differences
are driven specifically by expression in VTA DA
neurons. Thus, it is critical to develop cell type—
specific approaches to analyze changes in the
morphine-induced transcriptome. For example,
sgkl gene induction is also seen in the NAc fol-
lowing chronic morphine exposure; however,
single-cell RNA-sequencing has identified these
changes predominantly in oligodendrocytes
(Aveyetal.2018). To this end, we are using trans-
lating ribosome affinity purification (TRAP) to
investigate VTA DA-specific transcriptional reg-
ulation following morphine treatment. Early
work has demonstrated very little overlap be-
tween morphine-induced gene expression in
whole VTA versus VTA DA neurons (Cooper
et al. 2018), highlighting critical differences in
cell type-specific gene regulation and the need
for further research in this area.

STRUCTURAL PLASTICITY INDUCED BY
CHRONIC ADMINISTRATION OF OPIOIDS

Whereas opioid-induced changes in VTA gene
regulation and signaling and their link to behav-
ior are being actively investigated, molecular
changes also contribute to structural plasticity
in the VTA. One of the best characterized adap-
tations following chronic opioid administration
is decreased VTA DA neuron soma size, with no
changes seen in neighboring substantia nigra
DA neurons or non-DAVTA neurons (TH-neg-
ative, putative GABA neurons) (Sklair-Tavron

et al. 1996). This effect has been seen with pas-
sive morphine administration across rodent
species (Sklair-Tavron et al. 1996; Spiga et al.
2003; Chu et al. 2007; Russo et al. 2007; Ma-
zei-Robison et al. 2011) as well as with heroin
SA in rats (Russo et al. 2007). This morpholog-
ical change is transient, as soma size is decreased
at 1 and 14 days of withdrawal but returns to
baseline by 30 days (Russo et al. 2007). Critical-
ly, postmortem samples from human heroin us-
ers also show a significant decrease in VTA DA
soma size, suggesting this adaptation is transla-
tionally relevant (Mazei-Robison et al. 2011).
The decrease in soma size is dependent on
MOR activation and BDNF signaling, as effects
could be blocked with concomitant systemic ad-
ministration of the MOR antagonist naltrexone
or local BDNF infusion (Sklair-Tavron et al.
1996). Moreover, neurotrophic factor signaling
cascades appear critical for size changes, as
decreased insulin receptor substrate 2 (IRS2)-
Akt-mammalian target of rapamycin complex-
2 (mTORC2) signaling promotes decreased so-
ma size, whereas increased activity within the
pathway prevents morphine-induced changes
(Russo et al. 2007; Mazei-Robison et al. 2011).
Changes in VTA DA soma size have also
been linked with neuronal activity (Coque et al.
2011). Like acute treatment, chronic morphine
increases spontaneous and burst firing rates of
VTA DA neurons, effects that are correlated with
decreased soma size (Mazei-Robison et al. 2011;
Koo et al. 2012). However, electrically evoked
DA release into the NAc is decreased by chronic
morphine, exhibiting decreased output (Mazei-
Robison etal. 2011). These seemingly contradic-
tory results are consistent with recent work by
Liu et al. demonstrating that whole-VTA dele-
tion of mTORC similarly decreased electrically
evoked DA release in the NAc shell (Liu et al.
2018). In addition to these adaptations in elec-
trophysiological properties and output, de-
creased soma size has been correlated with
changes in reward behavior (Russo et al. 2007;
Mazei-Robison et al. 2011). Specifically, both
morphine CPP and soma size are decreased 1
and 14 days following morphine pellet exposure,
but both measures are similar to sham surgical
controls following 30 days of withdrawal (Russo
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et al. 2007). Similarly, these behavioral effects
can be mimicked with biochemical manipula-
tions of the IRS2-Akt-mTORC2 pathway that
also influence VTA DA soma size. VTA over-
expression of dominant-negative mutants of
IRS2 or AKT are capable of decreasing morphine
CPP and VTA DA soma size (Russo et al. 2007),
supporting a link between soma size, neuronal
activity, and reward behavior.

Early work from our laboratory showed that
this decrease in size is specific to opioids, as
other classes of drugs (ethanol, nicotine, or psy-
chostimulants) did not affect VTA DA soma size
(Mazei-Robison et al. 2014). However, Pitchers
et al. have demonstrated that endogenous
opiates (via natural reward) are also capable of
significantly reducing soma size (Pitchers et al.
2014). Following chronic sexual experience,
VTA DA neurons show a significant decrease
in soma size, an effect that is blocked when
mice are treated concomitantly with naloxone
(Pitchers et al. 2014). No changes were observed
in substantia nigra DA neurons or VTA TH-
negative neurons (Pitchers et al. 2014), again
paralleling previous findings elicited by mor-
phine exposure. Moreover, these changes are
similarly plastic, as decreases in soma size
were seen 1 and 7 days after the final mating
but returned to baseline by 31 days (Pitchers
et al. 2014). Altogether, these data indicate that
VTA DA soma size changes are elicited by both
endogenous and exogenous opioids, although
more work is needed to determine whether
endogenous opioids similarly mediate soma
size through the IRS2-Akt-mTORC2 pathway.

Structural plasticity also includes changes in
dendritic spine density and dendritic morphol-
ogy; however, these measures have been tech-
nically challenging to assess because of the
complexity of the VTA. DA neurons in the
VTA form a dense network of cell bodies and
processes, making isolation of single neurons
technically difficult to attain with transgenic-
driven viral approaches that label the majority
of VTA DA neurons. In contrast, Golgi staining
achieves sparse labeling but requires a counter-
stain to identify the neurotransmitter profile of
the selected cell. Stemming from these chal-
lenges, VTA spine adaptations in response to

Opioids and VTA Dopamine Neurons

chronic opioid use remain wholly uncharacter-
ized. However, the length of VTA DA neuron
processes is significantly decreased following
chronic morphine treatment (Sklair-Tavron
et al. 1996), suggesting this may be a fruitful
avenue to pursue if the technical challenges
can be overcome. There is also support for po-
tential opioid-induced changes in spine density
based on data from the NAc. NAc shell, but not
core, medium spiny neurons (MSNs) show an
increase in filopodia-like spines with no change
in total spine density (Graziane et al. 2016) fol-
lowing a single day of withdrawal from chronic
morphine injections, while decreases in total
spine density are observed after protracted with-
drawal (Robinson and Kolb 1999; Robinson
et al. 2002; Graziane et al. 2016). This may be a
result of the weakening of synapses that are later
pruned, based on the idea that spines are weak-
ened by AMPAR internalization, as prevention
of AMPAR internalization during morphine ad-
ministration eliminates both short- and long-
term withdrawal effects (Graziane et al. 2016).
VTA biochemical studies also hint at potential
opioid-induced changes in spine structure. Post-
synaptic density-95 (PSD-95) is thought to play
a critical role in synaptic assembly and matura-
tion, as overexpression causes increased GluAl
synaptic clustering and spine density in primary
hippocampal cultured neurons (El-Husseini et
al. 2000). PSD-95 gene and protein expression
are increased in the VTA of rats following mor-
phine CPP (Wang et al. 2014), consistent with
increased GluAl synaptic labeling during mor-
phine exposure (Lane et al. 2008). Although di-
rect evidence for opioid-induced regulation re-
mains lacking, other drugs of abuse regulate
VTA spine density. Acute cocaine exposure in-
creases spines on type I, but not type II, VTA
neurons and is consistent with increased
AMPA/NMDA ratio in only type I neurons
(Sarti et al. 2007). However, cell type was origi-
nally based on morphology (Phillipson 1979),
and while type 1 and type 2 cells were largely
TH-positive, whether differences in afferent or
efferent projections or neurotransmitter profile
define cocaine-induced spine changes remains
unclear. Given the connection between spine
morphology and synaptic function, investiga-
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tion of VTA DA spine density and dendritic
morphology should be a promising future re-
search direction. However, going forward, our
knowledge of opioid-induced neuroadaptations
within the VTA will likely be most improved by
taking into account the complexity of VTA neu-
rons, such as differences between populations
defined by their anatomical position, neuro-
transmitter expression, and projection target.

HETEROGENEITY OF VTA DA NEURON
RESPONSE TO OPIOIDS

There is considerable heterogeneity even within
VTA DA neuronal populations, contributing
to the diversity of effects seen in response to
drugs of abuse (for review, see Juarez and Han
2016). Defining projection-specific effects of
opioids is challenging, as broadly speaking,
VTA neuronal cell types are widely mixed (Mo-
rales and Margolis 2017). Even within VTA DA
neurons, DA projection populations fail to ex-
clusively localize to a single subregion (Lammel
et al. 2014; Beier et al. 2015) and biochemical
markers for VTA DA populations are still under
investigation (Poulin et al. 2018; Simmons et al.
2019). However, differences in baseline bio-
chemical and electrophysiological properties
have been characterized in VTA DA neurons
projecting to the NAc versus PFC (Lammel
et al. 2008, 2011). For example, PFC-projecting
DA neurons lack functional somatodendritic
D,Rs once thought of as a hallmark character-
istic of VTA DA neurons (Lammel et al
2008), implying functional distinctions based
on projection target. There are also baseline dif-
ferences in excitatory synaptic plasticity, where
PFC- and NAc mShell-projecting neurons
have increased AMPA/NMDA ratio compared
to NAc IShell-projecting neurons (Lammel et al.
2011). These properties translate to divergent
effects following acute drug administration,
where acute cocaine treatment causes an in-
crease in AMPA/NMDA ratio in NAc-project-
ing but not PFC-projecting neurons (Lammel
et al. 2011). Although these projection differ-
ences remain understudied in the context of
acute opioid treatment, there is evidence for
circuit-level regulation. This is illustrated in

findings that a single session of heroin SA pre-
dominantly activates VTA DA neurons project-
ing to the NAc mShell over those projecting to
the N Ac IShell (Corre et al. 2018). Thus, there is
ample evidence for both basal differences in
VTA subpopulations based on projection target
as well as in response to opioid drugs.
Although more work is needed to tease out
differences induced by acute opioid treatment,
a significant amount of effort has now focused
on VTA DA subpopulations in the context of
chronic opioid use. Building on early results
showing decreased dendritic length by chronic
morphine treatment (Sklair-Tavron et al. 1996),
Lane et al. observed changes in VTA DA, but
not nondopaminergic, dendrite diameter, with
diameter decreased in the paranigral (PN) but
increased in the parabrachial (PB) subregions of
the VTA (Lane et al. 2008). As the PN predom-
inantly contains cell bodies of NAc-projecting
DA neurons, while the PB contains both NAc-
and PFC-projecting DA neurons, these data
support functional differences of DA subpopu-
lations based on their projection target. Given
this evolution in the field toward projection-
specific information, our laboratory recently
investigated changes in VTA DA soma size,
focusing on the NAc and PFC as target regions.
We confirmed a decrease in the surface area of
VTA DA neurons projecting to the NAc follow-
ing chronic morphine administration consis-
tent with previous studies (Sklair-Tavron et al.
1996; Russo et al. 2007; Mazei-Robison et al.
2011). However, this change was only seen in
neurons projecting to the NAc mShell, as neu-
rons projecting to the NAc core did not differ
from sham-treated mice (Simmons et al. 2019).
Surprisingly, we observed an increase in soma
size of VT'A DA neurons projecting to the PFC
following chronic morphine (Fig. 3; Simmons
et al. 2019). While unexpected, these contrast-
ing changes in soma size parallel increased den-
drite diameter in PB but decreased dendrite
diameter in PN regions mentioned earlier
(Lane et al. 2008). As decreases in surface area
have been linked to increased firing (Coque
et al. 2011; Mazei-Robison et al. 2011), these
opposing changes likely correlate with neuron
activity and output, highlighting and further
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Figure 3. Morphine alters ventral tegmental area
(VTA) dopamine (DA) soma size in a projection-spe-
cific manner. Chronic opioid exposure alters VTA
DA, but not y-aminobutyric acid (GABA), neuron
soma size (Sklair-Tavron et al. 1996; Spiga et al.
2003; Chu et al. 2007; Russo et al. 2007; Mazei-Robi-
son et al. 2011). However, the direction of change is
projection specific. DA neurons projecting to the nu-
cleus accumbens (NAc) medial shell (mShell) show
the decrease in soma size while those projecting to the
core are not different from sham controls (Simmons
et al. 2019). It remains unknown whether neurons
projecting to the NAc lateral shell (IShell) show a
decrease in soma size as well. In contrast, VTA DA
neurons projecting to the medial prefrontal cortex
(mPFC) show a surprising increase in soma size (Sim-
mons et al. 2019), (PB) Parabrachial, (PN) paranigral.
(Circuit mapping summarized from Lammel et al.
2014 and Yang et al. 2018.)

supporting circuit-specific changes within pop-
ulations of VTA DA neurons.

Although VTA DA neurons are the major
projection neurons from the VTA, there is evi-
dence for drug-induced dysregulation of VTA
GABAergic projections as well. Interestingly,
VTA projections to the dorsal raphe (DR) are
primarily GABAergic, with rostral VTA projec-
tions targeting DR GABA neurons (Li et al.
2019). Optogenetic inhibition of these terminals

Opioids and VTA Dopamine Neurons

promotes real-time place preference, consistent
with expression of MORs on these terminals, as
DR infusion of a MOR agonist attenuates the
aversive activation of these terminals (Li et al.
2019). Following chronic morphine exposure,
this circuit shows decreased IPSCs of DR
GABA neurons, indicating a deficit in inhibitory
control from the VTA. In the vein of noncanon-
ical VTA projections, the VTA also sends dop-
aminergic projections to the hippocampus
(HPC). An acute morphine injection causes a
potentiation of glutamatergic synapses in the
HPC, dependent on morphine action in the
VTA and HPC D; receptor (D;R) signaling
(Hu et al. 2014). Moreover, HPC D;R signaling
is required for the formation of morphine CPP,
indicating that VTA DA output plays a critical
role in drug-associated learning and memories
(Hu et al. 2014). These studies illustrate that
opioids can induce changes within specific sub-
populations of VTA neurons and circuit-specific
changes may drive distinct aspects of opioid-
related behavior.

CONCLUDING REMARKS

The VTA plays a critical role in drug reward, and
opioid use causes dysregulation of VTA DA
plasticity at the synaptic, cellular, and structural
levels. Whereas the effect of acute opioid action
on VTA DA neurons is relatively well under-
stood, adaptations with respect to chronic use
are understudied and remain an area of future
investigation. Whether similar mechanisms are
enacted with chronic opioid exposure seems
particularly critical to address since opioids are
often taken for long periods of time. VTA DA
neuronal activity is clearly important for reward
behavior, with synaptic plasticity onto VTA DA
neurons a well-established mechanism for opi-
oid adaptations. However, recent studies suggest
that glial regulation of VTA DA neuronal activ-
ity may also be important for reward circuitry
function. Notably, morphine exposure robustly
activates VTA astrocytes (Garcia-Pérez et al.
2014), and VTA astrocyte activation has been
linked to decreased VTA DA neuronal activity
and avoidance behavior (Gomez et al. 2019).
There is also microglia activation in the VTA
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of morphine-dependent animals and this acti-
vation contributes to disrupted drug reward
(Taylor et al. 2016). Interestingly, both astrocyte
and microglia activation appear to affect VTA
DA function via modulation of VTA GABA
neurons (Taylor et al. 2015, 2016; Gomez et al.
2019), reinforcing the necessity of taking the
cellular complexity of the VTA into account in
future studies. Further, in addition to defining
the role of subpopulations of VTA DA projec-
tion neurons in addiction-related behaviors,
future work should also consider sex as a bio-
logical variable (Becker and Koob 2016). Al-
though there are no baseline differences in
VTA DA neuron electrophysiological properties
(Chung et al. 2017), female rodents self-admin-
ister more oxycodone, morphine, and heroin
(Cicero et al. 2003; Roth et al. 2004; Phillips
et al. 2019), indicative of potential sex differ-
ences in the reward circuitry underlying these
behaviors. Together, these additional layers of
analysis will allow for greater understanding of
the neural substrates and mechanisms in the
VTA that contribute to the abuse of opioid drugs
and may vyield insight into novel therapeutic
strategies.
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