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Abstract

The past two decades have seen an explosion in our understanding of the origin and development 

of the midbrain dopamine system. Much of this work has been focused on the aspects of dopamine 

neuron development related to the onset of movement disorders such as Parkinson’s disease, with 

the intent of hopefully delaying, preventing or fixing symptoms. While midbrain dopamine 

degeneration is a major focus for treatment and research, many other human disorders are 

impacted by abnormal dopamine, including drug addiction, autism and schizophrenia. 

Understanding dopamine neuron ontogeny and how dopamine connections and circuitry develops 

may provide us with key insights into potentially important avenues of research for other 

dopamine-related disorders. This review will provide a brief overview of the major molecular and 

genetic players throughout the development of midbrain dopamine neurons and what we know 

about the behavioral- and disease-related implications associated with perturbations to midbrain 

dopamine neuron development. We intend to combine the knowledge of two broad fields of 

neuroscience, both developmental and behavioral, with the intent on fostering greater discussion 

between branches of neuroscience in the service of addressing complex cognitive questions from a 

developmental perspective and identifying important gaps in our knowledge for future study.
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Dopaminergic neurons in the ventral mesodiencephalon (mdDA), also known as midbrain 

dopamine neurons, are a class of neurons critical for controlling voluntary movement, 

creating associations with rewarding stimuli, attending to salient environmental stimuli, 

motivating behavior, maintenance of working memory and the regulation of emotion. Just as 

proper function of these neurons is critical to basic behavior of animals, changes to this 

neural population are implicated across many neurological and psychiatric disorders, 

including Parkinson’s disease, schizophrenia and drug addiction. The mdDA neurons and 

their connectivity therefore represent a critical link between learning, memory and the 

expression of these cognitive aspects via movement (behavior). Understanding the 
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development of mdDA neurons and their connectivity will provide a framework for 

understanding how genetic and molecular insults through development ultimately impact 

learning, memory and behavior.

While the term mdDA neuron refers to all DA-expressing neurons in the midbrain, it is 

important to note that these neural populations are somewhat distinct, in terms of 

connectivity and neurodevelopment. DA neurons in the ventral tegmental area (VTA) 

strongly innervate the ventral striatum and the prefrontal cortex, constituting the mesostriatal 

and mesocortical DA pathways, respectively (Braver et al. 1999; Koob 1996; Redgrave et al. 
1999b; Sawaguchi & Goldman-Rakic 1994). These two pathways are often grouped together 

and called the mesocorticolimbic pathway. Mesocorticolimbic projections are known to be 

critical for the creation of reward associations, and recent data suggest a role in signaling 

aversive outcomes (Bromberg-Martin et al. 2010; Comoli et al. 2003; Matsumoto & 

Hikosaka 2009; Redgrave et al. 2008; Satoh et al. 2003; Tzschentke & Schmidt 2000) (Fig. 

1). Changes in this pathway are associated with several mental illnesses, from drug addiction 

to schizophrenia (Di Chiara 2002; Grace 1991; Kapur 2003; Meyer-Lindenberg et al. 2005; 

Robinson & Berridge 1993; Zahniser & Sorkin 2004).

A separate population of mdDA neurons constitutes the substantia nigra pars compacta 

(SNc). These neurons are critical for the control of voluntary movement, which is regulated 

by the SNc projections to dorsal striatum via the nigostriatal pathway, and loss of these 

neurons leads to the impaired motor function observed in Parkinson’s disease (Frank 2005; 

Hikida et al. 2010; Hikosaka 2007; Jin & Costa 2010; Kravitz et al. 2010; Marshall et al. 
1976; Schultz 1986). Interestingly, though classically considered from the motor perspective, 

recent data implicate SNc DA neurons as also report reward prediction errors (PEs) 

(Matsumoto & Hikosaka 2009) and perhaps more critically, salience (Brischoux et al. 2009; 

Matsumoto & Hikosaka 2009; Mirenowicz & Schultz 1996; Nomoto et al. 2010). While the 

role of these neurons in maintaining dopaminergic tone critical for allowing voluntary 

movement is known, how modulations in dopaminergic tone in dorsal striatum are impacted 

by changes in salience of environmental stimuli still requires research (Fig. 1). While the 

connectivity and anatomical location of the cell bodies of these two populations of dopamine 

neurons are somewhat distinct, it is somewhat of an oversimplification, as cells from the 

VTA do sometimes target striatal cells, and SNc neurons do sometimes project to limbic or 

cortical regions (Bromberg-Martin et al. 2010; Fallon & Loughlin 1982; Loughlin & Fallon 

1984; Swanson 1982) and these projections likely carry different types of neural signals 

(Haruno & Kawato 2006; Lau & Glimcher 2008).

Thus, this little population of neurons [approximately 400 000–600 000 in humans 

(Pakkenberg et al. 1991)] in the midbrain represents a critical control system, with their 

activity impacting basic functions such as voluntary motor control and influencing the 

interface between emotional regulation, reward processing and actions. Understanding the 

neurodevelopmental influences that drive development of this small but powerful population 

of neurons represents a first step in developing therapeutic interventions to enhance or 

maintain their activity. While much has been learned about the molecular influences on 

mdDA neuron development, interfacing this knowledge with more complex cognitive 

behavior has remained tenuous. This review will highlight the basics of the 
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neurodevelopment of mdDA neurons, their connectivity and any associations of disruptions 

through neurodevelopment with changes in behavioral outcomes. Finally, we will attempt to 

link animal research to human studies, with the goal of illuminating critical unanswered 

research questions.

Neurodevelopment of mesodiencephalic dopamine neurons

The mdDA ontogeny occurs through a well-regulated series of steps that determine their 

migration, location, differentiation, specification and connectivity, which are regulated both 

in space and time. While adult mdDA neurons may be identified by immunolabeling of the 

tyrosine hydroxylase (TH) enzyme, the rate-limiting enzyme in the synthesis of dopamine, 

or for the dopamine transporter (DAT), which recovers dopamine and transports it back into 

the cell (Blanchard et al. 1994), there is a need for ways to label specific populations of 

mdDA neurons throughout development. Maintenance of mdDA specification throughout 

the life of an organism is continued by the expression of certain transcription factors, among 

them PITX3, LMX1b, OTX2 and NURR1 (Abeliovich & Hammond 2007). These 

postmitotic transcription factors have been critical in identifying developmental differences 

within populations of mdDA neurons.

Migration and differentiation

The mdDA neurons are derived from progenitor cells located on the ventral midline of the 

neural tube floor plate (Ono et al. 2007). During early neurodevelopment, the midbrain/

hindbrain border is determined through signaling from the isthmic organizer (Liu & Joyner 

2001; Rhinn & Brand 2001). The mdDA neurons are born around E10.5 and arise from the 

floor plate along the ventral midline (Ono et al. 2007; Ye et al. 1998). Signaling from the 

isthmic organizer (which will determine the anterior/posterior patterning) and from the 

notochord floor plate (which will determine the dorsal/ventral patterning) will produce a 

border based on differential concentration gradients of their produced morphogens 

(Nakamura & Watanabe 2005). The isthmus produces fibroblast growth factor 8 (FGF8) 

(McMahon & Bradley 1990; McMahon et al. 1992) and where FGF8 and sonic hedgehog 

(SHH) expression from the notochord meet, mdDA neuroprogenitors are born (Hynes et al. 
1995; Ye et al. 1998). The expression of fgf8 is dependent upon WNT1 (McMahon & 

Bradley 1990; McMahon et al. 1992), as are the activation of engrailed genes En1/En2 
(Castelo-Branco et al. 2003; Danielian & McMahon 1996). Later, wnt1 expression will be 

critical for differentiation of mdDA progenitors into specific mdDA subtypes (Brodski et al. 
2003).

The mesodiencephalon ventricular zone (VZ) induces mitotic cells into postmitotic cell 

mdDA precursor neurons (Ono et al. 2007). The expression of developmental factors such as 

OTX1, OTX2, SHH and LIM homeobox transcription factor (LMX) from the VZ influences 

cell fate along a dorsal and ventral axis (Puelles et al. 2004; Smidt & Burbach 2007; Smits et 
al. 2006; Vernay et al. 2005). Several different transcription factors are critical for the 

maintenance of differentiation of mdDA neurons, notably PITX3 and LMX1B (Alavian et 
al. 2008; Chakrabarty et al. 2012; Puelles et al. 2004; Smidt et al. 1997, 2000; Smits et al. 
2006; Vernay et al. 2005). In addition to these transcription factors, Engrailed-1 and 2 (EN1, 
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EN2), neurogenin 2 (NGN2), NURR1 and TGFβ also influence mdDA differentiation. 

These mdDA progenitors migrate from the ventral midline floor plate following radial glia 

ventrally and then laterally to populate areas that will become the VTA and SNc (Kawano et 
al. 1995; Shults et al. 1990). Around E12 in rats (Gates et al. 2006), mdDA neuroprogenitors 

begin to produce TH (Puelles & Verney 1998), identifying their end neuronal phenotype. 

Critically, expression of the dopamine neurotransmitter phenotype is dependent upon the 

NURR1 transcription factor, which regulates proteins critical for dopamine synthesis, such 

as TH and DAT, and receptor-related proteins such as vesicular monoamine transporter 2 and 

RET receptor tyrosine kinase (Saucedo-Cardenas et al. 1998; Smits et al. 2003; Wallen et al. 
2001; Zetterstrom et al. 1997).

However, as mentioned above, the development and maintenance of TH expression (and cell 

viability) is dependent upon continued expression of several different transcription factors. 

Lmx1b is co-expressed with Pitx3 and TH through development and into adulthood (Dai et 
al. 2008) and the loss of Lmx1b leads to a failure to express Pitx3 later in development and 

the eventual loss of Pitx3 expressing mdDA neurons (Smidt et al. 2000). Nurr1 expression 

begins around the time mdDA progenitors are born (~E10.5) and is also maintained into 

adulthood. Lmx1b mutant mice have mdDA neuroprogenitors that, while failing to express 

Pitx3, normally express Nurr1 (Smidt et al. 2000) and hence, Th. The continued expression 

of Nurr1 is critical for survival of mdDA neurons. While Nurr1-deficient mice display 

normal mdDA development and mdDA progenitors migrate to the appropriate locations 

while expressing Lmx1b, Pitx3 and En1 (Saucedo-Cardenas et al. 1998; Wallen et al. 1999), 

the neurons that express Pitx3 are lost in later development (Saucedo-Cardenas et al. 1998). 

Interestingly, while Nurr1 expression begins early, it is independent of SHH and FGF8 

signaling (Sakurada et al. 1999) and induction of Nurr1 expression might depend on Foxa1 
and Foxa2 expression (Ferri et al. 2007; Lee et al. 2010). The continued expression of Foxa2 
appears critical for continued survival of mdDA neurons, with mutations to Foxa2 leading to 

Parkinson-like symptoms in mice (Kittappa et al. 2007).

After mdDA precursors migrate to their final locations (~E11.5), Pitx3 expression begins 

(Smidt et al. 1997, 2004a,b; van den Munckhof et al. 2003). In mice with mutations to the 

Pitx3 gene (aphakia mice), mdDA development proceeds normally until around E12.5, when 

more lateral TH-expressing mdDA neurons decrease in number (Hwang et al. 2003; Nunes 

et al. 2003; van den Munckhof et al. 2003). This lateral population of mdDA neurons 

normally develops into the SNc, and Pitx3 mutations lead to a decrease in mdDA neurons in 

developing SNc. The aphakia mice have decreased nigrostriatal projections, while leaving 

VTA mdDA population unscathed (Hwang et al. 2003; Nunes et al. 2003; van den Munckhof 

et al. 2003). This was among the first evidence suggesting that there may be different 

developmental plans for VTA and SNc dopamine neurons. The expression of Pitx3 is 

important for the expression of BDNF in mdDA SNc neurons, and supplementation of 

BDNF not only prevents SNc cell death in Pitx3 null mice but also prevents cell death when 

treated with 6-OHDA (Peng et al. 2011). Thus, Pitx3 expression is critically linked not only 

to neurotransmitter phenotype and DAT expression but also to the survival of the more 

lateral mdDA population of neurons. This information potentially implicates both Nurr1 and 

Pitx3 expression in SNc normal development, and in abnormalities that may underlie 

detrimental changes to nigrostriatal pathway and ultimately to movement deficits observed 
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in Parkinson’s disease patients. Interestingly, some recent data have implicated SNc 

projections in attention and salience monitoring (Berridge 2007; Berridge & Robinson 1998; 

Bromberg-Martin et al. 2010), which will be a topic of discussion below. The mdDA 

neurons also being to express En1 and En2 around E11.5, which, like Nurr1 and Pitx3 
expression, is maintained throughout adulthood (Alberi et al. 2004; Li & Joyner 2001; Liu & 

Joyner 2001; Simon et al. 2001). Data suggest that the expression of En1 and En2 is 

necessary for cell survivability in postmitotic mdDA neurons (Alberi et al. 2004). Like Pitx3 
mutants, mutations impacting En1/En2 lead to cell death selectively in the SNc population 

and lead to eventual motor deficits (Sgado et al. 2006; Sonnier et al. 2007). Pitx3 expression 

is different between VTA and SNc, with VTA mdDA neurons expressing Pitx3 around six 

times more than SNc neurons (Korotkova et al. 2005). As noted, much of our understanding 

of the development and survivability of mdDA populations has revolved around timing and 

expression differences among the future SNc populations. It remains to be seen whether SNc 

mdDA neurons develop differently than VTA mdDA neurons simply owing to additional 

neurodevelopmental steps, or whether there are as-yet-unknown molecular and genetic 

developmental plans that distinguish future VTA neurons from future SNc neurons early in 

development.

Connectivity

While the development and differentiation of mdDA neurons is critical, ultimately neural 

connectivity determines what functional aspects of an animal’s life these DA neurons are 

capable of influencing. Critically, the manner and amount with which mdDA neurons 

innervate other neural structures may play an essential role in aspects as simple as 

motivating basic movement and complex as cognition. Indeed, changes in connectivity of 

mdDA with other neural structures have been associated with drug use and addiction 

(Robinson & Kolb 2004), as have changes to the expression of axon guidance cues (Flores et 
al. 2006; Halladay et al. 2000; Zhang et al. 2004, 2005). Despite this fundamental role, little 

is known about the development of mdDA neuron connectivity, especially relating to 

mesocortical DA pathways, as most research has focused on developing mdDA connectivity 

with the striatum and control of voluntary movement as a function of Parkinson’s disease. 

What is known focuses on increases in available DA in areas like the prefrontal cortex 

(Kalsbeek et al. 1988; Rosenberg & Lewis 1994, 1995). Additionally, even less is known 

about the neurodevelopment of mdDA fibers targeting the hippocampus, lateral habenula 

and amygdala beyond approximate developmental timing and our knowledge of the 

importance of DA in the function of mature versions of these neural structures (Kim et al. 
2011; Lisman & Grace 2005).

Among the first data delineating axon guidance, NTN1–DCC and ROBO–SLIT have been 

shown to be necessary signaling complexes. NTN1–DCC has been shown to be localized to 

the mdDA (Serafini et al. 1996). While NTN1 and DCC null mice exist, it is unknown if any 

defects in mdDA axon guidance are observed in the adult mice (Nishikawa et al. 2003; 

Serafini et al. 1996). While gross neuroanatomy in these animals appears intact, these mice 

do show amphetamine sensitization (Flores et al. 2005), suggesting some form of altered 

striatal DA transmission. Axons from mdDA neurons appear to be repulsed by the 

expression of receptors such as ROBO1 (expressed by both VTA and SNc neurons) and 
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ROBO2 (expressed only by SNc neurons) and axon guidance molecules such as SLIT1, 

SLIT2 and SLIT3 (Hivert et al. 2002; Holmes et al. 1998; Lin et al. 2005; Marillat et al. 
2002). The combined action of this repulsion works to direct axon growth toward the rostral 

brain (Bagri et al. 2002; Gates et al. 2004, 2006; Marillat et al. 2002). Further, repulsive 

signaling by the dorsal midbrain expressing SLIT1 later in development (E15) keeps mdDA 

axon growth along a ventral, rather than dorsal, trajectory (Gates et al. 2004). However, 

these molecules only reflect repulsive cues, as the chemoattractant cues that orient and 

attract mdDA axons toward striatum and the forebrain remains unknown.

As mdDA axon growth proceeds rostrally, it will find fertile ground in the striatum. Limited 

slit expression is observed in the striatum of rodents before adulthood, suggesting that the 

striatum is a hospitable environment for mdDA projections. However, SLIT2 expression is 

detected in a sparse population of striatal neurons, which are presumed to be cholinergic 

striatal inhibitory interneurons. Additionally, SLIT2 expression begins around postnatal day 

5, suggesting a potential pruning mechanism for mdDA projections expressing ROBO 

(Dimitrova et al. 2008; Ozdinler & Erzurumlu 2002; Pasterkamp et al. 2009; Smidt & 

Burbach 2009). Interestingly, neither the mesostriatal pathway nor the mesolimbic pathways 

appear to display a preference for dorsal or ventral striatum (Hu et al. 2004). This specificity 

presumably arises by selective pruning of VTA or SNc axons, though the exact mechanism 

for this pruning remains unknown and though common neurotrophic support in the form of 

GDNF, BDNF or neurotrophins 3, 4, 5 may play a role.

The mdDA axon growth forming the medial forebrain bundle relies upon Nkx2.1 to maintain 

a direct projection, as the MFB crosses the midline in Nkx2.1 mutant animals, likely owing 

to a loss of repulsive molecules from the hypothalamic area, notably SLIT2 and semaphorin 

3A (Kawano et al. 2003). As these projections move more rostrally, the MFB 

chemoattractant must be reduced, else mdDA projections would remain here, rather than 

continuing in their rostral and eventual dorsal pathway. Interestingly, embryonic neo-cortex 

is repulsive to mdDA axons (Gates et al. 2004), though mdDA projections will eventually 

innervate some, but not other, frontal cortical regions (Hemmendinger et al. 1981a,b). 

Survivability of these neurons and their axon outgrowths have been linked to expression of 

Engrailed 1 (Fuchs et al. 2012). Important remaining questions include how to differentiate 

SNc from VTA efferents in embryonic tissue and how SNc mdDA projections innervate 

dorsal striatal regions, while VTA DA projections innervate ventral striatal and frontal 

cortical regions. Identifying the chemoattractants and axon pruning mechanisms involved in 

determining the nigrostriatal and mesocortical pathways will be helpful for understanding 

the final development of mdDA connectivity and will likely uncover promising new avenues 

of research into the etiology of different neuropsychiatric disorders.

Behavioral implications

Much of what is known about mdDA development surrounds SNc cell development and 

survivability. However, given the importance of both VTA and SNc in complex behaviors 

beyond voluntary movement, discussion on this topic is warranted. A central pillar of 

learning theory rests upon the ability of an organism to learn cause and effect as it navigates 

the world. This associative learning occurs when an outcome of an action leads to a better-
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than-expected outcome. A positive outcome should become associated with the previous 

action, such that the previous action would become reinforced and the organism will repeat 

this action in the future (Fig. 2). When an outcome of an action is worse-than-expected, the 

previous association should either degrade or be avoided. These central points are elegantly 

described as positive or negative prediction errors, respectively (Rescorla & Wagner 1972). 

Populations of mdDA neurons have been implicated in signaling these positive and negative 

PE signals (Schultz 1997, 1998; Schultz & Dickinson 2000). In vivo recordings of single 

neuron activity in animals (Hollerman & Schultz 1998; Jo et al. 2013; Mirenowicz & 

Schultz 1994; Pan et al. 2005; Roesch et al. 2007a; Waelti et al. 2001), human imaging 

(D’Ardenne et al. 2008), fast-scan cyclic voltammetry (Day et al. 2007; Hart et al. 2014; 

Oleson et al. 2012) and recently, optogenetic experiments (Steinberg et al. 2013) support and 

affirm the hypothesis that phasic activity changes of mdDA neurons signal reward PEs, 

meaning that mdDA neurons increase firing to signal positive PE, and briefly pause firing to 

signal negative PE. Thus, mdDA neuronal firing may act as a teaching mechanism, updating 

the probability of selecting a future rewarded action (Bromberg-Martin et al. 2010; Da 

Cunha et al. 2009; Montague et al. 1996; Schultz 1998; Schultz et al. 1997).

However, much of the previous research has investigated how mdDA neurons signal PEs in 

an evaluative role. That is, these forms of research investigate how neural activity related to 

different valued response option, either positive or negative PEs, or differences in the values 

between cues [for example, neural activity between large or small valued outcomes (Roesch 

et al. 2007b)]. The vast majority of this research has focused on the DA neurons of the VTA. 

Recent research suggests that there are dissociable activity patterns based on mdDA 

location. Unlike neural activity in VTA, the activity of SNc mdDA neurons might play a 

more critical role in signaling salience (Kakade & Dayan 2002; Matsumoto & Hikosaka 

2009), signaling when outcomes are unexpected, either positively or negatively. This 

salience signal could play an additional critical role in learning, making cues associated with 

the previous action more salient (Bissonette & Roesch 2015; Bromberg-Martin et al. 2010; 

Redgrave & Gurney 2006; Redgrave et al. 1999a). Thus, the combination of mdDA neurons 

in SNc signaling salience after unexpected outcomes and mdDA neurons from VTA 

assigning the value of the unexpected outcome (positive or negative) may represent a 

complementary and powerful approach to learning (Fig. 2).

While functionally dissociable populations of mdDA neurons may generally segregate 

between the VTA and SNc, there is a greater role for mdDA neurons than signaling PEs and 

attention/salience or providing tonic DA levels necessary for voluntary movement. By 

signaling incentive salience, mdDA neurons may promote behavioral responding in 

additional ways than by signaling PEs, which may only represent a readout of other 

upstream regions that are reflecting learning (Berridge 2007). This additional hypothesis of 

the role of DA is that mdDA is responsible for the ‘wanting’ aspects of rewards, but not the 

‘liking’ or ‘learning’ aspects (Berridge & Robinson 1998). By developing the ‘wanting’ 

aspects of stimuli, the incentive salience hypothesis posits that DA release makes stimuli 

‘wanted’ in that the incentive of that stimuli increases, thus grabbing more attention. An 

additional feature of the incentive salience hypothesis is that by incenting stimuli through 

increasing the salience of the stimuli, motivation to seek out the stimulus is increased. The 

relative strength of the incentive salience signal may also be modulated by homeostatic 
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mechanisms (e.g. hunger or thirst) where animals ‘want’ a particular stimuli more than 

others, depending on their physiological state (Berridge 2007).

This research is striking, partially because such a small group of neurons [~500 000 in adult 

humans, representing about 0.0005% of total neurons in the human brain (Pakkenberg et al. 
1991)] play such a fundamental role in movement, learning, motivation, decision making, 

value encoding and attention, each of which represents an essential aspects of life. Despite 

representing the critical nexus between action and learning, and despite our growing 

knowledge of the molecular and genetic aspects of mdDA development, very little 

discussion is given to how changes throughout development may impact this teaching 

system. As discussed above, mdDA neurons destined for VTA or SNc appear to have 

slightly different developmental trajectories. How might small differences, not just in 

survivability but in differentiation and connectivity impact the differences in cognition 

between animals or the development of mental illness?

The vast majority of behavioral research investigating developmental perturbations to the 

mdDA system is focused on neural degeneration and Parkinson’s disease modeling through 

motor deficits. While these animals provide an opportunity to behaviorally study and attempt 

to characterize the implications of developmentally manipulated mdDA system, it is 

important to note that this is not a perfect model. Parkinson’s disease patients do not always 

show DA-dependent cognitive impairments (Robbins & Cools 2014) though on some 

occasions these impairments are sensitive to treatment with L-DOPA (Downes et al. 1989; 

Lange et al. 1992) and certain aspects of cognition may be related to several genetic factors 

in humans including catecholamine-O-methyltransferase (COMT) Val158Met 

polymorphism (Mattay et al. 2003; Rakshi et al. 1999). Implicit in the reward prediction 

error model of dopamine function is the idea that decreased release of dopamine will track 

with a decreasing capability to perform stimulus-response and reinforcement learning. In 

humans with PD, sometimes L-dopa does not improve reinforcement learning deficits 

(Shiner et al. 2012) and might worsen them (Hiebert et al. 2014; Macdonald et al. 2013) 

though other experiments have shown improved reinforcement learning while on PD 

medication, increasing learning rates from positive, rewarded outcomes without impacting 

potential negative prediction errors on negative outcomes (Frank et al. 2004, 2007). While 

this outcome may call into question how reliable the RPE hypothesis of mdDA function is 

regarding humans, it is still difficult to account for all variables in clinical scenarios. As SNc 

cell loss is associated with the severity of PD, rather than VTA DA cell loss, the majority of 

RPE signaling mdDA neurons may be spared in PD patients. Regardless, this topic requires 

further investigation and caution should be taken when considering how the RPE hypothesis 

performs in relation to human PD patient data and the following animal data.

Mice heterozygous for the Engrailed 1 gene, En1+/−, show progressive loss of SNc mdDA 

neurons starting from postnatal week 8, while also displaying a decrease in mdDA VTA 

neurons at week 48 (Sonnier et al. 2007). The En1+/− mice moved less in an open field, 

reared less, spent more time immobile and consumed less saccharin water compared with 

wild-type (WT) animals (Sonnier et al. 2007). En1+/−; En2−/− mice exhibit a 67% decrease 

in SNc, but not VTA neurons in adulthood (Sgado et al. 2006). Additionally, En1+/−; En2−/

− mice move less in an open field, hang for shorter duration, freeze more during a swim test 
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and interestingly, eat less and gain less weight when compared with En2−/− mice (Sgado et 
al. 2006). Pitx3-deficient mice (aphakia mice) have been shown to have a selective decrease 

in SNc dopamine neurons, leading to a 90% decrease in dorsal striatal DA (Hwang et al. 
2003; Nunes et al. 2003), which corresponds with the development of sensorimotor deficits 

on locomotor tests. Aphakia mice take longer to traverse a beam test, make more steps to do 

so and rear less compared with WT mice. These motor deficits were brought back to 

baseline in terms of time to traverse and step number for a beam crossing test by the 

administration of L-DOPA, and spontaneous activity was increased after L-DOPA 

administration (Hwang et al. 2005). Although Pitx3-deficient mice present with motor 

deficits that may be rescued by L-DOPA, it is important to consider that this may not be a 

pure motor deficit, but that these tests reflect aspects of sensorimotor capabilities as well. 

Additionally, neural degeneration was already observed in newborn mice, complicating the 

question of what normal motor development and associated deficits actually reflect (Hwang 

et al. 2003).

Recently, there have been efforts to tie the function of dopamine for both expression of 

motor behaviors and learning (see Taylor et al. 2010 for a good review on Parkinson’s 

disease models in particular). Beeler et al. (2010) used aphakia mice to demonstrate an 

impairment in learning novel motor-driven behaviors, such as maintaining balance on a 

rotarod and running on a treadmill, which was rescued by administration of L-DOPA (Beeler 

et al. 2010). This same group had previously demonstrated a loss of cocaine locomotor 

sensitization in aphakia mice in terms of distance traveled in an open field (Beeler et al. 
2009). Attempts have been made to use diminished sucrose consumption in aphakia mice as 

a model of depression, in addition to the Parkinson’s disease model (Kim et al. 2014a,b). 

Along with rotarod deficits additional differences have been observed in aphakia mice in a 

swimming or dry T-maze task investigating egocentric spatial responding in a task where 

mice swim to find a platform (escape the water), or learn to turn left or right for a food 

reward. Aphakia mice were slower than WT mice in finding the platform. In a dry T-maze, 

aphakia mice were faster than WT mice in finding their correct food reward, though they did 

not ‘improve’ their latency that was viewed as a deficit (Ardayfio et al. 2008). Recently, 

altered striatal dopamine type 2 receptor overexpression in mice demonstrated decreased 

social investigation and vocalizations (Kabitzke et al. 2015) throughout different 

developmental time points. Importantly and as noted above, it is not always the case that 

learning deficits develop along with Parkinson’s disease in humans (Robbins & Cools 2014) 

and so any deficits to learning or flexible behavior observed in developmental mouse models 

need to be understood with the caveat that no single animal model will completely 

demonstrate construct and content validity.

Studies of humans have implicated chromosome 7q as a region containing genes with 

susceptibility for Autism. Among these genes are ones critical for mdDA development, 

including WNT2 and Engrailed2. Association work has linked Engrailed 2 (located at 

chromosome 7q36) with ASD (Gharani et al. 2004) in humans. We know from 

developmental work that En1/En2 are implicated in mdDA development (Alberi et al. 2004) 

and others have suggested that mutant Engrailed mice may be useful in studying aspects of 

ASD (Moy et al. 2006). For example, En2−/− mice engage in decreased social behaviors, 

including decreased social sniffing, play, allogrooming and in the resident intruder assay, 
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while also displaying increased escape latency in a Morris water maze task (Cheh et al. 
2006; Moy & Nadler 2008). Additionally, En2−/− mice never improved above chance in 

terms of time spent in different quadrants, suggesting that they failed to learn the location of 

the hidden platform (Cheh et al. 2006). These results have been repeated recently 

(Brielmaier et al. 2012) and expanded to include deficits in both cued and contextual fear 

memory expression, but not during training. Interestingly, though En2−/− mice displayed 

significantly decreased social behaviors, their performance on a novel object recognition 

task was intact (Brielmaier et al. 2012), again suggestive of an ASD association. Other 

associations with ASD may stem from Otx mutant mice (Silverman et al. 2010), which 

display decreased social interactions and vocalizations (Winslow et al. 2000) though the 

results are not as clear as with mutations to Engrailed (Crawley 2007).

As of yet, the critical implication of developmental SNc perturbations on motivation 

salience, incentive salience and PE signaling remains uncharacterized and not well 

understood. While the important role of DA signaling in signaling motivational salience is 

well documented (Berridge & Robinson 1998; Lex & Hauber 2008; Rutledge et al. 2015; 

Salamone & Correa 2012; Salamone et al. 2007; Smith et al. 2011), understanding how 

particular DA neurons signal motivational salience rather than PEs is still a field of active 

research. Further, dissociating the role of mdDA neurons in signaling salience or PEs and 

incentive salience requires additional research. While signals of salience and PEs appear to 

have a rough dorsal–ventral segregation in the VTA and SNc, respectively, it remains 

unknown if there is any such anatomical segregation of neurons signaling incentive salience. 

What is known is that DA release in the core and shell of the nucleus accumbens seems to 

reflect different types of DA signals, where DA release in the core reflects PE signals, while 

DA release in the shell better reflects incentive salience signal (Saddoris et al. 2015). 

Perhaps the majority of mdDA neurons contribute to an incentive salience signal while a 

minority broadcast discrete PE or salience signals. What this means for animal models that 

manipulate the development of mdDA neurons is unclear. Although decreased motivation is 

a clinical component of disorder like Parkinson’s disease, it is perhaps a symptom related to 

a decrease in the ‘wanting’ aspect of mdDA neural degeneration. Testing rodents in 

behavioral paradigms designed to dissociate ‘wanting’ from ‘liking’ would provide direct 

answers (Berridge 2007; Berridge & Robinson 1998; Smith et al. 2011).

There are clear avenues to pursue based off human literature. Nurr1 expression in dopamine 

neurons is decreased in chronic human cocaine abusers (Bannon et al. 2002). As Nurr1 

regulates DAT expression by impacting DAT transcription and DAT expression is also 

decreased in chronic cocaine users, it is possible that Nurr1 expression may be impacted by 

drugs of addiction, thereby impacting behavior (Bannon et al. 2002). Alterations in Nurr1 

genes leading to diminished Nurr1 expression have also been observed in humans with 

schizophrenia (Buervenich et al. 2000). Mutations to the gene for COMT involving the 

common V(108/158)M substitution, which reduced DA catabolism, are associated with 

decreased circuit interaction of mdDA and prefrontal cortical areas, notably dorsolateral 

prefrontal cortex (Meyer-Lindenberg et al. 2005). These results are associated with reward 

responsivity, but not risk-seeking behaviors, suggesting implications for clinical symptoms 

of anhedonia (Lancaster et al. 2015). Additionally, symptoms associated with the rare 

genetic disorder Williams–Beuren syndrome may have origins in altered mdDA 
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development. Williams syndrome is caused by a microdeletion of 21 genes on chromosome 

7q11.23 and, along with hypersociability and stereotypical faces, there are extrapyramidal 

symptoms associated with the motor system including involuntary, choreiform movements 

and dystonia, which are hypothesized to be related to altered SNc development (Gagliardi et 
al. 2007; Thompson et al. 2005). Other neurodevelopmental disorders, such as dystonias and 

attention-deficit hyperactivity disorder, are theorized to originate from developmental 

perturbations to the dopamine system (Madras et al. 2005; Perlmutter & Mink 2004; Walker 

& Shashidharan 2003) though more research will be needed to identify specific 

developmental perturbations associated with each disorder. Future studies using 

sophisticated behavioral, in vivo electrophysiological, optogenetic and molecular techniques 

will be needed to tease apart the complex interaction of altered mdDA neuron development 

and aspects of decision making in the face of altered associative circuitry. Given our growing 

knowledge of mdDA development, dissociating the developmental trajectories of these 

different functional neural populations remains an area of high importance and as our 

behavioral, genetic and molecular tools develop, we will begin to address these questions.

Future directions

Over the past two decades, modern scientific research has made tremendous strides in 

discerning the developmental process of midbrain dopamine neurons. The majority of these 

efforts have been made with an eye toward preventing the development of neurodegenerative 

disorders involving the dopamine system, like Parkinson’s disease. However, with more data 

implicating changes to the mdDA system in complex psychiatric disorders with much earlier 

onsets, such as Autism or schizophrenia, there is a growing need to understand how early 

developmental differences to the mdDA population of cells impact organisms. Specifically, it 

is important to understand what perturbations early in life may lead to long-term significant 

impacts to the mdDA system. Some of the main unanswered and remaining topics for 

investigation are summarized in Fig. 3. Once the importance of these changes has been 

determined, targeted early interventions and novel therapeutics may be developed. But first, 

we need to develop a more firm understanding of how mdDA neurons impact animal 

decisions and behavior, and to identify the individual developmental trajectories of each of 

these populations of neurons.
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Figure 1. Major projections of mdDA neurons and known functions
In this simplified diagram of the major mdDA projections (shown as purple arrows), 

mesocortical pathway is shown emanating mainly from the VTA and sending major 

projections to ventral striatum (nucleus accumbens) and to cortex. This pathway is critical 

for creating reward associations, for signaling incentive salience and for providing value, PE 

and salience signals. The nigrostriatal pathway is shown emanating mainly from the SNc, 

providing the dopaminergic tone necessary for voluntary movements and also carrying 

salience and PE signals. As mdDA neurons in each of these pathways are not only located in 

either SNc or VTA, these neural areas are shown to overlap slightly. Corticostriatal input is 

shown as small black arrows, while the final outcome of this circuit is shown as bodily 

movement, also known as behavior. Critical transcription factors that determine the 

expression of the dopamine neuron phenotype and survivability of mdDA neurons in either 

the SNc or VTA are listed and color coded to illuminate which transcription factors are 

important for both SNc and VTA, and which are important for SNc development. The 

mdDA VTA and SNc histology image, taken at × 10, of diaminobenzidine reaction to 

tyrosine hydroxylase stain (1:2500; Sigma Chemical Co, St. Louis, MO, USA) using a Leica 

DMRX microscope (Leica Microsystems GmbH, Wetzlar, Germany).
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Figure 2. Theoretical dopamine cell firing showing either PE or salience signaling
Purple line represents the firing of a theoretical mdDA neuron while an animal is engaged in 

some form of activity which permits learning. When the valence (positive or negative) of an 

outcome is better or worse than expected, an mdDA neuron carrying PE information will 

either increase or decrease firing, respectively. However, if the mdDA neuron is signaling 

salience, then it will increase firing for both a better-than-expected and a worse-than-

expected outcome. These example neural responses are to unexpected outcomes, but after 

learning, mdDA neurons that signal PE and salience also respond in a similar fashion to cues 

that predict negative or positive events.
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Figure 3. List of major questions remaining for developmental and behavioral neuroscience
Broken down between questions and topics that can be answered by either developmental or 

behavioral neuroscience, this list identifies major unanswered questions. Developmental 

questions focus on better understanding how mdDA neurons connect with other brain areas, 

both in terms of the chemoattractants and regarding pruning of synapses, while expanding 

the knowledge beyond the nigrostriatal and mesocortical pathways. Behavioral questions 

focus on using existing and future animal models of altered mdDA development to address 

questions of flexible cognition, separate from motor and sensorimotor questions currently 

being addressed. Additionally, the combination of developmental perturbations with in vivo 
electrophysiological techniques will be a powerful approach for studying the impact of 

altered mdDA development on PE, salience and incentive salience signals.

Bissonette and Roesch Page 23

Genes Brain Behav. Author manuscript; available in PMC 2017 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Neurodevelopment of mesodiencephalic dopamine neurons
	Migration and differentiation
	Connectivity
	Behavioral implications
	Future directions

	References
	Figure 1
	Figure 2
	Figure 3

