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The mesostriatal dopaminergic system, which comprises the mesolimbic and the
nigrostriatal pathways, plays a major role in neural processing underlying motor and limbic
functions. Multiple reports suggest that these processes are influenced by hemispheric
differences in striatal dopamine (DA) levels, DA turnover and its receptor activity. Here,
we review studies which measured the concentration of DA and its metabolites to
examine the relationship between DA imbalance and animal behavior under different
conditions. Specifically, we assess evidence in support of endogenous, inter-hemispheric
DA imbalance; determine whether the known anatomy provides a suitable substrate for
this imbalance; examine the relationship between DA imbalance and animal behavior; and
characterize the symmetry of the observed inter-hemispheric laterality in the nigrostriatal
and the mesolimbic DA systems. We conclude that many studies provide supporting
evidence for the occurrence of experience-dependent endogenous DA imbalance which
is controlled by a dedicated regulatory/compensatory mechanism. Additionally, it seems
that the link between DA imbalance and animal behavior is better characterized in
the nigrostriatal than in the mesolimbic system. Nonetheless, a variety of brain and
behavioral manipulations demonstrate that the nigrostriatal system displays symmetrical
laterality whereas the mesolimbic system displays asymmetrical laterality which supports
hemispheric specialization in rodents. The reciprocity of the relationship between DA
imbalance and animal behavior (i.e., the capacity of animal training to alter DA imbalance
for prolonged time periods) remains controversial, however, if confirmed, it may provide a
valuable non-invasive therapeutic means for treating abnormal DA imbalance.
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INTRODUCTION
There is a general consensus regarding cerebral dominance and
hemispheric specialization in the human brain in which the right
hemisphere is dominant for analyzing complex visuo-spatial rela-
tionships and for the perception and expression of emotions,
whereas language is represented in the left hemisphere (Kimura
and Archibald, 1974; Gazzaniga, 1995; Davidson and Kenneth,
2004; Fox and Reed, 2008; Gotts et al., 2013). Healthy subjects
display asymmetries in the DA system, which in humans have
been associated, for example, with lateralized motor performance
and hand preference (Bracha et al., 1987; De La Fuente-Fernandez
et al., 2000; Mohr and Bracha, 2004). Pathological DA asym-
metries occur in neuropsychiatric and neurodegenerative disor-
ders such as schizophrenia, depression, and Parkinson’s disease
(Peterson et al., 1993; Seibyl et al., 1995; Gruzelier, 1999; Hietala
et al., 1999; Van Dyck et al., 2002; Hsiao et al., 2003, 2013). Inter-
hemispheric imbalance in DA concentration and its metabolites
has been described in the rodent mesostriatal system and in
related structures such as prefrontal cortex (PFC), Entorhinal cor-
tex (EC) and the hippocampus (Glick et al., 1982; Schneider et al.,
1982; Denenberg and Rosen, 1983; Drew et al., 1986; Fride and
Weinstock, 1987; Nowak, 1989; Rodriguez et al., 1994; Becker,

1999; Hietala et al., 1999; Thiel and Schwarting, 2001; Van Dyck
et al., 2002; Silva et al., 2007; Vernaleken et al., 2007; Cannon
et al., 2009; Martin-Soelch et al., 2011; Hsiao et al., 2013). This
DA imbalance in the mesostriatal system has been associated
with a variety of motor and cognitive aspects of behavior among
which are spatial performance such as side preference in a T
maze or during lever-press (Zimmerberg et al., 1974; Glick et al.,
1981; Castellano et al., 1987), locomotor activity (Glick and Ross,
1981; Glick et al., 1988; Cabib et al., 1995; Nielsen et al., 1997;
Budilin et al., 2008), difference in sensitivity to intracranial self-
stimulation, motivation, responsiveness to stress, and appetitive
and aversive stimuli (Glick et al., 1981; Carlson et al., 1991, 1993;
Besson and Louilot, 1995; Sullivan and Gratton, 1998; Berridge
et al., 1999; Sullivan and Dufresne, 2006; Fox and Reed, 2008;
Tomer et al., 2008, 2014; Laplante et al., 2013).

In this review, we address the midbrain DA system function-
ality by examining the laterality of the mesostriatal system in
populations of animals as reflected in DA imbalance across hemi-
spheres. To do so, we specify the type, origin and destination
of primarily midbrain DA neurons, review evidence supporting
DA related hemispheric laterality as assessed by measuring DA
levels and its metabolite dihydroxyphenylacetic acid (DOPAC),
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examine correlations between DA imbalance and spatial and cog-
nitive biases in animal behavior, and finally, we discuss the ways
in which these correlations are altered in response to unilateral
and systemic biochemical intervention and behavioral manipula-
tion. We particularly ask whether or not manipulations generate a
symmetrical effect across hemispheres (i.e., whether a unilaterally
applied manipulation generates a mirror image of the effect gen-
erated by applying that manipulation to the other hemisphere).
The search for papers was done using relevant key words such as
asymmetry, laterality, DA, ventral tegmental area (VTA), substan-
tia nigra (SN), striatum, nucleus accumbens (NAc), PFC, medial
forebrain bundle (MFB), 6-hydroxydopamine (6-OHDA), uni-
lateral, left, right, inter hemispheric, mesostriatal, mesolimbic,
nigrostriatal, affective, limbic, etc. Papers were selected irrespec-
tive of results if reported data comprised left/right information
without collapsing them across hemispheres.

ANATOMY AND CONNECTIVITY
The two prime dopaminergic fiber groups, the A9 and A10, are
located in the ventral midbrain (Dahlstroem and Fuxe, 1964).
The A10 group is the largest group of DAergic cells in the ventral
midbrain tegmentum which is located for the most part in the
VTA. The A10 group represents about two thirds (∼65%) of VTA
cell population. In addition, the VTA comprises a sizable popu-
lation of GABAergic inhibitory neurons (∼30%) and excitatory
glutamatergic neurons (∼5%) (Nauta et al., 1978; Johnson and
North, 1992). This DAergic group gives rise to the mesolimbic
DA system projecting through the MFB primarily to the ventral
striatum (NAc) (Dahlstroem and Fuxe, 1964). The A9 group is
the most densely packed group of DAergic cells, which is located
in the substantia nigra pars compacta (SNc) and accounts for
about 90% of the neuronal population in this relatively homoge-
nous structure, in addition to a small population of GABAergic
inhibitory neurons (10%). The A9 group constitutes the nigros-
triatal DAergic pathway which projects through the MFB to the
dorsal striatum (dStr) composed of the caudate and putamen.
Another small group of DAergic cells in rodents and primates is
the A8 group, located in the midbrain reticular formation.

The DAergic signal arising from these midbrain structures
enables basal ganglia (BG) control of motor planning and action
selection (Wurtz and Hikosaka, 1986; Berns and Sejnowski, 1998;
Gurney et al., 2001) by two parallel pathways diverging in the
striatum and separating the BG loop into the direct, striatonigral
pathway, and the indirect, striatopallidal pathway, via medium-
sized spiny projection neurons (MSNs) expressing D1 receptors
and D2 receptors, respectively (Alexander and Crutcher, 1990;
Gerfen et al., 1990). The subthalamic nucleus which is a part
of the indirect pathway also receives direct cortical input via
the hyper-direct fast pathway that bypasses the striatum and is
therefore independent of striatal DA input (Kita, 1992; Nambu
et al., 2000, 2002). The balance between the direct and indi-
rect pathways is thought to be essential for proper BG function
(Albin et al., 1989; Wichmann and Delong, 1996; Delong and
Wichmann, 2007). The MSNs, which are GABAergic neurons,
make up the vast majority (90–95%) of striatal neurons in rodents
and primates (Kemp and Powell, 1971; Mensah and Deadwyler,
1974; Wilson and Groves, 1980; Graveland and Difiglia, 1985).

The MSNs relay information via the direct and indirect pathways
to the two major output stations of the BG, the substantia nigra
pars reticulata (SNr) and the globus pallidus internal segment (or
the entopeduncular nucleus in rodents) which are both primarily
GABAergic (Van Der Kooy and Wise, 1980; Oertel and Mugnaini,
1984; Bolam et al., 1985, 1993; Parent and Hazrati, 1995).

CONNECTIVITY WITHIN THE MESOSTRIATAL SYSTEMS
The DA neurons in the SNc project predominantly to the stria-
tum, which also receives a small percentage of DA inputs from
the SNr and VTA (Van Der Kooy and Wise, 1980). Overall, at
least 85% of the fibers reaching the striatum from the midbrain
arise from the DA mesostriatal neurons. Of the 15% of the non-
DA carrying fibers reaching the striatum, about 2% arrive from
the VTA, 3–4% from the SNc, and 8–9% arrive from the SNr
(Van Der Kooy et al., 1981; Swanson, 1982; Fallon et al., 1983;
Gerfen et al., 1987). In turn, neurons located in the striatal patches
(Gerfen, 1984, 1985) project back to the DAergic neurons in the
SNc (Gerfen et al., 1987). The two types of SNc neurons also
project onto the NAc and comprise about 38% of its midbrain
input (Swanson, 1982). The NAc projections back to the nigral
complex are substantially larger than the nigrostriatal fibers it
receives (Nauta et al., 1978).

All three types of VTA neurons project onto the NAc and
comprise 40% of its midbrain input (Phillipson, 1979; Swanson,
1982). Of these NAc afferents, 85% are primarily DAergic and the
remaining 15% arise from GABA or glutamate releasing neurons
(Swanson, 1982; Gerfen et al., 1987; Gonzalez-Hernandez et al.,
2004, p. 23; Stuber et al., 2012; Ishikawa et al., 2013). In turn, the
NAc sends inhibitory projections back to VTA GABAergic neu-
rons including those that innervated it, thus enabling reciprocal
information transfer (Nauta et al., 1978; Phillipson, 1979; Kalivas
et al., 1993). In addition, the VTA DAergic neurons are inhib-
ited by GABAergic interneurons located in the VTA (Stuber et al.,
2012; Van Zessen et al., 2012).

Approximately 1–3% of the DA fibers reaching the striatum
come from the contralateral SNc, the VTA and the posterior lat-
eral hypothalamic area (Veening et al., 1980; Gerfen et al., 1982;
Swanson, 1982; Altar et al., 1983; Fallon et al., 1983; Consolazione
et al., 1985; Lieu and Subramanian, 2012). Less than 10% of
the VTA efferents cross the midline to the contralateral side
(Swanson, 1982) where they give rise to about 8% of the fibers
reaching the NAc and about 1–3% of the fibers reaching the dStr
(Carter and Fibiger, 1977; Altar et al., 1983; Douglas et al., 1987).
This inter-hemispheric communication does not pass through
the corpus callosum (Fass and Butcher, 1981) and instead decus-
sates before the fibers reach the lateral hypothalamic area, close
to the VTA (Altar et al., 1983; Douglas et al., 1987). It has been
shown that VTA and SN neurons project either ipsilaterally or
contralaterally but not bilaterally (Loughlin and Fallon, 1982).

CONNECTIVITY BETWEEN THE MESOSTRIATAL SYSTEMS AND
RELATED STRUCTURES
The cortical targets of the SN include the PFC, the motor cortex
and the EC (Loughlin and Fallon, 1984). All major regions of the
cerebral cortex communicate with the striatum bilaterally, how-
ever, with ipsilateral predominance (Veening et al., 1980; Fisher
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et al., 1986; McGeorge and Faull, 1989; Brog et al., 1993; Totterdell
and Meredith, 1997; Alloway et al., 2006; Lieu and Subramanian,
2012). Importantly, a single SN neuron sends collaterals to lim-
bic, striatal, and cortical structures, unlike VTA neurons that
can project solely to one terminal field (Loughlin and Fallon,
1984).

Projection neurons in the VTA arrive at the PFC and synapse
on pyramidal neurons that project to the contralateral PFC (Carr
and Sesack, 2000; Hnasko et al., 2012; Stuber et al., 2012) suggest-
ing that the PFC is ideally suited to modulate inter-hemispheric
information flow between itself and the BG. Additionally, the PFC
sends excitatory glutamatergic projections onto VTA GABAergic
neurons which innervate the NAc, and also onto VTA DAergic
neurons which project back to the PFC (Carr and Sesack,
2000).

The VTA neurons also project to the EC of which 46% of the
projections are DAergic. The EC in turn sends glutamatergic pro-
jections to the striatum, mainly to the NAc core (Krayniak et al.,
1981; Finch et al., 1995; Moser et al., 2010). Similar to the VTA-
NAc connectivity, the majority of the fibers (92%) arrive at the
ipsilateral EC whereas the remaining fibers reach the contralateral
EC (Swanson, 1982). In addition to the bidirectional communica-
tion between the VTA and the NAc, and the VTA-EC-NAc circuit,
these structures are also part of a complex loop engaging the hip-
pocampus. Specifically, DAergic neurons in the VTA project to the
hippocampus which through the subiculum, NAc and the ventral
pallidum releases DA neurons in the VTA from tonic inhibitory
ventral pallidum influence (Lisman and Grace, 2005). In addition,

the glutamatergic neurons in the VTA project back to the ventral
pallidum (Hnasko et al., 2012).

Observation of the mesostriatal and mesolimbic DA path-
ways reveals a symmetrical connectivity with a primary influence
in the ipsilateral side and a minor influence in the contralat-
eral side (illustrated in Figure 1). Symmetrical fiber connectivity
entails that unilateral manipulations of the DA system will affect
mainly the manipulated side and that the outcome of left vs.
right manipulations will be symmetrical as long as physiological
factors are not taken into account. Inter-hemispheric commu-
nication allowing bilateral influence of unilateral manipulation
is supported primarily by the PFC without breaking the sym-
metry. It is noteworthy that information is lacking regarding
fiber distribution differences in the left vs. right hemispheres.
If fiber distribution differences exist, they may yield asymmet-
rical, bi-lateral response to a variety of unilateral manipula-
tions.

ENDOGENOUS ASYMMETRY IN THE DAergic SYSTEM
Endogenous differences in the DA system of population of ani-
mals were observed in adulthood by many groups. These dif-
ferences were expressed in DA level and metabolites, D1 and
D2 receptor concentration, binding potential of the receptors
and DA transporters measured in the neocortex, striatum and
NAc. However, reports by different laboratories do not always
concur in occurrence site, magnitude and the directionality of
the observed imbalance (Glick et al., 1982; Schneider et al.,
1982; Denenberg and Rosen, 1983; Drew et al., 1986; Fride and

FIGURE 1 | A schematic diagram of the connectivity within and between

the mesostriatal pathways and related structures. Shown are the ipsilateral
(solid lines) and contralateral (dashed lines) projections of fibers containing DA
(blue), GABA (red), or glutamate (green). Abbreviations: PFC, Prefrontal Cortex;

EC, Entorhinal cortex; Hipp, Hippocampus; LHb, Lateral Habenula; Str,
Striatum; dStr, Dorsal Striatum; NAc, Nucleus Accumbens; GP, Globus pallidus;
EP, Entopeduncular nucleus; VP, Ventral Pallidum; SNc, Substantia Nigra Pars
Compacta; SNr, Substantia Nigra Pars Reticulata; VTA, Ventral Tegmental Area.

Frontiers in Systems Neuroscience www.frontiersin.org June 2014 | Volume 8 | Article 110 | 3

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive


Molochnikov and Cohen Laterality in the dopaminergic pathways

Weinstock, 1987; Nowak, 1989; Rodriguez et al., 1994; Giardino,
1996; Becker, 1999; Thiel and Schwarting, 2001; Van Dyck et al.,
2002; Silva et al., 2007; Vernaleken et al., 2007; Cannon et al.,
2009; Martin-Soelch et al., 2011; Hsiao et al., 2013). Examination
of the results and experimental conditions reveals, in addition to
methodology of measurement, differences in animals’ age, gen-
der ratio, and in the species and strains of animals used. A clue
for reconciling this discrepancy may be found in reports describ-
ing an inter-hemispheric regulatory/compensatory process which
acts differentially in both hemispheres to restore DAergic balance.
Such a process has been suggested to be active during develop-
ment (Rodriguez et al., 1994; Giardino, 1996; Frohna et al., 1997;
Vernaleken et al., 2007) and following tissue damage (Altar et al.,
1983; Pritzel et al., 1983; Carlson et al., 1996; Roedter et al., 2001;
Blesa et al., 2011). This regulatory/compensatory process which
is time-dependent utilizes mechanisms of action such as control-
ling the ratio of D1/D2 receptors (Joyce, 1991a,b), changing the
number of synaptic terminals (Jaeger et al., 1983; Lawler et al.,
1995; Meshul et al., 1999; Gittis et al., 2011; Golden et al., 2013),
and enhancing DA turnover and release from the available fibers
(Ikegami et al., 2006). If the influence of this regulatory process
on the expression of DA imbalance is experience dependent the
discrepancy across laboratories could be reconciled because the
variance in animals’ experience is likely to be smaller within a
laboratory than across laboratories. Hence, observation of hemi-
spheric chemical imbalance may be obscured by the animal’s
unique experience and therefore studying DA imbalance in rela-
tion to animal behavior, preferably during a well-defined task,
may minimize the influence of experience and could potentially
reveal a robust effect that is consistent across laboratories.

BEHAVIORAL CORRELATES OF ENDOGENOUS DA
ASYMMETRY
The degree of right hand preference in humans positively corre-
lates with left putamen dominance, whereas right caudate dom-
inance positively correlates with the level of performance during
simultaneous bimanual movements in right-handed healthy sub-
jects (De La Fuente-Fernandez et al., 2000). Rodents also display
paw preference yet this preference is correlated with higher DA
and DOPAC concentrations in the NAc ipsilateral to the pre-
ferred limb (Cabib et al., 1995; Budilin et al., 2008). Additionally,
lateralization of DOPAC/DA ratios in favor of the right ventral
striatum was positively related to right-side thigmotaxis (Thiel
and Schwarting, 2001). Generally, however, spatial preference in
rodents appears to be the manifestation of difference in activ-
ity occurring between the nigrostriatal systems. Specifically, rats
forced to select a side (left or right) in a T maze displayed sig-
nificantly higher DA content in the striatum contralateral to the
preferred side than to the ipsilateral striatum (Zimmerberg et al.,
1974). Similarly, the preferred direction of rotation was directly
linked to the asymmetry in baseline DA (see Figure 2): the pre-
ferred direction of rotation was contralateral to the striatum with
higher DA (Glick et al., 1988). Further support for this observa-
tion comes from intracranial self-stimulation experiments show-
ing that the side having a lower threshold for stimulation was
contralateral to the direction of spontaneous rotations (Glick
et al., 1981). Opposite to DA levels, lower DOPAC values were

FIGURE 2 | The effect of unilateral biochemical manipulations. The
specified manipulations were placed on the side that induced rotation in
the right direction (marked with an arrow). The direction of rotation was
always contralateral to the striatum with a high DA concentration (left). (I)
systemic administration of d-amphetamine (enhances natural asymmetry).
(II) 6-OHDA lesion of the striatum. (III) DA agonists, Acetylcholine
antagonists or NMDA administered to the striatum. (IV) 6-OHDA lesion of
the MFB. (V) 6-OHDA lesion or DA administration to the SNc. (VI) GABA
antagonists administered to the SNr. (VII) DA agonists, Acetylcholine
agonists or GABA agonists administered to the SNr.

observed in the striatum contralateral to the preferred direction
of rotation (Glick et al., 1977, 1988). However, haloperidol, which
decreases the activation of DA receptors, inversed the relation
between DOPAC concentration and direction of rotation with-
out changing the animal’s preferred direction (Jerussi and Taylor,
1982), suggesting that DOPAC concentration by itself may be a
less reliable predictor of rotation direction. The preferred direc-
tion of rotation and paw preference in rodents are uncorrelated
suggesting that they reflect two distinct processes (Nielsen et al.,
1997) each correlated with DA asymmetry in a different stri-
atal sub-region. This distinction in rodents contrasts with data
showing a relation between human handedness and preferred
direction of rotation; right-handers preferred left-sided turning
and non-right-handers preferred right-sided turning (Mohr et al.,
2003).

Other brain areas were also linked with spatial preference
in rodents. For example, in the two-lever operant condition-
ing task rats showed a right lever bias that was correlated with
enhanced activity in the left frontal cortex (Glick and Ross, 1981).
Additionally, enhanced activity in the left PFC was observed dur-
ing right rotation preference. These findings are consistent with
reports of PFC-striatum interactions. Specifically, phasic activa-
tion of the PFC has been shown to increase DA release in the
ipsilateral NAc (Taber and Fibiger, 1995) probably via glutamate-
induced activation of DA neurons in the VTA (Karreman and
Moghaddam, 1996).
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As opposed to the motor and sensory modalities displaying
characteristic laterality, limbic entities such as stressors and natu-
ral rewards (food, liquid, or pleasure) lack laterality. Nonetheless,
several studies suggest that endogenous DA asymmetry can be
correlated with affective behaviors as well. For example, human
baseline asymmetry in D2 receptor availability in the left rel-
ative to the right striatum was associated with greater positive
incentive motivation (Tomer et al., 2008; Martin-Soelch et al.,
2011). Moreover, human subjects with higher D2 binding in the
left hemisphere were sensitive to learning from positive rein-
forcement whereas those with higher D2 binding in the right
hemisphere were sensitive to learning from negative reinforce-
ment (Tomer et al., 2014). Additionally, right-biased rats were
significantly more active and had a stronger side preference than
left-biased rats (Glick and Ross, 1981) which also may suggest
attention/motivation influence.

THE INFLUENCE OF BRAIN MANIPULATION ON ANIMAL
BEHAVIOR
In the previous section we reviewed evidence showing correla-
tions between endogenous DA imbalance and natural behavior.
In the following section we examine how systemic and unilat-
eral artificial alteration of the inter-hemispheric DA imbalance
influences animals’ behavior.

MANIPULATIONS IN THE NIGROSTRIATAL SYSTEM
Systemic biochemical manipulations
Systemic application of d-amphetamine, which enhances DA con-
centration at the DAergic terminals was found to enhance the
rate of rotations in the preferred direction prior to the injec-
tion (Jerussi and Glick, 1976), as well as the inter-hemispheric
difference in striatal DA content in a dose dependent man-
ner (Glick et al., 1981). Moreover, d-amphetamine application
further lowered the threshold for MFB activation and conse-
quently further biased the side preference of self-stimulation
(Glick et al., 1981). Apomorphine, which is a non-selective
DA agonist, induced rotational behavior in rats similar to d-
amphetamine. The induced rotation increased with apomor-
phine dosage until reaching a plateau (Jerussi and Glick, 1975).
Conversely, apomorphine administration significantly decreased
the number of times rats chose their preferred arm in a T-Maze
but did not alter the side preference observed prior to drug
application (Castellano et al., 1987) which may indicate drug
spread into limbic regions. Inhibition of catecholamine synthe-
sis by Alpha-methyl-para-tyrosine (AMPT) markedly reduced or
completely abolished d-amphetamine induced rotation (Jerussi
and Glick, 1976), but did not affect rotation elicited by apomor-
phine (Jerussi and Glick, 1975), suggesting that these two drugs
operate differently. Haloperidol prevented the rotation elicited by
both d-amphetamine and apomorphine (Jerussi and Glick, 1976),
indicating its robust influence.

Local biochemical manipulations
A more selective way to induce DA imbalance in the nigrostriatal
pathway is by unilaterally injecting DA agonists and antagonists
into the dStr or the SN. Figure 2 summarizes the results obtained
following unilateral manipulations. Local injection of DA into the

SNc induced weak ipsiversive or mixed ipsiversive and contraver-
sive rotation probably due to DA autoreceptors which locally
inhibit DA neurons (Jang et al., 2011). Injection of DA into the
SNr only induced contraversive circling (Kelly et al., 1984). Local
injection of apomorphine to the SNr or SNc had a mild influence
on the tendency of the rats to rotate (Kelly et al., 1984), suggest-
ing activation of other neuronal mechanisms that counteract the
influence of apomorphine on DAergic neurons. Unilateral injec-
tions of apomorphine into the dStr induced contraversive turn-
ing as did injections of d-amphetamine, NMDA (Ossowska and
Wolfarth, 1995), and atropine which is a muscarinic acetylcholine
receptor antagonist (Jerussi and Glick, 1976).

GABA-related drugs and GABA antagonists applied intrani-
grally also facilitated rotational behavior; GABA, GABAA agonist
(e.g., muscimol) and GABAB agonists (e.g., γ-hydroxybutyric
acid and baclofen) injected unilaterally into the SNr of rats
elicited contraversive turning by disinhibiting the SNr influence
on the striatum and enhancing DA activation ipsilaterally to the
injection site, whereas unilateral injections of GABAA antagonist
(e.g., bicuculline) produced ipsiversive turning by enhancing SNr
inhibition of the striatum (Olpe et al., 1977; Scheel-Kruger et al.,
1977).

Unilateral optical stimulation of MSNs in the direct or the
indirect striatal pathways concurred with previously described
manipulations which unilaterally enhanced or attenuated DA
level; direct pathway activation led to contraversive rotation,
whereas indirect pathway activation yielded ipsiversive rotation
(Kravitz et al., 2010). Such a selective activation of the two path-
ways validates the influence of DA hemispheric imbalance on
preferred rotation direction in the absence of a compensatory
mechanism influence.

Unilateral lesions using 6-hydroxydopamine
6-hydroxydopamine (6-OHDA) is a neurotoxic compound that
selectively destroys catecholamine neurons by penetrating their
membrane via the DA or noradrenaline reuptake transporters
(Simola et al., 2007). The 6-OHDA injection site determines the
extent of damage caused by the neurotoxin and its specificity.
Unilateral injection in the MFB has been shown to lesion both
the uncrossed and crossed projections of the A9 and A10 cell
groups converging on the ipsilateral dStr, and produces exten-
sive catecholamine neuron destruction of about 97% of the cells
primarily in the ipsilateral SNc and VTA. The contralateral SNc
and VTA are less affected by the neurotoxin injection (Altar et al.,
1983) because only a small percentage of their efferents (1% and
8% in the SNc and VTA, respectively) pass through the injection
site (Iwamoto et al., 1976; Altar et al., 1983; Torres and Dunnett,
2012).

A more specific lesion can be produced by injecting the neu-
rotoxin into the SNc, which leads to the destruction of only the
nigrostriatal (A9) pathway, and more focal damage can be created
by lesioning sub-regions of the dStr complex, which induces cell
death of 50–99% of the SNc neurons depending on the affected
dStr volume (reviewed in Deumens et al., 2002). These three
procedures serve as classic animal models for Parkinson’s dis-
ease (Ungerstedt and Arbuthnott, 1970; Simola et al., 2007). All
of these lesions produce a biochemical imbalance in which lower
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DA levels are measured in the ipsilateral-to-lesion dStr than in the
contralateral dStr. This biochemical imbalance is correlated with
behavioral alterations such as the development of motor slow-
ness and a turning preference bias toward the side of the lesion
(Roedter et al., 2001; Simola et al., 2007). Specifically, 6-OHDA
lesions of either the SNc, MFB, or the dStr induce ipsiversive-
to-lesion rotation (Jerussi and Glick, 1976; Glick et al., 1977;
Carman et al., 1991; Annett et al., 1992; Deumens et al., 2002).
The lesion-induced turning behavior ceases within the first post-
operative week (Pritzel et al., 1983) thus setting an upper bound
on the time required for the compensatory processes to become
evident.

It is interesting to note that unilateral optical activation
of MSNs in the direct/indirect pathway induced contraver-
sive/ipsiversive rotations similar to that induced by 6-OHDA
lesions. This finding suggests that alterations in DA concentra-
tions influence the balance in activation of the direct vs. indi-
rect pathways; reduced DA concentration tips the scale toward
activation of the striatopallidal pathway whereas enhanced DA
concentration emphasizes the striatonigral pathway.

Unilateral lesions and systemic biochemical manipulations
Systemic administration of pharmacological agents influenced
the direction of turning evoked by the 6-OHDA lesion by enhanc-
ing or reducing the lesion-induced biochemical imbalance. d-
amphetamine produced ipsilateral circling behavior whereas
haloperidol and pimozide, which decrease the activation of DA
receptors, produced contralateral circling behavior in rats with
6-OHDA lesion in the SNc (Iwamoto et al., 1976). Electrolytic
lesions of the SNc induced a rotation preference similar to that
induced by 6-OHDA (Arbuthnott and Crow, 1971; Iwamoto
et al., 1976). Systemic administration of apomorphine generated
a more complex outcome depending on the type and extent of
the resulting tissue damage; apomorphine yielded contraversive
circling following 6-OHDA lesions (Iwamoto et al., 1976; Glick
et al., 1977; Meshul and Allen, 2000) and the number of rotations
depended on the extent of tissue damage. By contrast, apo-
morphine led to ipsiversive circling following electrolytic lesion
(Iwamoto et al., 1976).

Overall, artificial enhancement of striatal DA imbalance in
rodents produces circling behavior in the direction toward the
side with depleted DA concentration (see Figure 2). The outcome
of this category of manipulations which ultimately influence
striatal DA processing and transmission is consistent regardless
of which component in the circuit has been manipulated and
whether the manipulation enhanced or attenuated activity.

MANIPULATIONS IN THE MESOLIMBIC SYSTEM
Application of 6-OHDA to the mesolimbic system produced
characteristic behavioral deficits different in nature from those
produced by lesioning the nigrostriatal system. Unilateral injec-
tion of 6-OHDA to the right VTA or SN impaired acquisition
of operant tasks (Hritcu et al., 2008). Bilateral small 6-OHDA
lesions of the VTA produced a significant increase in spon-
taneous locomotor activity whereas large 6-OHDA lesions of
the VTA or the NAc produced hypoactivity in the open field,
a complete blockade of the locomotor stimulating effects of

d-amphetamine, and a profound supersensitive response to
apomorphine expressed as enhanced locomotion (Koob et al.,
1981). Interestingly, a radiofrequency-VTA lesion caused a greater
increase in spontaneous activity relative to the VTA 6-OHDA
lesion, suggesting the presence of a powerful inhibitory influ-
ence of the mesolimbic DA system within the VTA (Koob et al.,
1981).

Manipulations of structures interacting with the mesolimbic system
Experiments described thus far support the view that the rela-
tionship between the manipulation-induced DA imbalance and
the animal’s induced rotation direction is symmetric across hemi-
spheres (see Figure 2). Experiments directly assessing the exis-
tence and function of DA imbalance in the mesolimbic pathway
are lacking. However, some of the information can be deduced
from experiments addressing the issue indirectly, for example,
by applying pharmacological intervention in structures which
interact with the mesolimbic system such as the PFC, EC, and
hippocampus. Such experiments reveal that despite the appar-
ent anatomical symmetry of the fibers unilateral manipulations
influence the DA system asymmetrically. The results of these
experiments are summarized in Table 1.

The effect of PFC manipulations on the mesolimbic DA system
The PFC represents information in the short term working
memory (Kolb et al., 1994; Kesner et al., 1996; Goldman-Rakic,
2011) and is crucial for spatial and emotional response selection
which are influenced by mesocortical DA (Thierry et al., 1976;
Delatour and Gisquet-Verrier, 1999; Sullivan, 2004). As previ-
ously mentioned the interaction between mesostriatal DA and
PFC is reciprocal (Carr and Sesack, 2000; Hnasko et al., 2012;
Stuber et al., 2012). 6-OHDA lesions of the mesocortical DA
innervating the right mPFC and anterior cingulate induced a sig-
nificant bilateral reduction in DA content and an increase in DA
turnover in the striatum (Sullivan and Szechtman, 1995). Similar
lesions to the left mPFC and anterior cingulate did not affect
striatal DA. Moreover, similar to unilateral lesion of the right
PFC, bilateral lesions also reduced DA content and increased DA
turnover but the response was limited to the right NAc (Sullivan
and Szechtman, 1995). Evidence for the asymmetrical influence
exerted by the PFC on the striatum also comes from studies
performed on human subjects. For example, application of a
continuous TMS theta burst stimulation (cTBS) to the left dor-
solateral PFC of healthy young right-handed adults inhibited DA
release bilaterally in the caudate and ipsilaterally in the putamen,
whereas right dorsolateral PFC cTBS did not influence binding
potential in the striatum (Ko et al., 2008).

A few studies correlated DA imbalance following chemi-
cal manipulations of the PFC with behavior. For example,
correlations were observed between DA depletion induction
in the right medial PFC (mPFC) and rats exhibiting the
most severe stress-induced gastric pathology—ulcers (Sullivan
and Szechtman, 1995). Additionally, unilateral injection of DA
(D1/D2) antagonist into the mPFC significantly enhanced the
restraint stress-induced increases in corticotrophin and corti-
costerone in non-handled rats (Sullivan and Dufresne, 2006).
However, similar experiments in handled rats showed that only
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Table 1 | The reported directionality of DA imbalance in the mesolimbic system following biochemical and behavioral manipulations.
�������������Manipulation type

Manipulated side
Left Right Bilateral References

Lo
ca

lb
io

ch
em

ic
al

m
an

ip
ul

at
io

ns

6-OHDA mPFC No effect DA Str DA NAc Sullivan and Szechtman, 1995

DOPAC/DA Str DOPAC/DA NAc

TMS dorsolateral PFC DA Caudate No effect Ko et al., 2008

DA Putamen

Lidocaine mPFC and methamphetamine DA NAc Uehara et al., 2007

Lidocaine mPFC, Exitotoxic EC, and
methamphetamine

DA NAc

Exitotoxic EC DA dStr and NAc DOPAC/DA NAc Uehara et al., 2000

DA mPFC

DOPAC/DA NAc

6-OHDA EC DA NAc DOPAC/DA NAc Louilot and Choulli, 1997

DOPAC/DA NAc

DOPAC NAc

D2 antagonist EC DOPAC NAc No effect Louilot and Le Moal, 1994

D2 agonist EC DOPAC NAc No effect

D2 antagonist VH DOPAC NAc DOPAC NAc

D2 agonist VH DOPAC NAc DOPAC NAc

TTX EC DOPAC NAc DOPAC NAc

B
eh

av
io

ra
l

Appetitive odor DA NAc Besson and Louilot, 1995

Aversive conditioning DA NAc

Tail pinch DA NAc Laplante et al., 2013

DA mPFC Sullivan and Gratton, 1998

Repetitive restraint and handling DOPAC mPFC Sullivan and Dufresne, 2006

Repetitive restraint without handling DOPAC mPFC

15 min restraint HVA/DA mPFC Carlson et al., 1991

60 min restraint DA mPFC

Bright novel environment without
distraction

DOPAC/DA PFC Berridge et al., 1999

A circle denotes the spatial distribution of the manipulation outcome. Colored area indicates a significant increase (red) or decrease (blue) in DA or its metabolites

in the corresponding hemisphere. Data were included from different species, ages, and measurement techniques.

right side DA receptor blockade induced elevation of peak stress
hormone levels (Sullivan and Dufresne, 2006). These data provide
supporting evidence for the asymmetrical relationship between
DA imbalance in the mesolimbic system and the animals’ affective
behavior, and further emphasize that the animals’ experience may
hamper attempts to characterize this relationship.

The effect of EC and hippocampus manipulations on the mesolimbic
DA system
The EC and the ventral hippocampus (VH) receive DAergic pro-
jections from the VTA, and depending on event novelty (Lisman
and Grace, 2005) act upon the VTA to regulate the DAergic
transmission to the NAc (Louilot and Le Moal, 1994; Kurachi
et al., 2000). Inter-hemispheric comparison of changes in DA and
DOPAC concentration in the NAc and related regions following
pharmacological intervention in the EC or VH revealed a time-
dependent process with complex lateralization. Excitotoxic lesion
of the left EC decreased DOPAC levels in the NAc and the mPFC
2 weeks post lesion (Kurachi et al., 2000). Moreover, measure-
ments performed in adolescence following excitotoxic lesion of
the left EC in newborn rats showed bilateral enhancement of DA
concentration in the NAc and dStr, and a unilateral decrease in

the right mPFC. The NAc also displayed a bilateral decrease in
DOPAC/DA concentration ratio whereas the dStr did not. None
of these alterations in the DA system was detected in the new-
borns (Uehara et al., 2000). When the left EC of adult rats was
lesioned with 6-OHDA the outcome was reversed; DA tissue con-
tent decreased whereas DOPAC tissue content and the resultant
DOPAC/DA ratio increased in the NAc (Louilot and Choulli,
1997). It remains to be seen whether the differences in outcome
are due to the age at which the lesion was made or due to the
lesion type. A similar lesion to the right EC caused elevation
in DOPAC/DA ratio only in the left NAc (Louilot and Choulli,
1997). A more specific intervention by manipulation of both
D1 and D2 receptors in the EC and VH significantly influenced
DOPAC concentrations in the NAc such that the effect of the
D2 manipulation was more pronounced than that of D1 (Louilot
and Le Moal, 1994). Specifically, administration of a D2 receptor
antagonist in the left EC increased DOPAC concentration in both
NAc whereas administration of a D2 agonist caused the oppo-
site effect (i.e., decreased DOPAC concentration in both NAc).
Injection of a D2 antagonist or agonist into the right EC did not
influence DOPAC levels in the NAc. Injections of a D2 antago-
nist and agonist into the VH evoked similar responses as left EC
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injections but the response was limited to the side ipsilateral to
the injected hemisphere (Louilot and Le Moal, 1994). Moreover,
injection of the neurotoxic compound Tetrodotoxin (TTX) into
the left EC decreased DOPAC in both NAc whereas TTX in the
right EC increased DA transmission in the ipsilateral NAc and
decreased DOPAC in the contralateral NAc (Louilot and Le Moal,
1994). Unilateral TTX injections into the VH decreased DOPAC
in the NAc of both hemispheres irrespective of injection side
(Louilot and Le Moal, 1994). These side-dependent alterations
in NAc DA release and its metabolites support the existence of
an asymmetrical functional interdependence between midbrain
DAergic pathways reaching the EC and the NAc (Louilot and
Choulli, 1997).

Consistent with altered mesolimbic DAergic transmission,
a left EC excitotoxic lesion in adult rats enhanced spon-
taneous and methamphetamine induced locomotor activity
(Sumiyoshi et al., 2004; Kopniczky et al., 2006). Interestingly, the
methamphetamine-induced normalized DA release in the ipsilat-
eral NAc or dStr did not change in comparison to sham-operated
animals possibly due to enhanced postsynaptic sensitivity rather
than presynaptic alteration in DA levels (Uehara et al., 2000;
Sumiyoshi et al., 2004). When the excitotoxic lesion to the left EC
was combined with ipsilateral inactivation of the mPFC by lido-
caine (a non-selective blocker of axonal fibers of passage as well as
neurons) the methamphetamine-induced DA release in the ipsi-
lateral NAc was substantially enhanced (Uehara et al., 2007). By
contrast, ipsilateral inactivation of the mPFC by lidocaine alone
reduced the methamphetamine-induced DA release in the NAc,
which is consistent with previous data. Overall, inactivation of
the mPFC together with structural abnormalities in the EC leads
to deregulation of DAergic neurotransmission in limbic regions
(Uehara et al., 2007).

The results described thus far strengthen assumptions con-
cerning the lateralized involvement of the PFC, the EC, and the
VH in the modulation and possibly regulation of mesostriatal
DA asymmetry (Glick and Ross, 1981; Glick and Carlson, 1989;
Fox and Reed, 2008). Overall, it seems that the nigrostriatal sys-
tem displays symmetrical laterality (i.e., the outcome of different
manipulations applied to one hemisphere is a mirror image of
the outcome obtained when the manipulation is applied to other
hemispheres), whereas the DA mesolimbic system and related
structures display asymmetrical laterality (i.e., the outcome of dif-
ferent unilateral manipulations is not a mirror image of the same
manipulation applied to the other hemisphere), The occurrence
of an asymmetrical laterality supports the notion of specialized
hemispheric function (Sullivan, 2004; Fox and Reed, 2008).

THE INFLUENCE OF ANIMAL TRAINING ON DA IMBALANCE
IN THE NIGROSTRIATAL SYSTEM
Thus, far we have described how endogenous DA imbalance in
the nigrostriatal system correlates with animal behavior and how
accentuation of this biochemical imbalance can alter behavior.
Below we address the opposite question of whether utilizing dif-
ferent behavioral tasks can induce or influence the basal DA
imbalance.

Prior to training on an electrified T-maze (Zimmerberg et al.,
1974) a relatively small percentage (about 54–59%) of animals

displayed side preference (Castellano et al., 1987). After training
the vast majority (85.71%) of the rats displayed a side preference
with a strong bias toward the right arm (80%—right arm pref-
erence; 20%—left arm preference) (Castellano et al., 1987).
Unilateral lesions using 6-OHDA ipsilaterally to the preferred
side did not change preference parameters, whereas contralateral
lesion massively and persistently decreased the choice of the side
preferred preoperatively (Castellano et al., 1987). A similar out-
come was observed when rats were trained to circle for a sucrose
reward in a randomly assigned direction. Prior to training, cau-
date and NAc DA and DOPAC levels were the same in both
hemispheres. By contrast, following training a significant increase
occurred in both DA and DOPAC concentrations in the cau-
date and NAc contralateral to the turning direction whereas these
concentrations did not change in the ipsilateral caudate com-
pared to control animals (Yamamoto and Freed, 1982, 1984a).
Amphetamine administration further enhanced turning in the
trained direction regardless of the animals’ previous circling pref-
erence. As in naive animals, amphetamine-induced circling led to
increased DA concentrations in the caudate contralateral to the
trained circling direction (Yamamoto and Freed, 1984b). These
findings are congruent with the previously described relationship
between DA imbalance and side preference.

Similar experiments (Szostak et al., 1986, 1988, 1989; Glick
and Carlson, 1989) in which water-deprived animals were trained
on circling behavior failed to replicate the results described by
Yamamoto et al. (Yamamoto and Freed, 1982, 1984a,b). In par-
ticular, circling did not produce a biochemical imbalance in the
nigrostriatal and the mesolimbic DA system; rats trained to cir-
cle using a continuous schedule of reinforcement did not exhibit
any change in concentrations of striatal DA or DOPAC although
alterations in DA and DA turnover were detected in the mPFC
(Szostak et al., 1986; Glick and Carlson, 1989). Changing the
reward schedule induced enhanced DAergic activity in both the
NAc and the dStr (Szostak et al., 1986). A plausible explana-
tion arises from a report which showed that different regions of
the striatum exhibit different DA and DOPAC concentrations,
thus suggesting striatal region specialization (Szostak et al., 1989).
Importantly, the use of a water deprivation protocol without
circling training was sufficient to induce a bilateral decrease in
DOPAC/DA ratio in the NAc and mPFC (Glick and Carlson,
1989).

The following experiments further strengthen the relation-
ship between DA imbalance and rotation direction. Unilateral
6-OHDA lesions of the MFB of rats trained to circle in their
preferred direction for water reinforcement revealed a complex
scenario that fits relatively well with the chemical imbalance
described in control animals. Specifically, rats with a lesion
contralateral to their trained direction stopped turning in that
direction and often turned in the untrained direction. By con-
trast, rats lesioned ipsilaterally to the direction of reinforced
circling exhibited only a 50% decrease in the rate of reinforced
responding. These findings also highlight the effect of training
on DA hemispheric imbalance. Following these procedures the
experimental contingencies were reversed such that all rats had
to turn in the untrained direction. After the reversal, the con-
tralaterally lesioned group had to turn toward the lesion and
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consequently easily acquired the reversal, however, reinforced
rates of responding did not reach preoperative rates possibly
due to altered motivation (Mogenson et al., 1980; Smith et al.,
2002; Wise, 2002; Solstad et al., 2008). Conversely, the ipsilaterally
lesioned group had to turn away from the lesion and consequently
was unable to acquire the reversal and continued to turn in the
originally trained direction (Szostak et al., 1988). These find-
ings are in line with the previously described rotation direction
induced by 6-OHDA lesions. Moreover, these experiments sug-
gest a causal relationship between DA imbalance and rotation
direction because they imply that the direction of circling can-
not be altered by training as long as the biochemical imbalance
cannot be reversed.

Overall, by considering that alterations in DA/DOPAC concen-
trations resulting from training appear to be sensitive to varia-
tions in the training protocol such as reward schedule, severity
and type of deprivation (food or water), type of reward deliv-
ered (sucrose, water, or food) and level of performance reached
following training, the question whether DA imbalance may
be effectively manipulated by training, which is a simple non-
invasive procedure and as such may have a therapeutic capacity,
remains controversial. These findings also raise the question
whether the observed behavioral bias is a byproduct of the current
DA imbalance or whether the regulatory mechanism promotes
actions aimed to attenuate the inherent hemispheric laterality by
overworking the less active regions.

THE INFLUENCE OF ANIMAL TRAINING ON DA IMBALANCE
IN THE MESOLIMBIC SYSTEM
The question whether behavioral manipulations can induce or
influence DA imbalance in the mesolimbic system has been
addressed by utilizing different behavioral paradigms involving
stress. Stress induction lacks laterality and therefore in all of the
experiments emergent results reflect internal network proper-
ties. In this section we focus primarily on experiments show-
ing DA measures in the NAc and PFC in attempt to identify
whether laterality appears. A summary of the results is shown in
Table 1.

DA responses to a naturally attractive olfactory stimulus were
elevated in both NAc, most markedly in the right core. However,
conditioned taste aversion following LiCl treatment resulted in
elevation in DA levels in the left but not right NAc core which
further expanded to the left shell upon a second presentation of
the now aversive stimulus (Besson and Louilot, 1995). Different
results were obtained when instead of presenting aversive stim-
ulus physical stress was applied. The amplitude of DA release
following tail pinch was higher in the right NAc compared to
the left (Laplante et al., 2013) whereas in the mPFC DA release
increased bilaterally (Sullivan and Gratton, 1998). Moreover, the
duration of DA response in the left mPFC was significantly longer
than that in the right mPFC (Sullivan and Gratton, 1998).

DA measures in the right mPFC correlated with reduced stress
levels following 5 repetitions of restraint stress induction in both
handled and non-handled animals (Sullivan and Dufresne, 2006).
However, in handled rats DA turnover in the right mPFC was sig-
nificantly higher than the left whereas in non-handled rats DA
turnover in the left mPFC was significantly higher relative to the

right mPFC (Sullivan and Dufresne, 2006). It should be noted
however, that these results are incongruent with earlier findings
regarding the cortical lateralization of emotional regulation which
is facilitated by early postnatal handling stimulation, and fails to
occur in the absence of postnatal handling (Denenberg, 1981;
Sullivan and Dufresne, 2006). DA turnover in the right mPFC was
higher than the left also in animals that received a foot shock with-
out being able to terminate it (Carlson et al., 1993). When animals
could control foot shock termination, DA turnover increased
in the mPFC bilaterally (Carlson et al., 1993). Similarly, when
rats and mice were exposed to a brightly lit novel environment
(novelty stress) DA turnover in the right PFC was significantly
higher than the left PFC in animals that weren’t given the option
of engaging in a non-escape behavior (e.g., chewing an inedi-
ble object), compared to those who did (Berridge et al., 1999).
Thus, once animals are able to attenuate the physiological stress
by controlling stressor termination or by engaging in a coping
or displacement behavior the stress-induced DA response in the
right PFC is attenuated (Berridge et al., 1999).

DA concentration measurements following different durations
of restraint stress provide additional support for the correlation
observed between stress level and DA imbalance in the mPFC.
DA concentration increased in the right mPFC and reached
significance relative to the left mPFC after the animals were
kept restraint for an hour, and DA turnover was significantly
higher in the left relative to the right mPFC following 15 min of
restraint stress but not following prolonged restraint duration.
These experiments suggest an alternative hypothesis in which a
left to right shift in the mesocortical DA activation occurs with
prolonged exposure to stress (Carlson et al., 1991).

The lack of agreement between these reports suggests that lat-
erality in the mesolimbic DA system depends on factors such as
the type of induced stress, stress duration and animal’s previous
experience (Denenberg, 1981; Fox and Reed, 2008). Therefore,
these experiments do not allow addressing the question of
whether causality exists between DA imbalance in the mesolim-
bic system and behavior; whether DA imbalance can reduce stress
levels or alternatively that DA imbalance is determined by the
animals’ sensitivity to stress induction should be addressed by
utilizing different experimental methods. In any case, despite
the absence of a consistent link between behavioral manipula-
tions lacking directionality and DA imbalance in the mesolimbic
system these experiments support an asymmetrical processing
characteristic of a specialized left vs. right network.

DISCUSSION
DA imbalance across brain hemispheres is inherent in newborns.
With development, this imbalance decreases due to an inter-
hemispheric time-dependent regulatory mechanism which differ-
entially influences the DA system in each hemisphere (Rodriguez
et al., 1994; Giardino, 1996; Frohna et al., 1997; Vernaleken et al.,
2007). This mechanism also compensates for alterations in the
endogenous DA imbalance following brain lesion and possibly
neurodegenerative processes. The existence of such a mecha-
nism raises the question whether there is a way to influence DA
imbalance by utilizing specially designed behavioral manipula-
tions that directly or indirectly activate the mechanism. Although
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controversial, studies in the nigrostriatal system suggest this pos-
sibility is feasible whereas in the mesolimbic system the feasibil-
ity of this approach remains to be explored. If successful, this
approach can influence the development of novel non-invasive
therapeutic means for the treatment of various disorders affected
by alterations in DA imbalance.

The EC, the hippocampus, and PFC are part of a network
which modulates NAc responses to DA arriving from the VTA.
This network seems to display asymmetric left-right laterality
rather than displaying the symmetric laterality observed in the
nigrostriatal system. This difference in laterality is consistent with
the roles played by each BG circuit: the sensorimotor and associa-
tive regions (dStr) display laterality which matches the laterality
of their sensory inputs, whereas the limbic regions (NAc) which
process abstract inputs supposedly lacking laterality are sensi-
tive to the laterality of prefrontal and temporal lobe structures.
Such laterality fits well with the concept of hemispheric special-
ization described in the PFC in relation to various behaviors
(Clark et al., 2003; Sullivan, 2004; Goel et al., 2007; Fox and
Reed, 2008; Lupinsky et al., 2010). Additional studies are required
to determine whether the observed left-right laterality in the
mesolimbic system has functional implications for information
processing in subcortical structures (e.g., BG) or does it merely
reflect the asymmetric functionality in structures such as the EC
and the PFC.

The DA system plays a major role in the planning and execu-
tion of movements and in acquisition and expression of learned
appetitive behaviors which allow the organism to adapt to its sur-
rounding and thus essential for animals survival. To enable com-
prehensive understanding of the structure and function of this
system, it is essential to plan and execute experiments which in
addition to factors such as age, gender, and previous experience,
take into account the existence of hemispheric specialization, the
endogenous DA imbalance and its influence on behavior, and the
way in which behavior can influence this imbalance.
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