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a  b  s  t  r  a  c  t

The  striatum  has  been  involved  in  complex  behaviors  such  as  motor  control,  learning,  decision-making,
reward  and  aversion.  The  striatum  is mainly  composed  of medium  spiny  neurons  (MSNs),  typically
divided  into  those  expressing  dopamine  receptor  D1, forming  the  so-called  direct  pathway,  and  those
expressing  D2  receptor  (indirect  pathway).  For decades  it has been  proposed  that  these  two  popula-
tions  exhibit  opposing  control  over  motor  output,  and  recently,  the same  dichotomy  has  been  proposed
for  valenced  behaviors.  Whereas  D1-MSNs  mediate  reinforcement  and  reward,  D2-MSNs  have  been
associated  with  punishment  and  aversion.

In this  review  we  will  discuss  pharmacological,  genetic  and  optogenetic  studies  that  indicate  that
there  is still  controversy  to what  concerns  the role  of  striatal  D1- and  D2-MSNs  in this  type  of  behaviors,
highlighting  the  need  to reconsider  the early  view  that  they  mediate  solely  opposing  aspects  of  valenced
ucleus accumbens
orsal striatum
1 dopamine receptor
2 dopamine receptor
esolimbic
igrostriatal

behaviour.
©  2016  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

For decades, researchers have been trying to dissect the role
f striatal neurons in reward and reinforcement, and more lately

n aversion and punishment. The study of the circuits underly-
ng these behavioural dimensions is particularly relevant to better
nderstand the basis of addiction and mood disorders, namely
epression. For example, imaging studies showed that discrete
ircuits that are dependent on key elements such as the ventral
egmental area (VTA) and the ventral striatum suffer deep neu-
onal and structural changes in addicted individuals (reviewed by
oob and Volkow, 2010). Likewise, patients with mood disorders
isplay reduced nucleus accumbens (NAc) volume and activation
Baumann et al., 1999; Heller et al., 2009). Moreover, animal studies
ave shown that different striatal populations contribute differ-
ntly for depressive-like behaviour (Francis et al., 2015).

The development of new transgenic animal models and sophis-
icated tools such as optogenetics has provided key insights on the
ole of striatal neurons in behaviour but also raised some questions
bout the interpretation of earlier pharmacological and lesion stud-
es. For more than 30 years it is hypothesized that medium spiny
eurons (MSNs) expressing dopamine receptor 1 (D1R, D1-MSNs)
r expressing dopamine receptor 2 (D2R, D2-MSNs) exert oppos-

ng control over motor output. Recently, this hypothesis has been
xtended, proposing that D1-MSNs mediate reinforcement and
eward, whilst D2-MSNs mediate punishment and aversion. D1-
nd D2-MSNs have been classically associated with the basal gan-
lia direct and indirect pathways, respectively, based on the studies
howing segregation of these neuronal populations into distinct
ircuits. Yet, more recent anatomical and behavioral data argues
gainst this simplistic framework. First, whereas the division of
irect and indirect neurons based on the respective expression of
1R and D2R in dorsal striatum is accurate, this does not hold

rue for the ventral striatum since the indirect pathway contains
 mixture of both D1- and D2-MSNs (Kupchik et al., 2015; Lu et al.,
998). In addition, behavioral studies suggest that the same type
f neuron but in different striatal locations can selectively drive
pposing behaviors, namely reward and aversion (Al-Hasani et al.,
015). Other studies suggest that in fact, both ventral striatal sub-
opulations can mediate incentive motivation and reinforcement
Soares-Cunha et al., 2016). Similarly, in the dorsal striatum, both
ubpopulations are also involved in positive reinforcement, but
upport different action strategies (Vicente et al., 2016).

In this review we will discuss the commonalities and diver-
ences between pharmacological, genetic and optogenetic studies
egarding the role of dorsal and ventral striatal neurons in medi-
ting the responses to reward and aversion and provide a critical
nalysis on the contribution of D1R- or D2R-expressing neurons in
his process.
. Neuroanatomy of the striatum: primate vs. rodent

Despite several bridges that are commonly made between
odent and human anatomy, it is important to highlight the major
 . . .  . . .  . . .  . .  .  . . . .  . . .  . .  . . .  . . . . .  . . . . .  .  . .  .  . . . .  .  . .  . . .  .  .  .  . .  . . . . .  . . . . .  .  .  .  .  . .  .  .  .  .  .  . 381

anatomical sub-regions that constitute the striatum of these two
phylogeneticaly distinct species (Fig. 1). The human dorsal stria-
tum is subdivided into caudate nucleus and putamen by the
internal capsula (Graybiel and Ragsdale, 1978) in its most dor-
sal portion. The caudate nucleus receives inputs mostly from
cortical regions (prefrontal and orbitofrontal cortices) and puta-
men  receives mainly excitatory inputs from sensorimotor areas
(Graybiel and Rauch, 2000; Krack et al., 2010). The human ven-
tral striatum is composed by the NAc (and olfactory tubercle),
which receives projections from both prefrontal and limbic struc-
tures, and acts as a motor-limbic interface, being involved in motor,
emotional and motivational processes (Fig. 1A). Thalamostriatal
projections are also different from dorsal and ventral striatum. The
central medial nucleus and the dorsolateral parafascicular (PF) of
the intralaminar complex innervate the putamen, whereas caudal
PF innervates the caudate (McFarland and Haber, 2000; Smith et al.,
2009, 2004). Ventral striatum receives projections from rostral PF
but also from midline nuclear group nuclei (Giménez-Amaya et al.,
1995; Smith et al., 2009, 2004).

Rodent striatum is composed by dorsal striatum and ventral
striatum (Voorn et al., 2004). Dorsal striatum is sub-divided into
dorsomedial striatum (DMS), which mainly receives inputs from
the most ventral region of the prefrontal cortex (infralimbic cortex)
and the dorsolateral striatum (homologue to the primate putamen)
that mainly receives projections from the motor cortex (Voorn et al.,
2004). Similarly as in primates, DLS is mainly innervated by the dor-
solateral PF and DMS  receives projections from medial PF, whereas
the NAc receives projections from midline nuclear group including
the parataenial and the intermediodorsal nucleus (Berendse et al.,
1992; Haber, 2011; Lanciego et al., 2004).

The rodent ventral striatum is composed by the NAc (Zahm and
Brog, 1992; Zahm and Heimer, 1990), subdivided in the core (NAcc)
and shell (NAcs) portions, which receives projections from the pre-
limbic and infralimbic cortex (Lanciego et al., 2004; Russo and
Nestler, 2013; Voorn et al., 2004; Yin and Knowlton, 2006) (Fig. 1B).
In addition, this striatal region also receives projections from the
ventromedial PF (Lanciego et al., 2004; Smith et al., 2004; Voorn
et al., 2004) (Fig. 1B).

Importantly, recent studies using transgenic animals, novel viral
tools and anterograde/retrograde tracers have provided a compre-
hensive map  of direct inputs to striatal neurons and interneurons,
showing a far more complex network than initially anticipated,
and which may  be determinant for future functional investigation
of striatal circuits (Guo et al., 2015; Wall et al., 2013). Moreover,
striatal regions strongly project to different regions of the brain,
including the basal ganglia and different cortical and thalamic
regions (Guo et al., 2015; Haber, 2003; Nauta et al., 1978; Sesack
and Grace, 2010; Smith et al., 2004; Watabe-Uchida et al., 2012)
(inputs and outputs are summarized in Fig. 1C).
2.1. Striatal compartments

The mammalian striatum is composed of two  components, the
patches and the matrix, which contain different neurochemical
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Fig. 1. Simplified neuroanatomical models of human and rodent striatum. (A) Human dorsal striatum includes the caudate and putamen and ventral striatum includes the
nucleus accumbens (and olfactory tubercle), which is subdivided in core and shell portions. (B) The rodent striatum is divided in dorsal striatum and ventral striatum −
t he ven
S rain t
a

m
O
o
s
(

he  dorsal striatum is subdivided in dorsomedial and dorsolateral portions, while t
ummary of all brain regions projecting to the striatal sub-divisions, and specific b
ccumbens shell; DMS: dorsomedial striatum; DLS: dorsolateral striatum.

arkers (Graybiel and Ragsdale, 1978; Herkenham and Pert, 1981;

lson et al., 1972). Patches (or striosomes) represent around 10%
f striatal volume and are densely enriched in �-opioid receptors,
ubstance P and contain little expression of cholinergic markers
Bolam et al., 1986; Graybiel and Ragsdale, 1978; Herkenham and
tral striatum is comprised by the nucleus accumbens (core and shell portions). (C)
argets of these striatal sub-divisions. NAcc: nucleus accumbens core; NAcs: nucleus

Pert, 1981). In addition, MSNs contained in the patch compart-

ment receive inputs from limbic and frontal regions (Donoghue
and Herkenham, 1986; Gerfen, 1985; Kincaid and Wilson, 1996;
Ragsdale and Graybiel, 1988), and from a distinct sub-set of neu-
rons of the substantia nigra pars compacta (SNpc) (Gerfen, 1985;
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erfen and Young, 1988). The matrix is highly enriched in cholin-
rgic markers, calbindin and somatostatin (Gerfen, 1985, 1984;
raybiel et al., 1986; Graybiel and Ragsdale, 1978), and the MSNs
ontained in this compartment receive inputs from cortex, tha-
amus (Fujiyama et al., 2006, 2006; Sadikot et al., 1992) and VTA
Gerfen et al., 1987).

Interestingly, while D1-MSNs (assuming to be those that express
ynorphin) projecting to the mesencephalon and D2-MSNs project-

ng (assuming to be those that express enkephalin) to the substantia
igra pars reticulata (SNr) are contained in the matrix and patches,
2-MSNs projecting to the SNpc are exclusive to patches (Gerfen
t al., 1990; Gerfen and Young, 1988).

. Snapshot of striatal neurons

Striatal neurons represent a homogeneous neuronal population,
onstituted mainly by GABAergic MSNs, which represent about 95%
f all neurons.

Dorsal striatal MSNs are traditionally subdivided into two  dis-
inct subtypes based on their axonal targets: striatonigral MSNs
hich directly project to output nuclei of the basal ganglia, namely

o the globus pallidus internal (GPi), SNr and VTA (direct path-
ay; Fig. 2); and the striatopallidal MSNs, which reach output

uclei indirectly, by projecting to the GP external (GPe) and sub-
halamic nuclei (STN) (indirect pathway; Fig. 2B). Activation of the
irect pathway briefly supresses pallidum activity allowing thala-
ocortical activation, facilitating movement, whereas activation of

he indirect pathway further inhibits thalamocortical neurons and
nhibits movement (Groenewegen, 2003; Parent and Hazrati, 1995;
akakusaki et al., 2004). These two MSN  populations express differ-
nt molecules; striatonigral/direct MSNs express D1R, substance P
nd dynorphin, and striatopallidal MSNs express D2R, adenosine
eceptor 2a (A2aR), and enkephalin (Gerfen, 1992; Heiman et al.,
008; Kawaguchi, 1997; Lobo et al., 2006).

Dorsal striatal MSNs show some degree of topographical seg-
egation. While the most dorsal portion of the dorsal striatum
resents a random distribution of D1- and D2-MSNs, the most cau-
al portion of the dorsal striatum is comprised almost exclusively
y D1-MSNs (Gangarossa et al., 2013b).

In the NAc (NAc is assumed as the ventral striatum for the pur-
ose of this review), there is a similar direct/indirect dichotomy,
lthough evidence gathered in the last years shows that the discrete
eparation of D1-MSNs and D2-MSNs in direct/indirect pathway is
ot precise (Fig. 2). The direct pathway involves NAc projections
o the ventral mesencephalon (SN and VTA) and from there to
he mediodorsal thalamus (MDT). The indirect pathway (Fig. 2D)
ravels through the ventral pallidum (VP) and subthalamic nucleus
efore reaching the ventral mesencephalon. Whereas NAc core
rojects to dorsolateral VP (dlVP) and SNr, and NAc shell to ven-
romedial VP (vmVP) and VTA (Zahm and Heimer, 1990). Akin to
orsal striatum, in the direct pathway, NAc-SNr/VTA connections
re entirely mediated by D1-MSNs; however, indirect pathway NAc-
P projections have major contributions of both types of MSNs

Kupchik et al., 2015; Lu et al., 1998). Because the VP serves as
n output nucleus, sending projections outside of the basal ganglia
o the MDT, this suggests that both D1- and D2-MSN populations
an inhibit/disinhibit thalamic activity, contrary to dorsal striatum
Kupchik et al., 2015).

Similarly to what is observed in the dorsal striatum, accumbal
1-MSNs and D2-MSNs also show differential topographical distri-

ution. D1-MSNs are equally distributed throughout the NAcc and
Acs (Gangarossa et al., 2013a). D2-MSNs are homogeneously dis-

ributed in the NAcc, but in the NAcs they are more expressed in
he medial and ventral NAcs (Gangarossa et al., 2013a).
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Despite the distinctive molecular fingerprinting of the two MSN
subpopulations, it has been suggested that 5–15% of dorsal stria-
tum MSNs can express both D1R and D2R (Bertran-Gonzalez et al.,
2008; Lester et al., 1993; Perreault et al., 2011). These neurons co-
expressing D1R and D2R project to GPe and GPi, as well as SNr
and VTA (Deng et al., 2006; Wang et al., 2006, 2007), though their
exact role remains undisclosed. Importantly, it has been suggested
that >90% the D1R/D2R co-expressing neurons in the NAc present
D1R–D2R receptor heterodimers, whereas in dorsal striatum, het-
erodimers are only detected in ∼25% of D1R/D2R co-expressing
neurons (Perreault et al., 2010). The function of these heterodimers
is still unknown but they have been suggested to exhibit pharma-
cological and cell-signaling properties distinct from its constituent
receptors (Perreault et al., 2014); and these have been associated
with depression and addiction (Perreault et al., 2014, 2010). How-
ever, the existence of such heterodimers in vivo has also been
questioned by recent studies (Frederick et al., 2015).

The remaining 5% of striatal neurons are interneurons
(Graveland and DiFiglia, 1985) (vide Table 1). Interneurons play
a very important role in basal ganglia function, by controlling MSN
excitability directly or indirectly, and affecting behaviour (Charara
et al., 2003; Gittis and Kreitzer, 2012; Hikida et al., 2001; Kaneko
et al., 2000; Tepper et al., 2010; Tritsch and Sabatini, 2012).

Interneurons include large tonically active cholinergic neu-
rons (CIN) (Aosaki et al., 1994; Dautan et al., 2014; Morris et al.,
2004) that have been implicated in the control of the acti-
vation/modulation of the direct and indirect striatal pathways
(Cachope et al., 2012; Centonze et al., 2003; Hikida et al., 2001;
Kaneko et al., 2000; Maurice et al., 2004; Pisani et al., 2000; Threlfell
et al., 2012; Tozzi et al., 2011; Witten et al., 2010) and constitute
the main cholinergic source of this brain region (at least proven to
be functional so far) (Bjorklund et al., 1996). Yet, it is important to
refer that a neuroanatomical study has shown that the brainstem
cholinergic areas pedunculopontine nuclei and the laterodorsal
tegmentum also provide a direct innervation of the striatal com-
plex (Dautan et al., 2014). CINs also express dopamine receptors,
including D2-R and D5-R reviewed in (Surmeier et al., 2007). Inter-
estingly, specific stimulation of CIN interneurons evokes dopamine
release in a �2 nicotinic ACh receptor (nAChR)-dependent manner
(Cachope et al., 2012; Maurice et al., 2004; Pisani et al., 2000; Tozzi
et al., 2011).

The second class of interneurons are the fast spiking GABAer-
gic (FS) interneurons, which characteristically express parvalbumin
and are similar to the FS interneurons present in the cortex
and hippocampus (Bevan et al., 1998; Tepper and Bolam, 2004).
This particular neuronal population conveys its primary inhibitory
synapses to both D1-MSNs and D2-MSNs (Bennett and Bolam,
1994; Gittis et al., 2010; Kreitzer and Malenka, 2008; Lapper et al.,
1992; Planert et al., 2010; Sidibé and Smith, 1999; Tepper et al.,
2010), providing a strong feed-forward inhibition that shapes the
firing patterns of MSNs (Gittis et al., 2010; Planert et al., 2010;
Tepper et al., 2008).

Another population of interneurons are the low threshold
spiking (LTS) GABAergic interneurons that express somatostatin,
neuropeptide Y and nitric oxide synthase, and are involved in
long-term plasticity (English et al., 2012; Ibáñez-Sandoval et al.,
2015, 2010; Kreitzer, 2009; Sidibé and Smith, 1999; Vuillet et al.,
1989). Less studied are the tyrosine hydroxylase and calretinin stri-
atal interneurons, which present sparse connections with MSNs
(Table 1).

Despite their low number, interneurons can exert a very signifi-
cant role in the control of striatal circuit activity and establishment

of behavioural conditioning in vivo.

It is important to note that there are species differences in the
density of these neuronal subtypes within the striatum. For exam-
ple, primates contain more interneurons than rodents and have
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Fig. 2. Direct and indirect striatal pathways. (A) In the dorsal striatum, MSNs from the direct/striatonigral/D1-MSN pathway project directly to the basal ganglia output nuclei,
the  SNr and the GPi. The inhibitory GABAergic effect leads to disinhibition of the thalamus, which in turns projects to the cortex. MSNs from the direct pathway express D1R,
but  also express M4  cholinergic receptors, dynorphin, and substance P. (B) Activation of indirect/striatopallidal/D2-MSN MSNs, which project indirectly to the SNr via the
GPe  and the STN, inhibits thalamic output to cortex. Dopaminergic input from the SNc modulates corticostriatal transmission by exerting a dual effect on MSNs, depending
on  their nature (D1R-or D2R-expressing). Indirect pathway MSNs co-express D2R, A2aR, enkephalin, and neurotensin. There is a part of MSNs that co-express both receptors
(<20%), although the functional role of these is still unknown. (C) In the ventral striatum, more specifically within the NAc, there is a similar direct/indirect dichotomy akin
the  dorsal striatum. The direct pathway involves NAc projections to the SNr/VTA and from there to the mediodorsal thalamus. The direct NAc innervation of the SN/VTA is
entirely mediated by D1-MSNs. (D) The indirect circuit projects to the VP and STN before reaching the output nuclei. While the core projects to the dlVP, the shell innervates
the  vmVP. The dlVP projects to the STN and SN, whereas the vmVP projects to VTA and out of the basal ganglia to the mediodorsal thalamus. Indirect pathway NAc-VP
projections have major contributions of both types of MSNs. Moreover, both D1- and D2-MSNs innervate VP output neurons that project to the mediodorsal thalamus, which
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uggests that both populations can inhibit/disinhibit thalamic activity. SNr: substan
TN:  subthalamic nucleus; SNc: substantia nigra pars compacta; NAc: nucleus accumb
opamine receptor 1; D2R: dopamine receptor 2; A2aR: adenosine receptor 2a.

ore calretinin-positive and parvalbumin-positive interneurons
n the dorsal striatum in comparison to rodents (Graveland et al.,
985; Wu  and Parent, 2000).

Importantly, since interneurons also express dopamine recep-
ors (reviewed in Tritsch and Sabatini, 2012), this complicates the
se of specific agonists/antagonists or genetic approaches relying
n the expression of these receptors to study the function of D1-
nd D2-MSNs.

. Differences and commonalities between D1R and D2R
ignalling

Dopamine activation of G-protein coupled dopamine receptors

D1R-D5R) excites or inhibits MSNs by modulating the gating and
rafficking of voltage-dependent and ligand-gated (ionotropic) ion
hannels located in the cell membrane (Surmeier et al., 2007). The
eparation of the two major classes of dopamine receptors is based
ra pars reticulata; GPi: globus pallidus pars interna; GPe: globus pallidus pars externa;
P: ventral pallidum; dlVP: dorsolateral pallidum; vmVP: ventromedial pallidum; D1R:

on intrinsic structural, pharmacological, and signalling properties:
D1Rs and D5Rs are grouped in the D1R-like receptor subfamily,
while the D2Rs, D3Rs and D4Rs are clustered in the D2R-like recep-
tor subfamily (Beaulieu and Gainetdinov, 2011).

The genes encoding D1R are contained in a single exon; how-
ever, the same is not true for D2Rs. These receptors can be
alternatively spliced, giving rise to several isoforms with distinct
properties and subcellular localization (reviewed in D’souza, 2010).
Pharmacological studies show that D2R-like receptors present
a higher affinity towards dopamine when compared with the
D1R subfamily, which can reach 10- to 100-fold (Beaulieu and
Gainetdinov, 2011). D3Rs and D4Rs present the highest affinity
to dopamine binding and D1R displays the lowest. Although both

dopamine receptor subfamilies are GPCRs, being able to activate
heterotrimeric G proteins, the second messengers and effector pro-
teins activated by both receptor classes vary greatly and often
mediate opposite effects (Beaulieu and Gainetdinov, 2011).
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Table  1
Summary of the different types of striatal cells, their properties and dopamine receptor expression.

Type of striatal cell Properties Dopamine receptor
expression?

References

Medium spiny neurons (MSNs) (90–95%)
D1-MSNs Presence of D1R, dynorphin and substance P.

Low input resistance, inward rectification, and a long delay to initial
spiking.
Synapse with both D1-MSNs and with D2-MSNs.

D1R Cepeda et al., 2008; Gerfen,
1985; Gertler et al., 2008

D2-MSNs Presence of D2R, enkephalin and adenosine receptor 2a (A2a).
Low input resistance, inward rectification, and a long delay to initial
spiking; increased excitability.
Synapse within each other and onto the striatopallidal pathway

D2R Cepeda et al., 2008; Gerfen,
1985; Gertler et al., 2008

D1/D2-MSN
(5–15%)

Co-expression of D1R and D2R, expression of dynorphin and
enkephalin.
Some neurons present a D1R-D2R heterodimer.
Medium-sized spiny projection neurons, with enhanced dendritic
branching.

D1R and D2R Choi et al., 2009; Hasbi et al.,
2011; Lee et al., 2004;
Perreault et al., 2012

GABAergic Interneurons (3–4%)
Fast spiking interneurons (FS) Presence of parvalbumin.

Small diameter somata and aspiny dendrites that branch modestly.
Short-duration spikes, high frequency firing.
Form gap junctions with other FS interneurons; Strong and dense
projections to MSNs.

>70% D5R Bevan et al., 1998; Kawaguchi,
1997;Kreitzer, 2009; Kubota
and Kawaguchi, 2000; Tepper
et al., 2010; Tepper and Bolam,
2004

NPY neurogliaform neurons Presence of neuropeptide Y.
Compact and highly branched dendritic and local axonal arborizations.
Low threshold calcium spikes (LTS) and a prolonged calcium
dependent plateau potential.
Second major class of projecting interneuron in the striatum.

? English et al., 2012;
Ibáñez-Sandoval et al., 2011;
Kawaguchi, 1997; Kreitzer,
2009; Vuillet et al., 1989

Low-Threshold Spiking interneurons
(LTS)

Presence of neuropeptide Y, somatostatin and nitric oxide synthase.
Contain few dendritic branches and extensive, but low axonal
arborisation.
High input resistance and a sustained plateau potential that persists
after the end of current injection; rebound spiking following hyper
polarizations.
Synapse with MSNs dendrites.

<10% D1R;
>70% D5R

Ibáñez-Sandoval et al., 2011;
Kawaguchi, 1997; Kreitzer,
2009; Vuillet et al., 1989

TH interneurons Presence of tyrosine hydroxylase, but do not seem to produce
dopamine.
Medium sized interneurons with low branching, varicose dendrites;
dense, highly varicose axon collateral fields.
Comprise four electrophysiologically distinct neuron types − large
variability.
Make afferent and efferent GABAergic synaptic connections with
MSNs.

? Ibáñez-Sandoval et al., 2015,
2010

CR interneurons Presence of calretinin.
Medium sized, possess few, aspiny, infrequently branching dendrites.
Electrophysiological profile not fully known, but in part similar to LTS
interneurons.
Sparse connections with MSNs.

50% D5R English et al., 2012; Kreitzer,
2009; Tepper and Bolam, 2004

Cholinergic interneurons (0.5–1%)
Cholinergic interneurons (CIN) Presence of acetylcholine markers.

Aspiny neurons with large cell bodies and widespread axonal fields.
d broa
uency

<20% D1R; >80%
D2R; >80% D5R

Aosaki et al., 1994; Kreitzer,
2009; Morris et al., 2004;
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Hyperpolarization-activated current an
after hyper polarizations; tonic low-freq
Synapse onto MSNs.

D1Rs stimulate the heteromeric GPCRs Gs/olf, which are cou-
led to adenylyl cyclase (AC) (Hervé et al., 1995) (Fig. 3A). The

ncrease in cytosolic cyclic adenosine monophosphate (cAMP) lev-
ls causes activation of protein kinase A (PKA) and phosphorylation
f its intracellular targets, such as voltage gated K+, Na+ and Ca2+

hannels, ionotropic glutamate, GABA receptors and various tran-
cription factors. One of the major targets of PKA is the dopamine
nd cAMP-regulated phosphoprotein DARPP-32, which is highly
xpressed in striatal neurons and plays a critical role in the modu-
ation of downstream signals. DARPP-32 can integrate signals from
ifferent neurotransmitters and bidirectionally modulate PKA. If
KA phosphorylates DARPP-32 this will amplify PKA signalling by

nhibiting protein phosphatase 1 (PP1), which counteracts PKA’s

ctivity (Svenningsson et al., 2004). On the other hand, dephos-
horylating of DARPP-32 by the calmodulin-dependent protein
hosphatase 2B (PP2B), upon D2R-like receptor activation, will
onvert DARPP-32 into a potent PKA signalling inhibitor and so,
d spikes with long spike
 activity.

Tepper and Bolam, 2004;
Witten et al., 2010; Kaneko
et al., 2000; Hikida et al., 2001

completely change neuronal function (Svenningsson et al., 2004).
PKA activation, through D1Rs, enhances surface expression of both
AMPA and NMDA receptors (Hallett et al., 2006; Snyder et al., 2000).
Furthermore, D1R signalled PKA phosphorylation of the somatic
Nav1.1 Na+ channels promotes activity-dependent entry into an
inactivated state (Carr et al., 2003; Scheuer and Catterall, 2006). D1R
stimulation is also responsible for inactivation of several K+ chan-
nels (e.g. Kirk2, Kv1 and Kv4) (Hernandez-Lopez et al., 2000). PKA
phosphorylation followed by D1R activation enhances the opening
of some Ca2+ channels (e.g. Cav1.3), but it reduces the opening of
others (e.g. Cav2 Ca2+) (Surmeier et al., 1995; Vilchis et al., 2000).
In summary, D1R signalling increases the responsiveness of stria-
tonigral neurons to sustained release of glutamate, by enhancing

surface expression of its receptors and by modulating ion chan-
nel function to promote MSN  up state reviewed in (Surmeier et al.,
2007).
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Fig. 3. D1R and D2R activation leads to distinct cellular effects. (A) Simplified scheme of D1R signalling. (1) Activation of D1R stimulates Gs proteins that are positively coupled
to  AC, leading to the production of cAMP and the activation of PKA. PKA induces opening of L-type Ca2+ channels and inhibits/closes K+ channels (2). (3) PKA-dependent
phoshorylation of AMPA and NMDA receptors, which enhances membrane expression of these receptors. (4) Stimulation of D1R also increases Ca2+ influx through NMDA
receptors. This activates a number of signalling pathways, including ERK via the Ras-Raf-MEK cascade. (5) PKA can modulate CREB activity directly or by phosphorylating
DARPP-32, inducing the disinhibition of the NMDA/Ras-GRF1/ERK pathway, culminating in the modulation of transcription of target genes. (6) Activation of the G-coupled
D1R/D2R heteromer induces a PLC-dependent calcium release, resulting in the activation of CaMKII and its translocation to the nucleus. (B) Simplified scheme of D2R
signalling. (1) D2R-like receptors activate G�i and G�o proteins, which inhibit AC and limit PKA activation that regulates several voltage-gated K+, Na+ and Ca2+ channels.
(2)  Released G�� subunits are capable of reducing Cav1 L-type channel, and activate PLC and PKC, increasing IP3, mobilizing Ca2+ stores. (3) Activation of calcineurin
can  also block Cav1 L-type activity. (4) D2R signalling enhances K+ channel opening. (5) PKA modulates glutamate receptor incorporation in the membrane. (6) Striatal
D2-MSNs  co-express A2aR. A2aR and D2R are coupled to different G proteins and modulate AC activity in opposing directions. Interestingly, there is also the existence of
an  antagonistic allosteric A2aR-D2R interaction. AC: adenylyl cyclase; cAMP: cyclic adenosine monophosphate; PKA: protein kinase A; AMPAR: ˛-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid glutamate receptor; Arc: activity-regulated cytoskeleton-associated protein; CaMKII: calcium/calmodulin-dependent protein kinase type II; CREB: cAMP
responsive element binding protein; ERK: extracellular signal-regulated kinases; GIRK: G protein-coupled inwardly-rectifying potassium channels;IP3: inositol 1,4,5-trisphosphate;
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D2Rs are coupled to Gi/o proteins, inhibiting AC and limiting
KA activity (Stoof and Kebabian, 1984) (Fig. 3B). Additionally,
2R activation is also responsible for the transactivation of tyro-

ine kinases (TK) (Nair and Sealfon, 2003). Similarly to what occurs
ith D1R, D2R signalling alters glutamate receptor function in dor-

al striatum MSNs, through dephosphorylation of GluR1 subunit
hat will promote the removal of AMPA receptors from the plasma

embrane (Håkansson et al., 2006). D2R-mediated recruitment
f intracellular Ca2+ leads to negative modulation of Cav1.3 Ca2+

hannels through calcineurin-dependent mechanism (Hernandez-
opez et al., 2000; Olson et al., 2005). Additionally, activation of
2R receptors reduces the opening of Na+ channels, dependently of
KC-mediated enhancement of slow inactivation (Surmeier et al.,
992). Moreover, D2R receptor signalling acts by promoting the
pening of K+ (Kir3) channels (Greif et al., 1995), which will change
he electrophysiological properties of neurons and generally cause

 transient decrease in neuronal excitability (Hernandez-Lopez
t al., 2000). In brief, studies are consistent with a role for D2R
o reduce the responsiveness of striatopallidal neurons, through
oordinated modulation of ion channels function and glutamate
eceptors expression at the surface.

Importantly, D2Rs are also found presynaptically, where they
an modulate neurotransmitter release (Benoit-Marand et al.,
001). In the striatum, D2Rs are present on corticostriatal inputs
nd function to decrease glutamate release by presynaptic mech-

nisms (Kornhuber and Kornhuber, 1986; Maura et al., 1988;
amamoto and Davy, 1992). Additionally, these Gi/o −coupled

nhibitory receptors also play a major part in shaping dopamine
ransmission (Benoit-Marand et al., 2001). Found at both somato-
-type: Calcium channel, voltage-dependent, L type; PLC: phospholipase C; PKC: protein
Da; PP1: protein phosphatase 1; NMDAR: N- methyl-d-aspartate glutamate receptor;
pamine receptor 2; A2aR: adenosine receptor 2a.

dendritic and axonal sites of the VTA, D2R autoreceptors regulate
the firing patterns of dopamine neurons and control the timing and
amount of dopamine released within the striatum (Ford, 2014). In
addition, D2Rs are also expressed in up to 80% of CINs (Maurice
et al., 2004).

It is important to keep in mind that D2Rs present a mechanism of
alternative splicing, and thus, the same gene encodes two distinct
isoforms of the same receptor, D2S and D2L (Picetti et al., 1997).
Interestingly, these two  alternatively spliced receptors have dis-
tinct functions in vivo; while D2L acts mainly at postsynaptic sites,
D2S serves presynaptic autoreceptor functions (Usiello et al., 2000).

Despite the simplistic vision given above on the mechanism of
action of the distinct dopamine receptors within the striatum, it is
important also to note that the activity of these receptors goes much
beyond the specific activation of its signalling cascades. Although
it falls outside the scope of the present review, it is important
to keep in mind the existence of interactions between dopamine
receptors and other neurotransmitter receptors, known to be rele-
vant for motor control, cognition and memory, neurodegenerative
disorders, schizophrenia or even addiction (Calabresi et al., 2000;
Chesselet and Delfs, 1996; Fuxe et al., 2010; Graybiel, 1995; Rolls,
1994; Schultz, 1997). Interestingly, these interactions do not occur
only at the intracellular level via second messenger pathways, but
it also can occur through physical contact. For example, physical
contact exists between dopamine receptors and NMDA at the mem-

brane and cytoplasm levels (Freund et al., 1984; Smith and Bolam,
1990). In addition, a direct interaction between the D5R and GABAA
receptors has also been reported, which may represent a mecha-
nism controlling synaptic efficacy (Liu et al., 2000). Also, D2R is
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lso known to directly interact with A2aR, converging in the con-
rol of AC function (reviewed in Fuxe et al., 2010). In addition to a
egative and positive coupling of D2R and A2aR to the adenylate
yclase activity, respectively, there is also an antagonistic allosteric
2aR–D2R interaction (Fig. 3B).

. The conundrum: one ligand, different neuronal
esponses

In addition to different dopamine receptors that can activate
istinctive signalling cascades, in the past years a great deal of
ttention has been given to the dynamics of striatal dopamine
elease. Dopaminergic neurons fire in an asynchronous tonic
acemaker manner that can switch to transient synchronous
ursts (consisting of a series of consecutive spikes) upon expo-
ure to unexpected or anticipated rewards (Redgrave and Gurney,
006; Schultz, 2002). Accumulating evidence shows that stri-
tal dopamine neurotransmission occurs in these two  dissociable
emporal modes, “tonic” and “phasic”, both of which are highly reg-
lated by glutamatergic forebrain inputs and by cholinergic and
ABAergic inputs within the striatum (Grace, 2000, 1991; Moore
t al., 1999).

Tonic dopamine transmission constitutes the extra-synaptic
ool of steady-state dopamine levels. These levels are strongly
egulated and maintained within a narrow concentration in the
triatum (Parsons and Justice, 1992). Phasic dopamine, which is
roposed to be the signal that mediates rapid behaviourally rel-
vant activation of the dopamine system by relevant stimuli, is a
igh-amplitude transient signal that results from a cell-burst firing
nd consequent uptake of high levels of dopamine by the synapse
Garris et al., 1994).

Phasic dopamine transients that result from synchronous burst
ring are mainly thought to activate the low-affinity striatal D1Rs,
hile tonic dopamine levels arising from pacemaker firing main-

ain steady-state activation of high-affinity D2Rs (Grace et al., 2007;
race and Bunney, 1984; Keefe et al., 1993; Richfield et al., 1989;
urmeier et al., 2011). However, recent studies show that high-
ffinity D2Rs are also activated by phasic dopamine transients
Marcott et al., 2014), which raises new possibilities to the actual
ontribution of the D2-MSNs pathway in the control of behaviour.

. Striatal activity during reward and aversion

.1. Ventral striatum

Pioneering work by Schultz and colleagues using electrophysi-
logical recordings from the primate striatum revealed excitations

n response to cues that predict reward (Bowman et al., 1996;
romwell and Schultz, 2003; Hassani et al., 2001; Hollerman et al.,
998; Schultz et al., 1997), that depended strongly on the predic-
ive value of the cue (Hassani et al., 2001), the magnitude of the
redicted reward (Cromwell and Schultz, 2003), and the temporal
roximity to the reward (Shidara et al., 1998). Additionally, it was
lso shown that the magnitude of the excitation evoked by predic-
ive cues is positively correlated with the motor activity needed
o obtain the reward (Cromwell and Schultz, 2003; Hassani et al.,
001; Hollerman et al., 1998). Interestingly, cue-evoked excitation
r inhibition of NAc neurons is larger for cues that predict rewards
han for cues that do not predict a reward (Ghitza et al., 2003;
icola, 2007) and larger when the cue elicits a behavioural response

Nicola, 2007).

Intraoral delivery of a sucrose solution increases dopamine

elease within the NAc, that is time-matched with the infusion
nset (Roitman et al., 2005), and NAc neurons respond by decreas-

ng their activity (Roitman et al., 2005). This transient inhibition
ehavioral Reviews 68 (2016) 370–386 377

has also been observed in animals performing behavioral tasks that
require operant response like self-administration of many differ-
ent types of rewarding stimuli such as cocaine (Peoples and West,
1996), heroin (Chang et al., 1998), ethanol (Janak et al., 1999),
sucrose (Nicola et al., 2004) and food (Carelli, 2002). On the other
hand, oral administration of quinone (an aversive flavor) evokes
the opposite response (i.e. suppression of dopamine transients). In
addition, NAc neurons are highly responsive to aversive stimuli and
respond by increasing their activity (Roitman et al., 2005).

So, in a simplistic perspective, one can assume that rewarding
stimuli evoke an instantaneous increase in dopamine release in
the NAc and a decrease in the firing rate of NAc neurons. Aversive
stimuli evoke the opposite response by suppressing dopamine tran-
sients and increasing the firing rate of NAc neurons. Less explored
is the role of D1-MSNs and D2-MSNs in this process due to the
inherent technical difficulties of separating these populations using
in vivo electrophysiological recordings.

6.2. Dorsal striatum

Single cell recordings performed in behaving primates showed
that dorsal striatal neurons increase activity selectively during the
expectation of reward (Apicella et al., 1992; Hikosaka et al., 1989;
Schultz et al., 1992; Schultz and Romo, 1988), akin to NAc. Dorsal
striatum neurons respond to task-related sensory events by becom-
ing active before task-dependent motor behaviours and maintain
a tonic activity until the expected reward is delivered (Hikosaka
et al., 1989; Hollerman et al., 1998). Interestingly, the activity of
these neurons is modulated by the expected presence, amount or
probability of reward or by the amount of attention or memory
required to execute the task (Cromwell and Schultz, 2003; Kawagoe
et al., 1998). Thus, the presence of sensorimotor, cognitive and
motivational signals in single striatal neurons further supports a
prominent role of dorsal striatum in learning (Balleine et al., 2007).

Other studies showed that dorsal caudate neurons are activated
when different food rewards are shown to the animal (Nishino et al.,
1984). Interestingly, this study showed that different neuronal pop-
ulation of the caudate responded to visual presentation of food-
and non-food-associated cues and the magnitude of electrophys-
iological responses was  dependent on the nature of the food and
was inversely related to the latency of the onset of lever press-
ing (Nishino et al., 1984). In addition, other neuronal populations
also responded during lever pressing and during food retrieval and
consumption, thus suggesting that the primate dorsal striatum is
constituted by a complex neuronal network that controls sensory,
non-motor and motor responses in operant-dependent rewarding
events (Nishino et al., 1984). In addition, in a task where a drop of
liquid was given each time the animal correctly executed or with-
held an arm movement in reaction to a visual stimulus (Go/No-Go
task) it was  shown that neurons of the dorsal striatum increased
activity upon liquid delivery (Apicella et al., 1991), supporting a role
in the integration of primary reward information (Apicella et al.,
1992, 1991). Additionally, rodents performing a multiple T-maze
task with the goal of finding the correct locations to obtain a food
reward increase striatal electrical responses not only during motor
behaviour, but also during the delivery of food (Schmitzer-Torbert
and Redish, 2004).

Apart from reward expectation and consumption, dorsal striatal
neurons play a crucial role in decision-making processes, particu-
larly those encoding specific action–outcome associations and the
selection of actions on the basis of their currently expected reward
value (Gremel and Costa, 2013; Kimchi et al., 2009; Miyachi et al.,

2002; Tang et al., 2007). Whereas DMS  neurons seem to be crucial
in the early acquisition and performance of an instrumental task to
receive a reward, i.e., goal-directed behaviour, DLS neurons appear
to be preferentially recruited in habitual behaviours that appear
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fter overtraining (Gremel and Costa, 2013; Kimchi et al., 2009;
iyachi et al., 2002; Tang et al., 2007).

To what concerns neuronal activity of the dorsal striatum in
versive behaviour in freely moving animals, we  did not find any
tudy. Nevertheless, it is important to refer that the SN, which
ensely innervates dorsal striatum, is not commonly recruited or

nhibited by aversive stimuli (Brown et al., 2009), though lesions of
orsal striatum have been shown to produce deficits in conditioned

reezing and passive and active avoidance (White and Salinas, 2003;
inocur and Mills, 1969).
Promising tools such as in vivo calcium imaging may  shed some

ight on the activity of different striatal populations in reward and
version. For example, by using a Cre-dependent viral expression of
he calcium indicator GCaMP3 in the dorsal striatum of D1-Cre and
2a-Cre (A2aR is co-expressed with D2R) mice, researchers showed

hat both neuronal populations were activated when animals ini-
iated actions but not in inactive periods (Cui et al., 2013). By using

icroprobe optical imaging to assess the dynamic changes in intra-
ellular calcium, researchers have shown that cocaine-rewarding
ffects induce activation of direct-pathway neurons and a slower
eactivation of indirect-pathway neurons (Luo et al., 2011).

. Role of D1- and D2-MSNs in reward and aversion

Despite the known cytoarchitecture of the striatum, its het-
rogeneity poses a major challenge for the attribution of specific
iological roles to each type of MSN  in behaviour. Traditionally, D1-
SNs are thought to mediate reward and positive reinforcement
hereas D2-MSNs encode aversion and negative reinforcement

Kravitz et al., 2012; Lobo et al., 2010; Volman et al., 2013); how-
ver, some recent data challenges this simple dichotomy (Cazorla
t al., 2014; Kupchik et al., 2015; Saunders et al., 2015; Smith et al.,
013; Soares-Cunha et al., 2016).

Having this in mind, in the following sections, we will discuss
harmacological, genetic and optogenetic studies that have been
pplied to try to clarify the biological role of each type of MSN
n reward and in aversion, and highlight the differences between
orsal striatum and ventral striatum neuronal populations in the
odulation of these behaviours.

.1. Pharmacological approaches

Initial pharmacological manipulations using selective agonists
nd antagonists allowed a breakthrough in the understanding of the
ole of D1R and D2R in reward and, less so, in aversive behaviors.
ecause systemic administration of these compounds challenges
he interpretation of the data, in this review we will only focus on
ntra-striatal administration of D1R and D2R agonists/antagonists.

.1.1. NAc D1R and D2R in reward/reinforcement
Different groups showed that NAc local application of both

1R and D2R agonists stimulated locomotor activity (Breese et al.,
987; Dreher and Jackson, 1989; Fink et al., 1991). Regarding
eward/reinforcement, the literature is inconsistent. Initial stud-
es have shown that NAc administration of D1R and D2R agonists
s reinforcing (White et al., 1991). Conversely, others have shown
hat intra-accumbal administration of D1R or D2R agonists is not
einforcing per se,  because animals do not readily self-administer
hese compounds. However, concurrent activation of both D1R
nd D2R in the NAc shell had a cooperative effect, inducing
elf-administration (Ikemoto et al., 1997). In accordance, recent
tudies have shown that both D1R and D2R in the NAc are

equired for mediating the reinforcing properties of optogenetic
elf-stimulation of VTA-NAc projections (Steinberg et al., 2014).

Regarding the effects of these receptors in mediating natu-
al reward-related responses, it was shown that in hungry rats,
ehavioral Reviews 68 (2016) 370–386

pharmacological blockade of D1Rs or D2Rs in the NAc affects the
amount and duration of feeding, but it does not reduce the amount
of food consumed (Baldo et al., 2002). In agreement, others have
shown that blockade of D1Rs or D2Rs within the NAc core or shell
decreased lever pressing for food reinforcers, but rats remained
directed towards the acquisition and consumption of food (Nowend
et al., 2001). This data indicates that both D1R and D2R  signalling
are relevant for the motivational drive to work to get a food pel-
let. In fact, using a Pavlovian-to-Instrumental-transfer test (PIT),
which indirectly measures “wanting”/incentive salience, it was
shown that selective D1R and D2R blockade in the NAc reduced
performance (Dickinson et al., 2000; Lex and Hauber, 2008). In
accordance, we  have shown that D2R dysfunction within the NAc
impairs PIT performance, and that systemic administration of a
D2R agonists improved behaviour (Soares-Cunha et al., 2014). In
agreement, others have shown that microinjection of D1R or D2R
antagonists into the NAc reduce the proportion of cues to which the
animal responded to get a food pellet (Wakabayashi et al., 2004).
Effort-related choice tests also revealed that effort discounting (an
indirect measure of motivation) was altered by administration of
D2R antagonists, shifting the choice towards the low reinforce-
ment/low cost arm and this was reverted by increased dopamine
transmission (Nunes et al., 2010).

Pharmacological targeting of NAc D1R and D2R signaling
has also been used to tackle the role of these neurons in the
response to drugs of abuse. Most of the studies point for a pro-
rewarding/reinforcing role of D1R and a null or attenuating effect
of D2Rs. For example, rodents pre-treated with a D1R (but not
D2R) antagonist showed an attenuated locomotor response to
acute cocaine challenge (Anderson et al., 2003), and intra-accumbal
administration of D1R antagonist prevents cocaine (Baker et al.,
1998) and ethanol place preference (Pina and Cunningham, 2014;
Young et al., 2014). On the contrary, others have shown that both
D1R and D2R antagonists significantly block the development of
amphetamine place preference (Liao, 2008). Later studies have
suggested that activation of accumbal D2Rs does not cause pri-
mary rewarding effects, but it can facilitate the previous associated
rewarding effects of environmental stimuli (Nunes et al., 2010;
Self, 2010). In fact, administration of D2R agonists has prominent
reinforcing and enhancing effects in cocaine self-administration in
animals with extensive experience in this behaviour (Caine et al.,
2002). Interestingly, the observed discrepancies in the studies may
be related to drug-specific effects, the use of different dosages of
antagonists, subtle differences in the behavioural paradigms or a
result of the complex distribution of D2R.

7.1.2. NAc D1R and D2R in aversion
The literature is sparser regarding the role of accumbal D1R

and D2R antagonists in aversion. An aversive event induces a
negative hedonic state; however, due to technical limitations in
evaluating the hedonic state of animals, researchers frequently
use avoidance behaviour as a representation of aversion (Kravitz
and Kreitzer, 2012). Using the two-way active avoidance task,
researchers showed that D2R antagonist infusion into the NAc (but
not in dorsal striatum) slightly decreased the number of condi-
tioned avoidance responses (Boschen et al., 2011); a similar effect
was observed with D1R antagonists (Wietzikoski et al., 2012). Such
effects may  be partially due to the D1R and D2R contribution for
early consolidation of aversive memory (Managò et al., 2009).

7.1.3. Dorsal striatum D1R and D2R in reward and aversion
Studies evaluating the impact of local dorsal striatum phar-
macological inhibition/activation of D1R/D2R in reward and
aversion are limited. In primates, D1R antagonism in the caudate
nucleus (dorsal striatum part in primates) attenuated the reward-
dependent saccadic reaction time changes, in contrast to what was
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ound with D2R antagonism (Nakamura and Hikosaka, 2006). On
he contrary, expression of amphetamine place preference is not
locked by infusion in the dorsal striatum of D1R and D2R antago-
ists (Hiroi and White, 1991). Regarding aversion, as stated before,
orsal striatum D2R antagonism did not impact the number of con-
itioned avoidance responses (Boschen et al., 2011).

Altogether, these studies seem to indicate that NAc D1R path-
ay promotes reward/reinforcement whereas D2R signalling has

n opposing effect, although disparate results have also been found.
evertheless it is important to refer that pharmacological activa-

ion/inactivation of D1R or D2R is not a direct proxy of D1-MSN
r D2-MSN activation/inactivation. In addition, the use of ago-
ists/antagonists raises different questions: (i) the existence of
1+/D2+-MSNs is not taken into consideration, (ii) other types of

triatal cells namely interneurons also possess D1R and D2R, (iii)
he existence of pre-synaptic D2Rs in dopaminergic terminals that
trongly modulate striatal neuronal activity, (iv) drugs are rarely
pecific to one type of receptor, (v) pharmacological approaches
ave poor temporal resolution and diffusion to other brain regions
an occur, challenging the interpretation of the data. Such limita-
ions triggered other approaches to elucidate these questions that
e will discuss in the next sections.

.2. Genetic models

The use of genetic methods can provide an alternative for
nderstanding the importance of a specific receptor/pathway.
owever, it also poses some problems: conventional knockouts
ften present compensatory mechanisms, and the deletion of D1R
r D2R throughout the brain defies the identification of the biolog-

cal role of striatal neurons per se in behavior. Later studies include
pecific striatal ablation of these receptors, providing a more ele-
ant approach.

.2.1. D1R knockout models and reward/reinforcement
The first constitutive D1R knockout (KO) transgenic mice lines

ere obtained by deletion of either part (Drago et al., 1996) or
ost of the D1R coding region (Xu et al., 1994) of the genome.
1R KO mice have abnormal locomotor behaviour that ranges from
ypoactive to hyperactive depending on the experimental condi-
ions. Although in several studies it was reported that these mice
ere hyperactive in a novel environment and during the dark phase

f the light-dark cycle (Granado et al., 2008; Xu et al., 1994), others
eported an increased latency to move in an open field consistent
ith a hypoactive phenotype (Smith et al., 1998).

Although these animals failed to feed normally after weaning
Wall et al., 2011), this phenotype could be rescued by providing
O mice free access to a palatable food, suggesting that the absence
f D1R is more related to a motor deficit than to a reward deficit
Drago et al., 1994; Xu et al., 1994). However, more recent studies
howed that D1R KO animals present greatly reduced motivation to
ork for a food reward in a sucrose preference test, which demon-

trates that dopamine signalling through D1R-expressing neurons
ossibly plays an important role in the modulation of motivational
rocessing (El-Ghundi et al., 2003; Gallardo et al., 2014). D1R KO
ice also failed to perform a Pavlovian conditioning task (Parker

t al., 2010).
The response to drugs of abuse is also compromised in D1R KO

nimals (nicely reviewed in Lobo and Nestler, 2011). D1R KO mice

erforming a cocaine self-administration task presented decreased
reference for the active lever and reduced overall responses (Caine
t al., 2007). These animals also present diminished ethanol con-
umption (El-Ghundi et al., 1998).
ehavioral Reviews 68 (2016) 370–386 379

7.2.2. D2R knockout models and reward/reinforcement
Constitutive D2R KO mice display decreased body weight and

reduced spontaneous locomotion (Baik et al., 1995; Kobayashi
et al., 2004; Nakamura et al., 2014). These animals also respond
less for food rewards in instrumental tasks, which could either be
attributed to their hypolocomotion or to impairment in motivated
responses (Risinger et al., 2000).

The effects of D2R deletion in the response to drugs of abuse
resemble those for natural rewards. D2R KO have blunted response
to the rewarding (Maldonado et al., 1997) and reinforcing proper-
ties of morphine (Elmer et al., 2002), ethanol (Cunningham et al.,
2000) and cocaine (Welter et al., 2007).

Other genetic studies have targeted different aspects of D2-
MSNs intracellular signaling. Lobo and co-workers knocked down
expression of the sphingosine-1-phosphate receptor Gpr6 (which
can stimulate cAMP production—in opposition to D2R activation)
in striatopallidal cells (indirect pathway) (Lobo et al., 2007). These
animals have a faster acquisition of operant lever pressing for sugar
pellets, suggesting enhanced motivation in a situation that partially
mimics increased D2R activity (Lobo et al., 2007). Also, overex-
pression of D2R in the NAc using viral gene transfer, selectively
increased motivation for food (in a progressive ratio schedule)
without altering consummatory behaviour, the representation of
the value of the reinforcer, or the capacity to use reward-associated
cues in flexible ways, contrary to dorsal striatum D2R overexpres-
sion which did not alter performance in any of the tasks (Trifilieff
et al., 2013).

7.2.3. D1R and D2R knockout models and aversion
A few studies have focused on the role of D1R and D2R neurons

in aversion. It has been reported that D1R ablation (using constitu-
tive D1R KO mice) prevented the expression of conditioned aversive
stimuli, which may  indicate that D1R activation is also required for
the acquisition and expression of taste aversion learning (Cannon
et al., 2005). A mice model lacking D2L (post-synaptic) but express-
ing functional D2S, developed place preference to cocaine (but not
morphine), and did not acquire place aversion to morphine with-
drawal. These animals also failed to acquire avoidance behavior in
response to electrical stimuli (Smith et al., 2002).

In summary, data from genetic models suggest that whereas
the response to natural rewards appears to be modulated by both
types of receptors in a similar/synergistic manner, the same does
not seem to be true regarding drugs of abuse, with D1R promot-
ing reward and sensitizing responses to psychostimulants and D2R
dampening these behaviors. This paradoxical finding is far from
being understood and highlights the importance of distinguish nat-
ural vs non-natural rewards and associated responses. Regarding
aversion, the few studies seem to pinpoint a predominant role for
D2Rs in aversive learning.

7.3. Specific striatal manipulations

An elegant approach using a reversible neurotransmission
blocking technique has shown that the striatonigral pathway is
critical for reward learning whereas the striatopallidal pathway
was important aversive learning (Hikida et al., 2010). Later, these
researchers have combined this methodology with local infusion of
a receptor-specific agonist or antagonist in the NAc. They showed
that bilateral blockade of the direct pathway in the NAc, but not
that of the indirect pathway, significantly reduced cocaine-induced
place preference and decreased expression of appetitive reward

learning. In addition, mice lacking the D2L receptors (postsynap-
tic) present a significant impairment in aversive learning (Hikida
et al., 2013). Interestingly, this data was  supported by the fact that
specific inhibition of D2R-dependent neurotransmission within the
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Ac also causes impairment in aversive learning in a one-trial
nhibitory avoidance task (Hikida et al., 2013).

Others have shown that ablation of NAc A2aR-expressing neu-
ons (A2aR is co-expressed with D2R receptor in striatum) induced
n increase in amphetamine conditioned place preference, suggest-
ng that these neurons inhibit drug reinforcement (Durieux et al.,
009).

.4. Pharmacogenetic studies

Recent studies used viral-mediated expression of a designer
eceptor exclusively activated by a synthetic drug (DREADDs);
ctivation the DREADD hM4D receptor potently reduces striatal
xcitability. With this technique, researchers found that tran-
ient disruption of striatopallidal (D2R) neuronal activity facilitated
ehavioural sensitization to amphetamine, whereas decreasing
xcitability of striatonigral (D1R) neurons impaired its persistence
Ferguson et al., 2011).

.5. Optogenetic studies

Optogenetic studies have provided an elegant tool to manipu-
ate different populations of striatal neurons in a fast, specific and
eversible manner in order to overcome some caveats of earlier
tudies. However, the use of these tools also present clear limi-
ations: (i) viral expression of opsins relies on the use of specific
romoters that sometimes are not fully characterized, (ii) differ-
nt stimulation protocols may  activate/inhibit distinctive neuronal
opulations, leading to idiosyncratic behavioral outcomes (this is
articularly important considering the unique roles of phasic vs
onic dopamine signaling), (iii) the use of transgenic cre strains to
rive opsin expression may  present ectopic expression of cre pro-
ein (Gong et al., 2007; Stuber et al., 2015) and last, but not least, (iv)
ptical neuronal activation does not necessarily mimic physiological
ctivity.

.5.1. Optogenetic activation of D1-MSNs: NAc versus dorsal
triatum

Most of the studies use cre-dependent opsins packed in viral
articles in combination with cre transgenic models. Optogenetic
timulation of D1-MSNs within the NAc does not have a major effect
n locomotor activity (Francis et al., 2015; Soares-Cunha et al.,
016), and is sufficient to increase the willingness to work for food
Soares-Cunha et al., 2016), suggesting a pro-reward role. This is
n line with studies indicating that activation of NAc D1-MSNs is
ufficient to increase cocaine sensitization and cocaine place pref-
rence (Lobo et al., 2010). In agreement, optogenetic inactivation
f D1-MSNs supresses cocaine sensitization (Chandra et al., 2013).

Contrary to NAc, activation of D1-MSNs in the dorsal striatum
ncreased spontaneous locomotion as expected. Dorsal striatum
1-MSNs activation was sufficient to induce an operant behaviour

n order to receive optic stimulation of these neurons, which con-
rms its reinforcing properties (Kravitz et al., 2010). Others have
hown that unilateral stimulation of D1-MSNs shifts responses for
eward toward the contralateral side of the stimulation (Tai et al.,
012). The authors attributed this bias to the positive effects of
ctivation of the direct pathways within the dorsal striatum on
otivated responses (Tai et al., 2012). Interestingly, stimulation of
1-MSNs of the dorsal striatum also results in an increase in cocaine
lace conditioning (Kravitz et al., 2012) emphasizing the role of D1-

SNs in reinforcement. Recently it was shown that although both

ctivation of D1- and D2-MSNs within the DMS  result in increased
elf-stimulation, optical stimulation of D1-MSNs was shown to be
nvolved with actions that support goal-directed behaviours, while
ehavioral Reviews 68 (2016) 370–386

activation of D2-MSNs resulted in actions that support the forma-
tion of stimulus-response habits (Vicente et al., 2016).

7.5.2. Optogenetic activation of D2-MSNs: NAc versus dorsal
striatum

Less concordant is the contribution of NAc D2-MSNs in loco-
motion, reward and aversion. Activating cre-dependent ChR2 in
a D2-cre transgenic mouse line did not trigger a major impact in
locomotion (Francis et al., 2015; Lobo et al., 2010), although others
reported a decrease in basal locomotor activity (Song et al., 2014).

Stimulation of NAc D2-MSNs attenuated cocaine conditioned
place preference (Lobo et al., 2010), and stimulation of A2aR-
containing neurons (supposedly D2-MSNs) and supressed cocaine
self-administration (Bock et al., 2013). This anti-reward role was
challenged by evidence showing that stimulation of NAc D2-MSNs
neither affected the acquisition or expression of cocaine-induced
behavioral sensitization (Song et al., 2014). In addition, we have
shown that accumbal D2-MSNs stimulation strongly enhances
motivation/willingness to work for food and is able to induce place
conditioning per se (Soares-Cunha et al., 2016; Soares-Cunha et al.,
unpublished observations).

Moreover, it was shown that the reinforcing properties of opto-
genetic activation of VTA-NAc dopaminergic terminals requires
both D1-MSNs or D2-MSNs signaling (Steinberg et al., 2014). The
discrepancy in the results might be attributed to technical differ-
ences in the experimental protocols. However, one cannot exclude
that D2-MSNs may  contribute differentially to responses to natural
rewards and to drugs of abuse, an aspect that needs to be explored
in future works.

Less controversy exists regarding the role of dorsal striatum
D2-MSNs on motor activity and reward/aversion. As expected,
stimulation of dorsal striatum D2-MSNs (using A2a-cre line)
decreases locomotor activity (Kravitz et al., 2012). Importantly, in
this same study, it was  shown that D2-MSNs activation caused pun-
ishment, by inducing a transient period of avoidance towards the
trigger that originated D2-MSNs stimulation (Kravitz et al., 2012).
Using a D2-cre line, optogenetic stimulation of dorsal striatum D2-
MSNs neurons shifted operant responses for food rewards toward
the ispilateral side of the stimulation, resembling a decrease in the
value for the reward (Tai et al., 2012).

In summary, optogenetic studies seem to support the estab-
lished view of pro-reward role of D1-MSNs both in the ventral
striatum and dorsal striatum. Less explicit is the role of D2-
MSNs in reward and aversion, since conflicting findings have
been described, which suggests that further studies are needed to
understand the contribution of these MSNs for these behavioural
dimensions.

8. Striatal D1R and D2R in human behavior

Human imaging studies have also provided some insights on the
role of striatal dopaminergic signaling in reward behaviors, namely
in the control of motivation, in incentive salience and reinforce-
ment, and to a lesser extent in aversion/punishment.

Similar to findings in animal models, earlier human studies
have shown that dopamine is released in the ventral striatum in
anticipation to monetary or taste rewards (Knutson et al., 2001;
O’Doherty et al., 2002). Later studies have refined the paradigms
and were able to show that the striatum responds (albeit dif-
ferently) to monetary outcomes of different valence (reward and
punishment) (Delgado, 2007; Delgado et al., 2000). Interestingly,

an anteroposterior valence-specific gradient seems to exist at least
in the NAc, with more anterior regions showing relative selectivity
for rewards and posterior regions for losses (Seymour et al., 2007).
In addition to anatomical specificities, in non-human primates,
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eparate neural striatal populations coding for actions that are
robabilistically associated with positive and negative outcomes
xist (Samejima et al., 2005). Several other works have supported
he co-existence of appetitive and aversive prediction-error sig-
als within the dopaminergic mesolimbic system, which shifts the
iew of the canonical “reward pathway” to a value-based decision
aking system (reviewed in Brooks and Berns, 2013; Liu et al.,

011).
But how can a single molecule mediate two  opposing behav-

ors? The simplest response points for the selective activation of
ifferent dopamine receptors. A current popular model argues that
urst (phasic) dopamine signals that encode unexpected rewards
re associated with behavioral activation (Go) through D1R (low
ffinity), whereas aversion/avoidance (No Go) learning is mediated
hrough D2R (high affinity) in a U-shaped manner (Frank et al.,
004). In this perspective, it is interesting that individual differ-
nces in human approach and avoidance learning are predicted by
ariability in striatal D1R and D2R binding, respectively (Cox et al.,
015). Adding further complexity to the interpretation of the find-

ngs, it has been shown that striatal (and frontal) asymmetries in
2R binding (rather than absolute binding levels) predict individ-
al differences in learning from reward versus punishment (Tomer
t al., 2013). Importantly, in drug abusers, low striatal D2R availabil-
ty is predictive of a pleasurable response to intravenous stimulant
dministration, while high binding was associated with an aver-
ive experience (Volkow et al., 2002, 1999). Paradoxical findings
ave also been found, showing that D2R is decisive for measures of
hoice performance rather than for aversive instrumental learning
Eisenegger et al., 2014).

Natural genetic variants resulting in either increased (C957T
olymorphism) or reduced (A1 alelle) striatal D2R also modulate
alenced responses. For example, C957T polymorphism is associ-
ted with enhanced learning from negative outcomes (Frank et al.,
007). A1 carriers, (lower striatal D2R expression but increased stri-
tal dopamine), are less successful in predicting negative outcomes
nd showing diminished recruitment of ventral striatum during
egative feedback processing and reversal learning (Jocham et al.,
009; Klein et al., 2007). All of these findings support a bidirectional
odulatory role for striatal dopamine in reward – via D1R – and

version learning – via D2R.
In addition to the prevalent view that (phasic) dopamine

ncodes prediction error signals that mediate reinforcement learn-
ng (Bayer and Glimcher, 2005; Schultz et al., 1997), there is also
vidence that (tonic) dopamine may  play a role in response vigor
nd motivational aspects of reinforcement, and this may  rely on
he activation of different dopamine receptors at the striatum level
Bromberg-Martin et al., 2010; Niv et al., 2006). For example, higher
2R availability in the left striatum is associated with greater pos-

tive incentive motivation in healthy controls (Tomer et al., 2008).
oth healthy volunteers and schizophrenics treated with atypi-
al neuroleptics showed ventral striatum activation in response
o reward-predicting cues; however, in patients treated with typ-
cal neuroleptics, which block D2R, this response is blunted and is
orrelated with motivational deficits and the severity of negative
ymptoms (Juckel et al., 2006).

. Conclusion

Although different approaches have provided insights about the
ole of striatal D1-MSNs and D2-MSNs in reward/aversion, the com-

lexity of these behaviors challenges the interpretation of the data.

t is remarkably difficult to separate and evaluate distinct aspects
f reward/aversion without interference. Moreover, it is important
o highlight that clear differences exist between dorsal striatum
ehavioral Reviews 68 (2016) 370–386 381

and NAc MSNs, and the lack of segregation of the direct/indirect
pathways based on D1R and D2R expression in the NAc.

Evidence strongly suggests that the canonical view of striatal
D1R signalling as pro-reward/reinforcing and D2R signalling as
pro-aversive is too simplistic. It is naïve to assume that D1R- and
D2R-expressing neurons play completely independent (and con-
trasting) roles. We believe that there is a coordinated (and not
necessarily antagonic) action between the two neuronal subpopu-
lations in the control of these behaviours. Interestingly, some recent
studies have also questioned the pro- or anti-kinetic dichotomy of
D1-MSNs/direct or D2-MSNs/indirect pathways in motor control
(Cui et al., 2013), emphasizing the need to re-evaluate the early
view that striatal D1- and D2-MSNs mediate exclusively opposing
aspects of behaviour.
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