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Abstract

This chapter focuses on neurodevelopmental diseases that are tightly linked to abnormal function 

of the striatum and connected structures. We begin with an overview of three representative 

diseases in which striatal dysfunction plays a key role—Tourette syndrome and obsessive-

compulsive disorder, Rett's syndrome, and primary dystonia. These diseases highlight distinct 

etiologies that disrupt striatal integrity and function during development, and showcase the varied 

clinical manifestations of striatal dysfunction. We then review striatal organization and function, 

including evidence for striatal roles in online motor control/action selection, reinforcement 

learning, habit formation, and action sequencing. A key barrier to progress has been the relative 

lack of animal models of these diseases, though recently there has been considerable progress. We 

review these efforts, including their relative merits providing insight into disease pathogenesis, 

disease symptomatology, and basal ganglia function.

1. INTRODUCTION

The basal ganglia (BG) are a group of subcortical brain structures conserved across 

vertebrate species (Grillner, Robertson, & Stephenson-Jones, 2013).These interconnected 

structures contribute to the control of movement performance and several learning-related 

motor functions, including habit, reinforcement, and motor sequence learning. The BG are 

able to accomplish these functions as participants in recurrent neural loops, through which 

information flows to the BG from distinct cortical areas, is outputted to thalamus, and 

subsequently relayed back to cortex (cortico-BG-thalamocortical loops). The striatum 

(composed of the caudate and putamen in humans) is the principal “input” nucleus of the 

BG, receiving massive excitatory projections from the cortex. Myriad neuronal connections 

within and between BG structures process this cortical input—perhaps performing a 

“gating” or “selection” function—and subsequently project this information to the thalamus, 

which then projects back to more restricted areas of the neocortex. Evidence for the 
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involvement of the striatum and related BG structures in varied behavioral processes and 

developmental disorders is reviewed.

The BG are affected by a range of debilitating diseases that can manifest throughout an 

individuals lifespan. For example, Tourette’s syndrome (TS) occurs primarily in school-

aged children, while Parkinson disease (PD) primarily afflicts the aged. Treatment of these 

diseases has been challenging, in part because the function of these circuits remains poorly 

understood. Indeed, despite extensive research and clinical observation, a cohesive theory 

describing the functional roles of the striatum and connected BG circuits remains elusive.

Considerable focus has centered on diseases resulting from dysfunction or damage to the 

striatum. The diverse symptomatology of these diseases has strongly influenced hypotheses 

regarding striatal function. Broadly speaking, these hypotheses can be divided into 

“performance” and “learning” roles (Beeler et al., 2012; Leventhal et al., 2014). The short-

duration response to levodopa is a striking example supporting a role for striatum in online 

motor performance. Evidence from diseases featuring pathological repetitive behaviors and 

thoughts such as TS and obsessive-compulsive disorder (OCD) has been critical to 

highlighting the importance of striatal function in learning and habit expression. A rapidly 

expanding literature supports a role for striatum in implicit learning processes, with 

implications for normal adaptive behavior, habit formation, and addiction.

This chapter focuses on neurodevelopmental diseases that are tightly linked to abnormal 

function of the striatum and connected structures. We begin with an overview of three 

representative diseases in which striatal dysfunction plays a key role—TS/OCD, Rett’s 

syndrome (RTT), and primary dystonia. These diseases highlight distinct etiologies that 

disrupt striatal integrity and function during development, and show-case the varied clinical 

manifestations of striatal dysfunction. We then review striatal organization and function, 

including evidence for striatal roles in online motor control/action selection, reinforcement 

learning, habit formation, and action sequencing. A key barrier to progress has been the 

relative lack of animal models of these diseases, though there recently has been considerable 

progress. We review these efforts, including their relative merits providing insight into 

disease pathogenesis, disease symptomatology, and BG function.

2. DISEASES AND LINKS TO STRIATAL DYSFUNCTION

2.1. Tic disorders, Tourette syndrome, and obsessive-compulsive disorder

Although transient tic disorders, TS and OCD are distinguished clinically, the common 

comorbidity of tics and obsessive-compulsive behaviors in TS suggest that these disorders 

exist on a spectrum. In support of this view, imaging studies demonstrate similar 

abnormalities between these disorders, and implicate abnormal BG function as a 

pathological feature of many of their associated symptoms (Cavanna & Seri, 2013; Worbe et 

al., 2010). As such, we will consider the disorders individually and as a unit.

2.1.1 Tics and Tourette syndrome: Clinical features—Tics are sudden, repetitive, 

involuntary movements, or vocalizations that have no intended purpose and interfere with 

ongoing behavior (Bronfeld & Bar-Gad, 2013). They range from mild movements or 
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utterances involving few muscle groups (e.g., eye blinking or grimacing) to more complex, 

coordinated sequential activation of multiple muscle groups (Cohen, Leckman, & Bloch, 

2013). To distinguish tics from other types of brief, abnormal movements, several features 

are helpful. Tics are often associated with premonitory feelings, ranging from a psychic urge 

to physical sensations like itching or even pain (Cavanna & Rickards, 2013). Tics are 

suppressible, at least transiently. When suppressed, the pressure to perform tics can become 

overwhelming, so that they are almost always eventually expressed. Some have termed tics 

an “unvoluntary” movement disorder to emphasize the inevitability of tic expression despite 

the temporary ability to suppress them (Cohen et al., 2013), though “semivoluntary” may be 

more accurate. Finally, tics are stereotyped—that is, patients tend to express a limited range 

of tic-like movements at any given time.

Tic disorders are classified into transient versus chronic tic disorders. Transient tic disorders 

persist for less than 1 year and represent the mildest and most common form of tic disorder 

(Cohen et al., 2013). The repetitive behaviors in transient tic disorder may not be consistent 

and often change in severity over time. In contrast, chronic tic disorders involve a more 

stereotyped motor or vocal tic behavior that persists for more than 1 year. TS, the most 

severe form of tic disorder, is characterized by multiple motor and at least one vocal tic 

which begin before 18 years of age, increase in severity over time, and persist for at least 1 

year (Kurlan, 2010). TS, first described by Gilles de la Tourette in 1885, affects 

approximately 1% of the population, but is three to four times more common in boys 

(Kurlan, 2010; Robertson, Eapen, & Cavanna, 2009). TS often begins between 3 and 9 years 

of age, with the worst symptoms during the early teens. Symptoms often improve in the late 

teens and into adulthood (Bloch et al., 2006). Caudate nucleus volumes in childhood predict 

later tic severity, consistent with both BG dysfunction in TS and abnormal trajectory of 

brain development (Bloch, Leckman, Zhu, & Peterson, 2005). Despite this typical pattern, 

tic disorders remain a lifelong disabling condition for many. Pedigrees and twin studies 

suggest that TS has a strong hereditary component, but specific genetic risk factors remain 

elusive (Deng, Gao, & Jankovic, 2012; Scharf et al., 2013).

2.1.2 Tics and Tourette syndrome: Evidence for striatal dysfunction—There is 

strong evidence that tic disorders have a basis in BG dysfunction. Secondary tics may arise 

from BG disease, including Huntington disease (Jankovic & Ashizawa, 1995), BG strokes 

(Kwak & Jankovic, 2002), and Wilson disease (Lorincz, 2012). The most effective treatment 

for tics is dopamine-blocking (or depleting) drugs, implicating nigrostriatal dopamine in 

their pathogenesis (Cavanna & Seri, 2013). Indeed, a syndrome of tardive tics after 

neuroleptic exposure has been reported (Bharucha & Sethi, 1995). Molecular imaging 

studies report abnormalities in the striatal dopaminergic system in patients with tics though 

results are not consistent (Albin et al., 2003, 2009; Denys et al., 2013; Singer et al., 2002; 

Wolf et al., 1996). Deep brain stimulation of thalamic nuclei tightly linked with the BG, or 

BG nuclei themselves, variably improves tics (Ackermans, Kuhn, Neuner, Temel, & Visser-

Vandewalle, 2013; Priori et al., 2013; Vandewalle, van der Linden, Groenewegen, & 

Caemaert, 1999).

Consistent with these studies, several quantitative volumetric imaging studies have revealed 

differences in striatal size between patients with TS and controls (Felling & Singer, 2011; 
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Hyde et al., 1995; Peterson et al., 2003; Roessner et al., 2011). Postmortem studies describe 

specific deficits in striatal and pallidal GABAergic and cholinergic neurons, but these 

studies are based on a small number of postmortem examinations (Kalanithi et al., 2005; 

Kataoka et al., 2010).

2.1.3 Obsessive-compulsive disorder: Clinical features—Up to 60% of patients 

with TS have comorbid OCD (Cavanna & Rickards, 2013). OCD is characterized by the 

presence of intrusive, unwanted thoughts (obsessions), and the performance of ritualized 

behaviors that are intended to neutralize the negative emotions resulting from obsessions 

(compulsions) (Sarvet, 2013). While these repeated behaviors do not provide pleasure or 

reward, they provide relief from obsessions. These distressing uncontrolled rituals vary in 

severity, leading to distress and diminished quality of life. OCD often begins during 

childhood, with a mean age at onset of ~20 years (Narayanaswamy et al., 2012), though a 

median onset age at onset of 10 has been reported (Sarvet, 2013). OCD is believed to affect 

1–3% of the population, both in children and adults (Sarvet, 2013). Like TS, OCD has a 

strong genetic component, though specific genes have yet to be identified (Pauls, 2008).

2.1.4 Obsessive-compulsive disorder: Evidence for striatal dysfunction—As 

for tic disorders, dysfunction of corticostriatal circuits has been implicated in OCD. 

Structural abnormalities in frontal cortex and/or the BG have been observed in patients with 

secondary OCD (Berthier, Kulisevsky, Gironell, & Heras, 1996). Functional imaging has 

revealed enhanced connectivity between limbic cortical areas and the ventral striatum in 

patients with OCD compared to controls (Harrison et al., 2009), and decreased dopamine 

D2/3 receptor availability (Denys et al., 2013). DBS has also been attempted for OCD, 

targeting primarily ventral striatum or the internal capsule, with variable results (Blomstedt, 

Sjoberg, Hansson, Bodlund, & Hariz, 2013). DBS of the subthalamic nucleus for PD has 

been reported to both induce compulsive behaviors (Broen, Duits, Visser-Vandewalle, 

Temel, & Winogrodzka, 2011) and alleviate them (Fontaine et al., 2004). Finally, animals 

with OCD-like behavior (e.g., hyperdopaminergic mice, discussed in Section 4) have 

abnormalities of striatal function (Berridge, Aldridge, Houchard, & Zhuang, 2005; Welch et 

al., 2007).

While many similarities exist between tic disorders and OCD, including their frequent 

comorbidity, they exhibit distinct clinical pharmacology. Treatments for the two conditions 

differ. While dopamine-blocking (or depleting) agents are clearly effective for TS, they are 

at best adjunct therapy for OCD (Sarvet, 2013). Conversely, antidepressants, especially 

selective serotonin-reuptake inhibitors, are the pharmacologic treatment of choice for OCD 

(Sarvet, 2013), but are not effective for TS.

2.2. Rett syndrome

2.2.1 Rett syndrome—Clinical features—RTT is a childhood-onset 

neurodevelopmental disorder caused by mutations in the MECP2 gene encoding the X-

linked methyl-CpG-binding protein 2 (MeCP2) protein (Amir et al., 1999). RTT is a leading 

cause of intellectual disability in girls (Jellinger, 2003). Subjects with RTT develop 

normally for 6–18 months, followed by loss of cognitive function and speech, regression of 
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fine and gross motor skills, social withdrawal, and development of stereotypic hand 

movements (Hagberg, Hanefeld, Percy, & Skjeldal, 2002). Autism, ataxia, and seizures 

(Dolce, Ben-Zeev, Naidu, & Kossoff, 2013) are also characteristic following developmental 

regression, with Parkinsonism and dystonia occurring in older patients (FitzGerald, 

Jankovic, Glaze, Schultz, & Percy, 1990). While RTT occurs almost exclusively in females, 

in boys, MECP2 mutations can cause neonatal lethality (Villard et al., 2000) or, on rare 

occasion, an RTT-like phenotype (Armstrong, Pineda, Aibar, Gean, & Monros, 2001; Dayer 

et al., 2007; Masuyama et al., 2005), likely due to somatic mosaicism (Armstrong et al., 

2001).

2.2.2 Rett syndrome: Evidence for striatal dysfunction—On purely clinical 

grounds, the highly stereotyped hand movements that occur in RTT are reminiscent of tic/

compulsive-like behavior, and similar to the stereotypies that result from striatal dysfunction 

in experimental animals (Berridge et al., 2005; Welch et al., 2007). The occurrence of 

dystonia and Parkinsonism in RTT also point to BG involvement (FitzGerald, Jankovic, 

Glaze, et al., 1990; FitzGerald, Jankovic, & Percy, 1990).

Beyond mere pattern recognition, however, many lines of evidence indicate that striatal 

dysfunction is a key feature in the pathogenesis of RTT. Imaging studies of RTT subjects 

demonstrate decreased cerebral volumes (Carter et al., 2008; Jellinger, 2003; Murakami, 

Courchesne, Haas, Press, & Yeung-Courchesne, 1992), with reductions in caudate nucleus, 

cortical, and midbrain volumes disproportionately reduced compared to other structures 

(Casanova et al., 1991; Dunn et al., 2002; Reiss et al., 1993; Subramaniam, Naidu, & Reiss, 

1997). PET imaging studies demonstrate specific changes in BG transmitter function. 

Several lines of evidence demonstrate significant dopaminergic deficits in RTT, including 

reduced fluorodopa uptake (Dunn et al., 2002), decreased dopamine transporter (DAT) 

levels (Wenk, 1995; Wong et al., 1998), and lower density of D2 receptors (Harris et al., 

1986) in caudate nucleus and putamen. Other studies demonstrate increased striatal D2 

receptor binding, believed to reflect receptor upregulation in response to dopaminergic 

deficits (Chiron et al., 1993). These differences are likely due to the difference in the ages of 

the patients that were examined (Dunn & MacLeod, 2001), and demonstrate a possible age-

dependent change with early D2 receptor increases followed by later reductions (Cordes et 

al., 1994). In contrast to specific DAT and D2 receptor changes, caudate nucleus D1 

receptors and dopamine reuptake sites in cortical regions remain unchanged (Wenk, 1995). 

These results suggest a degree of specificity in affected dopaminergic systems. There is also 

evidence for striatal cholinergic dysfunction in RTT (Wenk & Mobley, 1996). For example, 

striatal vesicular acetylcholine transporter densities are reduced in women with RTT, and 

their clinical abilities are correlated with these levels (Brasic et al., 2012).

Postmortem studies of humans with RTT reveal abnormalities of the striatum and its 

connections. Consistent with functional imaging, choline acetyl-transferase (ChAT) activity 

is decreased specifically in the hippocampus, caudate nucleus, and thalamus (Wenk et al., 

1993). The nigrostriatal dopaminergic system is affected, with decreased pigmentation of 

nigral neurons and decreased immunoreactivity for tyrosine hydroxylase (TH) (the rate-

limiting enzyme in dopamine synthesis) (Jellinger, Armstrong, Zoghbi, & Percy, 1988; Kitt 

& Wilcox, 1995). Other catecholamines and their metabolites are similarly decreased in the 
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substantia nigra of RTT subjects (Lekman et al., 1989). AMPA and NMDA receptor density 

are decreased and GABA receptor density is increased, but no changes are observed in 

mGluR receptor density in the BG (Blue, Naidu, & Johnston, 1999). While it is impossible 

to disentangle definitively changes that reflect the underlying disease process from 

compensatory or medication effects, these data support strongly a primary role BG 

dysfunction in the behavioral features of RTT.

2.3. Primary dystonia

2.3.1 Primary dystonia—Clinical features—Dystonia is a movement disorder 

characterized by abnormal, sustained, or intermittent, usually twisting postures maintained 

by agonist/antagonist co-contraction (Albanese et al., 2013). Dystonia is classified as 

“primary” if it occurs in isolation without neuropathological changes. In contrast, 

“secondary” dystonic movements occur consequent to CNS damage (e.g., from stroke, 

trauma, or neurodegeneration) and are typically accompanied by additional neurological 

signs and symptoms. Among the primary dystonias, there is a bimodal age at onset with 

peaks during childhood (school age to teenage years) and the fifth to sixth decade of life 

(Bressman et al., 2000). Age at symptom onset is strongly associated with etiology and 

pattern of involvement. Childhood-onset dystonia typically begins in an arm or leg, spreads 

to other body parts and generally reflects an inherited mutation. In contrast, adult-onset 

dystonia is almost always sporadic and remains confined to the cranio-cervical region or, 

less commonly, the upper extremities (e.g., writer’s cramp) (Albanese et al., 2013). The 

pattern of involvement and time at symptom onset have been most extensively studied for 

DYT1 dystonia, the most common inherited form of primary dystonia. The DYT1 mutation 

(described in detail in Section 6) is only ~30% penetrant. Interestingly, manifesting subjects 

develop symptoms almost uniformly during the school-age years. Those that remain 

symptom free into their early twenties typically remain unaffected for life, strongly implying 

the presence of a “critical period” of vulnerability during CNS development as a key feature 

of disease pathogenesis.

2.3.2 Dystonia: Evidence for striatal dysfunction—A combination of clinical, 

neuroimaging, and basic scientific observations support a central role for striatal dysfunction 

in the pathophysiology of primary dystonia. Damage to the striatum and associated 

structures (e.g., pallidum, thalamus) are a common cause of secondary dystonia (Marsden, 

Obeso, Zarranz, & Lang, 1985; Mehanna & Jankovic, 2013). Metabolic diseases that disrupt 

striatal function (e.g., Wilson’s disease, pantothenate kinase-associated neurodegeneration) 

also cause secondary dystonia (Gordon, 2002; Lorincz, 2012).

There are strong links between dopaminergic dysfunction and dystonia. Dystonia is 

commonly an early manifestation of PD, or a complication of its treatment with levodopa. 

Among drugs that induce dystonia, dopamine-receptor blockers are the most prominent. An 

interesting age-dependent feature of these medications is that acute dystonic reactions are 

much more common in young patients, while tardive syndromes tend to emerge in older 

patients (Dayalu & Chou, 2008). Furthermore, patients with dopa-responsive dystonia are, 

as the name implies, exquisitely responsive to levodopa. These patients also have an age-

dependent phenotype, with young onset associated with dystonia and older onset associated 
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with Parkinsonism (Trender-Gerhard et al., 2009). Together with the clinical features of 

DYT1 dystonia reviewed above, this relationship between age and symptom onset further 

strengthens the link between abnormal striatal development and dystonia. Commonly used 

treatments for dystonia include anticholinergic and GABAergic agents, which strongly 

influence striatal circuitry (though are admittedly not specific to striatal function). Pallidal or 

subthalamic DBS is highly effective for dystonia (Vidailhet, Jutras, Grabli, & Roze, 2013), 

further implicating these circuits in disease pathophysiology.

Behavioral functions typically attributed to striatal circuitry are disrupted in patients with 

dystonia, as well as carriers of dystonia mutations. A prominent theory of dystonia 

pathophysiology suggests that the action selection functions of the BG are deficient in 

dystonia, leading to the simultaneous activation of competing motor programs (Mink, 2003). 

A note of caution is in order, however, as the involvement of the BG in dystonia (and other 

movement disorders) is often cited as support for the action selection hypothesis. Motor 

sequence learning, which is more convincingly dependent on striatal function (see Section 

3), is impaired in patients with DYT1 dystonia. On the other hand, similar impairments were 

found in nonmanifesting carriers of the DYT1 mutation, and impairments were not found in 

manifesting or nonmanifesting DYT6 mutation carriers (Carbon et al., 2011). It is therefore 

not clear if impairments in motor sequencing are sensitive or specific for primary dystonia.

Imaging studies strongly implicate BG circuits in the pathophysiology of dystonia. Though 

generally considered a disorder of abnormal function of motor circuits (as opposed to 

structure), consistent changes in the volume of motor-related areas (motor cortex, BG, and 

cerebellum) have been found in both focal and generalized primary dystonias (Delmaire et 

al., 2007; Draganski, Thun-Hohenstein, Bogdahn, Winkler, & May, 2003; Egger et al., 

2007; Garraux et al., 2004). Some of these changes are specific to patients manifesting 

dystonia, while others also occur in mutation carriers. Other subtle structural changes have 

been found using tractography techniques. Patients with cervical dystonia have 

abnormalities of BG-pontine tracts (Blood et al., 2012). Reduced cerebellothalamic 

connectivity has been found in both manifesting and nonmanifesting DYT1 mutation 

carriers, but reduced thalamocortical connectivity was present only in nonmanifesting 

carriers (Argyelan et al., 2009).

There are very few neuropathological studies in primary dystonia patients (Paudel, Hardy, 

Revesz, Holton, & Houlden, 2012), making it difficult to know what, if any, 

histopathological abnormalities are responsible for the neuroimaging findings. Most 

neuropathological studies have found no pathological changes (Furukawa, Hornykiewicz, 

Fahn, & Kish, 2000; Gibb, Lees, & Marsden, 1988; Walker, Brin, Sandu, Good, & 

Shashidharan, 2002; Zweig et al., 1988). In those that did find changes, it is not clear if the 

findings were incidental (Holton et al., 2008). For example, two patients with Meige 

syndrome (Kulisevsky, Marti, Ferrer, & Tolosa, 1988; Mark et al., 1994) had Lewy Body 

pathology in the brainstem. These patients were ages 69 and 72, however, ages at which 

Lewy Body pathology is relatively common in people without clinical evidence of 

Parkinsonism. Another study found tau and ubiquitin-positive inclusions in the brainstems 

of patients with DYT1 dystonia (McNaught et al., 2004). While one of these patients was 

33, the other three were ages 78–83, again raising the possibility that these were incidental 
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findings. Overall, neuropathological studies in primary dystonia patients are simply too 

limited to draw any conclusions.

Functional imaging of subjects with dystonia demonstrates clear abnormalities of BG 

function. BG metabolic activity is altered in dystonia patients, with basal ganglia fMRI 

signals remaining elevated after finger tapping compared to controls (Blood et al., 2004). 

Some of the most consistent findings are in functional imaging of the dopaminergic system, 

though the specific abnormalities vary with the type of dystonia. For example, striatal D2-

like receptor binding is decreased in patients with focal dystonia (Perlmutter et al., 1997) or 

nonmanifesting DYT1 mutations (Asanuma et al., 2005), but increased in patients with 

dopa-responsive dystonia (Rinne et al., 2004). A recent study suggests that at least some of 

these changes may be in the density of striatal D3 receptors (a member of the D2 receptor 

family) specifically (Karimi et al., 2011). D1 receptor density, at least in primary focal 

dystonia, however, seems to be unchanged from controls (Karimi et al., 2013).

3. STRIATAL ORGANIZATION AND FUNCTION

3.1. Summary of basic features of striatal organization

The striatum (composed of the caudate nucleus and putamen) is a major input nucleus for 

the BG, a group of subcortical gray matter structures that form recurrent loops with the 

thalamus and cortex (Fig. 3.1). It receives glutamatergic excitatory input from the whole 

neocortical mantle (Mathai & Smith, 2011), related structures such as the hippocampal 

formation and the amygdala (McGeorge & Faull, 1989), as well as thalamic intralaminar 

(centromedian and parafascicular nuclei—CM/Pf) and BG-recipient relay nuclei (Sadikot & 

Rymar, 2009). Some GABAergic striatal inputs come from within the BG, including from 

the globus pallidus, pars externa (GPe; Mallet et al., 2012). As detailed below, many of 

these afferents project preferentially to specific subpopulations of striatal neurons. The 

striatum sends a massive GABAergic efferent projection to GPe and the BG output nuclei 

(substantia nigra, pars reticulata (SNr) and globus pallidus, pars interna (GPi)).

The organization of corticostriate projections is complex. Lesion studies and, more recently, 

functional imaging (Choi, Yeo, & Buckner, 2012; Kemp & Powell, 1970) demonstrate a 

topographic organization, suggesting that different striatal regions are functionally 

specialized depending on their cortical inputs. For example, dorsolateral striatum in rodents 

(primarily dorsolateral putamen in primates) receives afferents from primary sensorimotor 

cortex. Similarly, dorsomedial striatum in rodents (primarily caudate nucleus in primates) 

receives afferents from cortical association areas, and ventral striatum (nucleus accumbens) 

receives limbic afferents (Parent & Hazrati, 1995). This functional specialization is at least 

partially maintained throughout the BG and its thalamic projections (Alexander, DeLong, & 

Strick, 1986). Cortico-BG-thalamocortical loops tend to project back to their cortical site of 

origin, but also project to at least one other cortical area (Joel & Weiner, 1994). Thus, motor, 

associative, and limbic loops are not fully segregated. Sensitive tract-tracing studies also 

indicate that cortical regions project to the striatum in overlapping parasagittally arranged 

zones of considerable rostro-caudal extent, suggesting some interdigitation of corticostriate 

projections (Selemon & Goldman-Rakic, 1985). Other work suggests some convergence of 
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corticostriate projections from cortical regions that are functionally linked by corticocortical 

connections (Yeterian & Van Hoesen, 1978).

The striatum is composed primarily of GABAergic medium spiny neurons (MSNs) and 

several interneuron types (Table 3.1). These cells exist in two interdigitated compartments 

known as “patch” (or striosomes) and “matrix” (Crittenden & Graybiel, 2011). MSNs 

represent 90–95% of neurons depending on the species, with lower percentages in primates 

(Graveland & DiFiglia, 1985; Tepper, Tecuapetla, Koos, & Ibanez-Sandoval, 2010). MSNs 

are characterized by the presence of multiple dendritic spines (small mushroom-shaped 

protuberances) that are the site of most excitatory synapses. They fire sparsely, requiring 

coordinated excitatory synaptic input to initiate spiking (Kreitzer, 2009). MSNs are divided 

into two groups of roughly equal proportions based on projection patterns (Gerfen & 

Surmeier, 2011). The monosynaptic connection from a subset of MSNs (dMSNs) to 

GPi/SNr is termed the “direct” pathway, but also sends collaterals to GPe. “Indirect” 

pathway MSNs (iMSNs), on the other hand, synapse only in GPe. dMSNs express D1 

dopamine receptors with relatively low affinity for dopamine, while iMSNs express higher 

affinity D2 dopamine receptors (Gerfen & Surmeier, 2011). Thus, phasic increases or 

decreases in striatal dopamine concentration likely have distinct effects on dMSNs and 

iMSNs.

The remaining neurons in the striatum are aspiny interneurons, including medium-sized 

GABAergic and large cholinergic neurons (Kreitzer, 2009). GABAergic interneurons can be 

further classified into at least four subtypes based on distinctive electrophysiological 

properties and expression of different neurochemical markers (Tepper, 2010; Tepper et al., 

2010). Fast-spiking interneurons (FSIs) express the calcium-binding protein parvalbumin 

and represent approximately 1% of the neurons in the striatum (Luk & Sadikot, 2001) in a 

lateral to medial gradient (higher density laterally). This suggests a role in sensorimotor 

functions. These cells receive afferents from cortex (Ramanathan, Hanley, Deniau, & 

Bolam, 2002), the thalamic CM nucleus (Sidibe & Smith, 1999), other interneurons (Chang 

& Kita, 1992), and GPe (Berke, 2011; Bevan, Booth, Eaton, & Bolam, 1998; Kreitzer, 

2009). One FSI may innervate hundreds of MSNs (Koos & Tepper, 1999). Single FSI 

discharges are capable of inhibiting action potential generation in MSNs (or at least delaying 

their onset) due to potent, proximal synapses (Bennett & Bolam, 1994; Kubota & 

Kawaguchi, 2000). Despite in vitro evidence of strong monosynaptic FSI–MSN inhibition, 

however, in vivo studies have not consistently found a sharp depression in MSN firing 

immediately after FSI spikes (Adler, Katabi, Finkes, Prut, & Bergman, 2013; Gage, 

Stoetzner, Wiltschko, & Berke, 2010; Lansink, Goltstein, Lankelma, & Pennartz, 2010). 

FSIs are linked with each other via dendritic gap junctions (Fukuda, 2009; Kita, Kosaka, & 

Heizmann, 1990), creating a syncytium hypothesized to synchronize FSI firing on a very 

fine timescale. More recent studies suggest that this is true only when FSIs receive 

coincident cortical input (Hjorth, Blackwell,&Kotaleski, 2009), and only in specific 

frequency ranges (Russo, Nieus, Maggi, & Taverna, 2013). In vivo experiments seem to bear 

this out, with coordinated FSI activity only during specific, temporally precise behavioral 

events (Adler et al., 2013; Berke, 2008; Gage et al., 2010). Nonetheless, the small increase 
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in FSI coordination mediated via gap junctions may be critical for coordinating striatal cell 

assemblies and synchronizing corticostriatal oscillations.

The other GABAergic interneurons are less well-characterized, especially calretinin-positive 

interneurons, which are quite sparse in rodents (Gittis, Nelson, Thwin, Palop, & Kreitzer, 

2010; Tepper, 2010). Another class of interneurons expresses neuropeptide Y, somatostatin, 

and nitric oxide synthase (hereafter referred to as NPY neurons). These cells synapse 

sparsely on more distal dendrites of MSNs, and generate small IPSPs. They are 

characterized physiologically by persistent low-threshold spikes (Kawaguchi, Wilson, 

Augood, & Emson, 1995; Tepper, 2010), leading to their other descriptor—PLTS neurons. 

Whether their effects are mediated primarily via GABAergic transmission or release of 

neuromodulatory peptides remains unknown (Tepper, 2010). Finally, there is a class of TH 

(the rate-limiting enzyme in dopamine and noradrenaline synthesis) positive interneurons 

that evoke GABA-dependent IPSPs in postsynaptic cells. The functional significance of the 

non-FSI GABAergic interneurons remains unclear, as they have been difficult to identify in 

awake, behaving subjects.

Cholinergic interneurons probably correspond to tonically active neurons (TANs) recorded 

in vivo, which fire spontaneously at low frequencies (<10 Hz) (Schulz & Reynolds, 2013). 

They receive excitatory inputs predominantly from CM/Pf (Ding, Guzman, Peterson, 

Goldberg, & Surmeier, 2010; Matsumoto, Minamimoto, Graybiel, & Kimura, 2001), minor 

excitatory input from the cortex (Thomas, Smith, Levey, & Hersch, 2000), and inhibitory 

input from GABAergic interneurons and possibly MSNs (Goldberg & Reynolds, 2011; 

Sullivan, Chen, & Morikawa, 2008). Striatal cholinergic signaling may be primarily via 

“volume neurotransmission” since there are relatively few typical cholinergic synapses 

within the striatum (Pisani, Bernardi, Ding, & Surmeier, 2007). Striatal cholinergic neurons 

directly influence GABAergic interneuron and MSN activity, and interact with dopamine to 

regulate synaptic plasticity (Gerfen & Surmeier, 2011). Their axons arborize densely and 

diffusely in the striatal matrix, with sparse crossings into the patch compartment (Graybiel, 

Baughman, & Eckenstein, 1986; Kawaguchi, 1992). Unlike most other neurons, TAN firing 

is correlated in awake, behaving animals, and may transmit coordinated signals to large 

striatal regions. An example is the “TAN pause” (Aosaki et al., 1994; Morris, Arkadir, 

Nevet, Vaadia, & Bergman, 2004), a transient, coordinated decrease in TAN firing in 

response to salient behavioral events dependent on afferents from the CM/Pf nucleus (Ding 

et al., 2010; Matsumoto et al., 2001). This pause is generally preceded and immediately 

followed by an increase in TAN firing, in a burst-pause-burst pattern. GABAergic 

interneurons are activated by nicotinic stimulation, and there is reason to believe that NPY 

neurons, in particular, may mediate the TAN pause by a feedback mechanism (Sullivan et 

al., 2008). Striatal output is transiently suppressed by the coordinated activity of TANs in 

vitro (English et al., 2012), and the TAN pause may provide a temporal window for 

corticostriatal plasticity in coordination with dopamine transients (Cragg, 2006). 

Interestingly, the TAN pause is lost after striatal dopamine depletion (Schulz & Reynolds, 

2013).

Midbrain dopaminergic projections to striatum are especially strong, and likely play a major 

role in the pathophysiology of multiple disorders including Parkinsonism, tardive drug 
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reactions, tic disorders, dystonia, and schizophrenia. The substantia nigra, pars compacta 

(SNc) innervates dorsal (motor and associative) regions of striatum, while the ventral 

tegmental area (VTA) innervates the ventral nucleus accumbens. These two cell populations 

have distinct physiologic features, but even this simple dichotomy may not capture their full 

diversity (Morikawa & Paladini, 2011). Indeed, there is a lateral (SNc) to medial (VTA) 

gradient of physiologic properties and anatomic connectivity. More medial cells project to 

ventral striatum, which project back to more lateral midbrain dopaminergic neurons, which 

project to more dorsal striatal regions. In this way, an “ascending spiral” of midbrain-striatal 

circuits is created, providing a mechanism by which distinct BG circuits can interact with 

each other (Belin & Everitt, 2008; Haber, Fudge, & McFarland, 2000). Midbrain 

dopaminergic projections feature a large number of terminals diverging from a relatively 

small number of neurons; each dopaminergic nigral neuron innervates many striatal neurons. 

The relative lack of specificity of nigrostriatal projections suggests that this pathway 

performs a diffuse “biasing” function for striatal neurons, though nigral dopamine neuron 

activity may not be as uniform as previously assumed (Matsumoto & Hikosaka, 2009). 

Dopaminergic terminals tend to synapse on the necks of MSN spines, with cortico- and 

thalamostriatal terminals on spine heads. These “triadic” synapse complexes allow tight 

regulation of the contributions of specific cortical and thalamic afferents to MSN firing.

Dopamine modulates striatal output on multiple timescales via pre- and postsynaptic 

mechanisms. Presynaptic D2 receptors on multiple cell types regulate dopamine, 

acetylcholine, glutamate, and GABA release (Gerfen & Surmeier, 2011). Postsynaptic D1 

receptor stimulation acutely enhances MSN excitability, while D2 receptor activation has 

opposite effects (Gerfen & Surmeier, 2011). The differential expression of D1 and D2 

receptors by MSNs (D1-dMSN; D2-iMSN) results in contrasting effects of acute changes in 

dopamine levels on the direct and indirect BG pathways. Striatal interneurons also express 

multiple dopamine-receptor subtypes with complex responses to dopaminergic stimulation. 

In addition to direct effects on striatal neuronal activity, dopamine influences synaptic 

plasticity at cortico- and thalamostriatal synapses of dMSNs and iMSNs in distinct ways 

(Gerfen & Surmeier, 2011; Shen, Flajolet, Greengard, & Surmeier, 2008).

According to the prevailing “rate” model of BG physiology (Albin, Young, & Penney, 

1989), striatal dopamine increases dMSN firing, decreases iMSN firing, and, ultimately, 

suppresses BG output to release thalamocortical circuits from tonic inhibition. In 

Parkinsonism, dMSN activity decreases and iMSN activity increases, resulting in excessive 

BG inhibition of thalamocortical activity. Strong experimental support for this model comes 

from selective activation of dMSNs or iMSNs using optogenetic techniques, which 

dramatically alters locomotor activity and BG output in a manner consistent with the rate 

model (Freeze, Kravitz, Hammack, Berke, & Kreitzer, 2013; Kravitz et al., 2010). Though 

the rate model successfully predicts many clinical and physiological phenomena, it is also 

clearly incomplete. For one thing, there are multiple types of hyperkinetic movement 

disorders (e.g., dystonia, chorea), yet the rate model generically predicts increased 

movement from excessive direct, or insufficient indirect, pathway activity. More telling, the 

rate model predicts that lesions of BG output should provoke abnormal movements, but such 

lesions are used to treat chorea and dystonia. Finally, direct recordings from BG-

thalamocortical circuits in PD and other movement disorders show only partial agreement 
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with rate model predictions, instead emphasizing correlations between neuronal activity 

patterns and behavioral output (Cleary et al., 2013; Ellens & Leventhal, 2013; Rubin, 

McIntyre, Turner, & Wichmann, 2012; Tang et al., 2009).

3.2. Overview of striatal function

3.2.1 Online motor control/action selection—Based largely on observations of 

patients with PD and Huntington disease, it has been long assumed (at least among 

neurologists) that the primary function of the striatum is to regulate moment-to-moment 

motor function (Albin et al., 1989; DeLong, 1990). The “short-duration response” of PD 

patients to levodopa, in which motor function improves on approximately the same 

timescale that levodopa enters the brain (Chan, Nutt, & Holford, 2004), provides strong 

support for this hypothesis. There is also experimental evidence that the striatum regulates 

online motor performance: motor output is acutely altered by intrastriatal drug infusions 

(Gittis et al., 2011; Leventhal et al., 2014; Worbe et al., 2009), electrical stimulation 

(Watanabe & Munoz, 2010), or optogenetic stimulation (Kravitz et al., 2010).

It has been suggested that the BG, in general, and striatum specifically, participate in action 

selection and initiation (Mink, 2003; Ratcliff & Frank, 2012; Redgrave, Vautrelle, & 

Reynolds, 2011). In part, this hypothesis grows out of the observation that decorticate rats 

can properly sequence stereotyped movement patterns and associate specific cues with 

preferred behaviors (Berridge & Whishaw, 1992; Whishaw & Kolb, 1984). It is often stated 

that the BG, which are highly conserved from invertebrates through primates, provide 

blanket suppression of brainstem motor programs (Grillner et al., 2013) given the high tonic 

firing of BG output neurons. Though details of these models vary, the basic idea is that the 

striatum uses convergent cortical and thalamic input regarding the current state of the animal 

to determine the next optimal motor program, which is released for execution by focused 

inhibition of BG output via the direct pathway. Meanwhile, the indirect pathway suppresses 

all alternative options so that the motor system is accessed by only one “action” at a time 

(Cui et al., 2013). Several computational models of the striatum (Humphries, Wood, & 

Gurney, 2009) and full BG circuits (Lo & Wang, 2006; Ratcliff & Frank, 2012) demonstrate 

that striatal circuitry could implement action selection. These models make implicit 

assumptions that neuronal assemblies turned off or on by model circuits represent individual 

“action plans.” Further, they assume that the primary function of GABAergic BG output is 

to suppress neuronal activity in target structures. Recent studies, however, suggest that BG 

output plays a subtler role in manipulating the fine timing of spikes generated by target 

neurons (Goldberg, Farries, & Fee, 2013; Goldberg & Fee, 2012; Rubin et al., 2012).

Physiologic studies of the BG are broadly consistent with the action selection hypothesis. 

For example, many BG output (GPi/SNr) neurons abruptly decrease their firing rates just 

prior to movement initiation (Gulley, Kuwajima, Mayhill, & Rebec, 1999; Schmidt, 

Leventhal, Mallet, Chen, & Berke, 2013; but see Mink & Thach, 1991a). Indeed, firing rate 

changes in this subset of neurons strongly predicts movement onset (Freeze et al., 2013). 

Many BG output neurons increase their firing rates at movement onset, however, and both 

dMSNs and iMSNs fire at movement onset (Cui et al., 2013). These observations have been 

interpreted as suppression of competing motor programs by the indirect pathway.

Pappas et al. Page 12

Curr Top Dev Biol. Author manuscript; available in PMC 2015 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While the studies described above are consistent with the concept that action selection is a 

primary role for the striatum, they are not proof. During tasks in which decisions are 

indicated with orienting movements to the left or right (i.e., saccades in primates or nose 

pokes in rodents), intrastriatal manipulations strongly bias decisions. For example, caudate 

microstimulation suppresses contralateral saccades (Watanabe & Munoz, 2010), and 

inactivation of dorsolateral striatum biases rats to move toward the inactivated side 

(Leventhal et al., 2014). Further, unilateral blockade of dopamine receptors or dopamine 

depletion biases rats toward responses ipsilateral to the lesion (Brown & Robbins, 1989; 

Carli, Evenden, & Robbins, 1985; Leventhal et al., 2014). In some sense, this biasing is 

similar to the rapid rotation observed in hemidopamine lesioned rodents exposed to 

amphetamine or apomorphine (Ungerstedt & Arbuthnott, 1970). Thus, there is strong 

evidence that the striatum participates online in the decision to orient to the left or right. 

Since the striatum is a bilateral structure, however, decisions regarding head/neck 

movements cannot be determined by the output of one striatum alone. Further computations 

must take place in downstream structures, perhaps by comparing BG output from both 

hemispheres. The superior colliculus, which receives bilateral afferents from SNr, likely 

plays a key role in decisions regarding eye/head/neck movements (Holmes et al., 2012; Lo 

& Wang, 2006). Regardless of the underlying neural mechanisms, it is clear that for 

orienting type movements, the striatum participates in action selection processes.

A natural question is whether this function is generalizable to limb movements. Since 

striatal “decisions” must be conveyed to the rest of the brain via BG output nuclei, lesion/

inactivation studies of sensorimotor regions of GPi are informative. Disruption of BG output 

slows limb movements and causes hypometria (target undershoot), but with relatively 

preserved reaction times (Horak & Anderson, 1984; Inase, Buford, & Anderson, 1996; 

Limousin et al., 1999; Mink & Thach, 1991b; Wenger, Musch, & Mink, 1999). Critically, 

previously acquired motor sequences are completed in the correct order (Desmurget & 

Turner, 2010; Turner & Desmurget, 2010), but patients with therapeutic pallidotomies have 

difficulty acquiring new sequences (Brown et al., 2003; Obeso et al., 2009). These results 

argue against a primary role for the striatum in online decision-making processes, at least for 

some types of movements.

3.2.2 Reinforcement learning—An impressive convergence of theoretical and 

experimental results accumulating in the past couple of decades suggest that nigrostriatal 

dopamine carries signals critical to reward-based striatal learning processes (for a concise 

review, see Glimcher, 2011). The basic concept is that nigrostriatal dopaminergic 

neurotransmission mediates reward prediction errors (RPEs) for reinforcement learning. In 

these models, an error signal indicates the difference between the expected and actual value 

of rewards. This error signal is used to refine predictions regarding the expected reward 

given a specific action performed in a specific context. In seminal experiments performed by 

Schultz and colleagues, it became apparent that phasic nigrostriatal dopaminergic neuron 

signaling exhibits the properties of an RPE signal (Schultz, Apicella, & Ljungberg, 1993). 

Phasic activity of these neurons is characterized by high firing rates with resulting marked 

elevation of striatal dopamine release. Schultz’s group studied SNc dopaminergic neuron 

spiking rates as monkeys learned associations between visual cues and rewards. These cells 
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have a baseline tonic firing rate of about 5–10 Hz that is modulated by behavioral events. In 

untrained animals, unpredictable reward presentation was followed rapidly by a phasic 

increase in nigral activity. As animals learned that specific cues predict rewards, the burst of 

SN activity associated with the primary reward subsided. Instead, the phasic increase in 

dopamine neuron firing became associated with the (unpredictably timed) reward-predicting 

cue. Migration of the positive RPE signal from previously unexpected reward to the 

predicting cue is an explicit prediction of computational temporal difference models of 

reinforcement learning, which were formulated years prior to Schultz’s experiments.

Just as an unexpected reward results in a burst of nigral activity, omission of an expected 

reward results in transient depression nigral activity (Schultz, Dayan, & Montague, 1997), 

compatible with a negative RPE signal. More recent experiments investigating the fine 

timing of phasic dopamine release in rodent striatum using fast-scan cyclic voltammetry 

have confirmed rapid changes in striatal dopamine concentration that correlate well with the 

phasic changes in dopamine neuron firing rates observed by Schultz and others (Brown, 

McCutcheon, Cone, Ragozzino, & Roitman, 2011; Flagel et al., 2011; Kiyatkin & Gratton, 

1994). It should be noted, however, that cholinergic activity intrinsic to the striatum also 

modulates dopamine release independently of ascending activity in midbrain dopaminergic 

neurons (Threlfell et al., 2012). The details of intrinsic striatal microcircuitry 

notwithstanding, selective activation of VTA dopaminergic neurons is still sufficient to 

induce conditioned place preference (Tsai et al., 2009). Activating dMSNs or iMSNs 

independently of dopamine signaling is sufficient to reinforce or diminish, respectively, 

instrumental responding (Kravitz, Tye, & Kreitzer, 2012), further supporting a role for the 

striatum in reinforcement learning.

Though many dopamine neuron responses are consistent with an RPE signal, this is not 

uniformly true (Matsumoto & Hikosaka, 2009; Schultz, 2013). Many putative midbrain 

dopamine neurons fire in response to aversive as well-rewarding events. Others respond to 

novel stimuli, even if not previously associated with rewarding outcomes (Schultz, 2013). 

This may in part be attributable to contamination of putative dopaminergic neuronal 

populations with recordings from GABAergic interneurons (Cohen, Haesler, Vong, Lowell, 

& Uchida, 2012). These experiments suggest, however, that midbrain dopaminergic neurons 

do not code a pure RPE signal.

It should be stressed that while an associative learning role for striatal dopamine is the 

predominant view of nigrostriatal dopaminergic signaling, this is not the only cogent 

interpretation of these data. Berridge and Robinson (1998) put forward an alternative 

explanation in which nigrostriatal dopaminergic signaling provides what they term incentive 

salience (Berridge, 2007), essentially a mapping of the motivational significance of rewards 

and stimuli, as opposed to learning per se. This interpretation leads to many of the same 

predictions as interpreting dopaminergic signaling as an example of temporal difference 

learning, but may account for “dopamine-free” associative learning observed under special 

circumstances (Cannon & Palmiter, 2003; Flagel et al., 2011; Hnasko, Sotak, & Palmiter, 

2005). Thus, it seems that midbrain dopaminergic signaling is sufficient, but not necessary, 

for certain types of implicit learning.
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Specific hypotheses have been advanced regarding the cellular mechanisms mediating the 

effects of striatal dopamine (Robinson, Sotak, During, & Palmiter, 2006). The so-called “3-

factor rule” postulates that cortico- and thalamostriatal synapses active when phasic changes 

in dopamine (increases or decreases) occur are selectively modified via long-term 

potentiation or depression. Transient changes in cholinergic activity (i.e., TAN pauses) also 

likely modulate dopamine-mediated synaptic plasticity, perhaps by providing a temporal 

window in which cortico- and thalamostriatal plasticity is most effective (Morris et al., 

2004). The direction in which synaptic strength is modified depends on the precise timing of 

afferent input, as well as the dopamine-receptor profile of striatal neurons (Shen et al., 

2008). D2 receptors have a higher affinity for dopamine than D1 receptors, raising the 

possibility that, at tonic dopamine levels, D2 receptors are largely occupied while D1 

receptors are not. Phasic increases in dopamine would then leave the indirect pathway 

relatively unchanged, while modifying corticostriatal synapses in the direct pathway. 

Conversely, drops in dopamine concentration due to negative RPEs would leave already-

vacant D1 receptors unoccupied, but D2 receptors would go from occupied to unoccupied. 

Thus, reinforcement learning from positive RPEs may take place primarily along the direct 

pathway, while independent learning from negative RPEs may take place along the indirect 

pathway. Support for this hypothesis comes from studies of implicit learning in patients with 

PD. When off medications, patients tend to learn more from omitted rewards; on 

medications, they tend to learn more from rewarded events (Frank, Seeberger, & O’reilly, 

2004). While an attractive hypothesis, independent manipulation of the direct and indirect 

pathways by phasic dopamine increases and decreases remains to be proven (Dreyer, Herrik, 

Berg, & Hounsgaard, 2010; Wall et al., 2011).

3.2.3 Habit formation—Habits are motor or cognitive behaviors that are performed 

automatically, without regard to the expected outcome of the behavior. From a practical 

standpoint, there are two primary assays used to identify actions as habitual in experimental 

animals (Yin & Knowlton, 2006). In the first, the anticipated value of a specific action is 

modified. A subject may be given free access to reward prior to a “probe session,” devaluing 

successful task completion. For example, a rat trained to press a lever for a food reward may 

be sated prior to testing. If the lever-press behavior is “goal-directed,” the sated rat will 

respond less often than a hungry rat. A rat that responds habitually will press the lever 

whether hungry or full. Alternatively, a previously desired outcome may be associated with 

an aversive stimulus. For example, pairing lithium chloride injections (which induce nausea) 

with chocolate milk renders the previously rewarding outcome undesirable (Smith & 

Graybiel, 2013a). If the subject avoids (or at least does not actively pursue) a devalued 

outcome, the behavior is interpreted as “goal-directed.” If the subject continues to respond, 

the behavior is identified as a habit.

The second assay involves changing the “action–outcome” contingency of a task. In this 

case, the probability of reward given a response relative to the probability without that 

response is manipulated. This may be accomplished by increasing the probability of a 

rewarding event during free behavior, or decreasing the probability of reward after a 

response. Again, if subjects continue to respond to a cue in a manner that no longer 
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increases the probability of reward (“stimulus–response” vs. “action–outcome” behavior), 

the behavior is considered habitual.

Initial stages of habit learning involve a goal-directed behavior, which becomes habitual 

following extended experience or training. The switch from goal-directed behavior to habit 

involves a transition in the neural activity of circuits controlling these behaviors (Smith & 

Graybiel, 2013b). Once a behavior (such as maze walking or lever pressing in rodents, or 

sequential eye movements in primates) becomes habitual, a “task-bracketing” activity 

pattern emerges such that striatal firing occurs prominently at the beginning and end of the 

task (Barnes, Kubota, Hu, Jin, & Graybiel, 2005; Jin, Tecuapetla, & Costa, 2014; Jin & 

Costa, 2010; Jog et al., 1999, #40056). This bracketing activity is thought to allow the 

striatum to “chunk” or crystallize the habitual action so it can be performed as a unit 

(Graybiel, 1998), allowing each sequence of actions within the habit to be marked as 

valuable and performed without extra oversight. Striatal task bracketing, however, is readily 

broken by “extinction” trials, when the behavior is extinguished in the absence of reward. 

Similar “task-bracketing” activity also evolves in infralimbic cortex, which is more tightly 

associated with the transition from goal-directed to habitual behavior (Smith & Graybiel, 

2013a).

Experiments which lesion or inactivate specific brain regions demonstrate that both the 

dorsolateral striatum and prefrontal cortex are critical for habit formation. Lesions of 

dorsolateral striatum prior to training cause behavior that would otherwise have become 

habitual to remain goal-directed (Yin, Knowlton, & Balleine, 2004). Similar results were 

obtained by transiently inactivating dorsolateral striatum only during devaluation sessions 

(Yin, Knowlton,&Balleine, 2006). Conversely, lesions of dorsomedial striatum force 

animals from goal-directed to habitual behaviors (Yin, Ostlund, Knowlton, & Balleine, 

2005). Similar dissociations have been found in cortex, where lesions or inactivation of 

infralimbic cortex promote goal-directedness (Coutureau & Killcross, 2003). The 

combination of task-bracketing activity and lesion/inactivation studies have led to a “dual 

operator” hypothesis of habit formation, in which infralimbic cortex and dorsolateral 

striatum cooperate to generate habitual behavior (Smith & Graybiel, 2013a). Interestingly, 

inactivation of infralimbic cortex after a new habit has replaced an old one caused rats to 

revert to the original habit, instead of abolishing habitual behavior altogether (Smith, 

Virkud, Deisseroth, & Graybiel, 2012).

In summary, dorsolateral striatum is critical to the formation and expression of habitual 

behavior, which may serve the adaptive purpose of freeing valuable cerebral resources. How 

the brain decides whether to operate in habitual or goal-directed mode remains an area of 

active research, but it is easy to imagine how dysfunction of such a habit system could result 

in tics or other compulsive behaviors.

3.2.4 Behavioral sequencing—Related to the concepts of action selection and habit 

formation is that of motor sequencing. Sequential movements of complex behavioral tasks 

have been studied in many species and have focused on tasks such as ordered button 

pressing (Kermadi & Joseph, 1995; Matsumoto, Hanakawa, Maki, Graybiel, & Kimura, 

1999), joystick movements (Desmurget & Turner, 2010), and sequential eye movements in 
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monkeys (Kermadi & Joseph, 1995; Lu, Matsuzawa, & Hikosaka, 2002). In rats, lever 

pressing (Yin, 2010) and grooming behavior (Berridge & Whishaw, 1992) have been 

commonly used. These studies, along with imaging studies in humans, have implicated the 

striatum in both the learning and execution of sequential movements. One must be careful, 

however, not to confuse a general deficit in motor function from a specific deficit in action 

sequencing.

One approach to assessing the performance of motor sequences independently of their 

acquisition is to test naturally occurring sequential behaviors, for example, rodent grooming. 

One grooming pattern, termed the “syntactic chain,” has received particular attention due to 

its highly stereotyped organization (Berridge & Whishaw, 1992). The syntactic chain is 

made up of at least 25 individual actions that are performed in a stereotypic and predictable 

order, which can be broken into constituent parts. Rats with striatal, but not cortical or 

cerebellar lesions, consistently fail to complete syntactic chains, and do not recover this 

ability over time (Berridge & Whishaw, 1992). Similarly, inactivating caudate/putamen in 

monkeys caused incorrect button-presses when monkeys attempted to reproduce previously 

learned sequences (Miyachi, Hikosaka, Miyashita, Karadi, & Rand, 1997).

Dopamine also is implicated in the execution of sequential movements. Monkeys treated 

with MPTP move slower to complete previously learned motor sequences (Matsumoto et al., 

1999), and mice lacking D1 receptors are impaired in completing grooming chains 

(Cromwell, Berridge, Drago, & Levine, 1998). Patients with PD are also impaired in 

executing movement sequences, though in this case it is virtually impossible to separate 

learning from performance effects (Benecke, Rothwell, Dick, Day, & Marsden, 1987). In 

contrast, hyperdopaminergic mice (a model of OCD reviewed in Section 4) perform more 

frequent, behaviorally rigid grooming chains (Berridge et al., 2005). Further, cocaine and 

amphetamine, which both increase catecholamines including dopamine, induce repetitive, 

stereotypic behaviors in rodents (Wolgin, 2012). This is likely via a D1 receptor-dependent 

process, as D1 agonists induce stereotypic movements, but D2 agonists do not (Berridge & 

Aldridge, 2000a, 2000b; Taylor, Rajbhandari, Berridge, & Aldridge, 2010).

The above evidence is suggestive of a role for the striatum, in particular, nigrostriatal 

dopamine, in the expression of stereotyped movement sequences. If so, the striatum must 

convey sequence-specific signals to the rest of the brain via BG output nodes (GPi and SNr), 

which has been investigated in several studies. Silencing GPi with muscimol slows the 

performance of learned sequences, and this finding is consistent across studies (Turner & 

Desmurget, 2010). However, this appears to be a property of movement in general after 

pallidal inactivation, not just sequenced movements (Inase et al., 1996; Wenger et al., 1999). 

In a key experiment, Desmurget and Turner compared the performance of well-learned and 

random movement sequences after pallidal inactivation. Both types of sequence were 

performed slowly, but the overlearned sequence was still performed faster compared to the 

random sequence. Thus, the monkeys were still able to anticipate the next movement, 

suggesting that the BG are not required for the execution of learned motor sequences 

(Desmurget & Turner, 2010).
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We have thus far addressed the nuanced role of the striatum in executing motor sequences. 

Much less controversial is the idea that the striatum is critical for acquiring motor sequences. 

Some of this evidence comes from the study of songbirds, which learn a highly stereotyped 

song early in life that ultimately becomes crystallized and relatively immutable. Lesions to 

the songbird homolog of the BG markedly impair song learning, but have minimal effect on 

performance of crystallized songs (Andalman & Fee, 2009; Brainard & Doupe, 2013). 

Lesion studies in mammals reveal similar results. Lesions of dorsolateral striatum impair 

sequence learning in mice, while lesions of dorsomedial striatum do not (Yin, 2010). 

Further, functional imaging studies have found enhanced striatal activity as motor sequences 

are learned (Doyon, 2008; Grafton, Hazeltine, & Ivry, 1995; Lehericy et al., 2005; Rauch et 

al., 1997; Seidler et al., 2005). Nigrostriatal dopamine specifically seems to play a role in 

sequence acquisition, as both humans (Frank et al., 2004; Kwak, Bohnen, Muller, Dayalu, & 

Seidler, 2013) and non-human primates (Matsumoto et al., 1999) with striatal dopamine 

depletion are impaired in the acquisition of new motor sequences. Perhaps most convincing, 

disruptions of BG output impair sequence acquisition (Brown et al., 2003; Obeso et al., 

2009), but, as reviewed above, do not eliminate knowledge of prelearned sequences.

In summary, the BG, in general, and nigrostriatal dopamine specifically, play a central role 

in the acquisition of movement sequences. While it is clear that these structures also 

influence the expression of learned sequences, the sequences themselves do not seem to be 

stored within BG circuits.

4. DISEASE MECHANISMS AND MOUSE MODELS

There are three broad categories of criteria used to assess the relevance of animal models to 

human disease (Table 3.2). Face validity refers to the similarity between disease features and 

those exhibited by the animal model. Construct validity refers to similarity in 

pathophysiological mechanisms, and predictive validity refers to similarity of treatment 

efficacy (Albelda & Joel, 2012). The study of a model with any one type of validity may 

lead to new insights into disease mechanism, though the more categories the model matches, 

the easier it is to extrapolate findings to humans. Early OCD models provide an example in 

which the study of a model with face validity ultimately led to previously unknown 

pathophysiological mechanisms (Campbell et al., 1999; Greer & Capecchi, 2002; Powell, 

Newman, Pendergast, & Lewis, 1999). In the following section, we describe current efforts 

at modeling OCD-spectrum disorders, RTT, and primary dystonia, highlighting new 

findings as they relate to human disease.

5. OCD-SPECTRUM DISORDERS AND RODENT MODELS

As outlined in Section 2, dysfunction of a circuit including the orbitofrontal and anterior 

cingulate cortices, and ventral striatum are demonstrated repeatedly in functional imaging 

studies of OCD subjects (Graybiel & Rauch, 2000). Dysfunction of the orbitofrontal-BG 

network is considered the construct validity hallmark for OCD models. Other potential 

standards for construct validity include changes in neurochemical systems observed in 

imaging studies (e.g., dopaminergic, glutamatergic, and serotoninergic), though many of the 

imaging findings between different research groups are not consistent. Deep brain 
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stimulation of the subthalamic nucleus or ventromedial striatum has been demonstrated 

effective in controlling OCD symptoms (Burdick, Goodman, & Foote, 2009; Greenberg et 

al., 2010, 2006; Lipsman, Neimat, & Lozano, 2007). Manipulation of these structures, for 

example, with optogenetic strategies, is therefore a strategy for demonstrating predictive 

validity, and may enable future investigations of the type of circuit modulation most 

effective in symptom control. Suppression of OCD-like behaviors by fluoxetine is the most 

commonly used pharmacological assay for predictive validity, and the specificity of this 

response is often addressed by showing that the norepinephrine transporter inhibitor 

desipramine is ineffective. Face validity is more difficult to assess. Behavioral assays 

include repetitive grooming or leaping, and perseverative object burying, which are not 

common human OCD behaviors. Measures of anxiety are useful ancillary methods, as 

anxiety is a common feature of OCD.

5.1. Spontaneous and circuit manipulation models

5.1.1 Optogenetic modeling of OCD—A study employing optogenetic methods 

provides direct evidence linking hyperactivity in the OCD circuit to persistent, repetitive 

behaviors (Ahmari et al., 2013). These investigators repeatedly activated ventromedial 

striatal terminals originating in orbitofrontal cortex and documented progressive increases in 

repetitive grooming. Acute stimulation of this circuit had no effect, nor did optogenetic 

stimulation of terminals originating from the motor or prelimbic cortices. The lack of effects 

of acute stimulation and persistence of repetitive grooming for up to 2 weeks following 

cessation of stimulation suggest activity in this circuit per se is not driving the OCD-like 

behavior. More durable alterations of synaptic strength or persistent alterations of function 

in a downstream structure may be involved. Regardless, this study provides strong causal 

evidence for hyperactivity of orbitofrontal striatal afferents in the generation of OCD-like 

behaviors.

5.1.2 Spontaneous stereotypy in deer mice—A large percentage of deer mice housed 

in laboratory colonies develop persistent stereotypies, including repetitive jumping, 

patterned running, and backward somersaulting. These repetitive behaviors occur 

spontaneously. Enriched housing conditions reduce the frequency of these behaviors (Powell 

et al., 1999). These deer mouse-specific stereotypies are distinct from analogous behaviors 

induced by dopamine agonists and are not exacerbated by treatment with these agents 

(Presti, Gibney, & Lewis, 2004; Presti, Powell, & Lewis, 2002). Several findings implicate 

abnormal corticostriatal activity in these behaviors. During repetitive rearing, striatal 

glutamate concentrations are elevated (Presti, Watson, Kennedy, Yang, & Lewis, 2004), 

striatal opioid concentrations are altered (Presti & Lewis, 2005), and intrastriatal 

administration of NMDA and D1 antagonists reduces these behaviors (Presti, Mikes, & 

Lewis, 2003). Metabolic imaging studies employing cytochrome oxidase histochemistry also 

implicate BG dysfunction in this model. Deer mice exhibiting high levels of stereotypies 

show decreased subthalamic nucleus cytochrome oxidase activity (Tanimura, King, 

Williams, & Lewis, 2011; Tanimura, Vaziri, & Lewis, 2010). Serotoninergic alterations are 

suggested by reduced density of striatal serotonin transporters (Wolmarans de, Brand, Stein, 

& Harvey, 2013), and selective serotonin-reuptake inhibitors (SSRIs) suppress these 

stereotypies (Korff, Stein, & Harvey, 2008). Deer mouse stereotypies exhibit significant face 
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and predictive validity with suggestions of construct validity for OCD. The etiologic trigger 

causing these behaviors is unknown, however, limiting the utility of this model.

5.1.3 Sequential super-stereotypy in hyperdopaminergic mice—As described in 

Section 3, rodents exhibit a well-characterized stereotypic chain of grooming behaviors 

(Berridge, Fentress, & Parr, 1987), and investigators have dissected the neurobiological 

basis of these stereotypies by analyzing interventions that disrupt (Cromwell & Berridge, 

1996; Cromwell et al., 1998) or enhance (Berridge & Aldridge, 2000a, 2000b; Deveney & 

Waddington, 1997) their expression. Grooming sequences exhibit an ordered chain of 

distinct movement phases (syntax) that is species specific. An important point is that such 

analyses not only assess the occurrence of grooming sequences but also quantify the rate of 

completion of the whole sequence after expression of the initial components. Enhanced 

sequence completion (super-stereotypy) is the putative homologue of OCD. Such studies 

strongly support a role for nigrostriatal neurotransmission in sequential behavior (Berridge 

et al., 2005; Cromwell et al., 1998). Pharmacologic studies indicated that super-stereotypy is 

driven by activation of D1 but not D2 receptors (Berridge & Aldridge, 2000a, 2000b). 

Berridge and colleagues (Berridge et al., 2005) examined “hyperdopaminergic” mice 

genetically modified to express ~10% of normal levels of the DAT, causing ~170% excess 

extracellular striatal dopamine concentrations (Zhuang et al., 2001) and altered 

corticostriatal neurotransmission (Wu, Cepeda, Zhuang, & Levine, 2007). These mice 

exhibit a clear super-stereotypy. This supports a role for nigrostriatal dysfunction in the 

pathogenesis of OCD-spectrum disorders and provides a potential mechanism underlying 

the development of overly rigid sequential behaviors. The results of this study are consistent 

with experiments that disrupt grooming behaviors (Cromwell et al., 1998) and those that 

induce stereotypies via pharmacological manipulation (Berridge & Aldridge, 2000a, 2000b; 

Deveney & Waddington, 1997). Considered together, these features mark DAT knockdown 

mice as a model with strong face validity for OCD-spectrum disorders.

5.1.4 “Genetic neurostimulatory” model—Functional imaging suggests that abnormal 

activity of corticostriate afferents is linked to OCD-spectrum behaviors. By selectively 

expressing a cholera toxin subunit enhancing G-protein signaling in cortical inputs to ventral 

striatum, Campbell and colleagues produced mice that exhibit a variety of repetitive 

behaviors, including repetitive leaping and nonaggressive biting of littermates. These mice 

expressed the “neurostimulatory” transgene selectively in layer 2 of piriform cortex, layers 

2–3 of somatosensory cortex, and the intercalated nucleus of the amygdala. These cortical 

regions preferentially innervate ventral striatum and, in turn, the intercalated nucleus 

regulates outputs to the ventral striatum and prefrontal cortices (Campbell et al., 1999; 

McGrath, Campbell, & Burton, 1999). In this model, drugs that activate corticostriatal 

glutamate release exacerbate the OCD-like behaviors. This model demonstrates that chronic 

potentiation of cortical and limbic neurons, which likely increases excitatory inputs to the 

striatum, causes repetitive behavior (McGrath, Campbell, Parks, & Burton, 2000).

5.2. Gene-targeted models

5.2.1 Hoxb8 mutant mice—Mice null for the Hoxb8 homeobox transcription factor were 

the first genetic model of excessive grooming and self-injury (Greer & Capecchi, 2002). 

Pappas et al. Page 20

Curr Top Dev Biol. Author manuscript; available in PMC 2015 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Subsequent reports of Hoxb8 inactivation confirmed this striking phenotype (Chen, Tvrdik, 

et al., 2010; Holstege et al., 2008). These mice spend at least twice as much time grooming, 

and initiate more syntactic grooming sequences under natural conditions, as well as 

following induction of grooming via water drops or misting.

Analysis of different lines of Hoxb8-null mice indicates varied mechanisms for the observed 

behaviors, highlighting the potential pitfalls of relying on face validity alone. The repetitive 

behaviors and hairless patches observed in an independent line of Hoxb8 mutants generated 

by Holstege and colleagues (Holstege et al., 2008) differ from those observed in the original 

line analyzed (Greer & Capecchi, 2002), as they appear to result primarily from a sensory 

abnormality (i.e., excessive itch). This important distinction derives from the fact that local 

lidocaine treatment alleviates excessive grooming in one line (Holstege et al., 2008) but has 

no effect on the original null mutant (Chen, Tvrdik, et al., 2010). The difference between 

these models is probably related to the different genetic strategies used for Hoxb8 

inactivation. The original line (Chen, Tvrdik, et al., 2010; Greer & Capecchi, 2002) contains 

a nonsense codon in the first exon, while the later mutant was generated with a LacZ 

reporter knockin into the first exon (Holstege et al., 2008; van den Akker et al., 1999). The 

LacZ knockin allele may lead to a more complex phenotype by interfering with closely 

neighboring Hox genes (Chen, Tvrdik, et al., 2010). Both models demonstrate the previously 

unsuspected importance of Hoxb8 in the function of the adult nervous system. Indeed, the 

presence of hairless patches in the line that does not exhibit sensory abnormalities (Greer & 

Capecchi, 2002) suggests that Hoxb8 dysfunction may participate in the pathogenesis of 

trichotillomania, an OC-spectrum disorder characterized by compulsive pulling out of one’s 

own hair (but does not feature sensory abnormalities such as excessive itch; Franklin, 

Zagrabbe, & Benavides, 2011).

The behavioral phenotype of Hoxb8-null mice arises from an unexpected source: CNS 

microglia (Chen, Tvrdik, et al., 2010). While Hoxb8 is expressed widely throughout the 

adult CNS, including OCD circuit regions, expression is limited to microglia. Definitive 

proof comes from experiments in which grooming behavior abnormalities are recapitulated 

by conditionally deleting Hoxb8 from the hematopoietic system. Rescue of behavioral 

abnormalities in constitutive knockout mice follows transplants of wild-type bone marrow. 

Conversely, some control mice receiving marrow transplants from Hoxb8 mutant mice 

develop hairless patches (Chen, Tvrdik, et al., 2010). Chen et al. suggest several possible 

mechanisms for microglial dysfunction disrupting OCD circuit function, including 

regulation of developmental neuronal death, cytokine-mediated stimulation or inhibition of 

neuronal activity, and the stabilization and maintenance of neural networks. Studies to date 

do not demonstrate directly any abnormalities of the putative frontostriatal OCD circuit. 

These findings fall within a larger literature linking immune dysfunction to neuropsychiatric 

syndromes (Hyman, 2010) and illustrate the unexpected and complex mechanisms that may 

occur in models identified by face validity.

5.2.2 SAPAP3 mutant mice—SAPAP3 (SAP90/PSD95-associated protein 3, or 

DLGAP3, or GKAP) is a member of the SAPAP family of postsynaptic scaffolding proteins 

interacting with PSD95 and Shank protein families (Kim et al., 1997; Takeuchi et al., 1997) 

at the postsynaptic excitatory synapse. These proteins form scaffolding complexes providing 
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key regulation of postsynaptic excitatory signaling via trafficking and targeting of 

interacting proteins in the postsynaptic membrane. SAPAP proteins are widely expressed in 

the brain, and SAPAP3 is particularly enriched in the striatum (Welch, Wang, & Feng, 

2004).

SAPAP3-null mice exhibit a striking phenotype. These animals are initially 

indistinguishable from littermate controls, but by 4–6 months develop skin lesions of the 

head, neck, and snout (Welch et al., 2007) (Fig. 3.2). Increased number and duration of 

grooming bouts and increased anxiety characterize the 100% penetrant behavioral 

phenotype. All aspects of this OCD-like syndrome are suppressed by chronic treatment with 

fluoxetine. Further, pathological grooming was significantly reduced following striatal 

reexpression of SAPAP3 using lentivirus vectors. Consistent with a critical role for 

corticostriatal neurotransmission, SAPAP3-null mice exhibit specific reductions in 

excitatory postsynaptic field potentials and subtle defects in the structure of excitatory 

synapse postsynaptic complexes (Welch et al., 2007). Loss of SAPAP3 reduces AMPA 

receptor-mediated corticostriatal excitatory transmission in MSNs by enhancing receptor 

endocytosis through an mGluR5-dependent mechanism (Wan, Feng, & Calakos, 2011), 

suggesting that SAPAP3 normally functions to inhibit mGluR5- mediated endocytosis of 

AMPA receptors (Welch et al., 2007). Importantly, these effects appear relatively specific 

for the corticostriatal circuit, as thalamostriatal synaptic function remains intact in SAPAP3-

null mice, possibly because of the expression of SAPAP4 in thalamostriatal synapses (Wan 

et al., 2013). These findings further support a role for dysfunctional excitatory corticostriatal 

neurotransmission in the pathogenesis of OCD.

Work from Xu and colleagues adds another piece to the SAPAP3 puzzle, demonstrating a 

functional interaction between SAPAP3 and the melanocortin 4 receptor (MC4R) (Xu et al., 

2013). MC4R activation causes AMPAR endocytosis, and MC4R may also function in 

ventral striatal D1-bearing neurons to mediate behavioral responses to stress and procedural 

learning (Cui et al., 2012; Lim, Huang, Grueter, Rothwell, & Malenka, 2012). Loss of 

MC4R suppresses the compulsive behavior of SAPAP3 KO mice and, conversely, deletion 

of SAPAP3 reverses the metabolic abnormalities of MC4R-null mice. These effects were 

accompanied by normalization of striatal AMPAR-mediated excitatory field potentials. 

Whereas antagonism of MCR4 function did not affect grooming behavior in wild-type mice, 

chronic MC4R antagonism reduced grooming time and the number of grooming bouts in 

SAPAP3 KO mice, establishing a role for this receptor in the mature CNS. By injecting Cre-

expressing viruses into SAPAP3-null mice carrying floxed MC4R alleles, Xu and colleagues 

confirmed that these effects resulted from MC4R function in the orbitofrontal cortical—

ventral striatal circuit.

Additional work implicates defects in inhibitory neurotransmission as well, showing that 

SAPAP3-null mice have significantly fewer parvalbumin-positive FSIs, and lack the 

learning-related tuning of MSNs that requires FSI function. The loss of FSIs in this mouse 

model mimics the observed loss of FSI in TS (Kalanithi et al., 2005; Kataoka et al., 2010). 

Optogenetic stimulation of orbitofrontal cortical fibers that terminate on FSIs rescues the 

electrophysiological and behavioral phenotypes, further supporting a role for these 

inhibitory interneurons (Burguiere, Monteiro, Feng, & Graybiel, 2013).
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Considered together, these findings support the face, construct, and predictive validity of 

SAPA3-null mice as an OCD model. The multiple strengths of SAPAP3 as a model of OCD 

led human subject investigators to explore a role for SAPAP3 dysfunction as a cause of 

human OCD. Several preliminary studies have identified sequence variants in SAPAP3 in 

patients with OCD and related grooming disorders (Bienvenu et al., 2009; Boardman et al., 

2011; Crane et al., 2011; Zuchner et al., 2009). Future studies in larger patient populations 

will be required to determine the contribution of SAPAP3 as a cause or risk factor for 

human OCD-spectrum disorders.

5.2.3 SLITRK-null mice—Two models of OCD are based on findings of an association of 

sequence variants in SLITRK1, a member of the SLITRK family of integral membrane 

proteins. The SLITRK family is so named because of similarities with the SLIT family 

(extracellular LRR repeats) and Trk tyrosine kinase receptors (intracellular tyrosine kinase 

domain). SLITRK1 sequence variants are associated with both TS and OCD (Abelson et al., 

2005; Karagiannidis et al., 2012; Ozomaro et al., 2013), though some have questioned this 

association (e.g., Keen-Kim et al., 2006). Although the association of SLITRK variants with 

TS and OCD is highly controversial, these proteins are rational candidates for 

neurodevelopmental disease, as they are developmentally regulated, linked to neurite 

outgrowth (Aruga & Mikoshiba, 2003), and are widely expressed in CNS neurons (Beaubien 

& Cloutier, 2009; Stillman et al., 2009).

Slitrk1-null mice exhibit significantly increased “anxiety-like behaviors” in the elevated plus 

maze and open-field tasks, and increased freezing in a fear-conditioning task (Katayama et 

al., 2010). Norepinephrine levels in prefrontal cortex and norepinephrine metabolite levels 

in nucleus accumbens are modestly elevated, but the relationship of these findings to the 

behavioral phenotype is unclear. The administration of clonidine attenuates the mutant 

phenotype while not affecting the behavior of wild type mice. Clinical reports suggest that 

clonidine is successful in treating TS (Cohen, Detlor, Young, & Shaywitz, 1980; Cohen, 

Young, Nathanson, & Shaywitz, 1979; Robertson, 2000) and comorbid ADHD (Rizzo, 

Gulisano, Cali, & Curatolo, 2013; Robertson, 2006), but no conclusive clinical trial 

demonstrates its effectiveness. The strength of this model remains uncertain due to its 

limited characterization and the absence of stronger evidence of construct and predictive 

validity.

While no associations with TS or OCD are published for SLITRK5, deletion of this gene in 

mice generates a model with face, construct, and predictive validity. Slitrk5-null mice 

appear normal and perform similarly to littermate controls on several motor tasks, but show 

increased measures of anxiety. At approximately 3 months of age, these mice exhibit 

pathologically increased grooming and resultant facial lesions reminiscent of those seen in 

SAPAP3 and Hoxb8-null mice. Heterozygous null mice also develop increased grooming 

and facial lesions, but approximately 4–6 months later than in the null animals. The 

repetitive and anxiety-related behavior is nearly extinguished following chronic treatment 

with fluoxetine. In null mice, FosB immunoreactivity is selectively decreased in the 

orbitofrontal cortex, indicating a relatively specific functional defect in the OCD circuit. 

Electrophysiological, morphological, and protein abundance studies of glutamatergic 

receptors revealed additional abnormalities in this circuit. Considered together, these studies 
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provide strong support for the role of Slitrk5, and perhaps other family members, in the 

pathogenesis of OCD spectrum symptoms. The construct and predictive validity of this 

model suggest that it would be fruitful to search for Slitrk5 sequence alterations in patients 

with OCD and Tourettism.

5.2..4 Histidine decarboxylase-deficient mice—Genome-wide association studies 

have not identified risk factors that apply broadly to TS (Scharf et al., 2013). A small 

number of families exist that transmit TS with Mendelian frequency, however, allowing for 

an alternative strategy for the identification of potential pathways and disease mechanisms. 

A family carrying the nonsense mutation (W317X) in the HDC gene encoding histidine 

decarboxylase shows autosomal dominant transmission of TS (Ercan-Sencicek et al., 2010). 

Histidine decarboxylase is responsible for the synthesis of histamine from histidine 

(Schwartz, Arrang, Garbarg, Pollard, & Ruat, 1991). This mutation has not been identified 

outside of this index family, but additional studies identify HDC polymorphisms 

(Karagiannidis et al., 2013) and implicate histaminergic pathway abnormalities (Fernandez 

et al., 2012) in TS.

The W317X mutation truncates the HDC protein, abolishing its enzymatic activity (Ercan-

Sencicek et al., 2010). While this suggests haploinsufficiency (Fleming & Wang, 2003), 

enzymatic assays indicate a dominant negative effect of the mutant protein (Ercan-Sencicek 

et al., 2010). In a recent study, Castellan Baldan et al. (2014) studied Hdc-null mice, which 

contained undetectable tissue histamine levels. These mice appear normal in open-field 

testing and do not exhibit motor stereotypies. Following a single dose of amphetamine, 

however, Hdc-null mice develop a significantly greater number of motor stereotypies, such 

as repetitive focused sniffing and orofacial movements. Hdc heterozygotes developed 

similarly abnormal stereotypies when administered a higher dose of amphetamine. 

Intracerebroventricular histamine pretreatment fully eliminated amphetamine-induced 

stereotypies in Hdc-null mice, confirming a direct role for histamine deficiency in the 

behavioral abnormalities. Similar to patients carrying the HDC W317X mutation, Hdc-null 

mice showed reduced auditory prepulse inhibition. No abnormalities of anxiety or excessive 

grooming were observed in these mice, though syntactic grooming was not examined.

Several experiments suggest that the behavioral effects of histamine deficiency act via 

altered dopamine function. Histamine infusion into Hdc-null mice significantly decreased 

striatal dopamine levels, consistent with a previously hypothesized negative regulation of 

dopamine by histamine (Schlicker, Malinowska, Kathmann, & Gothert, 1994). Fos staining 

of amphetamine-treated animals showed a pattern of abnormality consistent with enhanced 

dopamine signaling, and receptor-binding studies demonstrated dysregulation of D2 and D3 

receptors. These findings are similar to those seen in PET studies of patients carrying the 

HDC W317X mutation, using a high-affinity D2 and D3 receptor agonist tracer (11C-

PHNO). Amphetamine-induced stereotypies were attenuated by pretreatment with dopamine 

D2 antagonists. While this implies predictive validity for TS, D2 antagonists reduce total 

movement, which may confound these results.

Considering the recent associations of the histamine pathway with TS (Ercan-Sencicek et 

al., 2010; Fernandez et al., 2012; Karagiannidis et al., 2013), the Hdc mutant mouse is an 

Pappas et al. Page 24

Curr Top Dev Biol. Author manuscript; available in PMC 2015 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



attractive model of TS. While overt stereotypies are not observed, altered prepulse inhibition 

and psychostimulant-induced repetitive movements represent a moderate level of face 

validity (Castellan Baldan et al., 2014). Importantly, these mice contain a high degree of 

construct and potential predictive validity, supporting their relevance to TS. These findings 

warrant future studies of histaminergic alterations in a larger population of TS patients.

Despite the high heritability of TS and the large number of genetic studies of OC-spectrum 

disorders, there is limited success in reproducibly finding disease-related genes. This 

highlights the complex nature of OC-spectrum genetics. Future analysis of animal models 

with high face, construct, and predictive validity may shed light on important disease genes 

of interest. Like the present models employing optogenetic targeting, spontaneous behaviors, 

or gene-targeted approaches, keen -observation of repetitive behaviors and systems-level 

pathologies will be important. A potential translation from animal models to human 

disorders in the context of BG dysfunction may allow for further understanding of these 

complex disorders.

6. RETT SYNDROME AND MOUSE MODELS

RTT is a devastating neurobehavioral syndrome of early childhood. As described in Section 

2, the illness affects girls essentially exclusively who, among other symptoms, develop 

characteristic stereotypic handwringing movements. The causative protein, MeCP2 (Amir et 

al., 1999; Van den Veyver & Zoghbi, 2000; Wan et al., 1999) was little studied but known 

to be a transcriptional repressor prior to its connection to RTT (Jones et al., 1998; Lewis et 

al., 1992; Nan et al., 1998). As reviewed below, our understanding of MeCP2 function has 

vastly increased since the initial reports linking it to RTT.

6.1. Loss of MeCP2 function in neurons recapitulates the Rett syndrome phenotype

A mouse genetic study prior to these discoveries (Tate, Skarnes, & Bird, 1996) reported that 

Mecp2-null chimeric mice exhibited developmental defects and embryonic lethality, 

concluding that MeCP2 was essential for embryonic development. Subsequent investigators 

succeeded in generating viable Mecp2-null mice, leading to the suggestion that the original 

strategy also disrupted genes surrounding Mecp2 (Guy, Hendrich, Holmes, Martin, & Bird, 

2001). The initial two groups reporting viable MeCP2-null mice recovered them in 

Mendelian frequencies (Chen, Akbarian, Tudor, & Jaenisch, 2001; Guy et al., 2001). These 

mutants do not differ from their littermate controls at birth, but develop progressive 

neurological deterioration leading to death by 7–10 weeks of age. Behavioral abnormalities 

include stiff, uncoordinated gait, reduced spontaneous movement, and both hindlimb and 

forelimb clasping. No histopathological abnormalities were identified in the brain or other 

organs. Both groups also demonstrated that conditional deletion of MeCP2 from the CNS 

caused a phenotype indistinguishable from the germline mutants, establishing distinctive 

CNS requirements for MeCP2 function.

Both groups also observed that heterozygous null female mice—a genocopy of the human 

disease—display a milder behavioral phenotype and histopathological abnormalities. These 

mice appeared normal until 3–4 months of age, after which they became hypoactive and 

ataxic (Chen et al., 2001; Guy et al., 2001), developing respiratory abnormalities similar to 
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those observed in the human disease (Guy et al., 2001). Chen and colleagues found the 

behavioral abnormalities were accompanied by subtle histochemical abnormalities, 

including smaller, more densely packed neurons in the cortex, cerebellum, and 

hippocampus. Female mice with heterozygous deletions confined to the CNS (using Nestin-

Cre) displayed a similar phenotype, in agreement with the complete loss-of-function studies. 

Nestin-Cre causes deletion from neurons and glia, so Chen and colleagues further dissected 

the responsible cell type by using CamKII-Cre to delete MeCP2 selectively from postmitotic 

neurons. These mice developed behavioral and histopathological abnormalities similar to 

heterozygous null females. These findings established MeCP2 mutant mice as a robust 

model of RTT with construct and face validity, and identified neuronal cell autonomous 

dysfunction of MeCP2 as key to disease pathogenesis. The unique neuronal requirement for 

MeCP2 was surprising, considering its ubiquitous expression and previous work implicating 

its function as a general regulator of transcription.

A subsequent RTT model was developed by mimicking a human RTT mutation that results 

in a truncated MeCP2 protein (Shahbazian et al., 2002). These mice appear normal up until 

6 weeks of age, when they develop progressive motor abnormalities similar to those 

described in previous studies (Chen et al., 2001; Guy et al., 2001). They also developed 

increased anxiety (McGill et al., 2006). In contrast to germline MeCP2-null mice, these 

animals typically live to at least 1 year of age, and the truncated protein localizes to 

heterochromatin domains normally, suggesting it retains some function (Shahbazian et al., 

2002).

Mutations in MECP2 are linked to several other neurological diseases, including MECP2 

duplication syndrome, severe neonatal encephalopathy, and PPM-X (X-linked syndrome of 

psychosis, pyramidal signs, and macroorchidism) syndrome (Gonzales & LaSalle, 2010; 

Villard, 2007). Of these, MECP2 duplication syndrome, characterized by seizures, 

intellectual disability, and developmental regression, has been modeled in mice (Collins et 

al., 2004). In this model, approximately twofold MECP2 overexpression initially improved 

performance in motor and contextual learning paradigms and enhanced synaptic plasticity. 

By 5–6 months of age, however, these animals became hypoactive and developed reduced 

seizure threshold and subtle histopathological abnormalities (Bodda et al., 2013; Jiang et al., 

2013; Marshak, Meynard, De Vries, Kidane, & Cohen-Cory, 2012; McGill et al., 2006; Na 

et al., 2012). This work emphasizes that neurons are sensitive to even modest changes in 

MeCP2 function and is consistent with the distinct neurological syndromes linked to various 

MECP2 mutations.

The facts that RTT mice initially appear normal, and that an RTT syndrome can be modeled 

by MeCP2 deletion in postnatal neurons, argues against the notion that initial brain 

formation is abnormal in RTT. Rather, this work pointed to a role for MeCP2 in maturing 

neurons, and potentially in adult neurons—a possibility with important implications for 

potential treatment strategies. To explore this issue, several investigators examined the 

ability of MeCP2 reexpression at various ages to rescue RTT model phenotypes, and the 

effects of inducing MeCP2 loss-of-function in the mature CNS (Cheval et al., 2012; 

McGraw, Samaco, & Zoghbi, 2011; Nguyen et al., 2012). Reexpression of MeCP2 in early 

postnatal or adult RTT mice rescues behavioral (Giacometti, Luikenhuis, Beard, & Jaenisch, 
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2007; Guy, Gan, Selfridge, Cobb, & Bird, 2007) and electrophysiological (Guy et al., 2007) 

phenotypes of MeCP2-null mice, even when reexpression was induced following phenotype 

onset (Guy et al., 2007). This work strongly implied an ongoing role for MeCP2 in adult 

neurons. Several groups have confirmed the importance of MeCP2 in mature neuronal 

function, finding that reducing MeCP2 function in mature mice recapitulates the core RTT 

phenotypes seen following germline or early conditional deletion (Cheval et al., 2012; 

McGraw et al., 2011; Nguyen et al., 2012). Surprisingly, this requirement for MeCP2 was 

present even when deleted at 30–45 weeks of age, when a ~80% reduction was lethal 

(Cheval et al., 2012). Adult MeCP2 deletion causes brain shrinkage and increased neuronal 

density, characteristics of human RTT (Nguyen et al., 2012). Brain shrinkage is 

accompanied by dramatic morphological changes in the hippocampus, including severe 

retraction and reductions in dendritic spines of pyramidal neurons, and less complex 

astrocyte morphology. While mRNA levels for a number of inhibitory and excitatory 

synaptic proteins are normal in these mutants, the proteins themselves were significantly 

decreased. This led to the suggestion that MeCP2 loss-of-function disrupts posttranslational 

regulation of key synaptic components. A critical implication of these findings is that 

treatment of RTT will likely require lifetime therapy.

6.2. Gene Expression and electrophysiological abnormalities in RTT: Insights from mouse 
models

Considerable effort is focused on using the RTT models described above to identify key 

pathophysiological events of potential value for RTT therapy. Given the role of MeCP2 as a 

transcriptional repressor (Jones et al., 1998; Lewis et al., 1992; Nan et al., 1998), these 

studies have focused on identifying genes dysregulated by MeCP2 dysfunction, and the 

electrophysiological consequences of these changes.

Global transcriptional profiling of forebrains from asymptomatic, early symptomatic, or late 

symptomatic MeCP2-null mice does not show robust changes in gene expression, even in 

mice with overt phenotypes (Tudor, Akbarian, Chen, & Jaenisch, 2002). This lack of 

differential gene expression contrasts with postmortem studies of brains from RTT patients, 

which show striking changes in expression patterns, including increased levels of glial 

transcripts and decreased levels of presynaptic neuron-specific mRNAs (Colantuoni et al., 

2001). These differences may reflect the fact that human postmortem studies of brains from 

RTT subject show gliosis and synapse loss, features not observed in mouse models. While it 

is possible that MeCP2-null mice have gene expression changes below the limits of 

detection, Tudor et al. suggest several possible biological explanations for their negative 

findings, including compensation by other methyl-binding proteins, transcriptional 

dysregulation in a small subset of cells, or the presence of only very subtle changes to 

expression levels in a highly vulnerable population of cells. These authors also raised the 

possibility that MeCP2 does not act solely as a transcriptional regulator, and that the 

observed changes in gene expression are secondary to some other function of MeCP2 

(Tudor et al., 2002).

Other investigators identified specific transcriptional abnormalities in Mecp2 mutant mice. 

Both targeted and broad analyses have been performed. The gene encoding Uqcrc1, for 
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example, a component of the mitochondrial respiratory chain, was over expressed in 

MeCP2-null mice during the period that abnormal behaviors developed (Kriaucionis et al., 

2006). Because subtle region-specific changes may be masked in whole-tissue analysis, 

some groups have performed gene expression analysis in specific brain regions. Thousands 

of altered genes were identified in the hypothalamus or cerebellum of mice lacking or 

overexpressing MeCP2 (Ben-Shachar, Chahrour, Thaller, Shaw, & Zoghbi, 2009; Chahrour 

et al., 2008). Approximately 85% of these genes were activated rather than repressed by 

MeCP2. This study highlights the heterogeneity of MeCP2 actions in different brain regions. 

In the hypothalamus and cerebellum, genes activated and repressed by MeCP2 fell into 

several functional categories, with enrichment for genes encoding neuropeptides and G 

protein-coupled receptors (Ben-Shachar et al., 2009; Chahrour et al., 2008).

Following the development of behavioral abnormalities, striata of MeCP2-null mice show 

reduced levels of genes encoding protein products involved in ion and chemical 

homeostasis, and increased levels of genes encoding proteins functioning in transcriptional 

regulation, development, and differentiation (Zhao, Goffin, Johnson, & Zhou, 2013). 

Bioinformatic analysis of differentially expressed genes in striatum, hippocampus, and 

cerebellum suggest a heterogeneous role for MeCP2 in these tissues (Zhao, Goffin, et al., 

2013). This phenomenon is not specific to MeCP2 deletion during development, as 

alterations to gene expression also occur following deletion in adulthood (McGraw et al., 

2011).

In different tissues, findings implicating alterations in both excitatory and inhibitory 

neurotransmission are described, but the specific transcriptional changes responsible for 

these effects are elusive. GABAergic neurotransmission, for example, was differentially 

affected in two different thalamic nuclei in MeCP2-null mice (Zhang, Zak, & Liu, 2010). 

MeCP2 appears to be enriched in cortical GABAergic compared to non-GABAergic neurons 

(Chao et al., 2010), and selective dysfunction of GABAergic neurotransmission is the most 

commonly reported electrophysiological abnormality in MeCP2-null mice. Decreases in 

GABA (but not glycine) release, reductions in the vesicular inhibitory transporter, and 

alterations in postsynaptic GABAergic receptors are found in the ventrolateral medulla of 

MeCP2-null mice (Medrihan et al., 2008). IPSP-based rhythmic activity is reduced in 

hippocampal slices from these animals (Zhang, He, Jugloff, & Eubanks, 2008). Conditional 

deletion of MeCP2 from all CNS GABAergic and glycine neurons (using a newly generated 

vesicular inhibitory amino acid transporter “Viaat”-Cre line) provided a particularly 

compelling link between disrupted inhibitory neurotransmission and phenotypes 

characteristic of germline MeCP2-null mice (Chao et al., 2010). Similar to the phenotype of 

germline MeCP2-null mice, deletion of MeCP2 with Viaat-Cre produced initially normal 

appearing mice that at ~5 weeks developed progressive motor dysfunction, repetitive 

stereotypies, and increased grooming and consequent skin lesions. These animals exhibited 

clear abnormalities in GABAergic neurotransmission, including decreased levels of GAD1, 

GAD2, and GABA, accompanied by a decrease in GABA release and network 

hyperexcitability (Chao et al., 2010).

The repetitive stereotypies in “Viaat-Cre” mice are of particular interest, as compulsive-like 

repetitive behaviors and stereotypic hand wringing occur in RTT subjects. This aspect of the 
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Viaat-cre/MeCP2 line indicated an overlap with OCD-spectrum mouse models and, along 

with motor dysfunction phenotypes, suggested that dysfunction of forebrain structures 

including ventral striatum could underlie the behaviors. Chao and colleagues tested this 

possibility by conditionally deleting MeCP2 with Dlx5/6-Cre mice that causes 

recombination in all forebrain GABAergic and cholinergic neurons. Consistent with a role in 

the OCD circuit, Dlx5/6 conditional MeCP2-null mice showed repetitive behaviors, 

impaired motor coordination, and increased prepulse inhibition.

While the effects of MeCP2 loss-of-function appear to predominantly affect GABAergic 

neurotransmission, disruption of glutamatergic signaling has also been observed. In MeCP2-

null cortex, reductions of glutamatergic neurotransmission were identified, including 

reduced spontaneous firing of layer 5 somatosensory pyramidal neurons (Dani et al., 2005) 

and decreased numbers of hippocampal glutamatergic synapses (Chao, Zoghbi, & 

Rosenmund, 2007). The findings in cortex reflected a reduced excitatory and increased 

inhibitory total drive onto glutamatergic neurons, rather than changes in intrinsic 

excitability. The effects onglutamatergic synapse formation were bidirectional, with an 

increase in synapse number in MeCP2 overexpressing mice, consistent with the clinical 

consequences of MECP2 gene duplication.

7. PRIMARY DYSTONIA

Modeling primary dystonia is challenging, because manipulation of genes that cause the 

disease have not, in general, produced models with overt dystonic movements. Further 

complicating this situation, dystonialike twisting may be caused by neural insults not 

thought relevant to causes of human dystonia. For example, abnormal twisting movements 

can be caused by disrupting the vestibular nuclei (Burke & Fahn, 1983), structures not 

believed to participate in the pathophysiology of human dystonia. While “behavioral” 

models of dystonia have face validity and may lead to novel insights into motor circuitry, 

particular care must be taken in interpreting the findings from models not based upon causes 

of human dystonia (i.e., models lacking construct validity).

Several models of secondary dystonia exhibit prolonged abnormal twisting movements 

consistent with human dystonias (Burke & Karanas, 1990). Thus far, however, none of the 

mouse models based on the manipulation of primary dystonia-causing genes exhibit 

dystonic-like movements. Instead, such models (most commonly Tor1a) have typically 

resulted in relatively subtle abnormalities on motor tasks (e.g., beam walking or rotarod) 

(Dang, Yokoi, Pence, & Li, 2006; Sciamanna, Hollis, et al., 2012; Yokoi, Dang, Li, 

Standaert, & Li, 2011; Yokoi, Dang, Mitsui, Li, & Li, 2008). In contrast, a recent rat 

TOR1A transgenic model is reported to exhibit hindlimb twisting during the tail-suspension 

test (Grundmann et al., 2012). Another feature suggested to establish face validity is the 

abnormal co-contraction of agonist and antagonist muscles that characterize dystonia. 

However, this measure is not specific for dystonic movements (Tanabe, Kim, Alagem, & 

Dauer, 2009).

Clinical electrophysiological studies of dystonic patients highlight several features 

potentially valuable for assessing the face and construct validity of dystonia models, 
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including deficient intracortical inhibition, maladaptive cortical plasticity, and abnormal 

sensory function. Hallett presented an attractive model in which subcortical (e.g., BG) 

abnormalities result in sensorimotor cortex dysfunction that is the proximate cause of 

dystonic movements. Deficient inhibitory function is arguably the most consistently 

identified pathophysiological phenotype in dystonia (Hallett, 2011). This abnormality has 

been identified in genetic forms of childhood dystonia as well as idiopathic adult-onset 

disease. It is, however, not limited to brain regions subserving affected body parts, so 

appears to be a general phenomenon of the dystonic CNS that is perhaps necessary but not 

sufficient to produce dystonia (Berardelli, Rothwell, Day, & Marsden, 1985; Berardelli et 

al., 1998; Hallett, 2011; Nakashima et al., 1989; Panizza, Lelli, Nilsson, & Hallett, 1990; 

Tisch et al., 2006). Abnormal synaptic plasticity is another pathophysiological feature 

observed in a range of subjects with primary dystonia; this has been proposed as a key 

pathophysiological mechanism in dystonia (Edwards, Huang, Mir, Rothwell, & Bhatia, 

2006; Peterson, Sejnowski, & Poizner, 2010; Quartarone, Classen, Morgante, Rosenkranz, 

& Hallett, 2009; Quartarone & Pisani, 2011; Quartarone, Siebner, & Rothwell, 2006). The 

occurrence of “task-specific” dystonias that arise in body parts of subjects used to perform 

highly trained stereotyped tasks, such as the fingers of musicians or telegraph operators, or 

the vocal cords of auctioneers, provides conceptual support for the notion that dystonia may 

represent maladaptive plasticity (Ferguson, 1971; Frucht, 2004; Scolding, Smith, Sturman, 

Brookes, & Lees, 1995). Indeed, impaired plasticity at striatal synapses has been a strong 

feature of several dystonia animal models (Bonsi et al., 2008; Martella et al., 2009; Peterson 

et al., 2010; Sciamanna et al., 2012). Dystonia patients show abnormalities of sensory 

processing and the organization of the somatosensory cortex is disrupted in the dystonic 

brain. (Bara-Jimenez, Catalan, Hallett, & Gerloff, 1998; Bara-Jimenez et al., 1998; Scontrini 

et al., 2009; Quartarone & Hallett, 2013). The demonstration of related sensory 

abnormalities in models of dystonia would therefore also serve as a measure of construct 

validity.

An emerging neuroimaging literature documenting relatively subtle structural abnormalities 

of the dystonic brain is challenging traditional views that primary dystonias lack structural 

pathologies and provides another opportunity to identify phenotypes shared by human 

subjects and mouse models (Ramdhani & Simonyan, 2013). This work includes voxel-based 

morphometry studies documenting differences in the size of various motor circuit 

components and diffusion tensor imaging pointing to microstructural abnormalities in key 

motor tracts. Neuroimaging has been used to provide support for the construct validity of a 

mouse model of DYT1 dystonia, as detailed below.

The most commonly used measure of predictive validity is the response of various 

phenotypes to the acute administration of the anticholinergic compound trihexyphenidyl. 

This is based on the fact that muscarinic anticholinergic medications are the most commonly 

used pharmacological treatment for primary dystonia (Burke & Fahn, 1985a, 1985b; Burke, 

Fahn, & Marsden, 1986; Fahn, 1983). Anticholinergic therapy is most practical and effective 

in younger patients, who can tolerate higher doses (Burke et al., 1986) and can be treated 

quickly after symptom onset (Greene, Shale, & Fahn, 1988). While undoubtedly effective in 

some patients, open trials and double-blind studies indicate that a substantial proportion of 

patients do not obtain long-term benefit, and dose-limiting side effects are common. 
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Anticholinergic treatment was not beneficial in nearly 40% of subjects with childhood-onset 

dystonia, and only a minority of adult subjects experience long-term benefit from these 

medications (Burke & Fahn, 1985b; Fahn, 1983). Cognitive side effects such as memory 

loss and confusion are common in older adults (Burke et al., 1986; Taylor, Lang, Saint- Cyr, 

Riley, & Ranawaya, 1991). The use of anticholinergics as the “gold standard” of predictive 

validity for dystonia models may therefore be misleading. Other medications used to treat 

dystonia, including baclofen (GABAB receptor agonist) and benzodiazepines (enhance 

GABAA-mediated neurotransmission), may also be valuable for predictive validity studies. 

However, the low efficacy of these compounds precludes their use as a sole measure of 

predictive validity.

Whatever pharmacological strategy is employed, it is important to recall that chronic 

administration of medication, and even deep brain stimulation, is typically required for 

symptomatic improvement of dystonia. For example, weeks are typically required to observe 

benefit following DBS (Krauss, 2002) and benefits may continue to accrue over months 

(Vercueil, Krack, & Pollak, 2002; Vidailhet et al., 2005). This pattern contrasts sharply to 

that seen in PD and essential tremor, which respond over seconds to days to deep brain 

stimulation (Wichmann & Delong, 2006). These observations underscore the importance of 

not relying on acute responses to treatment interventions when assessing the predictive 

validity of dystonia models.

7.1. Early “phenotypic” models

Prior to the discovery of mutations that cause primary dystonia in humans, investigators 

relied on mutants with abnormal twisting movements that arose spontaneously in rodent 

colonies. Perhaps, the earliest example is the dystonia musculorum mouse (Duchen et al., 

1964). This model is of uncertain significance to primary dystonia, because it exhibits 

progressive peripheral axonal neuropathy including nerve fiber loss in sensory ganglia, and 

degenerative changes in the spinal cord and brainstem (Duchen et al., 1964). The most 

notable spontaneous models that, like primary dystonia, do not develop overt 

histopathology, are the dystonic (dt) rat (Lorden, McKeon, Baker, Cox, & Walkley, 1984), 

dystonic dt/sz hamster (Loscher et al., 1989), and tottering mice (Neychev, Fan, Mitev, 

Hess, & Jinnah, 2008). These models, recently reviewed elsewhere (Wilson & Hess, 2013), 

provide a wealth of information on motor circuit function, and, in the case of the dystonic rat 

and tottering mice, highlight the role of hindbrain structures in abnormal twisting 

movements. The mutation responsible for the dystonic hamster is unknown, while the 

dystonic rat is caused by loss-of-function of the atcay gene. In humans, mutations in this 

gene cause “Cayman” ataxia, a syndrome of apparently static cerebellar ataxia and 

psychomotor retardation that may include dystonia (Bomar et al., 2003; Xiao & Ledoux, 

2005). The apparently complex phenotype of Cayman ataxia and the paucity of clinical 

description of the Cayman ataxia phenotype make it difficult to determine which features of 

the dystonic rat and dystonic mice are relevant to primary dystonia. This highlights the 

challenge of studying “phenotypic” models of dystonia identified from face validity alone. 

The remainder of this section will therefore focus on models based on genes that cause 

human primary dystonia.
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7.2. DYT1 dystonia

DYT1 dystonia was the first form of primary dystonia for which a causative gene was 

identified. This disease is caused by a dominantly inherited mutation in the TOR1A gene 

encoding the protein torsinA (Ozelius et al., 1997). All patients have the same mutation: an 

in-frame 3 base-pair deletion that removes a single glutamic acid (hence, “ΔE”). TorsinA is 

a member of the AAA + family of proteins (ATPases associated with a variety of cellular 

activities). These chaperone-like proteins typically function as oligomers and use ATP 

hydrolysis to disassemble protein complexes and alter protein conformations (Neuwald, 

Aravind, Spouge, & Koonin, 1999). TorsinA is localized to the endoplasmic reticular/

nuclear membrane compartment (Kustedjo, Bracey, & Cravatt, 2000). While the function of 

torsinA in this compartment is not fully understood, several findings support its involvement 

in protein quality control. Biochemical studies show that the ΔE mutation impairs the 

ATPase activity of torsinA by inhibiting binding to proteins required for its enzymatic 

activity (LAP1 and LULL1) (Zhao, Brown, Chase, Eisele, & Schlieker, 2013). One 

consequence of inhibiting torsinA function is to enhance its concentration in the nuclear 

membrane where it interacts with several nuclear membrane-localized proteins (Goodchild 

& Dauer, 2004, 2005). There are numerous examples of cell biological effects observed 

when overexpressing wild-type torsinA that are reduced or abolished by the ΔE mutation 

(e.g., ;Caldwell et al., 2003 Chen, Burdette, et al., 2010; Hewett et al., 2007; Torres, 

Sweeney, Beaulieu, Shashidharan, & Caron, 2004). Among these is inhibited trafficking of 

polytopic membrane-bound proteins, including the DAT (Torres et al., 2004). Protein 

processing through the secretory pathway is defective in fibroblasts derived from subjects 

with DYT1 dystonia and torsinA-null mice (Hewett et al., 2007). TorsinA was reported to 

participate in the protein “quality control” functions of the ER (Nery et al., 2011) and to 

interact with synaptic vesicle membrane proteins (Granata, Watson, Collinson, Schiavo, & 

Warner, 2008; Kakazu, Koh, Ho, Gonzalez-Alegre, & Harata, 2012).

7.2.1 Transgenic models—Several transgenic rodent models of DYT1 dystonia were 

generated by broadly overexpressing DYT1 mutant human torsinA (Grundmann et al., 2012, 

2007; Sharma et al., 2005; Shashidharan et al., 2005). Of these models, two are reported to 

display overt twisting behavior during tail suspension (Grundmann et al., 2012; Sharma et 

al., 2005), whereas others exhibit statistical differences in measures of beam walking, 

pawprint analysis, and motor learning on the rotarod (Grundmann et al., 2007; Sharma et al., 

2005). Expressing DYT1 mutant human torsinA selectively in dopaminergic neurons 

recapitulates statistically significant abnormalities in beam walking seen in other models, 

but does not cause dystonic-like twisting movements (Page et al., 2010). The reasons for the 

discrepancies in the behavioral phenotypes of the broadly expressing models are not clear, 

but may result—at least in part—from differences in the pattern, expression levels, and 

insertion sites of the transgenes. For example, Sharma and colleagues did not generate 

independent lines of transgenic mice overexpressing levels of the DYT1 transgene similar to 

the hMT1 line (Sharma et al., 2005), as is typical in the generation of transgenic models. 

This raises the possibility that some features of this widely studied line (Balcioglu et al., 

2007; Hewett, Johanson, Sharma, Standaert, & Balcioglu, 2010; Napolitano et al., 2010; 

Pisani et al., 2006; Sciamanna et al., 2009, 2011; Sharma et al., 2005; Zhao, DeCuypere, & 
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LeDoux, 2008) may result from insertional effects of the transgene, rather than the actions 

of DYT1 mutant torsinA protein.

Most studies of these transgenic models focused on dopaminergic and cholinergic signaling, 

the disruption of which are implicated in other forms of dystonia (e.g., dopa-responsive 

dystonia, tardive dystonias, and dystonic dyskinesias in PD) and by the response of dystonic 

symptoms to anticholinergic medication. Studies assessing baseline levels and evoked 

release of dopamine report conflicting results. Some find abnormal basal levels of dopamine 

but no changes to transporter or receptor activity (Grundmann et al., 2007; Shashidharan et 

al., 2005), while others find normal levels of dopamine at baseline, but abnormalities 

following dopamine-modulating drugs or differences in metabolite turnover (Balcioglu et 

al., 2007; Hewett et al., 2010; Page et al., 2010; Zhao et al., 2008). The study by Page and 

colleagues is notable for utilizing fast-scan cyclic voltammetry, a method capable of 

distinguishing neurotransmitter release and subsequent uptake. These authors found 

deficient dopamine release, whereas DAT-mediated dopamine uptake was unaffected. 

Because this model overexpresses DYT1 mutant torsinA selectively in dopaminergic 

neurons, it is unclear whether the ability to disrupt neurotransmitter release is specific to 

these cells, or whether torsinA can similarly affect other neuronal classes.

A series of studies by Pisani and colleagues, primarily utilizing the hMT1 line of DYT1 

transgenic mice (Sharma et al., 2005) implicates abnormal function of striatal cholinergic 

interneurons in the pathogenesis of primary dystonia. These investigators demonstrate a 

paradoxical effect of D2 receptor stimulation on cholinergic interneuron firing, causing 

these cells to increase their firing rate (Pisani et al., 2006). In contrast, D2 receptor 

stimulation in control or transgenic mice overexpressing wild-type human torsinA does not 

cause detectable changes in cholinergic interneuron firing. Subsequent work on this model 

(Napolitano et al., 2010) pointed to postsynaptic D2 receptors as the site of this 

phenomenon. Conditionally deleting torsinA in cholinergic neurons recapitulated this 

paradoxical D2 effect, suggesting that torsinA dysfunction disrupts D2 receptor function on 

cholinergic interneurons in a cell autonomous fashion (Sciamanna, Tassone, et al., 2012). 

While the exact mechanism of D2 receptor dysregulation is unclear, abnormal interactions 

with N-type calcium channels and impaired coupling with RGS9 was suggested (Pisani et 

al., 2006). Additional work suggests that the D2 receptor dysfunction is responsible for the 

deficient “pause” response of cholinergic interneurons in hMT1 mice; this deficient pause is 

proposed to cause an imbalance in muscarinic M1 and M2 receptor stimulation that disrupts 

corticostriatal neurotransmission (Martella et al., 2009; Sciamanna, Tassone, et al., 2012). 

Similar abnormalities in corticostriatal neurotransmission are found in the transgenic rat 

model of DYT1 dystonia (Grundmann et al., 2012). Features of disrupted corticostriatal 

neurotransmission, including impaired long-term depression and synaptic depotentiation, are 

rescued by anticholinergic treatment. However, the relationship of these abnormalities to 

dystonic movements remains unclear, as they are present long before behavioral 

abnormalities appear (Sciamanna et al., 2011), and are present in rodents with and without 

abnormal twisting movements (Grundmann et al., 2012; Sciamanna, Tassone, et al., 2012; 

Sharma et al., 2005).
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7.2.2 Gene-targeted Tor1a mutant mice—Two groups (Dang et al., 2006; Goodchild, 

Kim, & Dauer, 2005) used gene targeting to inactivate or “knockin” the DYT1 mutation into 

the Tor1a locus, and report similar effects. Both groups found that torsinA null and 

homozygous knockin mice are born in Mendelian ratios and appear morphologically normal, 

but die for unclear reasons during the first postnatal day. Goodchild and colleagues 

(Goodchild et al., 2005) identified morphological abnormalities in both torsinA null and 

homozygous knockin mice. They also observed decreased steady-state levels of mutant 

torsinA protein in the knockin mice, as well as skin fibroblasts derived from DYT1 subjects. 

Additional findings in torsinA-null mice indicate that neurons have a unique requirement for 

torsinA function. The nuclear membrane abnormalities observed in knockout and 

homozygous knockin lines occur exclusively in neurons, even though torsinA is expressed 

widely. In addition, these nuclear membrane abnormalities emerge in postmigratory 

maturing neurons, pointing to a specific role for torsinA in neuronal maturation. These 

findings are evocative of the neurodevelopmental signature of DYT1 dystonia. Considered 

together, these observations demonstrate that the DYT1 mutation impairs torsinA function, 

and highlight the importance of torsinA loss-of-function studies in advancing understanding 

the pathogenesis of DYT1 dystonia.

In contrast to the above findings, heterozygous mice that carry one DYT1 allele (a genocopy 

of human DYT1 subjects) are normally viable and do not exhibit overt motor abnormalities 

(Dang et al., 2005; Goodchild et al., 2005; Tanabe, Martin, & Dauer, 2012). These mice 

show DTI abnormalities similar to those seen in nonmanifesting DYT1 carriers, suggesting 

that they model the “nonmanifesting” carrier state (Ulug et al., 2011). Nonmanifesting 

DYT1 subjects exhibit metabolic and psychophysical abnormalities (Carbon et al., 2011, 

2008; Carbon, Trost, Ghilardi, & Eidelberg, 2004; Ghilardi et al., 2003), which may in part 

be caused by the DTI observable microstructural and PET observable metabolic changes 

seen in humans and in these mice. Potential neuropathological and electrophysiological 

substrates of these findings are described in DYT1 heterozygous mice. These include subtle 

changes in cell size and synaptic structure in the striatum and cerebellum (Song et al., 2013), 

as well as abnormalities in synaptic vesicle recycling and calcium homeostasis (Iwabuchi, 

Kakazu, Koh, & Harata, 2013; Kakazu, Koh, Ho, et al., 2012; Kakazu, Koh, Iwabuchi, 

Gonzalez-Alegre, & Harata, 2012).

The early lethality of germline null mutants led investigators to conditionally delete torsinA 

in brain regions and cell types implicated in the disease. This work has focused on 

conditional deletion in cortex, striatum, and cerebellum (Sciamanna, Hollis, et al., 2012; 

Yokoi et al., 2011, 2008; Zhang et al., 2011). None of these models exhibit overt twisting 

movements. Nevertheless, conditional deletion of torsinA did alter motor function and 

produce cellular abnormalities. Deletion from cholinergic neurons (using ChAT-Cre) caused 

the D2-related electrophysiological abnormalities described above (Sciamanna, Hollis, et al., 

2012). Conditional deletion from cortical glutamatergic neurons (using Emx1-Cre) caused 

hyperactivity and altered performance on beam walking, but did not disrupt dopamine 

metabolism or cortical barrel field patterning (Yokoi et al., 2008). Striatal specific torsinA-

null mice (using Rgs9-Cre) also showed beam-walking deficits but were normal in open-

field testing (Yokoi et al., 2011). These animals had reductions in striatal D2 receptors but 

Pappas et al. Page 34

Curr Top Dev Biol. Author manuscript; available in PMC 2015 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



did not exhibit abnormalities in dopamine metabolism. Subtle abnormalities of dendritic 

morphology were seen in cerebellar Purkinje cells following conditional deletion using 

Pcp2-Cre, but neither behavioral nor neurochemical studies were performed on these 

mutants (Zhang et al., 2011). The lack of overt phenotype in these conditional mutants is 

consistent with the possibility that DYT1 dystonia is a disorder requiring the simultaneous 

disruption of multiple motor circuit nodes for phenotypic expression. This notion has been 

emphasized previously (Tanabe et al., 2009) and is supported by the occurrence of dystonia 

following lesions to several different brain regions (Neychev et al., 2008; Prudente, Hess, & 

Jinnah, 2013). DYT1 dystonia is a neurodevelopmental disease (Tanabe et al., 2009), so 

torsinA deletion in these models may have occurred after the critical period for torsinA 

function has passed.

8. CONCLUDING REMARKS

Assisted by progress in identifying disease-related mutations and their phenotypic features, 

the expanding power of targeted mutations in rodents, and more sophisticated understanding 

of BG function, there has been remarkable progress in animal modeling of BG 

neurodevelopmental diseases in recent years. A better understanding of BG circuits and 

functions has allowed for the development of a large variety of mouse models, including 

spontaneously arising, transgenic, gene-targeted, and circuit manipulation models. Each of 

these approaches exhibits different levels of face, construct, and predictive validity, and 

provides unique benefits for understanding striatal-based disorders. Unfortunately, each 

model also exhibits specific drawbacks as they relate to human pathophysiological 

conditions. Considering each model in the context of the overall field will provide further 

insight into the function of these circuits in health and disease, and potential insight into 

novel therapeutic targets.
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Figure 3.1. 
Cortical-BG-thalamic models. (A) The “standard” model. Green arrows, excitatory 

(glutamatergic) projections; Red circles, inhibitory (GABAergic) projections; Blue arrows, 

dopaminergic projections. (+) and (−) indicate excitatory and inhibitory effects of dopamine 

on MSNs, respectively. Abbreviations are defined in the text. (B) Updated model. Not all 

connections described in the text are illustrated for clarity. (C) Model emphasizing thalamic 

circuits. Roman numerals indicate cortical layers. Ovals in layer V indicate distinct 

populations of IT and PT neurons. Note the distinct projection patterns of the cerebellar and 
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BG-recipient thalamus. In the thalamus, “BG” and “Cer” indicate the BG and cerebellar-

recipient regions, respectively. Circular arrows in (B) and (C) indicate candidate oscillation 

generators. Figure and caption reprinted with modification from Ellens and Leventhal 

(2013), copyright 2013, with permission from IOS Press.
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Figure 3.2. 
SAPAP3−/− mice exhibit facial lesions due to self-injurious grooming. Figure reprinted 

with permission from Macmillan Publishers Ltd.: [Nature] (Welch et al., 2007), copyright 

2007.
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Table 3.2

Validity

Disorder Validity

OCD-spectrum Face Ability to induce behaviors resembling compulsions or stereotypies. Repetitive, self-injurious grooming. 
Perseverative burying

Construct Involvement of orbitofrontal cortex and basal ganglia

Predictive Response to SSRIs. Response to high-frequency stimulation of subthalamic nucleus or ventromedial striatum

Rett syndrome Face Normal early development followed by developmental regression and motor abnormalities

Construct Neuropathological abnormalities: smaller, more densely packed neurons

Predictive Unknown

Dystonia Face Abnormal twisting movements, hyperactivity, action-induced abnormal movements

Construct Deficient cortical and basal ganglia inhibition, maladaptive plasticity, sensory abnormalities, targeting genes 
known to be involved in human disease

Predictive Response to trihexyphenidyl or DBS
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