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Abstract

Opioids are among the most effective pain relievers; however, their abuse has been on the rise
worldwide evident from an alarming increase in accidental opioid overdoses. This demands for an
urgent increase in scientific endeavors for better understanding of main cellular mechanisms and
circuits involved in opiate addiction. Preclinical studies strongly suggest that memories associated
with positive and negative opioid experiences are critical in promoting compulsive opiate-seeking
and opiate-taking behaviors, and relapse. Particular focus on synaptic plasticity as the cellular
correlate of learning and memory has rapidly evolved in drug addiction field over the past two
decades. Several critical addiction-related brain areas are identified, one of which is the ventral
tegmental area (VTA), an area intensively studied as the initial locus for drug reward. Here, we
provide an update to our previous review on “Opiates and Plasticity” highlighting the most recent
discoveries of synaptic plasticity associated with opiates in the VTA. Electrophysiological studies
of plasticity of addiction to date have been invaluable in addressing learning processes and
mechanisms that underlie motivated and addictive behaviors, and now with the availability of
powerful technologies of transgenic approaches and optogenetics, circuit-based studies hold high
promise in fostering synaptic studies of opiate addiction.
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INTRODUCTION

Opiates are among the most-prescribed drugs in the United States, in part because they are
particularly powerful analgesics and pain relieving agents. However, their ability to induce
feeling of euphoria (intense pleasant sensations) makes them extremely addictive.l
Approximately 3 million people in the United states and 16 million worldwide have a
current or past opioid use disorder (OUD).2 According to the Centers for Disease and
Control Prevention (CDC), opioid overdose has become the leading cause of death of
Americans under 50. The current “Opioid Epidemic” or “Opioid Crisis” has also urged the
National Institutes of Health (NIH) to initiate partnership with private sectors to support
collaborative research efforts on pain and opioid abuse.® Chronic opiate intake induces
tolerance, resulting in the need to increase doses to obtain the desired effects, which
contributes to accidental deaths by overdose. Not surprisingly, approximately 80% of heroin
users report the prior use of opioid pain relievers,# demonstrating that previous exposure to
opiates prompts long lasting changes in the brain circuits important in the development of
OUD including opioid addiction, further contributing to the troubling rise in related
overdoses. In fact, strong and durable memories of the opioid experience promotes
compulsive opiate taking, craving, and relapse, highlighting the necessity for a better
understanding of learning mechanisms that underlie addictive behaviors and vulnerability to
relapse. Since the discovery of synaptic plasticity as the cellular correlate of learning and
memory, strong overlaps between neural and cellular substrates of learning, and drug
addiction have been recognized. The current perspective of a synaptic basis for drug
addiction was a paradigm shift in the field of addiction introducing a pathological learning
model of addiction where addictive drugs usurp synaptic mechanisms that underlie reward-
based learning and motivated behaviors.>:8 With this perspective, neuroscientists have made
significant progress towards understanding the molecular mechanisms underpinning the
reinforcing, aversive ,and addictive properties of drugs of abuse through their interaction
with learning mechanisms.®’~11 Here, we provide an update on “Opiates and Plasticity”12
highlighting the most recent discoveries of synaptic plasticity associated with opiates. The
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main focus of this review is on the acute and chronic effects of opiates on synaptic plasticity
of the mesocorticolimbic pathway originating from the ventral tegmental area (VTA), as this
key brain area is intimately involved in early stages of opioid abuse. We refer readers to ref
12 for discussion on current views of drug addiction including dopamine hypothesis valid
for different aspects of addictive behaviors which will not be covered here. In addition, see
more excellent reviews for comprehensive discussion of neurocircuitry of drug addiction and
drug-induced plasticity in brain areas mediating reward and motivated behavior such as
nucleus accumbens (NAc), prefrontal cortex, hippocampus, and others: refs 1, 5, 6, and 13—
25 We believe that a better understanding of synaptic basis of reward/motivated behaviors
and opiate addiction will help identify novel pharmacological and nonpharmacological
approaches targeting opiate-induced synaptic plasticity and provide a step forward in
resolving the current serious public health crisis of opioid abuse.

MESOCORTICOLIMBIC PATHWAY AND DRUG ADDICTION

Early neuroadaptations associated with development of drug addiction are believed to occur
in the mesocorticolimbic dopamine pathway originating from the VTA dopamine neurons.
The VTA is a key brain structure involved in reward processing and motivation. Its role in
drug addiction has been well-established and intensively studied.26:27 The increased release
of dopamine in the VTA projection areas (specifically, the nucleus accumbens, NAc, also
known as ventral striatum, and the prefrontal cortex, PFC) triggered in response to addictive
drugs including opiates is believed to mediate positive reinforcing effects of the drugs and
highlight motivational values of drugs leading to compulsive drug seeking, drug taking,
craving, and relapse.2829 In addition, diminished dopamine levels in the NAc are associated
with dysphoric and negative feelings of drug withdrawal that also play a key role in
compulsive craving and relapse.1® However, it is becoming clearer that increased dopamine
neuronal activity participates not only in reward signaling and salience, but also in aversion.
These contrasting effects are mediated by distinct anatomical and functional subsets of VTA
dopamine neurons with differential axonal projections and receiving alternative afferents.
For example, dopamine neurons projecting to shell of NAc that receive afferents from
laterodorsal tegmentum (LDTg) and rostromedial tegmental area (RMTg) mediate reward,
while dopamine neurons projecting to PFC receive excitatory inputs from the lateral
habenula (LHb) and mediate aversion.23:30 Therefore, drug-induced concurrent increased
dopamine release in VTA projection areas such as NAc and PFC may mediate different
aspects of rewarding and aversive experiences associated with drugs of abuse. It is worth
mentioning that in spite of the dominant dopamine hypothesis of drug addiction focusing on
the mesolimbic dopamine pathway, human studies only support this hypothesis for stimulant
and alcohol addiction, as demonstrated by the strong correlation between drug seeking
behaviors and striatal dopamine receptor availability and dopamine release. The evidence for
involvement of the dopamine system in individuals with opiate abuse is limited,31:32
although higher activity of VTA neurons is shown in response to heroin-associated cues in
abstinent heroin users,33 highlighting the necessity of investigating dopamine and
nondopamine mechanisms of the VTA in opiate addiction. Specifically investigation of
glutamatergic and GABAergic synaptic plasticity in VTA neurons, in addition to studies of
other critical brain areas involved in motivation and goal-directed behaviors, is needed. In
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this review, we will only focus on the VTA and comprehensively discuss most recent
findings on the actions of opiates and opiate-induced plasticity in the VTA.

ACUTE ACTIONS OF OPIATES IN THE VTA

It is well-established that there is a considerable variability in neuronal populations within
the VTA with dopamine neurons of the VTA comprising ~60-65% of this midbrain area.
The nondopamine neurons of the VTA include different sub-populations of GABAergic
(30%) and glutamatergic (5%) neurons. In addition to dopamine neurons, GABAergic and
glutamatergic neurons of the VTA may play important roles in non-dopamine related aspects
of addictive behavior34-36 although the major focus of the addiction field has been on drug-
induced changes in dopamine neuron activity. Since different populations of dopamine
neurons in the VTA project to different target structures including NAc, amygdala and PFC,
and also receive different afferents, dopamine release from these distinct subsets of
dopamine neurons is likely to be implicated in positive or negative motivational effects of
opiates.23:30

All drugs of abuse are able to trigger synaptic plasticity in the VTA, posing the idea that
drug-induced plasticity may be the critical common cellular substrate for the establishment
of drug addiction for all drug classes.37-50 The predominant mechanism of acute opiate
action in increasing dopamine cell activity and dopamine release is through disinhibition
(i.e., inhibition of GABAergic interneurons of the VTA making GABA synapses onto VTA
dopamine neurons).>! Whereas the reinforcing actions of acute opiates are mediated through
MORs, leading to an increase in dopamine release in the NAc, KOR activation seems to
decrease dopamine release in this region which mediates dysphoric effects of opioids and
opiates (Box 1). The addictive effects of opiates are believed to be mainly through their
action on MORs located on VTA GABAergic interneurons, but opiates can also act upon
other neurons within and outside of the VTA to mediate these effects, suggesting the
presence of distinct neural circuits for acute opiate action. For example, it is now known that
acute morphine can increase VTA dopamine neuronal activity through the activation of
MORs located in GABAergic neurons in the tail of the VTA, a region also called the RMTg.
52 Interestingly, the excitatory action of morphine on VTA dopamine neuron through RMTg
(which make GABA synapses onto dopamine neurons) requires VTA glutamatergic tone
since blocking VTA NMDA and AMPA receptors completely prevents morphine-induced
excitation of VTA dopamine neurons,52:53

RMTg GABAergic neurons also relay the inhibitory effects of LHb (an exclusively
glutamatergic structure that mediate aversion and negative reward) on midbrain dopamine
neurons.>* Interestingly, LHb neurons not only synapse on GABAergic RMTg neurons that
project to dopamine neurons innervating NAc but also make direct connections on dopamine
neurons projecting to PFC.%° In addition to activation of MORs located on RMTg and
GABAergic interneurons of the VTA by opioids, MOR activation within the LHb inhibits a
subset of LHb neurons both directly and indirectly by inhibiting the presynaptic release of
glutamate onto these LHb neurons. Surprisingly, MOR activation also decreases presynaptic
GABA release onto these LHb neurons.>® This may be explained by the fact that main
GABAergic structures projecting to the LHb such as the entopeduncular nucleus and the
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VTA corelease GABA and glutamate onto LHb neurons;57:58 therefore, activation of MORs
on such inputs might decrease both glutamate and GABA release onto LHb neurons
although the balance may be shifted by opiates toward greater reduction of glutamate rather
than GABA release hence less excitatory drive onto LHb neurons.

In addition to GABAx synapses arising from RMTg and VTA GABAergic interneuron
inputs to the VTA, NAc medium spiny neurons (MSNs) also synapse onto both VTA
dopamine neurons and GABAergic interneurons and have differential sensitivity to stimulant
and opioids.>960 NAc MSNs are the main projection neurons of this area and express either
D1 or D2 dopamine receptors. DIMSNSs selectively express the neuropeptide dynorphin as
well as GABA and send direct projections to midbrain dopamine neurons. A recent study by
Bonci’s team elegantly demonstrates the bidirectional modes of inhibition by NAc D1IMSN
projections to the VTA.80 Optical stimulation of NAc projections inhibits both dopamine
(preferentially via GABAg synapses) and GABAergic interneurons (via activating GABAp
synapses) of the VTA but the net effect of this optical stimulation is inhibition of dopamine
neurons. More interestingly, selective deletion of GABARg receptors from dopamine neurons
affects behavioral response to cocaine but not morphine.t9 In spite of insensitivity of
GABAg inhibition to acute morphine, these two inhibitory NAc projections to the VTA
(either disinhibiting dopamine neurons via GABAA receptors on VTA GABAergic neurons
or directly inhibiting dopamine neurons via GABAg receptors) may be differentially
targeted by chronic morphine. For example, it is possible that opiate withdrawal selectively
potentiates direct GABAR inhibition of dopamine neurons from this pathway, then
contributing to hypoactivity of VTA dopamine neurons during aversive withdrawal states.
On the other hand, if disinhibition of dopamine neurons via GABA, receptors is favored by
opiates, this would promote bursts of dopamine release in response to opiates or opioid-
associated cues, possibly triggering craving and relapse. Adding to this complexity of VTA
microcircuits is the differential opioid receptor expression within the VTA which results in
independent opioid-modulation of dopamine release in NAc and PFC that is regulated
through MOR and KOR activation on different subpopulation of VTA dopamine and
GABAergic neurons.5%-63 See ref 22 for further comprehensive discussion on opioid
regulation of dopamine release.

ACUTE OPIATE-INDUCED PLASTICITY IN THE VTA

Glutamatatergic and GABAergic synaptic transmissions are key components of the
regulation of dopamine cell activity in the VTA and are known to play important roles in
pathological drug-seeking behavior. Not surprisingly, acute morphine administration
increases dopamine cell activity by triggering changes in synaptic strengths (i.e., synaptic
plasticity) of glutamatergic and GABAergic synapses onto VTA dopamine neurons (Box 2).

Opiates and Glutamatergic Synaptic Plasticity in the VTA

Activation of glutamatergic input via AMPA and NMDA receptors expressed on dopamine
neurons increases dopamine release. In fact, activation of pyramidal neurons of the PFC in
vivo has been shown to promote bursting of VTA dopamine neurons.84 Other glutamatergic
inputs to VTA dopamine neurons emanate from LDTg, lateral hypothalamus, and bed
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nucleus of stria terminalis (BNST).20 It is well documented that a single in vivo injection of
morphine in rats increases the AMPA/NMDA ratio in VTA dopamine neurons (reflecting an
induction of glutamatergic long-term potentiation, LTP) and promotes the insertion of
GIuA2 subunit-lacking calcium-permeable AMPA receptors at this synapse 24h after the
treatment.#550.65 Several forms of glutamatergic long-term depression (LTD) have also been
described in the VTA,37:66-70 pyt it is yet to be determined whether these forms of activity-
dependent glutamatergic plasticity are also targeted by opiates.

Opiates and GABAergic Synaptic Plasticity in the VTA

Regarding inhibitory plasticity, acute morphine acts on MOR to inhibit a form of presynaptic
NMDA receptor-dependent GABAergic LTP (LTPgaga) by perturbing nitric oxide (NO)-
guanylate cyclase signaling 24 h after treatment.0.71 Similar to addictive drugs, acute stress
induces a similar neuroplasticity in the VTA (induction of glutamatergic LTP and inhibition
of LTPgaga in VTA dopamine neurons),’273 highlighting the role of stress in facilitation of
drug reinstatement and relapse through priming synapses for further long-lasting drug-
induced plasticity. Intriguingly, exposure to stress seems to inhibit LTPgaga through a
MOR-independent mechanism that involves KORs. In vivo administration of a KOR
inhibitor rescues LTPgaga in stressed animals.”2 Moreover, constitutive activation of KOR
following stress is required for maintaining the block of LTPgapa and for stress-induced
reinstatement of cocaine-seeking.”4 These studies emphasize the need for future
investigations on the role of endogenous dynorphin (from NAc MSNs to the VTA) and
KORs in opioid abuse and opiate-induced plasticity. Morphine is also able to modulate a
form of postsynaptic LTD (LTDgaga) at GABAergic synapses onto VTA dopamine
neurons. LTDgaga is expressed postsynaptically, dependent on D2 dopamine receptor
activation, and requires the postsynaptic scaffolding A-kinase anchoring protein 79/150
(AKAP79/150) signaling complex which selectively regulates GABAergic synaptic
transmission and strength through interaction with protein kinase A (PKA), and calcineurin.
49.75 Generally, AKAP binding to PKA promotes insertion and stabilization of receptors at
the synapse while calcineurin-induced dephosphorylation of receptors increases endocytosis
and removal of receptors from the synapse. Similar to LTPgaga, morphine attenuates
LTDgaga 24 h following a single injection.#® Our most recent data now suggest that
morphine per se depresses GABAergic synaptic transmission onto VTA dopamine neurons
both pre and post-synaptically.>? While the absence of LTDgaga that we observed after
morphine administration may be related to an occlusion of this form of plasticity (due to
prior morphine-induced reduction in postsynaptic GABAergic transmission),
endocannabinoid (eCB) signaling seems to be involved in the decreased GABA release onto
VTA dopamine neurons after morphine.>0

There is also a strong possibility for a morphine-induced metaplasticity in which the
morphine experience primes and modifies the subsequent induction of activity-dependent
synaptic plasticity at both glutamatergic and GABAergic synapses onto VTA dopamine
neurons. The concept of metaplasticity refers to plasticity of synaptic plasticity where
capability of synapses to express subsequent LTP or LTD in response to induction protocols
will be altered after exposure to a prior experience such as stress or drug experience. We
have been able to demonstrate GABAergic metaplasticity in VTA dopamine neurons
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triggered by a severe early life stress event. GABAergic synapses onto VTA dopamine
neurons are able to exhibit a physiological Hebbian form of plasticity, spike-timing
dependent plasticity (STDP, including both LTP and LTD, Box 2, Figure 1) in VTA
dopamine neurons. STDP requires NMDA receptor activation and is dependent on the
AKAP150 signaling complex similar to LTDgaga.’% 77 Interestingly, a single 24 h episode
of maternal deprivation as a severe early life stress (which is known to significantly increase
vulnerability to drug addiction) induces LTD and shifts STDP toward LTD at GABAergic
synapses onto VTA dopamine neurons through epigenetic modifications of the AKAP
scaffolding protein.”” Long-term changes in brain structure and plasticity that accompany
exposure to drugs of abuse and severe stress require alterations in gene regulation. Both
stress and addictive drugs are most likely enacting such transcriptional changes via
epigenetic mechanisms. Such mechanisms including histone lysine-tail acetylation alter
gene expression in neurons and are required for neuroplasticity underlying memory
formation.”879 We also found that histone deacetylase (HDAC) inhibition rescues
GABAergic metaplasticity and restores normal AKAP signaling in maternally deprived rats,
suggesting that early life stress-induced neuroplasticity in the VTA involves HDACs in the
triggering of long-lasting GABAergic synaptic abnormalities and dopamine dysfunction that
underlie susceptibility to addiction.”” Interestingly, acute morphine also increases HDAC2
expression and activity in VTA dopamine neurons and reduces histone H3 acetylation at
lysine 9 (Ac-H3K?9) in the VTA. Moreover, acute morphine-induced plasticity at both gluta-
matergic and GABAergic synapses can be reversed by HDAC inhibition with an associated
increase in acetylation of histone H3K9.%0 Our results suggest that acute morphine- and
early life stress-induced changes in VTA dopamine activity and synaptic plasticity engage
HDAC?2 activity locally in the VTA to maintain synaptic modifications through histone
hypoacetylation (Figure 2). Whether morphine acting similarly to early life stress affects
GABAergic STDP and induces metaplasticity in VTA synapses through changes in
AKAP150 expression and signaling has yet to be determined. Moreover, transcriptional
modulation of mechanisms governing AMPA and GABA, receptor trafficking in VTA
dopamine neurons for maintenance of morphine- and stress-induced plasticities is
completely unknown and merits further investigation. Orexin/hypocretin signaling in the
VTA is also required for acute morphine-induced plasticity of dopamine neurons,
representing another novel mechanism that may be subjected to epigenetic modifications by
opioids.5°

Taken together, it is clear that opioids and opiates target synaptic strength of glutamatergic
and GABAergic synapses in the VTA and even their short-term actions result in long-lasting
synaptic changes in this brain area that might significantly affect the susceptibility of
synapses to further drug-induced plasticity with repeated exposures to drugs and stress. This
in turn could result in persistent dysfunction of dopamine signaling from the VTA
underlying many of the features of opiate addiction (Box 2).

CHRONIC OPIATE-INDUCED PLASTICITY IN THE VTA

Unfortunately, since our last review on the topic of opiate-induced plasticity in 2011,12 there
is a serious lack of experimental data on the chronic effects of opiates on activity-dependent
forms of synaptic plasticity (LTP, LTD, or STDP) at glutamatergic or GABAergic synapses
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in the VTA and other motivational brain circuits. Nevertheless, many similarities have been
recognized between neuroadaptations in opioid dependence and withdrawal and the neural
correlates of opiate-seeking and relapse.8%-87 In this section, we will integrate and analyze
some of the most recent data on opiate dependence, withdrawal, and addiction from a
synaptic perspective to highlight how these opiate-induced synaptic modifications may
underlie opiate addiction.

Based on the extensive literature on opiate dependence and withdrawal, it seems that chronic
opiates potently influence glutamatergic and GABAergic function, and structural plasticity
in the VTA through myriad interconnected processes, with the final outcome of decreased
excitability of dopamine neurons underpinning aversive opiate withdrawal.

Opiates and Glutamatergic Synaptic Plasticity in the VTA

Withdrawal from a repeated morphine exposure results in increased AMPA receptor GIuAl
subunit expression as well as increased NMDA receptor expression in the VTA, although it
is assumed that depolarization-induced blockade following an excessive excitation of VTA
dopamine neurons would decrease the activity of dopamine neurons and consequently
diminish dopamine release.88 Morphine withdrawal also reduces presynaptic glutamate
release onto VTA dopamine neurons through a metabotropic glutamate receptor, mGIuR I1-
mediated mechanism.89

Opiates and GABAergic Synaptic Plasticity in the VTA

One of the most common forms of plasticity associated with chronic opiates is an increase in
presynaptic GABA release on VTA dopamine neurons.12 Recent advances in optogenetic
interrogation of neuronal circuitries and the availability of promoter driven Cre mouse and
rat lines have begun to help addiction researchers to investigate the specific contributions of
different synaptic inputs to the VTA and further delineate mechanisms underlying drug-
induced plasticity in distinct VTA neural circuits. Importantly, engineering of new variants
of channelrodopsins with the ability to activate individual synaptic inputs at higher
frequencies is under way and will be instrumental for optical induction of synaptic plasticity
for addiction-related studies. In fact, a recent study by Lischer’s laboratory used retrograde
tracing and optogenetics in transgenic mice to demonstrate the induction of an inhibitory
plasticity at a distinct NAc inhibitory synapse onto VTA dopamine neurons following
repeated exposure to cocaine in vivo. In this study, the authors have been able to induce a
presynaptic LTP in response to high frequency optical stimulation of NAc D1-MSN
GABAergic terminals onto VTA GABA neurons (iLTP at GABA synapses).?0 This
plasticity is dependent on D1 receptor activation of the cyclic adenosine monophosphate-
protein kinase A (CAMP-PKA) cascade. Repeated exposure to cocaine occludes iLTP
suggesting that cocaine selectively induces this synaptic potentiation increasing GABA
release from NAc D1-MSN GABAergic terminals onto VTA GABAergic neurons. This in
turn results in long-lasting disinhibiton of dopamine neurons by cocaine thereby increasing
firing of dopamine neurons which then facilitates the induction of locomotor sensitization
and occludes CPP by cocaine.0 As mentioned earlier, there are two distinct inhibitory NAc
projections from D1MSNSs to the VTA which can result in either disinhibiton of dopamine
neurons via GABA, receptors (this is where iLTP has been studied) or direct inhibition of
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dopamine neurons via GABAg receptors.89 Whether chronic opiates act similarly or
differently compared to cocaine in induction of iLTP at NAc D1-MSN GABA Synapses
onto VTA GABAergic is worth pursuing. Interestingly, KOR activation appears to have a
strong influence on the function of D1 and D2MSNSs in the NAc. Bonci’s team recently
demonstrated a pathway-specific modulation of glutamatergic afferents to the NAc by
KORs.21 They showed that a KOR agonist is able to induce LTD at glutamatergic synapses
originating from the basolateral amygdala in the NAc. This LTD occurs on DIMSNSs. On the
other hand, KOR activation modulates synaptic transmission between MSNs, preferentially
inducing LTD of inhibitory synapses onto D2MSNs from D1MSN collaterals. Overall, this
pathway-and cell-specific KOR activation results in a change in the excitatory/inhibitory
balance toward inhibition of D1MSNSs and disinhibiton (excitation) of D2MSNs.%! This
could then affect the inhibitory drive from NAc to the VTA (i.e., GABAA or GABAg
signaling on GABAergic interneurons or dopamine neurons of the VTA, respectively).
Whether acute or chronic exposure to opiates differentially dysregulates KOR signaling
within the NAc and disrupts LTD at these distinct glutamatergic inputs onto D1 and
D2MSNs is an important question, given that each of these distinct NAc-VTA circuits
encode opposite motivational aspect of behavior (i.e., in general the D1 pathway seems to
mediate positive reward while the D2 pathway encode negative reinforcement and
aversion92). Most of the synaptic plasticity described above (e.g., glutamatergic LTP,
LTDgaBA, LTPgaBA, inhibitory STDP) have been studied at synapses onto presumably
dopamine neurons that project mainly to the shell of NAc (based on their anatomical
location and physiological characteristics).*0:4%:77 Future optogenetic studies will enable us
to verify whether these distinct inputs onto different subpopulation of VTA neurons are able
to exhibit different forms of activity-dependent plasticity and how opiates would modulate
the plasticity in a cell- and pathway-specific manner. Finally, it is important to bear in mind
that drug-induced plasticity seems to be transient when the route of administration is passive
even in response to repeated drug exposures,®3 urging the field of addiction research to also
incorporate robust and translationally relevant animal models of addiction such as rodent
opioid self-administration for future studies of drug-induced plasticity.

Opiates, BDNF Signaling, and Structural Plasticity in the VTA

Consistent with the decreased activity of dopamine neurons during morphine withdrawal, a
reduction in the size of dopamine neurons mediated through downregulation of the insulin
receptor substrate 2 (IRS2)-thymoma viral proto-oncogene (Akt) signaling pathway in the
VTA has been observed.?* This opiate-induced structural plasticity can be reversed by intra-
VTA infusion of brain-derived neurotrophic factor (BDNF)% suggesting that the disruption
of BDNF signaling by opiates may be responsible for the structural changes in the VTA.
This is not surprising as BDNF can positively modulate neuronal excitability, and synaptic
transmission and expression is rapidly enhanced by neuronal activity.% Increased BDNF
signaling within the VTA could reverse opiate withdrawal-induced structural plasticity (VTA
dopamine neuron shrinkage) and restore VTA dopamine activity. On the other hand, opiate-
induced neuroplasticity may be supported by local VTA BDNF signaling since upregulation
of BDNF expression is a common finding after the administration of many drugs of abuse in
the mesolimbic system particularly during prolonged drug withdrawal 9798 Consistently,
recent work from van der Kooy’s team suggests that opiate withdrawal increases BDNF
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signaling and that the BDNF-induced neuronal plasticity mediates the aversive state of
withdrawal. The authors demonstrate that local knockdown of the expression of BDNF
receptor tropomyosin-receptor-kinase type B (TrkB) in the VTA blocks the shift from
inhibitory to excitatory GABA, receptor signaling on GABAergic VTA neurons induced by
chronic opiate administration and withdrawal suggesting a critical role for BDNF signaling
in the establishment of an opiate-dependent state and aversive withdrawal motivation.%°
However, Nestler’s team discovered a counteractive and opposite role for BDNF where
suppression of BDNF-TrkB signaling in the VTA promotes the rewarding effects of
morphine through changes in K* channel expression and VTA dopamine neuron excitability.
100 gignificant differences in experimental procedures and levels of localized knockdown of
BDNF and its receptor (which are not specific to VTA dopamine or GABAergic neurons in
both studies) in addition to different behavioral paradigms and the heterogeneity of
dopamine neuron populations in the VTA may explain the discrepancy. In line with the idea
of VTA BDNF as a negative modulator of drug-induced reward,1%0 a recent work identified
a novel mechanism involving chronic opiate activation of microglial-BDNF-TrkB signaling
in the VTA augmenting inhibition of VTA dopamine neurons and blunting the rewarding
effects of cocaine in opioid-dependent animals through a reduction in the expression and
function of the KCI cotransporter KCC2 within VTA GABAergic neurons.191 Taken
together, these studies highlight the potential importance of local BDNF signaling in the
VTA in chronic opiate-induced plasticity that underlie negative and positive motivational
aspects of opiate addiction. In spite of the critical role of BDNF in induction and
maintenance of synaptic plasticity and in opiate addiction, evidence for modulation of
BDNF signaling in different forms of activity-dependent synaptic plasticity (LTP, LTD, and
STDP) in the VTA in response to morphine and other drugs of abuse is lacking.

CONCLUSION

In this review, we have attempted to highlight the literature regarding synaptic modifications
induced by opiates and how these neuroadaptations contribute to long lasting changes in the
VTA circuitry. Various synaptic and epigenetic mechanisms are targeted by opiates in the
VTA. Studying the interaction of different forms of plasticity and their link to the genesis of
addictive behavior in response to opiates is going to be a critical goal of future studies. The
development of circuit based approaches such as optogenetic manipulations and the study of
the link between plasticity and epigenetic modifications will allow further understanding of
the precise mechanisms underlying drug and opiate addiction.
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Box 1. Opioid Receptors

In general, opiate drugs and endogenous opioids act through Ithree main G protein
coupled receptors: mu- (MOR), delta-(DOR), and kappa-(KOR) opioid receptors.
Activation of opioid receptors typically results in opening of potassium channels such as
G protein inwardly rectifying K* channels (GIRKS), inhibition of calcium channels,
inhibition of adenylyl cyclase, and inhibition of neurotransmitter release. The effects of
opiates are mediated through the GTP-bound form of the alpha-subunit as well as free
beta/gamma-subunits of these G protein coupled receptors.
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Box 2. Synaptic Plasticity and Dopamine Cell Activity

Synaptic plasticity as the cellular substrate of learning can be experimentally triggered
using traditional induction paradigms (e.g., high or low frequency stimulation) or in
response to near-coincident pairing of pre- and postsynaptic cell activities (i.e., spike
timing dependent plasticity, STDP). Two best studied forms of synaptic plasticity are
long-term potentiation (strengthening of synapses, LTP) and long-term depression
(weakening of synapses, LTD). Almost every synapse in the brain including
glutamatergic and GABAergic synapses are capable of exhibiting LTP and LTD. In
general, expression of synaptic plasticity can be at presynaptic or postsynaptic loci. This
means that plasticity can be expressed presynaptically by changes in the release of
neurotransmitter from presynaptic terminals (e.g., increased GABA release in LTPgaga)
or postsynaptically through changes in the number or conductance of postsynaptic
receptors (e.g., an increased AMPA/ NMDA ratio as glutamatergic LTP). An induction of
glutamatergic LTP and/or GABAergic LTD in VTA dopamine neurons will promote
dopamine cell activity and increase dopamine release in VTA projection areas. On the
other hand, an induction of glutamatergic LTD and/or GABAergic LTP in VTA dopamine
neurons will dampen dopamine cell excitability and decrease dopamine release from the
VTA Drugs of abuse including opiates can modulate dopamine release through induction
of these different forms of plasticity.
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Figure 1.
Expression sites of plasticity at glutamatergic and GABAergic synapses onto VTA dopamine

neurons indicated as 1-4.
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Figure 2.
Epigenetic mechanisms supporting morphine-induced synaptic modifications in the VTA.

Acute morphine increases HDAC2 activity in VTA dopamine neurons and reduces histone
H3 acetylation at lysine 9 (Ac-H3K?9) in the VTA 24 h following the injection. Morphine-
induced synaptic changes at glutamatergic synapses involves eCB signaling to reduce
GABAergic synaptic strength onto VTA dopamine neurons. Both plasticities can be
recovered by a class | specific HDAC inhibitor (HDACI), through an increase in acetylation
of histone H3K?9. Epigenetic and synaptic modifications induced by morphine can promote
dopamine neuron hyperexcitability, thereby increasing dopamine release in NAc. AKAP150
signaling controls the opposing effects of PKA and calcineurin (CaN) on GABA, receptor
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trafficking in the VTA. We assume that AKAP is a target for HDAC2-mediated
transcriptional changes. Tilted L means inhibition. DA, dopamine; Ac, acetyl group; HDAC,
histone deacetylase; HAT, histone acetyltransferase.
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