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Abstract

Cocaine exposure causes enduring neuroadaptations in ventral striatum, or nucleus accumbens
(NAC), an area critically involved in reward learning and relapse of drug seeking. Medium spiny
neurons (MSNSs) in striatum are dichotomous in their expression of either D1 or D2 dopamine
receptors, along with other receptors and neuropeptides. In dorsal striatum, these two
subpopulations show non-overlapping innervation of distinct terminal fields via the direct or
indirect pathways. However, NAc D1-MSNs and D2-MSNs are not fully segregated in this
manner, with both cell types innervating ventral pallidum. Recent studies show that D1-MSNs and
D2-MSNs play opposing roles in cocaine-associated behaviors. Further, cocaine induces
differential adaptations in these two subpopulations in NAc, including changes to synaptic
plasticity, glutamatergic signaling, and spine morphology.

Introduction

Long-lasting drug-induced neuroadaptations in ventral parts of striatum, or nucleus
accumbens (NAc), are thought to contribute to the development of addiction and enduring
relapse vulnerability that characterizes the disease[1]. Recent studies have focused on
identifiying cocaine-induced adaptations that are distinct between the two classes of striatal
medium spiny neurons (MSNs) defined by differential expression of D1 and D2 dopamine
receptors. These subpopulations of D1-MSNs and D2-MSNs were originally characterized
in dorsal striatum as belonging to either the direct pathway, with projections to substantia
nigra (SN) and internal globus pallidus (entopeduncular nucleus in rodents), or the indirect
pathway, with projections to external globus pallidus (globus pallidus in rodents)[2].
However, projections from NAc may not be segregated in this manner, as both cell types
have overlapping projections to ventral pallidum (VP). VP functions as both an output and
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intrinsic structure of the basal ganglia, so NAc afferents are not easily characterized as direct
or indirect in the classical sense of the terminology. We will review recent studies on
cocaine-induced adaptations in NAc D1-MSNs and D2-MSNs, and discuss how these cell
populations might contribute to cocaine seeking.

Role for striatum-based learning in cocaine seeking

Learning mechanisms within the basal ganglia are governed by parallel striatal systems,
along with their cortical, limbic, and dopaminergic inputs, and the persistent relapse
vulnerability plaguing drug addicts has been attributed to dysregulated prefrontal cortical
control over basal ganglia-based learning processes[3]. The dorsomedial striatum (DMS)
and dorsolateral striatum (DLS) are critical for goal-directed and habitual responding,
respectively, and continued training on an instrumental task, such as drug self-
administration, is thought to transition behavioral strategies from goal-directed to
habitual[4]. As such, DLS is necessary for cocaine seeking following extinction or
abstinence[5-6]. The ventral striatum, or NAc, is composed of shell and core compartments
and plays a critical role in Pavlovian and instrumental learning and modulating task
performance. Medial prefrontal cortex (mPFC) glutamatergic afferents to NAc core regulate
reinstated cocaine seeking, especially after extinction training[1,7]. Although the NAc shell
is involved in initial cocaine reinforcement, its role in subsequent drug seeking is unclear, as
pharmacological manipulation of this structure can promote or suppress reinstated cocaine
seeking[8-9]. Altogether, these studies indicate that different striatal regions play diverse
and critical roles in cocaine-related behaviors.

D1-MSNs and D2-MSNs in relation to direct and indirect pathways

GABAergic projection neurons, or MSNs, comprise 90-95% of the striatal neuronal
population. MSN projections to basal ganglia nuclei that innervate non-basal ganglia regions
are classified as the direct pathway, whereas MSNs projecting to nuclei that innervate other
basal ganglia structures compose the indirect pathway because they employ a multisynaptic
circuit before leaving the basal ganglia[2]. MSNs are canonically divided into two
subpopulations based on their projections, peptide co-transmitters and dopamine
receptors[2]. D1-MSNs also express M4 cholinergic receptors, dynorphin, and substance P,
whereas D2-MSNs co-express A2a adenosine receptors, enkephalin, and neurotensin (Figure
1)[2,10]. In dorsal striatum, D1-MSN axons course a direct pathway to output nuclei of the
basal ganglia, including the entopeduncular nucleus (EP) and SN. D2-MSNs project to
globus pallidus (GP) and reach output nuclei via an indirect, multisynaptic circuit that
includes subthalamic nucleus[2].

This discrete separation of D1-MSNs in the direct pathway and D2-MSNs in the indirect
pathway does not necessarily apply in NAc. Retrograde tracer studies show that both D1-
MSNSs and D2-MSNs in NAc project to VP, whereas D1-MSNs alone project to ventral
mesencephalon output structures (SN and ventral tegmental area, VTA)[11-12]. NAc
pathways are segregated in that NAc core projects to dorsolateral VP (dIVVP) and SN, and
NAc shell to ventromedial VP (vmVP) and VTA (Figure 2c)[12-14], and Figure 2a,b shows
these segregated pathways are rich in both D1-MSN and D2-MSN fibers. Although some
neuropeptides show differential densities in these VP regions, the VP contains overlapping
neuropeptide-expressing fibers from D2-MSNs (enkephalin higher in dIVP and neurotensin
in vmVP) and D1-MSNs (substance P and dynorphin in dIVVP and vmV/P), unlike the
GP[12,14-15]. MSN projections to VP may constitute both a direct and indirect pathway
because VP functions as both an intrinsic and output structure of the basal ganglia (Figure
2c). Akin to the indirect pathway associated with GP, vmV/P projects to VTA while dIVP
projects to SN and subthalamic nucleus[13,16]. However, like the direct pathway associated
with EP, vmVP (and to a lesser extent dIVP) also projects to mediodorsal thalamus (MD)
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[16-18]. Although the topography of D1 and D2 afferents relative to these projecting
neurons in VP decreases the likelihood, it remains possible that D1-MSNs, and not D2-
MSNSs, synapse exclusively onto VP neurons that project to MD, thereby retaining NAc D1-
MSNSs and D2-MSNs synonymy with the direct and indirect pathways. Future studies are
necessary to test this possibility.

Roles for D1-MSNs and D2-MSNs in drug-associated behaviors

Recent investigations have begun exploring the contributions of D1-MSN and D2-MSN cell
populations in NAc to cocaine-associated behaviors, and how cocaine-induced
neuroadaptations specific to the cell types might underlie long-lasting relapse vulnerability.
Acute or chronic administration of cocaine causes a host of cellular responses that are often
specific to D1-MSNs and D2-MSNSs, as reviewed recently[19]. While it is known that these
cell types act in opposing directions to control movement, their roles in learning have only
recently been explored. In a visual cue-guided plus maze, NAc (core+shell) D1-MSNs are
critical for acquiring reward-based learning, and D2-MSNs needed for updating a response
when the learning strategy is shifted[20**]. Opposing roles for the cell types in learning is
further supported by the finding that selective optogenetic stimulation of D1-MSNs in DMS
induces persistent reinforcement, while stimulating D2-MSNs causes transient
punishment[21].

In terms of drug-associated behaviors, intra-NAc core injections of the A2a receptor agonist
CGS 21680, which specifically targets D2-MSNs, reduces reinstatement of cocaine seeking
elicited by cocaine or the D2 agonist quinpirole[22]. Loss of M4 cholinergic receptors
selectively in D1 receptor-expressing cells causes enhanced hyperlocomotion and
sensitization to psychostimulants, due to enhanced excitability when M4 receptors are
unable to oppose D1-mediated cAMP stimulation[23]. In contrast, loss of the NR1 subunit
of NMDA receptors in D1-MSNs attenuates amphetamine sensitization, and this effect is
reversed by restoring NR1 largely in NAc core or by removing NR1 from D2-MSNs as
well[24]. Finally, knockdown of mGIuR5 only in D1-expressing neurons is sufficient to
reduce cue-induced reinstatement in mice, while having no effect on cocaine intake[25**].
This reveals that a balance between the two subpopulations is likely necessary for normal
behavior.

Differential involvement of these two cell types in drug-related behaviors is also seen using
cell-specific promoters to drive expression of targeted toxins, light-activated channels
(optogenetics), or designer receptors exclusively activated by designer drugs (DREADDS).
These techniques have certain advantages over knockout models, including selective
induction in adulthood, use in rats, and the fact that many manipulations are transient and
reversible. Relevant studies show that D1-MSNs in NAc core, shell, or DMS are involved in
the development of cocaine or amphetamine place preference and sensitization, whereas D2-
MSNs oppose these behaviors[26*,27*,28*,29*]. These studies indicate that NAc D1-MSNs
play an important role in acquisition of drug-related learning, and that D2-MSNs need to be
simultaneously inhibited. However, there are few investigations to date with selective
manipulation of D1-MSNs or D2-MSNs in animals models of drug relapse, and given the
prepotent role of cortical and allocortical glutamatergic inputs to NAc in these models, as
well as differences in glutamatergic influence on D1-MSNs and D2-MSNs, it is difficult to
predict specific roles played by the two types[1,30].

Synaptic plasticity in D1-MSNs and D2-MSNs

Cocaine induces long-term adaptations in plasticity at glutamatergic synapses including
long-term potentiation (LTP) or long-term depression (LTD), which are proposed to be the
cellular substrates of learning and memory[31]. The exact magnitude of dopamine's
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influence on corticostriatal synaptic plasticity remains unclear, as some studies indicate that
dopamine simply modulates plasticity while others point to an important role for dopamine
receptor signaling in bidirectional plasticity[32*]. Recent investigations using BAC
transgenic mice that express GFP specifically in D1- or D2-expressing neurons find that, in
D1-MSNs, D1 receptor signaling appears to be involved in initiating LTP or mGIuR5-
dependent LTD[33-34,35*]. In contrast, synaptic plasticity in D2-MSNs is controlled by a
balance between D2 and A2a receptor signaling[33,35-36].

Transgenic D1-GFP and D2-GFP mice have also been used to study cocaine-induced
neuroplasticity. Following noncontingent cocaine administration, one study found impaired
LTP selectively in D1-MSNs of NAc core and shell, and enhanced LTD in all neurons in
shell[37]. However, other studies not distinguishing between D1-MSNs and D2-MSNs find
that loss of LTD in PFC-NAc core synapses is associated with loss of mGIuR5 function, and
is observed following extinction but not abstinence in the self-administration
paradigm[38-39,40**]. In a more rigorous self-administration model that classifies rats by
addiction liability, only addiction vulnerable rats, and not resistant rats, show a long-lasting
loss of NMDAR-dependent LTD in NAc core after extended self-administration (>50 days)
[41]. Vulnerable rats also show reduced expression in dorsal and ventral striatum for genes
encoding synaptic plasticity-associated proteins (e.g., mTOR, Arc) and D1 and D2
receptors[42*]. Therefore, continued loss of LTD may be critical for addiction vulnerability,
or it may be that loss of LTD accompanies the milieu of long-lasting adaptations that
contribute to impulsive drug seeking in vulnerable rats.

More studies have examined selective involvement of D1-MSNs and D2-MSNss in the long-
lasting increases to dendritic complexity, spine density, and/or spine head diameter observed
following cocaine exposure[43]. A majority of studies finds increased spine density
throughout striatum specifically in D1-MSNs following cocaine withdrawal[44-47].
Cocaine-induced morphological alterations in D1-MSNs in NAc shell are accompanied by
decreased membrane excitability, increased frequency of excitatory currents, and decreased
frequency of inhibitory currents, while D2-MSNs show decreased frequency of excitatory
currents[47]. However, future studies are needed to investigate morphological plasticity in
D1-MSNs and D2-MSNs after cocaine self-administration, and to determine the functional
implications to electrophysiology and behavior. For example, it has recently been shown
that Rho signaling and actin polymerization modulate both morphological and behavioral
changes induced by cocaine, and it is unknown if these molecular mechanisms occur
predominantly in D1-MSNs or D2-MSNs[48-50].

Cocaine-induced alterations in glutamate transmission

Most of the recent studies investigating cocaine-induced adaptations in NAc glutamate
transmission, such as increases in AMPA receptors, synaptic release probability, or glial
regulation of extracellular glutamate at mGIuRs, have not focused on the relative
contribution of D1-MSNs and D2-MSNs and have been reviewed elsewhere[51-52].
However, one set of new data may be linked to D1-MSNs. Glutamatergic synapses where
only NMDAR-mediated currents can be detected, or silent synapses, are fertile substrates for
experience-dependent synaptic plasticity[53]. During early withdrawal from noncontingent
cocaine, silent synapses form in NAc shell via insertion of GIuUN2B-containing NMDARs
[54]. GIuN2B insertion is CREB-dependent, and selective antagonism of GIUN2B in NAc
shell prevents the acquisition of locomotor sensitization[55]. In Fos-GFP mice, MSN
ensembles in NAc shell that are strongly activated by cocaine (GFP+) display enhanced
silent synapses that persist following 6-11 days of withdrawal[56*]. These silent synapses in
GFP+ cells are not associated with increased NR2B expression, indicating that they were
instead formed either via AMPAR removal or synaptogenesis[56]. Strongly activated GFP+
cells are critical for cocaine sensitization, indicating that silent synapse formation is an
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important mechanism underlying contextual learning for cocaine[57]. Given that cocaine-
induced expression of Fos occurs predominantly in D1-MSNs, it seems likely that these
silent synapses are located on D1-MSNSs[58].

Conclusions and future directions

Several cellular and molecular adaptations have been found to contribute to cocaine-induced
neuroplasticity, including changes in NAc glutamatergic transmission, synaptic plasticity,
and dendritic spine morphology. In some instances, cocaine-induced adaptations have been
shown to selectively occur in either D1- or D2-type MSNSs, and in this regard, adaptations
induced in D1-MSNs appear more frequent than in D2-MSNs. However, the majority of
studies to date have measured adaptations following noncontingent cocaine. While it
remains unknown if cell type-selective effects exist in models of relapse, D2-MSN
adaptations are likely to be equally important because enkephalin release in VP critically
regulates reinstatement-associated cocaine seeking and changes in GABA release[59]. Thus,
a history of cocaine self-administration most likely causes distinct adaptations in D1-MSNs
and D2-MSNs, and this imbalance disrupts the translation of cortical and allocortical
glutamatergic inputs into motivated drug seeking. Importantly, with the advent of D1-MSN
and D2-MSN selective transgenic mice and viral transfection of DREADDSs and opsins, the
field is beginning a thorough examination of the differential and overlapping roles played by
these two cell types in relapse. These technologies will also help to describe the importance
of different output pathways of NAc, so that the contributions of D1-MSN and D2-MSN
subpopulations to direct and indirect pathways can be fully characterized.
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Figure 1.

D1 and D2 dopamine receptor-expressing medium spiny neurons (MSNSs) in nucleus
accumbens (NAc) with co-localized receptors and neuropeptides. For each, a single
dendritic spine is shown in the magnified box to indicate which receptors are present and
their overall effect on neuronal excitability. In addition to dopamine receptors (D1, D2),
MSNs express metabotropic glutamate receptors (mGIuR5), adenosine receptors (A1, A2a)
and cholinergic receptors (M4).
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Figure 2.

Output pathways of NAc D1-MSNs and D2-MSNs. A. Micrograph of projections from D1-
(red) and D2-expressing cells (green) in D1-tdTomato x D2-GFP transgenic mice
demonstrates that both MSN types in nucleus accumbens (NAc) project to ventral pallidum
(VP), while D1-MSNs also terminate in midbrain (substantia nigra, SN, shown in this
section, and ventral tegmental area, VTA, not shown). In contrast, dorsal striatal (dStr) D1-
MSNs and D2-MSNs send distinct projections through the direct and indirect pathways.
Output to the entopeduncular nucleus (EP) and SN is entirely from D1-MSNs, whereas the
indirect projection to the globus pallidus (GP) is from D2-MSNs. B. While minimal co-
localization is observed in NAc D1-MSNs and D2-MSNs, both MSNSs terminate directly in
VP. C. Diagram illustrating the overlap of D1- and D2-MSN projections to VP, with the
NAC core projecting to dorsolateral (dIVVP) and the shell innervating the ventromedial
compartment (vmVP). The dIVVP projects to the subthalamic nucleus (STN) and SN (solid
red lines), with minor contributions to mediodorsal thalamus (MD, dashed red line). The
vmV/P projects within the basal ganglia to VTA and out of the basal ganglia to MD (solid
black lines). Unlike the NAc projection to VP, NAc innervation of the ventral
mesencephalon is entirely a direct pathway and contains axons from D1-MSNs only.
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