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Synopsis Goal-directed learning is a key contributor to evolutionary fitness in animals. The neural mechanisms that
mediate learning often involve the neuromodulator dopamine. In higher order cortical regions, most of what is known
about dopamine’s role is derived from brain regions involved in motivation and decision-making, while significantly less
is known about dopamine’s potential role in motor and/or sensory brain regions to guide performance. Research on
rodents and primates represents over 95% of publications in the field, while little beyond basic anatomy is known in
other vertebrate groups. This significantly limits our general understanding of how dopamine signaling systems have
evolved as organisms adapt to their environments. This review takes a pan-vertebrate view of the literature on the role of
dopamine in motor/sensory cortical regions, highlighting, when available, research on non-mammalian vertebrates. We
provide a broad perspective on dopamine function and emphasize that dopamine-induced plasticity mechanisms are
widespread across all cortical systems and associated with motor and sensory adaptations. The available evidence
illustrates that there is a strong anatomical basis—dopamine fibers and receptor distributions—to hypothesize that
pallial dopamine effects are widespread among vertebrates. Continued research progress in non-mammalian species
will be crucial to further our understanding of how the dopamine system evolved to shape the diverse array of brain
structures and behaviors among the vertebrate lineage.

Introduction The years that followed saw an explosion of re-

Research on dopamine has a rich history. This mol-
ecule was first described as a neurotransmitter and
suggested to be involved in Parkinson’s disease six
decades ago by Carlsson et al. (1958), part of a re-
search trajectory for which he was awarded the 2000
Nobel Prize. Parallel to Carlsson’s studies, Peter Olds
and James Milner published pioneering research on
the electrical stimulation of “pleasure centers” in the
rodent brain, which included basal centers for dopa-
mine action (Olds and Milner 1954). These seminal
findings established the primary role of dopamine in
reinforcement processing and motor disorders in the
basal ganglia. Two decades later, dopamine was
found also to be present in the rat cortex (Thierry
et al. 1973; Berger et al. 1974).
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search on dopamine. In mammals, dopamine is pro-
duced in midbrain and hypothalamus, and four
main projection pathways have been identified: the
tuberoinfundibular, nigrostriatal, mesolimbic, and
mesocortical pathways (Bjorklund and Dunnett
2007). The latter comprises projections from the
midbrain (e.g., tegmentum and substantia nigra) to
virtually all cortical regions. An interesting feature of
the mammalian cortical dopamine system is that the
density of cortical dopamine projections generally
decreases from anterior to posterior, being the high-
est in the frontal lobe and lowest in the occipital lobe
(Descarries et al. 1987). The current body of litera-
ture seems to parallel the anatomy, that is, the areas
with highest density of dopamine fibers have re-
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Dopamine signaling in vertebrate cortex

ceived the lion’s share of research attention. As such,
there is a wealth of understanding about dopamine
effects on the prefrontal cortex (PFC), mediating
phenomena such as reinforcement processing, moti-
vation, and attention (e.g., Clark et al. 2014; Chaua
et al. 2018; Thiele and Bellgrove 2018; Weele et al.
2019). Another large body of literature has focused
on learning and behavioral plasticity due to dopami-
nergic effects on striatum and nucleus accumbens
(Cerovic et al. 2013; Sulzer et al. 2016; Gallo 2019;
Woolley 2019). By contrast, relatively few reviews
address dopamine’s direct effects on cortical regions
aside from the PFC (Vitrac and Benoit-Marand
2017; Jacob and Nienborg 2018). Our goal in this
review is to address gaps in this literature, specifically
by examining effects of dopamine on cortical regions
that modify motor/sensory performance and direct
(local) actions of dopamine in these regions, rather
than by means of indirect input from the PFC, stri-
atum or other subcortical regions. We synthesize
available data about dopaminergic effects on
cortical-like systems in non-mammalian vertebrate
species (see below), in order to bolster comparative
perspectives on dopamine function.

Intrinsic motivation to seek subsequent reinforce-
ment often leads to improvements in motor and
sensory performance. Reinforcement learning (be it
reward or punishment) recruits several brain regions
to signal valence and form memories about environ-
mental context. Notably, the ventral tegmental area
(VTA) is a key region in this process. It integrates
inputs from areas that process multimodal informa-
tion such as the PFC (e.g., decision-making; atten-
tion) and the dorsal striatum (e.g., sensory and
motor information; Beier et al. 2015). The VTA
then sends dopamine-containing projections to stri-
atum, nucleus accumbens, and cortex. The firing of
dopaminergic neurons is intimately linked to rein-
forcement processing and modulation of the target
regions (e.g., Menegas et al. 2018). Reinforcement
and decision-making networks that include VTA,
striatum, nucleus accumbens, and prefrontal cortical
structures appear to be necessary for the installation
of the reward-seeking (and punishment-avoiding)
behaviors. VTA projections to motor and sensory
cortices are associated with improving and fine-
tuning responses to the environment in order to
achieve the desired behavioral outcome more effi-
ciently (Fig. 1; McGann 2015).

Most of this broad understanding is derived from
experiments in laboratory rodents (i.e., mice and
rats) and primates (i.e., macaques). As studies on
other vertebrate species have emerged, it has become
evident that this system can be involved in many
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Fig. 1 Plasticity effects of dopamine onto sensory/motor pallial/
cortical regions. Highly complex phenomena such as motor; vi-
sual, and auditory learning depend on midbrain dopamine sig-
naling directly onto motor/sensory pallial/cortical structures. The
color pattern in panels, arrows, and brain structures indicate the
specificity of the dopamine projections and their effects. The
brain represents a non-specific vertebrate brain.

goal-directed behaviors, such as song learning in
birds (Woolley 2019). To fully appreciate the deep
evolutionary history of dopamine signaling, it is use-
ful to derive lessons from work on invertebrate spe-
cies, which have a rich history of studies on
dopamine regulation of sensory, motor, learning,
and other processes, and is reviewed elsewhere
(Verlinden 2018). The phylogenetic “myopia” focus-
ing on rodents and primates, as noted by Brenowitz
and Zakon (2015), greatly hinders our understanding
of the evolution of nervous systems and may prevent
scientific breakthroughs sparked by studying non-
traditional organisms (Manger et al. 2008; Carlson
2012; Remage-Healey et al. 2017). To this point, in
an excellent review on the evolution of dopamine
systems in chordates, Yamamoto and Vernier
(2011) emphasize that tracing the evolutionary ori-
gins of dopamine systems among vertebrates is im-
portant to understand dopamine signaling and how
it can become maladaptive in a disease context.

A recent non-exclusive PubMed search (Fig. 2)
with title/abstract containing the keywords dopamine
AND (accumbens OR striatum OR “prefrontal
cortex”) returns 29,412 results, while dopamine
AND (“motor cortex” OR “auditory cortex” OR
“somatosensory cortex” [SSC] OR “visual cortex”)
returns only ~701 results, a ~42-fold discrepancy.
In a similar way, the literature that includes terms
associated with the rodents and monkey most com-
monly used in neuroscience in the title/abstract
exceeds that with any other non-mammal ~19-fold
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Fig. 2 PubMed search results involving dopamine and brain research. A non-exclusive PubMed search with title/abstract containing
PFC, nucleus accumbens (NAcc), and striatum (St) returns ~42 times more results than a search including all other cortical mo-
dalities—motor, somatosensory, auditory, and visual cortices (MC, SSC, AC, and VC, respectively). The literature that includes rodent
or monkey search terms in the title/abstract returns ~19 times more results than a search including all other vertebrates.

(Fig. 2)—dopamine AND brain AND (rodent OR
mouse OR rat OR Mus OR Rattus OR monkey
OR Macaca OR macaque OR rhesus) NOT (reptile
OR bird OR fish OR amphibian OR Rana OR
Xenopus OR Anolis OR Danio OR Taeniopygia
OR Gallus OR lizard OR snake OR bird OR song-
bird OR chicken OR zebrafish OR frog OR salaman-
der) returns 11,913 items; while dopamine AND
brain AND (reptile OR bird OR fish OR amphibian
OR Rana OR Xenopus OR Anolis OR Danio OR
Taeniopygia OR Gallus OR lizard OR snake OR
bird OR songbird OR chicken OR zebrafish OR
frog OR salamander) returns 620. These numbers
substantiate the view that the literature on the roles
of dopamine in the reinforcement processing and
decision-making circuitry is vast when compared
with that on dopamine and motor/sensory perfor-
mance, and that most of this knowledge is derived
from a handful of species.

A key distinction for understanding dopamine
modulation concerns indirect versus direct effects
of dopamine on cortical regions. For simplicity, in
this review, we classify as indirect those effects of
dopamine on the striatum or other subcortical struc-
tures, which in turn may influence the cortex; as well

as actions on the PFC, which can modify other cor-
tical regions by affecting top-down attentional and
motivational mechanisms. For example, dopamine in
the PFC has been found to modulate visual attention
through its connections to the visual cortex
(Noudoost and Moore 2011). By contrast, we classify
direct effects as actions of dopamine-containing
fibers that synapse directly on the cortical region in
question.

Molecularly, dopamine binds to a plethora of dif-
ferent receptors, with modulatory actions (seconds
to minutes timescales) on circuit excitability
(reviewed by Beaulieu and Gainetdinov 2011). In
the current review, we will mostly refer to the D1
class of receptors (Dla, D1b, Dl¢, D1d, and DIx) as
simply D1 or D1-like, and to the D2 class (D2, D3,
and D4; aka D2a, D2b, and D2c, respectively) as D2
or D2-like. The evolutionary diversification of these
receptor subtypes is quite remarkable. D1-like recep-
tor subtypes were found to exist in the Dla (aka D1)
or D1b (aka D5) subtypes in mammals. In other
organisms, additional subtypes were encountered,
such as DI1d in birds (Demchyshyn et al. 1995),
Dlc in amphibians (Sugamori et al. 1994), and
Dix in fish (Hirano et al. 1998). D2-like receptor
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subtypes seem to be somewhat more evolutionary
stable and likely present in a vertebrate common
ancestor, such that the same three subtypes are
found in all vertebrate groups (Yamamoto and
Vernier 2011).

The ratio of D1- to D2-like receptors and their
expression in different cell types largely accounts for
how dopamine affects the activation state of a neural
circuit. Such effects are achieved by modulating the
activity of the excitatory (glutamatergic) and inhibi-
tory (GABAergic) fast neurotransmission of down-
stream neurons. These effects are now known to be
highly nuanced, often referred to DI- or D2-
dominated states (Durstewitz and Seamans 2008).
That said, we exercise caution in generalizing dopa-
mine action across neural structures. For example,
inhibition of either D1 or D2 receptors in motor
cortex can impair motor learning and long-term po-
tentiation (Molina-Luna et al. 2009), which is dis-
similar from the “textbook definition” of D1 and D2
receptor effects’ being mutually-antagonistic in the
striatum/accumbens (Beaulieu and Gainetdinov
2011).

Although the VTA provides the largest source of
dopamine to the mammalian cortex, the substantia
nigra pars compacta (SNc¢) also sends diffuse dopa-
minergic cortical projections (Gaspar et al. 1992).
Furthermore, locus coeruleus neurons co-release
norepinephrine and dopamine throughout the cortex
(Devoto et al. 2005), and dopamine can bind to
adrenergic receptors (Cornil and Ball 2008). This
perspective will become increasingly important as
we learn more about how cortical sensory and motor
circuits are shaped by dopaminergic inputs.

Across vertebrates, cortical systems vary markedly
in macro-anatomy, but share fundamental features
including embryonic origin, connectivity, function,
and gene expression patterns. Through identifying
shared patterns, homologs to the mammalian six-
layered pallial cortex have been hypothesized in all
major vertebrate groups, although in fishes telence-
phalic homology is less clear (Bruce and Neary 1995;
Dugas-Ford et al. 2012; Pfenning et al. 2014;
Yamamoto and Bloch 2017; Tosches et al. 2018). In
mammals, the neocortex is the outermost structure of
the telencephalon, while in other vertebrates, cortical-
like structures may be distributed in discrete nuclei
across the pallium. We adopt in this review the no-
menclature “cortex/cortical structure” to refer to the
identified/proposed cortical homologs to mammalian
cortical pallium in other vertebrates (Table 1).

There are no conclusive data on specific cortical
motor/sensory subdivisions of fish, amphibian, and
reptile telencephalon; in birds, cortical motor regions
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besides the vocal production nuclei are largely unde-
scribed and data on taste cortical homologs in any
non-mammalian species are essentially non-existent.
However, even when homology is unclear or not
present, cortical structures that share similar func-
tions (regardless of homology) can be informative
for understanding general principles of such systems
and the evolutionary pressures that mold them (Katz
2019).

With these considerations in mind, here we ask
the following questions: what roles does dopamine
play in motor and sensory cortices? Do the principles
of dopamine effects in these structures mirror those
observed in reinforcement processing centers and the
basal ganglia? Are dopamine’s effects generalizable
across other vertebrates? What features of dopamine
signaling are similar across those species investigated
to date? We review the dopamine signaling systems
in all major areas of the mammalian cortex, and
concomitantly consider the available evidence in ho-
mologous  structures among non-mammalian
vertebrates.

Dopamine-induced plasticity in motor
cortex

The context and timing of dopamine signaling is
crucial for behavioral plasticity. Prior to the key as-
sociation between cues with consequences (i.e., asso-
ciation learning), dopamine signaling by VTA is
purely subsequential, that is, the signal follows re-
ward consumption. However, with repetition of the
pairing of environmental conditions with consequen-
ces, dopamine signaling starts to anticipate the con-
sequence, and then becomes a predictive signal. If a
prediction or expectation about the consequence is
violated, dopamine neurons will now signal when
the consequence was predicted to happen and will
inform the direction of this violation (good or bad
surprise), by increasing or decreasing their firing
rates, respectively. The literature classically refers to
this “algorithm” as reward prediction error (Barto
et al. 1981; Schultz et al. 1997). This algorithm not
only signals when an animal should make a decision
to pursue a reward, but also how to achieve this
reward with more ease or accuracy. In addition to
association learning, it is implemented when repeti-
tion of a motor pattern to achieve reinforcement
leads to fine-tuning of the movement itself.
Therefore, the dopaminergic signals that are used
to reinforce the decision-making network could
also be wused to reinforce and tune motor
performance.
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Table 1 Hypothesized cortical homology across vertebrates

M. Macedo-Lima and L. Remage-Healey

Modality Group Cortical area Key references
Motor Fishes ? -

Amphibians ? -

Reptiles DVR? Distel (1978)

Birds HVC; RA (vocal) Nottebohm et al. (1976); Nottebohm and Arnold (1976)
Visual Fishes Dl Saidel et al. (2001)

Amphibians Medial pallium Kicliter (1979)

Reptiles Dorsal cortex Gusel'nikov et al. (1972); Fournier et al. (2018)

Birds Hyperpallium; Entopallium Hodos and Karten (1970); Pettigrew and Konishi (1976);

Watanabe et al. (2011)

Auditory Fishes Dm/DU/Dc (lateral line) Striedter (1992)

Amphibians Medial pallium Northcutt and Ronan (1992)

Reptiles DVR? Foster and Hall (1978)

Birds Field L, NCM; CMM Karten (1968); Kelley and Nottebohm (1979); Vates et al. (1996)
Olfactory Fishes Dp/Dlv Satou (1990)

Amphibians Lateral pallium Hoffman (1963); Scalia et al. (1968)

Reptiles Lateral cortex Goldby (1937)

Birds PrC Rieke and Wenzel (1978); Reiner and Karten (1985)
Taste Fishes Dm Lamb and Caprio (1993)

Amphibians ? -

Reptiles ? -

Birds ? -
Somatosensory Fishes ? -

Amphibians Medial pallium Kicliter (1979)

Reptiles DVR® Pritz and Northcutt (1980)

Birds Hyperpallium apicale; Wild (1987)

anterior nidopallium

Dc, central part of dorsal telencephalon; D\, lateral part of dorsal telencephalon; Dlv, ventrolateral part of dorsal telencephalon; Dm, medial
part of dorsal telencephalon; Dp, posterior part of dorsal telencephalon; DVR, dorsoventricular ridge; ?: no conclusive data could be found.

Specific subdivisions within the DVR are unexplored.

The VTA is the major dopaminergic projection to
the mammalian primary motor cortex (Ml)
(Scheibner and Tork 1987) and most MI-
projecting VTA neurons project solely to the motor
cortex (i.e., no collaterals) (Hosp et al. 2011a, 2011b,
2015). Dopamine-producing fibers (i.e., containing
dopamine and/or tyrosine hydroxylase [TH], the
rate-limiting enzyme in catecholamine production)
are abundant in M1 in virtually all mammalian spe-
cies studied, and are densest in superficial (I) and
deeper layers (V/VI) (rat: Berger et al. 1985; human:
Gaspar et al. 1989; macaque: Noack and Lewis 1989).
Accordingly, dopamine receptors of both D1 and D2
families are present in MI1. Interestingly, receptor
type distribution suggests some topographical specif-
icity of dopaminergic projections, such that superfi-
cial projections may activate mainly D1 receptors,
while deeper projections target both D1 and D2
receptors (Lidow et al. 1990, 1991).

Like the PFC, the rat M1 in vitro exhibits both
long-term depression and potentiation (LTD and
LTP, respectively) (Hess and Donoghue 1996). After
a motor skill learning task, M1 shows stronger local
connections in vitro, which suggests that LTP can be
induced by behavioral training (Rioult-Pedotti et al.
1998). However, unlike in the PFC, D1 and D2
receptors in M1 can be synergistic for LTP induction.
Molina-Luna et al. (2009) have shown that blocking
either D1 or D2 receptors prevents LTP formation in
M1 in vitro, whereas D1 but not D2 receptors are
involved in LTP formation in the PFC (Huang
et al. 2004). Notably, however, both receptors are
involved in spike timing-dependent LTP in the PFC
(Xu and Yao 2010). These results reflect the diversity
of dopaminergic mechanisms in shaping neuronal
plasticity among different cortical areas.

In humans, systemic dopaminergic manipulations
affect goal-directed, practice-dependent motor
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plasticity (Ziemann et al. 1997; Flgel et al. 2005,
2008; Meintzschel and Ziemann 2006), but it is not
yet clear whether these effects are direct or indirect
(e.g., via striatum or PFC).

Midbrain dopaminergic nuclei that participate in
reward-seeking and learning are highly conserved
among vertebrates (reviewed by Martinez-Garcia
and Lanuza 2018). Below, we summarize the rela-
tively scant literature on the effects of dopamine
on non-mammalian motor systems (also refer to
Table 2).

As in mammals, TH-containing projections are
clearly evident in the proposed cortical homologs
(gecko: Smeets et al. 1986; Iberian ribbed newt:
Gonzédlez and Smeets 1991; zebra finch: Bottjer
1993; African cichlid fish: O’Connell et al. 2011a;
tangara frog: O’Connell et al. 2011b) and dopamine
receptors (zebra finch: Kubikova et al. 2010; African
cichlid fish: O’Connell et al. 2011a). Data are lacking
for dopamine receptors in the reptile and amphibian
cortex, but receptor presence has been inferred by
the expression of DARPP-32, a protein commonly
associated with D1 receptors in mammals (tdngara
frog: O’Connell et al. 2011b; gecko: Smeets et al.
2001). The extent to which DARPP-32 receptors
and D1 receptors in non-mammals are associated
is unknown and deserves investigation. In fact, these
two sets of receptors do not always colocalize in
neurons in zebra finch telencephalon (own unpub-
lished observations). To the best of our knowledge,
the function of dopamine receptor expression in pal-
lial motor areas has only been explored in the vocal
motor cortex of songbirds (suborder Passeri).

The song system has been studied intensively in
songbirds, but regarding the effects of dopamine,
striatal regions have received greater attention than
cortical regions. The songbird striatum contains a
region (Area X) dedicated to song learning and
song motor plasticity. Area X receives massive dopa-
minergic inputs from VTA (Lewis et al. 1981) and
plays a vital role in song learning in development
(Sohrabji et al. 1990). In the context of song pro-
duction, a reward prediction learning function arriv-
ing in Area X originates in dopaminergic neurons in
the avian VTA (Gadagkar et al. 2016). Optogenetic
manipulations of these fibers, as well as pharmaco-
logical manipulations of dopamine receptors in Area
X affected both adult song plasticity and juvenile
song learning (Hisey et al. 2018; Xiao et al. 2018).
The effects of dopamine on this striatal system have
been reviewed elsewhere (Kubikova and Kostil 2010;
Simonyan et al. 2012).

In the avian cortex (pallium), the sensorimotor
region HVC (the acronym is the proper name) and
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the motor region robust nucleus of the arcopallium
(RA) are two crucial areas for song learning and
production. They contain dense TH fiber tracts
(Bottjer 1993) derived mainly from the mesence-
phalic central gray, but also from VTA (Appeltants
et al. 2000, 2002). Concordantly, both motor cortical
regions express mMRNA for D1- and D2-like receptors
(Kubikova et al. 2010).

A handful of studies have examined dopaminergic
physiology in the songbird vocal motor cortex. Adult
male European starlings (Sturnus vulgaris) exposed
to high quality song playbacks (presumed higher
quality competitors) sang more and showed de-
creased levels of dopamine metabolites in HVC but
not RA (Salvante et al. 2010). During development,
dopamine projections from the periaqueductal gray
to HVC are crucial for song learning in zebra
finches. This signal seems to convey social context
and/or motivation when juveniles engage with live
tutors. VTA projections to HVC are significantly
less dense in juveniles than in adults, but their func-
tion was not explored (Tanaka et al. 2018). For RA,
dopaminergic actions have been explored in vitro.
RA projection neurons exhibited increased resting
membrane potential and firing rate in response to
dopamine and a D1 agonist, while a D2 agonist
had no effect (Liao et al. 2013).

In sum, dopamine effects on motor cortex are
evident in mammals and are related to goal-
directed, practice-dependent motor skill improve-
ment. There are limited reported parallels in non-
mammalian vertebrates, with notable recent progress
in birdsong production and learning. It would be
interesting to know, from an evolutionary stand-
point, to what extent dopamine is involved in cor-
tical motor plasticity in other vertebrates. For
instance, behaviors such as flight or the refinement
of hunting skills are examples of natural goal-
directed motor learning that could depend on dopa-
minergic regulation of motor areas.

Dopamine-induced plasticity in the
visual cortex

Reinforcement plays a crucial role in the optimiza-
tion of visual information processing. For example,
reinforcement following a visual stimulus increases
visual performance, such that larger rewards pro-
duced faster reaction times in a saccade visual task,
and neural activity in the dopaminergic midbrain
during the task reflected strong reward prediction
error encoding (Nomoto et al. 2010). Additionally,
reinforcement is a strong driver of visual perceptual
learning (Seitz et al. 2009; Seitz 2017).
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Table 2 Anatomical distribution of dopaminergic markers across vertebrate pallial regions

Area (cortical) Group Tyrosine hydroxylase D1-like receptors  D2-like receptors Key references
Motor Fishes a a a -
Amphibians  a,b a,b,c a -
Reptiles a,b a,b,c a -
Birds +(HVC; RA) +(HVGC; RA) +(HVGC; RA) Bottjer (1993);
Kubikova et al. (2010)
Mammals + + + Scheibner and Tork (1987);
Lidow et al. (1990, 1991)
Visual Fishes - + + O’Connell et al. (2011a)
Amphibians  +(newt/gymnophionan: ab,c a Gonzilez et al. (1993);
medial pallium) Gonzdlez and Smeets
—(anurans: medial pallium) (1991, 1994);
O’Connell et al. (2011b)
Reptiles +(dorsal cortex) ab,c a Smeets et al. (1986)
Birds +(hyperpallium) +(hyperpallium) —(hyperpallium) Metzger et al. (1996);
—(entopallium) —(entopallium) —(entopallium) ic;;;:):rttjteil.al(.1 (929073:])'
Kubikova et al. (2010)
Mammals + + + Tork and Turner (1981);
Lidow et al. (1990)
Auditory Fishes +(Dm/Dc) +(Dm/DV/Dc) +(Dm/DVDc) O’Connell et al. (2011a)
Amphibians a,b a,b,c a -
Reptiles a,b a,b,c a -
Birds +(NCM; CMM) +(NCM; CMM) +(CMM) Reiner et al. (1994);
—(Field 12) —(Field L2) _(NCM; Field L2) ~ Kubikova et al. (2010)
Mammals + + + Boyson et al. (1986);
Campbell et al. (1987);
Budinger et al. (2008)
Olfactory Fishes —(Dlv) +(Dp/Dlv) -+(Dp/Dlv) Kapsimali et al. (2000);
Vacher et al. (2003);
O’Connell et al. (2011a)
Amphibians  +(lateral pallium)® a,b,c a Gonzilez and Smeets (1991);
O’Connell et al. (2011b)
Reptiles +(lateral cortex)? ab,c a Smeets et al. (1986, 2001);
Smeets (1988)
Birds + + + Appeltants et al. (2001);
Kubikova et al. (2010)
Mammals + —+ + Boyson et al. (1986);
Datiche and Cattarelli (1996);
Santana et al. (2009)
Taste Fishes + + + O’Connell et al. (2011a)
Amphibians  a,b ab,c a -
Reptiles ab ab,c a -
Birds a a a -
Mammals + + + Gaspar et al. (1995);
Ohara et al. (2003)
Somatosensory  Fishes a a a -
Amphibians 4 (newt/gymnophionan: ab,c a Gonzilez and Smeets

medial pallium)

—(anurans: medial pallium)

(1991, 1994);
Gonzélez et al. (1993);
O’Connell et al. (2011b)

(continued)
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Table 2 Continued
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Area (cortical) Group Tyrosine hydroxylase D1-like receptors  D2-like receptors Key references
Reptiles a,b a,b,c a -
Birds +(hyperpallium apicale) +(hyperpallium +(hyperpallium Reiner et al. (1994);
apicale) apicale) Kubikova et al. (2010)
+(anterior nidopallium) +(anterior +(anterior
nidopallium) nidopallium)
Mammals + + + Descarries et al. (1987);

Lewis et al. (1987);
Lidow et al. (1991)

*No data were found.

®In reptiles and amphibians, there are reports of markers in the DVR, but specific subdivisions within the DVR are unknown.
“There is data on the presence of DARPP-32 protein, but whether DARPP-32 and D1 receptors are colocalized in non-mammals is unknown.

Dopaminergic fibers are sparse in mammalian pri-
mary visual cortex (V1), but evident in virtually all
species studied (macaque: Berger et al. 1988; rat:
Descarries et al. 1987; human: Phillipson et al.
1987; cat: Tork and Turner 1981) and mirror the
region-specificity seen in M1—densest in superficial
(I) and deeper (V/VI) layers (Descarries et al. 1987;
Berger et al. 1988). Likewise, receptor distribution
mirrors M1, such that DI receptors are prevalent
in superficial and deeper layers, while D2s are prev-
alent in deeper layers (Lidow et al. 1990). Therefore,
topographical specificity of D1 versus D2 receptor
activation seems to be a shared feature between mo-
tor cortex and visual cortex.

On the whole, the mammalian cortex has an an-
terior—posterior gradient of decreasing dopamine
content and projections. Located in the posterior-
most occipital lobe, the mammalian primary visual
cortex is the target of the sparsest dopaminergic pro-
jections (Descarries et al. 1987) and the lowest de-
tectable dopamine content (Brown et al. 1979).
Higher-order visual association cortical areas (rhinal
and the posterior parietal) are localized more ante-
riorly and rely on D2 receptor signaling for visual
association learning (Liu et al. 2004). Stimulus-
evoked dopamine release occurs in rat primary visual
cortex (Miller and Huston 2007), and local dopami-
nergic manipulations modulate V1 neuronal firing
(Reader 1978; Gottberg et al. 1988). Moreover, sev-
eral visual cortical areas, including V1, are strongly
modulated by reward prediction error signaling and
sensitive to systemic D1 receptor antagonists
(Arsenault et al. 2013).

The effects of dopamine signaling on visual per-
formance could be indirect through prefrontal
regions (Noudoost and Moore 2011; Zaldivar et al.
2014, 2018). Often these experiments involve anes-
thesia, which could render effects of exogenous

dopamine difficult to interpret (reviewed by
Marinelli and McCutcheon 2014). Therefore, local
effects of dopamine in mammalian visual cortex war-
rant more investigation.

Research with humans also indicates an important
indirect prefrontal-mediated effect of dopamine on
visual cortex activity and visual performance (Yousif
et al. 2016). Dopamine modulation in the visual cor-
tex could be secondary or residual in primates and
have more important effects on visual performance
by means of PFC modulation. Notably, however,
these studies employ visual detection and attention
tasks. Local effects of dopamine on the visual cortex
might be unveiled through tasks that involve more
specific visual association/perceptual learning or
conditioning.

In non-mammalian vertebrates, conclusive exper-
imental data that would solidify links between visual
plasticity and dopaminergic signaling are lacking.
Birds are the only non-mammal group in which
the visual pallial system has been explored in some
detail. In songbirds, there is correlational evidence
that dopamine plays a role in visual recognition.
Avian visual processing is distributed between two
separate cortical regions: the entopallium and the
hyperpallium, putatively analogous to the ventral
(“what”) and dorsal (“where”) visual processing
streams, respectively (Goodale and Milner 1992;
Watanabe et al. 2008, 2011). The hyperpallium is a
hotspot of D1-like receptors and dopaminergic fibers
but is largely devoid of D2-like receptors.
Conversely, the entopallium can be anatomically de-
lineated by the absence of dopamine receptors and
fibers (Appeltants et al. 2001; Kubikova and Kostal
2010). Interestingly, the entopallium has been
proposed to be homologous to mammalian cortical
layer IV, and the hyperpallium to layers IV and/or V
(Dugas-Ford et al. 2012). Thus, the region-specificity
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of dopamine signaling in visual areas of songbirds
appears to support this laminar homology
hypothesis.

In crows, neuron activation in the hyperpallium
(entopallium was not sampled), VTA, and SNc was
implicated in both spatial and visual pattern recog-
nition performance (Taufique and Kumar 2016), but
determining causal relationship requires further ex-
perimentation. Therefore, anatomical and functional
correlations point toward an important role for do-
pamine in modulating pallial visual plasticity in
songbirds.

Outside of songbirds, anatomical evidence indi-
cates that dopamine could regulate visual imprinting
in chicken anterior mesopallium. Domestic chicks
(Gallus gallus) can be experimentally imprinted on
artificial objects (colored rotating cubes or cylinders)
and thereafter display attraction behaviors toward
them. The anterior mesopallium, a polysensory cor-
tical region, is involved in visual imprinting and its
neurons respond selectively to imprinted visual (but
also auditory) stimuli (Nicol et al. 1995). TH fibers
are present in this region (Metzger et al. 1996), as are
D1-like receptors (Schnabel et al. 1997). However, to
our knowledge, there have been no experimental
manipulations of dopamine to test this causally.

Among other vertebrate groups, data on dopa-
mine signaling in visual pallial regions are scarce
and only reported in amphibians and reptiles. In
the common toad (Bufo bufo), prey-catching strategy
could be modified by systemic D1/D2 agonist
(Glagow and Ewert 1999), but a direct action on
the visual system is unknown. The medial pallium
was suggested as a visual pallial target in amphibians
(Scalia 1976; Kicliter 1979) and this area contains
dopamine/TH fibers in a newt (Gonzalez and
Smeets 1991) and gymnophionan (Gonzdlez and
Smeets 1994) but not in anurans (Gonzalez et al.
1993; O’Connell et al. 2011b). In red-eared slider
turtles (Trachemys scripta), a visual cortical region
called the dorsal cortex shows spatial adaptation
(plasticity) and encodes information about spatial
and temporal features (Fournier et al. 2018). TH
fibers and DARPP-32-positive cell bodies can be
detected in this region in Tokay geckos (Gekko gecko)
(Smeets et al. 2001). There is also some anatomical
evidence for D1- and D2-like receptors in African
cichlid visual telencephalon (O’Connell et al
2011a). These studies identify potential anatomical
substrates for studying dopaminergic modulation of
visual inputs which could clarify evolutionary and
comparative questions.

After examining the available literature in mam-
mals, we can conclude that even though fibers and
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receptors are relatively scarcer in V1 than most other
cortices, direct effects of dopamine are still clear and
deserve more exploration. On the other hand, in
primates, the diminished weight of dopaminergic
signaling might have shifted the weight toward indi-
rect prefrontal dopamine effects modulating visual
inputs. Still, direct dopamine effects on primate vi-
sual association or perceptual learning are unex-
plored and would fall in line with predictions from
monkey and human perceptual learning studies
(Seitz et al. 2009; Nomoto et al. 2010). For non-
mammals, the literature points toward a promising
anatomical substrate for direct dopamine effects.
Natural behaviors such as perfection of visually-
dependent hunting, cached food retrieval, visual im-
printing, or fish schooling behavior might rely or be
enhanced by reinforcement and dopamine release in
visual areas.

Dopamine-induced plasticity in the
auditory cortex

Associating sounds with consequences is an impor-
tant survival trait in many species. Cues associated
with, for example, competitors versus allies or pred-
ators versus prey are constantly being surveilled.
Additionally, many animals rely on auditory recog-
nition for identifying individuals (Aubin and
Jouventin 1998; Sayigh et al. 1999; Gentner et al.
2000; Goodwin and Podos 2014). The examples
above all involve instances of auditory association
learning (i.e., sound + consequence/object learning),
but the auditory system also guides perceptual learn-
ing, through which animals refine their sensory sen-
sitivity to better detect low saliency signals (Gibson
1953).

As with other cortical systems in mammals, dopa-
minergic projections in the mammalian auditory
cortex are mainly from VTA and SNc (Budinger
et al. 2008) and are stratified, mostly in layers I
and V/VI (Campbell et al. 1987). A detailed quanti-
fication of dopamine receptor distribution in the au-
ditory cortex is currently lacking, but qualitative
inspections of rat brains suggest a distribution pat-
tern that parallels that in other cortical regions—D1
in layers I-III and V/VI and D2 mostly present in
layer V (Boyson et al. 1986), similarly to M1 and V1.

A role for dopamine in mammalian auditory
learning and cortical plasticity has been suggested
for decades (Stark and Scheich 1997; Bao et al.
2001), and a causal relationship was more recently
established (Kudoh and Shibuki 2006; Schicknick
et al. 2008, 2012; Mylius et al. 2015; Huang et al.
2016). These studies show that VTA stimulations,
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dopamine, and D1 receptors modulate plasticity and
association learning. Even still, the relevance of D2
receptors is unclear, as well as dopamine’s involve-
ment in auditory perceptual learning.

Another important gap in the literature seems to
be the lack of studies investigating the modulation of
LTP in auditory cortical synapses by dopamine, de-
spite the decades-old evidence for auditory cortex
LTP (Kudoh and Shibuki 1994). Evidence is similarly
limited in humans, in which dopamine-dependent
auditory language learning has been suggested by
administering systemic dopaminergic drugs (Knecht
et al. 2004; Breitenstein et al. 2006). Whether such
effects are intrinsic to the auditory cortex awaits
confirmation.

The dopaminergic midbrain has been shown to be
engaged after exposure to behaviorally relevant
sounds in a variety of vertebrates (e.g., zebra finch:
Barr and Woolley 2018; spadefoot toad: Burmeister
et al. 2017; midshipman fish: Petersen et al. 2013),
but its involvement in pallial plasticity has only been
explored in birds. In songbirds, TH/dopaminergic
fibers are conspicuous across the secondary auditory
pallium (caudomedial nidopallium [NCM] and the
caudomedial mesopallium [CMM]) but not the pri-
mary auditory pallium, field L2 (Reiner et al. 1994).
Dopamine receptors follow a similar pattern: D1-like
receptors are abundant in NCM and CMM, and D2-
like receptors are abundant in CMM but not in
NCM. Neither receptor is evident in the thalamo-
recipient Field L (Kubikova et al. 2010).
Correlational evidence that VTA and dopamine sig-
naling are involved in song responses and juvenile
song learning was initially established. In female
white-throated sparrows (Zonotrichia albicollis), ex-
posure to conspecific song increased the activation
(phosphorylation) of TH fibers and the levels DA
metabolites in the NCM (Matragrano et al. 2012).
Furthermore, in juvenile zebra finches, song tutoring
increased VTA activation (Chen et al. 2016). We
have recently established a causal relationship be-
tween local dopaminergic manipulations and NCM
plasticity and learning mechanisms (Macedo-lima
et al. 2020). Yet, whether and how dopamine from
VTA (or other nuclei) is involved in auditory learn-
ing is unclear. The effects of dopamine on other
auditory structures (e.g., CMM) are also largely
unexplored.

In chicks, auditory imprinting seems to be
dopamine-dependent since it can be blocked by sys-
temic D2 antagonists (Gruss and Braun 1996; Gruss
et al. 2003), but no data on cortical manipulations
are yet available. There is also anatomical evidence
for the presence of TH fibers, D1- and D2-like

325

receptors in lateral-line sensing regions of the telen-
cephalon (O’Connell et al. 2011a).

In summary, dopaminergic effects on mammalian
auditory cortex in the context of association learning
are well-established. However, other auditory cortex
plasticity-dependent phenomena, such as perceptual
learning or human language learning, still await con-
firmation on whether they rely on direct auditory
cortical dopamine effects. In other vertebrates,
whether dopamine is even present in auditory pallial
regions is a largely unexplored topic. The exception
being songbirds, in which roles for dopamine have
been confirmed in secondary pallial regions in the
context of song exposure-induced plasticity and au-
ditory association learning. Future work could ex-
plore whether natural behaviors such as learning of
birdsong, auditory imprinting, or perfection of
auditory-dependent hunting (as in nocturnal owls)
depend on dopaminergic signaling in the auditory
pallium.

Dopamine-induced plasticity in the
olfactory cortex

In dynamic environments, the ability to associate
meaning with odors is an important evolutionary
adaptation present in virtually all vertebrates.
Multiple brain areas have been implicated in odorant
processing and associative learning, and dopaminer-
gic signaling is pervasive in these systems. Of note,
the olfactory bulb contains one of the major
dopamine-producing cell groups in vertebrates,
whose neurons are continuously generated through-
out the lifespan (but see Hinds 1968; Pérez-Canellas
and Garcia-Verdugo 1996; Kornack and Rakic 2001;
Bergmann et al. 2012). Dopamine/GABAergic inter-
neurons regulate the activity of local olfactory pro-
jection neurons (mitral/tufted cells), a feature that
seems to be evolutionarily conserved across verte-
brates (Hsia et al. 1999; Davison et al. 2004; Kawai
et al. 2012) and even invertebrates (Perk and Mercer
2006). The role of these neurons has been intensely
studied and recently reviewed elsewhere (Pignatelli
and Belluzzi 2017). Some external tufted cells can
also be dopaminergic in rats (Haldsz et al. 1981),
macaques, and humans (Smith et al. 1991), but these
do not seem to project outside of the olfactory bulb.
Rather, they modulate the activity of periglomerular
cells (De Saint Jan et al. 2009).

While dopamine effects on the olfactory bulb and
olfactory striatum are known (Zhang et al. 2017), the
role of dopamine in olfactory cortical regions has
been relatively understudied.
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The olfactory bulb projection neurons send diffuse
projections to the piriform cortex (PrC) (Haberly
2001; Wilson and Sullivan 2011; Bekkers and
Suzuki 2013) which itself receives dense dopaminer-
gic projections from VTA and locus coeruleus.
Dopamine fibers are more abundant in deeper layers
II and III (PrC is a paleocortical region with only
three layers) (Datiche and Cattarelli 1996). D1 recep-
tors are most abundant in layer II and more preva-
lent than D2 receptors, which are virtually absent in
PrC (Boyson et al. 1986; Santana et al. 2009).

The effects of dopamine on PrC activity are poorly
understood but reports confirm neural activity mod-
ulation by both D1 and D2 receptor action in vitro
(Bannon et al. 1983; Plantjé et al. 1987) although
these effects do not appear to translate into changes
in short-term olfactory memory formation (Zenko
et al. 2011). Data in humans also point to an in-
volvement of the PrC in olfactory learning (Gottfried
et al. 2002), but data on dopamine effects have not
yet been reported.

Another cortical region directly modulated by do-
pamine is the entorhinal cortex (EC). In macaque
EC, TH fibers are dense, especially in the medial
portion, called the olfactory EC (Akil and Lewis
1993). Dopamine reduced layer V pyramidal neuron
excitability in rat lateral EC, in vitro, through D1 but
not D2 receptors (Rosenkranz and Johnston 2006).
Increases in synaptic dopamine impaired LTP and
LTD at PrC to EC synapses in awake rats (Caruana
et al. 2007). Still, in vivo and behavioral data on
dopamine modulation in the EC are currently lack-
ing. Rodent behaviors such as the Coolidge effect or
individual recognition through olfactory cues are
known to depend on the EC (Bannerman et al.
2001, 2002; Petrulis and Eichenbaum 2003), and
could be under the regulation of dopamine. In
sum, both PrC and EC are important sites of olfac-
tory processing and learning in mammals, and both
are directly modulated by dopaminergic projections
from VTA (Aransay et al. 2015).

The three-layered PrC is thought to be a highly
evolutionarily conserved structure, reminiscent of the
similarly three-layered reptilian/avian lateral olfac-
tory cortex (Aboitiz et al. 2002). It is reasonable to
suggest, therefore, that the effects of dopamine on
olfactory plasticity in non-mammals might be similar
as those reviewed above. Concordantly, olfactory pal-
lial regions contain significant TH and/or D1/D2/
DARPP-32 protein immunoreactivity in non-
mammals (e.g., canary: Appeltants et al. 2001; eel:
Kapsimali et al. 2000; lungfish: Lopez and Gonzélez
2017; tingara frog: O’Connell et al. 2011b, African
cichlid: O’Connell et al. 2011a; ball python: Smeets
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1988; trout: Vacher et al. 2003). In birds, the PrC
(Rieke and Wenzel 1978; Reiner and Karten 1985)
seems to contain both DI and D2 receptors
(Kubikova et al. 2010), although a more detailed
investigation was not performed. We could not
find any studies on dopamine modulation of olfac-
tory function in non-mammals, again demonstrating
a broad research opportunity and need.

The mammalian olfactory system is particularly
reliant on dopaminergic signaling throughout many
of its neural processing stages (olfactory bulb, piri-
form, and entorhinal cortices), but solid evidence is
still lacking on what aspects of behavior are regulated
by dopamine. It is tempting to believe that the re-
markably evident evolutionary conservation of these
structures across vertebrates suggests an equally con-
served important role for dopamine. Indeed, the an-
atomical substrate for dopaminergic action is present
in all pallial homologs studied, pointing toward the
olfactory system in non-mammals as promising sys-
tems to study dopamine action.

Dopamine-induced plasticity in the taste
cortex

In many species, taste learning is crucial for survival.
Formation of aversion memory to toxic or spoiled
foods after negative consequences from a first con-
tact ensures that animals do not make the same mis-
take in the future. Taste responses converge in the
insular cortex (InC), along with other experiences
such as enteroception, addiction, and complex emo-
tional reactions. Thus the InC is described as a hub
for integrating several systems (Gogolla 2017).
Interestingly, the InC has a bidirectional connection
with VTA, which could be the anatomical substrate
through which the InC both receives and modulates
reward processing signals (Ohara et al. 2003).

In the rat InC, D1 receptor expression is greater in
deep layer VI, followed by layer II, while D2 recep-
tors are mostly concentrated in layer V (Gaspar et al.
1995). Taste learning has been shown to involve do-
pamine signaling via D1 receptors in the InC
(Berman et al. 2000; David et al. 2014; Moreno-
Castilla et al. 2016).

While dopaminergic signaling within the InC is
evident in rodents, human data on dopamine and
taste responses only exist for subcortical structures.
For example, hunger and food modulate extracellular
dopamine in the striatum (Volkow et al. 2002; Wang
et al. 2004, 2014). Systemic amphetamine, which
boosts dopamine release, changes InC responses to
sucrose (Melrose et al. 2016), but it is not possible to
infer whether dopamine directly modulates the InC.
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To our knowledge, there are no available studies that
explore the role of dopamine in human taste learn-
ing, although the human InC is known to receive
reward prediction error signals (Preuschoff et al.
2008).

Taste learning has been reported in other species
in the vertebrate lineage. Food aversion learning can
be induced in several lizard species, but not in frogs
or salamanders (Paradis and Cabanac 2004).
Curiously, this type of learning could be successfully
induced in goldfish, and was impaired by whole tel-
encephalon or dorsomedial telencephalon lesions
(Martin et al. 2011). As it could also be successfully
induced in birds (bobwhite quail: Wilcoxon et al.
1971; buteo hawk: Brett et al. 1976), it is possible
that taste aversion learning was a secondary loss in
amphibians. We could not find further published
data on dopamine effects, or more broadly, on the
neural mechanisms of taste processing in non-
mammalian vertebrate pallium, with the exception
of fishes (e.g., catfish: Lamb and Caprio 1993).
Given the extreme diversity in feeding habits across
vertebrates, this area of study could bring interesting
insight on how the taste processing systems evolved.

In sum, there is solid evidence that mammalian
taste learning relies on cortical dopamine signaling,
but studies in humans have not yet established a
causal effect. For the latter, because taste and the
InC have such important roles in modulating emo-
tion and reinforcement processing, we highlight this
as an exciting area for future research. In non-
mammals, even anatomical evidence for taste pallial
homologs is missing, let alone what roles dopamine
signaling plays. Since taste learning—especially of
aversive cues—is so important for survival and is
so widespread throughout evolution, understanding
the taste system in these animals and how it learns
vital associations is an important and wide-open

field of study.

Dopamine-induced plasticity in the SSC

Dopaminergic fibers in the SSC originate mostly
from VTA and seem to follow the pattern found in
other neocortical regions. They are denser in layer I
in squirrel monkeys (Lewis et al. 1987), while denser
in deep layer VI in rats (Descarries et al. 1987).
Dopamine receptors somewhat map onto these dis-
tributions: D1 receptors are denser in superficial
layers I-III, while D2 receptors are denser in area
V in Rhesus macaques (Lidow et al. 1991), while
in the rat, D1 receptors are denser in deeper layers
V-VI, and D2 in layer V (Gurevich and Joyce 2000).
These differences might arise due to these species’

327

natural histories and further strengthen the argu-
ment for the importance of avoiding generalizations,
and for studying a broad range of organisms to gain
true insight the evolution of neural and neuromodu-
latory systems.

Reports of local effects of dopamine in the SSC
suggest that dopamine plays a key role in plasticity,
especially when there is a need for cortical reorgani-
zation after an injury. Intracortical injections of ei-
ther D1 or D2 antagonists increased the responses of
the sensorimotor cortex (transition between SSC and
motor cortex) to muscle stimulation in anesthetized
rats (Hosp et al. 2011a). Furthermore, peripheral
nerve transection progressively increased levels of
dopamine metabolites in the rat SSC, suggesting
that the increase in dopamine signaling might be
related to the reorganization of the cortex when sen-
sory information from an appendage is eliminated
(Jiménez-Capdeville et al. 1996). Similarly, unihemi-
spheric stroke induction in rats increased dopamine
levels in the contralateral hemisphere, and D2 antag-
onist prevented recovery of nociceptive response in
the weeks following the stroke. In the event of a
stroke, the contralateral hemisphere is thought to
undergo reorganization in order to aid in physical
recovery and compensation, with dopamine involved
in this process (ODbi et al. 2018).

Interestingly, dopamine receptors may also play an
organizational role in the SSC. In the developing rat,
D3 receptors are transiently highly expressed in layer
IV and correlate with the development of the char-
acteristic “barrels” (Gurevich and Joyce 2000). These
authors neither examine the origin of the dopamine
input to this system, nor did they follow up with
dopamine manipulations. These would be interesting
topics to explore, since this system is known for
being experience- and critical period-dependent dur-
ing development (Erzurumlu and Gaspar 2012).

Spike timing-dependent plasticity in SSC cortico-
striatal synapses was prevented by D1 antagonists
and modulated by D2 antagonists in vitro (Pawlak
and Kerr 2008). Whether these effects are due to
cortical versus striatal receptors has not been
explored.

Somatosensory learning in humans is an impor-
tant component of the formation of painful memo-
ries and plays a role in learning of textures and
patterns. Braille reading is an example of highly spe-
cialized tactile learning that requires plasticity in the
SSC (Debowska et al. 2016). However, a role for
dopamine in the SSC is from Parkinson’s patients,
in the context of the well-characterized degeneration
of the dopamine systems and consequent motor and
sensory impairments (Palomar et al. 2011; Nelson
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et al. 2012, 2018). In fact, SSC excitability is lower in
Parkinson’s patients than in healthy controls (Nelson
et al. 2018). Studies examining the effects of dopa-
minergic drugs in the SSC of otherwise healthy peo-
ple are still needed.

Somatosensory pallial regions have been mapped
in a variety of non-mammalian vertebrates (e.g.,
rockfish: Ito et al. 1986; leopard frog: Kicliter 1979;
crocodile: Pritz and Northcutt 1980; pigeon: Wild
1987). The same regions are known to express TH/
dopaminergic fibers (Iberian ribbed newt: Gonzélez
and Smeets 1991; African cichlid fish: O’Connell
et al. 2011a; tungara frog: O’Connell et al. 2011b;
gecko: Smeets et al. 1986; pigeon: Wynne and
Guntiirkiin 1995). There is some evidence in song-
birds that D3 receptor activation accelerate tissue
regeneration after lesion, akin to the regenerative
role described above in mammals (Lukacova et al.
2016). Still, no current data exist for somatosensory
plasticity following the manipulation of dopamine
systems.

In conclusion, the evidence for dopaminergic
effects in the mammalian SSC is promising. Most
of the evidence points toward an important role of
dopamine in cortical reaction to neural injury (e.g.,
stroke or deafferentation) or during neural develop-
ment. These findings are exciting, and it should be
tested whether they also apply to other cortical sys-
tems. Nevertheless, it would be interesting to know
whether dopamine also plays normophysiological
roles, such as in touch associations and pain learn-
ing. In non-mammals, the foundational anatomical
evidence strongly suggests a role for dopamine in
pallial regions in all organisms studied. Phenomena
such as electrosensory learning in electric fish or
toxic food aversion learning (through somatic
effects) should engage somatosensory pallial regions
and potentially rely on dopamine signaling.

Final considerations

In view of the literature discussed here, it is evident
that dopamine plays roles in virtually all mammalian
cortical/pallial circuits, but the architecture varies re-
markably at both molecular and anatomical levels.
For example, variation occurs in the layer distribu-
tion of receptors and dopaminergic fibers, in the
receptor activation effects, and in the enhancement
versus suppression of plasticity. Additionally, in dif-
ferent species, these factors may vary with evolution-
ary history. Because of this, the current perspective
emphasizes that findings in one cortical system do
not necessarily generalize to other systems or across
species. We were particularly surprised to find that,
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after reviewing the literature, the presence of LTP
modulation by dopamine in auditory, visual, and
olfactory (piriform) cortical systems are commonly
assumed but rarely demonstrated directly, or even
tested. It is thus an open question as to whether
the fundamental properties of neural circuit plastic-
ity observed in the PFC/striatum extend to other
cortical modalities, in mammals and non-mammals
alike.

Our review also illustrates that there is a strong
anatomical basis—dopamine fibers and receptor dis-
tributions—to hypothesize that pallial dopamine
effects are widespread across vertebrates. However,
there are limited reports on this subject, which
highly constrains our understanding about how these
circuits adapted and evolved. The anatomy of pallial
structures is widely variant among vertebrates, in-
cluding three layered, nucleated, six layered, super
versus subventricular. Therefore, understanding
how projections from highly conserved midbrain
structures (VTA/SNc) have been molded and
recruited alongside their evolving pallial projection
targets will be crucial to understand the importance
of midbrain — cortex circuits and their contribution
to behavior in healthy and diseased brain states.

Dopamine release is frequently under the control
of, or acting in concert with, other neuromodulator
systems. Much is known about interactions between
the dopamine system and other traditional neuro-
modulators such as norepinephrine (reviewed by
Xing et al. 2016), oxytocin (reviewed by Baskerville
and Douglas 2010), and acetylcholine (reviewed by
De Kloet et al. 2015). Less explored are interactions
between the dopamine system and steroid hormones.
In mammalian and avian striatum and preoptic area,
estradiol (E2) and dopamine interact to regulate one
another’s production, release, and receptor expres-
sion (Becker 1990; Lammers et al. 1999; Balthazart
et al. 2002; Tozzi et al. 2015). In the mammalian
striatum, E2 infusions rapidly increase dopamine re-
lease (Xiao et al. 2003), and dopamine agonists re-
verse the decrease in LTP induced by an E2-
production inhibitor (Tozzi et al. 2015). In fact,
there is some evidence that dopamine and E2 could
bind to the same receptors (Olesen and Auger 2008;
Tozzi et al. 2015).

Specifically, in the cortex, further insights into po-
tential interactions between dopamine and steroids
are needed. In male rats, gonadectomy and hormone
replacements affected dopamine levels in the PFC,
but not the motor cortex (Aubele and Kritzer
2011). In healthy normocycling women, E2 levels
are associated with dopamine neurotransmission in
the PFC, and both systems interact to regulate
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working memory (Jacobs and D’Esposito 2011). In
the songbird secondary auditory pallium (NCM),
TH fiber density and dopamine release seem to be
under control of steroid hormones (Matragrano
et al. 2011; Rodriguez-Saltos et al. 2018), but direct
evidence of functional interaction is lacking.
Studying E2 and dopamine interactions in the audi-
tory cortex is an interesting avenue of research and
of potential relevance to human auditory function,
since both aromatase (E2-synthase) (Yague et al.
2006) and E2 receptors (Gonzalez et al. 2007) are
abundant in the human temporal cortex.

Finally, in this review, we identify important gaps
in the dopamine research literature regarding effects
on mammalian motor and sensory cortices and on
non-mammalian vertebrate pallia. Overall, it is clear
that dopamine-induced plasticity mechanisms are
widespread across all cortical/pallial systems and in-
duce motor/sensory adaptations to achieve behav-
ioral goals more efficiently. Furthermore, studying
vertebrate species or lineages that may have retained
ancestral (plesiomorphic) characteristics might prove
crucial for advancing our understanding of (I) how
the dopamine system can change in face of evolu-
tionary pressures, (II) what other functions this sys-
tem might express, and (III) how it contributes
mechanistically in a neural disease context.
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