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Abstract

Motor control is a ubiquitous aspect of human function, and from its earliest origins, abnormal 

motor control has been proposed as being central to schizophrenia. The neurobiological 

architecture of the motor system is well understood in primates and involves cortical and sub-

cortical components including the primary motor cortex, supplementary motor area, dorsal 

anterior cingulate cortex, the prefrontal cortex, the basal ganglia, and cerebellum. Notably all of 

these regions are associated in some manner to the pathophysiology of schizophrenia. At the 

molecular scale, both dopamine and γ-Aminobutyric acid (GABA) abnormalities have been 

associated with working memory dysfunction, but particularly relating to the basal ganglia and the 

prefrontal cortex respectively. As evidence from multiple scales (behavioral, regional and 

molecular) converges, here we provide a synthesis of the bio-behavioral relevance of motor 

dysfunction in schizophrenia, and its consistency across scales. We believe that the selective 

compendium we provide can supplement calls arguing for renewed interest in studying the motor 

system in schizophrenia. We believe that in addition to being a highly relevant target for the study 

of schizophrenia related pathways in the brain, such focus provides tractable behavioral probes for 

in vivo imaging studies in the illness. Our assessment is that the motor system is a highly valuable 

research domain for the study of schizophrenia.

1. Introduction

Schizophrenia is the most disruptive of neuropsychiatric disorders, affecting approximately 

1% of the world’s population (1). The disease is characterized by profound and lasting 

impairments particularly in language, memory and cognition, as well as in the structure and 

function of brain regions sub-serving these domains (2). Influential studies have rightfully 

advocated for the study of higher order cognitive impairments in schizophrenia, considering 
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these impairments as a central pathway for understanding core elements of the illness’ 

underlying pathophysiology (3). Yet, a complimentary literature has come to emphasize that 

dysfunction in basic motor function and control represents a highly relevant physiological 

pathway in the illness (4). Dysfunction in motor behaviors has frequently been associated 

with prediction errors, for example, deficiencies that patients show in predicting the 

consequences of motor actions (5). However, motor dysfunction in schizophrenia is even 

more direct, involving impairments in basic motor processing and control. That this is the 

case is supported by evidence that brain regions such as the dorsal anterior cingulate cortex, 

the basal ganglia and the cerebellum, each of which are associated with higher order 

functions such as memory and executive control and implicated in schizophrenia (6-9) are 

also associated with basic motor function (10, 11).

Recent reviews have presciently acknowledged the singular and compelling role that motor 

abnormalities play in the illness. Hirjak and colleagues noted that these abnormalities cluster 

into at least three distinct classes: neurological soft signs, abnormal involuntary movements 

and catatonia (12), and argued for motivated imaging approaches to identify the correlates of 

these sub-types. Such approaches can parse apart the “motor endophenotype” in 

schizophrenia. In a separate review (13), Walther also focused on these classes of motor 

abnormalities, but emphasized focus on the cerebellar motor circuit, as a key neural 

pathway, impairments within which are relevant for many of the dimensional deficits in 

motor function in the illness. Here we provide a synthesis reaffirming the value of studying 

motor function and dysfunction in schizophrenia. Our approach summarizes some of the 

evidence indicating that motor dysfunction is at the heart of a core pathophysiological 

pathway in the illness (14), yet our synthesis adds complementary elements not previously 

marshalled in support of developing an integrative framework. Thus, we build our rationale 

as follows: We first briefly summarize the current and historical context for motivating the 

relevance of motor dysfunction in schizophrenia. We follow with a pivot to basic movement 

physiology, reviewing the architecture of the primate motor system, one that is well 

delineated by structural and electrophysiological studies, and confirmed with in vivo fMRI 

studies. Then we theoretically navigate the intersection between this organization of motor 

function, and schizophrenia-related pathophysiology that is observed in brain regions 

implicated in motor processing. We then transition to a discussion of the molecular 

correlates of schizophrenia, particularly in the context of the dopaminergic hypothesis that 

offers a manner of convergence with the motor system. Each of these principal sub-sections 

are summarized in accompanying schematic figures.

We reiterate that we provide more synthesis than review. Each of the subsections herein 

would demand more space for a comprehensive treatment (15-17), and as noted, separate 

reviews have effectively addressed some of these. Yet, in linking basic movement 

physiology, schizophrenia and neurotransmitters, we supplement previous advocacy for 

increased focus on the study of motor dysfunction and its pathophysiological bases in 

schizophrenia. The study of motor dysfunction in schizophrenia is in fact, not distinct from 

the study of higher order dysfunctions in the illness. Schizophrenia is a “thought disorder”, 

yet notably thinking has been conceptualized as an “active motor process” (18); structures 

such as the basal ganglia that are considered cognitive pattern generators, are also motor 

pattern generators (19), generating sequences of commands designed to sub serve future 
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action. In this way motor function is a foundation for higher-level cognitive function. 

Indeed, impairments in extended domains of the motor system, including oculomotor 

deficits, have been directly linked to the core pathophysiology of psychosis itself (20). The 

motor system itself, provides a tractable framework for studying brain networks, as the 

simplest of tasks evoke sophisticated interactions between regions such as the anterior 

cingulate, supplementary motor area and primary motor cortex (21-23). Moreover, these 

tasks are not characterized by many of the patient-control performance differences that 

confound the interpretation of in vivo imaging studies of higher order cognitive function 

(24). A focus on motor function is also of significant clinical relevance. Schizophrenia 

patients with general motor abnormities have less favorable outcomes, and motor 

abnormalities in turn predict deficits in memory, executive functioning, and attention (25), 

supporting the notion of thinking as an active motor process. And, patients with motor 

dysfunction also develop more severe side effects of antipsychotic medications (26), and 

longitudinal studies indicate that neurological soft signs (NSS) predict elevations in negative 

symptoms of schizophrenia (27).

2. Motor dysfunction in schizophrenia: Background

Aberrant motor functioning in patients with schizophrenia has been noted since the earliest 

systematic clinical characterizations of the illness (28). General movement disorders in 

schizophrenia were described as early as 1919, in the pre-neuroleptic era with Kraepelin 

describing schizophrenia patients with dementia praecox and paraphrenia as having “…

spasmodic phenomena in the musculature of the face and of speech”, “involuntary choreic 

movements”, and “atheoide ataxia” (29). More generally, studies have noted abnormal 

involuntary movements (dyskinesia), slowness in planning and execution of fine motor tasks 

(psychomotor slowing), problems with coordination and sensory-motor tasks (neurological 

soft signs; NSS), rigid posturing, grimacing, and mannerisms (catatonia), and Parkinsonism 

(30). With the advent of typical antipsychotics, motor dysfunction in schizophrenia has 

increasingly been associated with their extra-pyramidal side effects (31). However, in 

addition to the early characterization of motor dysfunction, evidence suggests that 

antipsychotic medications may in fact serve to exacerbate the emergence of spontaneous 

motor disorders, rather than being the single underlying cause (26, 32).

Estimates of the frequency of motor abnormalities in schizophrenia patients range between 

50%-65% (as compared to ~5% in healthy controls) (25). Retrospective studies have 

suggested that motor abnormalities significantly predate the onset of psychosis, with delayed 

motor development in childhood seen as a risk factor for future schizophrenia spectrum 

disorders (33). These deficits also tend to aggregate in families of patients, suggesting that 

abnormal motor development is a vulnerability marker, and a fundamental correlate of 

psychosis (34). The underlying neurobiology of motor behavior, particularly associated with 

the hand effectors is reasonably well established both in primate (35) and neuroimaging 

studies (10). These detailed descriptions therefore provide a basis for the prospective 

assessment of the pathophysiology of brain networks in schizophrenia. In advocating this, 

we simply echo the “physiological approach” that has elucidated dysfunctional working 

memory in the illness (36, 37).
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3. The architecture of the primate motor system: Motor regions and beyond

Studies of the primate motor system have provided some of the most carefully defined 

associations between a simple behavioral domain and mechanisms in the neural substrate. 

Motor behavior is sub served by highly coordinated brain sub-networks, principally 

involving the primary motor cortex (M1), the supplementary motor cortex (SMA), the pre-

supplementary motor cortex (pre-SMA), the dorsal anterior cingulate (dACC), the inferior 

parietal cortex, the basal ganglia, and the anterior cerebellum (38, 39). Notably, dysfunction 

in several of these brain regions has also been implicated in schizophrenia and higher-level 

cognitive dysfunction associated with the disease.

The primary motor cortex (M1; Brodmann Area 4) is responsible for eliciting localized 

movements in various parts of the body, with its specific areas topographically organized. 

The extent of cortical surface area responsible for the control of a body part varies in 

approximate proportion to the precision of movement it demonstrates (40). BA 6, comprised 

of the premotor cortex and supplementary motor area (SMA), is another important region 

implicated in motor control. The SMA is associated with the planning, initiation, and 

anticipation of specific movements (41), and further divided into rostral pre-SMA and the 

caudal SMA that together form a dedicated subcortical-cortical temporal processing network 

(42). For example, the pre-SMA engages in the initiation and updating of non-automatized 

internally generated movements, as opposed to the SMA-proper, which plays a role in 

externally generated movements (43, 44).

The dACC also referred to as the mid cingulate cortex (45) lies outside the core motor 

circuit, yet is generally regarded as a critical interface between cognition and motor control 

(22, 46, 47). Located on the medial surface of the cerebral hemispheres, the dACC has 

extensive structural and functional connections to the lateral prefrontal cortex, limbic 

structures, SMA, and the striatum (48, 49). The structure’s regulatory role in a hierarchical 

model of motor control, is sub served through dense projections that transmit selective 

modulatory signals to the SMA and other structures (50, 51). Recent fMRI studies have 

confirmed such a modulatory influence that allows maintenance of timing expectancy (22), 

and in general, the dACC is highly active during tasks requiring inhibitory or excitatory 

motor control (52-54). fMRI studies in humans and single-unit electrophysiological studies 

of primates have demonstrated functionally heterogeneous regions of the dACC that respond 

distinctly and disproportionately to reward-based decisions of motor selection (55, 56). This 

willed control of motor behavior is consistent with the idea of dACC involvement in 

suppressing externally triggered motor routines, as seen in lesion studies of the structure in 

primates.

The selection of motor functions and higher-level cognitive decisions of voluntary 

movement are also influenced by the basal ganglia and its constituents including in 

particular the caudate nuclei and the putamen (57, 58). Furthermore, a series of parallel 

loops connect many cortical inputs to the basal ganglia and serve to control voluntary 

movements (59). These discrete loops also make reciprocal connections from the basal 

ganglia motor system that also includes the globus pallidus (GP), the substantia nigra and 

sub thalamic nuclei (STN) to cerebral cortical areas, including the dorsolateral prefrontal 
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cortex, and the anterior cingulate (60). The basal ganglia’s components, together with the 

cerebral cortex and the ventrolateral nucleus of the thalamus, are implicated in movement 

control through a model (61, 62) in which the basal ganglia is controlled directly and 

indirectly by two discrete pathways. Both pathways are inhibitory, suppressing thalamic 

activity, and begin with cortical excitation of neurons located in the striatum. These motor 

pathways of the basal ganglia are of particular interest in schizophrenia because of their rich 

dopaminergic circuitry and the coinciding role of dopamine in reward, psychosis and 

movement (63). The implications for schizophrenia of this motor cortical – striatal motor 

pathway are self-evident both from the perspective of systems neuroscience, as well as 

dopaminergic models of the illness (64).

Dopamine produced and synthesized in dopaminergic neurons in the substantia nigra is 

released in the striatum, stimulating the direct pathway through D1 receptors. Dopamine 

also inhibits the indirect pathway by binding to D2 receptors of GABA neurons (65). This 

indirect pathway begins with cortical excitation of striatal neurons that excite populations of 

GABA neurons, distinct from those excited in the direct pathway. These project to neurons 

in the STN, which in turn project to the GP internal segment to inhibit motor related 

functions of the thalamus. The balance of the two conjugate pathways is thought to be key 

for normal motor function (66). The role of the basal ganglia in movement balances muscle 

activation, helps in sequencing activation for fast movements, and selectively inhibits 

competing movements that could interrupt voluntary action (67).

The cerebellum consists of two lateral hemispheres and a medial vermis (68), and these 

cerebellar regions have highly variegated and diverse roles in voluntary motor control, 

balance, coordination, and higher cognitive non-motor functions. The cerebellum can be 

further divided into ten mirrored lobules, which are somatotopically organized, in a series of 

sensory-motor “homunculi”, arranged dorso-ventrally (69). Cerebellar lobules IV, V, and 

VIII are robustly activated during motor tasks (70), and cognitively demanding tasks elicit 

activation of lobules VI and VII (71-73). Unsurprisingly, the structural architecture of the 

cerebellar lobules consists of motor and non-motor closed loop circuits to the thalamus other 

regions of the cerebral cortex (74). Connections to the cortico-ponto-cerebellar system make 

the cerebellum a key control region for voluntary motor control, enhancing the structures 

relevance for schizophrenia (75). The main output center of the cerebellum is the dentate 

nucleus, which links cortical structures such as premotor, prefrontal, posterior parietal, and 

primary motor cortex mainly via the thalamus. The cortex sends projections back to the 

cerebellum for processing via the pons. These cortico-cerebellar loops link function of the 

cerebellum to the function of the cerebral cortex and vice versa (76). The cerebellum is 

thought to act as a timer, updating and predicting body dynamics for fast movements based 

on sensory feedback (77), and this precision is assumed to have high temporal fidelity (78). 

This model provides the rationale for cerebellar involvement in coordination, precision, and 

timing of movement, as well as sequential processing of spatial and temporal information 

(79), and has been considered of fundamental importance in the context of schizophrenia 

(80, 81).

Figure 1 provides an overview of the general architecture of the motor system. It is notable 

that functional impairments and structural abnormalities in each of these regions have been 
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associated with motor dysfunction in schizophrenia. In the subsequent section, we explore 

how and why the patterns of motor dysfunction in schizophrenia may emerge from the 

macroscopic network of brain regions depicted in Figure 1.

4. Dysfunction in regions of the core and extended motor network in 

schizophrenia

Several different abnormalities in structure, function, and connectivity of brain regions of the 

motor system may be involved in the emergence of motor dysfunction in schizophrenia. 

Here we provide a succinct summary of several representative findings of regional and 

network dysfunction in schizophrenia, of motor-function related brain regions.

4.1 M1 and the Supplementary Motor Cortices

Aberrant activity in M1 and the pre-motor cortex has been observed in schizophrenia 

patients during finger sequence learning and relatively simple sensorimotor detection tasks, 

though the precise nature of the aberration appears task specific. Kodama and colleagues 

trained patients and controls on a simple finger sequence learning task, demonstrating that 

compared to healthy controls, patients hyper-activated pre-motor cortex following sequence 

learning (82). This pattern of hyper-activation is suggestive of impaired efficiency of motor 

control and learning mechanisms, and was conceptually replicated in a separate study by 

Minzenberg and colleagues (83). When patients were required a basic sensori-motor 

detection task they hyper-activated ipsi-lateral (to the response hand) M1 compared to 

healthy controls. However, aberrant hypo-activation of the motor cortices has also been 

documented using sequential and non-sequential finger tapping tasks that do not involve 

learning (84-86). As is the case with other classes of tasks, such as working memory, the 

direction of the aberrance in schizophrenia is most likely yoked to the specific tasks 

demands and performance metrics of patients (87, 88). Notably, impairments are observed 

not only in basic motor control when generating finger movements, but also during the 

application of motor force using the hand effectors. In a recent study, Martinelli and 

colleagues required participants to apply manual force to a lever that was commensurate 

with a visual cue signaling the degree of force that was to be applied (89). In healthy 

controls, the degree of applied force generated to this external cue was strongly correlated 

with fMRI estimated responses in the primary somatosensory cortex, indicative of normal 

force signaling in motor regions. This coupling was absent in patients, suggesting that 

schizophrenia may alter mechanisms that encode and predict sensorimotor responses (the 

notion of impaired predictive coding is re-visited below). What appears relevant is that basic 

motor behaviors evoke impaired responses in the motor network. These effects are also 

generally associated with aberrant metrics of morphology.

Schizophrenia patients who display aberrant motor behavior also show aberrant 

morphometric characterization of several of the motor structures depicted in Figure 1. In a 

study of first episode schizophrenia, reduced size of the pre-SMA was associated with 

impaired motor sequencing (90), an effect that has been replicated using the conjoint 

assessment of fMRI and voxel based morphometric studies (91). The changes in size have 

also been related to symptom dimensions and clinical scales. For example, volumetric 
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reductions and fMRI measures of activation are negatively correlated with NSS scores in the 

SMA and M1 of recently diagnosed patients (92-94). Alterations in the size of the SMA are 

also thought to represent a compensatory cortico-cortical pathway that may offset 

insufficient basal ganglia output (95), and in catatonic patients with schizophrenia, increased 

severity of catatonia (based on the Bush Francis Catatonia Rating scale) predicts higher 

blood perfusion in the SMA (96). This latter effect is highly suggestive that schizophrenia is 

associated with dysregulation of the SMA in the resting state.

Diffusion tensor imaging (DTI) studies of white matter connections of motor cortices have 

demonstrated alterations in the cortico-basal and cortico-cortical pathways. Specifically, in 

patients with motor abnormalities, there is an associated increase in motor activity between 

the pre-SMA to SMA-proper connection with less motor activity in the right pre-SMA to GP 

connection (93). These findings are similar to compensatory motor activity of decreased 

basal gangia output proposed in Parkinson’s disease (97). This idea parallels DTI findings of 

abnormal white matter integrity found under the right SMA in schizophrenia patients with 

decreased resting state wrist movement (98).

As previously noted, cognitive and motor control is partly mediated by the dorsal anterior 

cingulate cortex (dACC). Cingulate cortical neurons project to multiple areas of the motor 

and premotor cortex, suggesting that numerous parallel pathways exist whereby cingulate 

neurons can modulate motor output systems of the brain. Structural MRI studies suggest that 

reductions in gray matter volume in the dorsal and rostral ACC, frequently predate the onset 

of psychosis in high-risk individuals (99, 100). In schizophrenia patients, decreased volume 

of the cingulate gyrus is significantly and selectively correlated with executive dysfunction 

(101). Also, reduced synaptic density, deficits in inhibitory interneurons, and aberrant 

synaptic pathology have been found in the cytoarchitecture of cingulate cortex in patients 

(102). These aberrations complement fMRI studies of finger tapping, which demonstrate 

failed motor task-related activation of the ACC and disrupted connectivity to medial frontal 

cortex (103), evidence of functional impairments in basic volition. Recent evidence sheds 

light on the structural correlations of avolition in the motor domain. Using estimates of non-

Gaussian diffusion (based on diffusion kurtosis imaging, DKI), Docx and colleagues 

examined the relationship between volitional motor activity (assessed with actigraphy) and 

white matter structure. In general, patients were less active than healthy controls, and 

showed greater diffusivity and lower fractional anisotropy on longitudinal white matter tracts 

(104). Moreover, in patients, mean kurtosis (a measure that better distinguishes between 

hindered versus unhindered diffusivity), was strongly associated with actigraph estimates of 

activity in patients. These estimates of motor activity related to effects in the brain’s 

substrate also substantiate evidence of NSS deficits.

In schizophrenia, structural morphology of the basal ganglia, especially that of the caudate 

nucleus, putamen, and GP is atypical and associated with neurological soft signs (27), but 

the role that neuroleptics play appears to be quite heterogeneous. Grossly, the striatum is 

smaller than normal in antipsychotic-naive patients though upon antipsychotic treatment 

striatal and pallidial volumes enlarge (105), which is a possible explanation for increased 

basal ganglia volumes in medicated schizophrenia patients (106). In addition to size, 

alterations in shape of both the caudate and putamen have been found in schizophrenia 
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patients as compared to healthy siblings (106). Furthermore, morphological abnormalities of 

the putamen are observed in regions where prominent connections to non-motor cortical 

areas exist. Striatal abnormalities are exacerbated in the context of deficit syndrome 

schizophrenia, a subclass of the diagnosis in which patients are characterized by pervasive 

negative symptoms, social withdrawal and increased anhedonia (107). Neuroleptic naïve 

deficit syndrome patients (relative to non-deficit syndrome patients) are characterized by 

increases in spontaneous movement disorders, consistent with the role of the basal ganglia in 

mediating both schizophrenia symptomatology and movement function (108). Thus, 

impaired activity in the basal ganglia with hyperactivity in the primary, premotor, and 

somatosensory cortices, is thought to lead to cortical motor overflow and subsequent motor 

disturbances (83).

Many of the alterations of motor symptoms described in schizophrenia, such as NSS, 

abnormal eye movements, and disequilibrium, indicate dysfunctions in the cerebellum. 

Abnormal cerebellar structure and connectivity with the motor cortex has been implicated in 

motor and timing dysfunction in the illness (109, 110). Transcranial magnetic stimulation 

directed at the cerebellum has shown increased excitability of the motor cortex in motor 

dysfunctions (111). These findings suggest a decrease in cortico-cerebellar inhibition of 

motor cortex, which is important in the coordination of motor sequencing. Investigations of 

schizophrenia patients with motor sequencing abnormalities revealed lower functional 

connectivity between the cerebellum and motor cortex during the resting state (112), a 

suggestive marker for structural dysconnectivity. Interestingly, schizophrenia patients with 

marked motor sequencing impairment had more psychotic episodes than those without 

movement sequencing disturbances (14), a finding that suggests that consecutive psychotic 

outbreaks play a role in progressive worsening of cortico-cerebellar connectivity. NSS, like 

impaired movement sequencing, seem to be a result of impaired coordination between these 

cortico-cerebellar areas involved in the motor system (14). From a neuropathological 

perspective, cerebellar purkinje cells, responsible for modulating input from the cerebellum 

to the cortex, have decreased size and linear density in schizophrenia (113). Purkinje cells 

and their extensive connectivity of climbing fibers in the inferior olive mediate cerebellar 

coordination of cognitive activity (114) and the many cortical and sensory inputs received 

permit the purkinje cells to detect error and selectively shuttle information back to the 

cerebral cortex through inhibitory output of deep nuclei. Thus, cerebellar organization 

influences the fidelity of perceptions, detects errors, and rapidly modulates coordination. 

Schizophrenia may impair the proper modulation and coordination of multiple signals 

causing a misinterpretation of erroneous sensory associations usually suppressed by the 

cerebellum, resulting in the frequently noted evidence of abnormal predictive coding in the 

illness (17).

The preceding discussion is summarized in Figure 2, wherein the text boxes that in Figure 1 

represented the putative functions of each region, are replaced with a summary of regional 

deficits observed in schizophrenia. Figure 2 presents a systems level perspective on deficits 

in the motor system in schizophrenia, yet effects at this level can also be associated with 

evidence of functional alterations at the molecular scale in schizophrenia-relevant 

neurotransmitter systems. In the following section, we explore the synthesis between 

dopamine and dysfunctional motor control in schizophrenia.
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5. Dopamine and motor dysfunction in schizophrenia

In 1966 van Rossum proposed an early version of the “dopamine hypothesis”, suggesting 

that the illness may be related to the pathophysiological overproduction of dopamine or 

overstimulation of dopamine receptors (115). Evidence in the 1950’s associating Parkinson’s 

disease with a deficiency of dopamine, laid the framework for altered dopamine 

transmission as the cause of extrapyramidal disturbances seen with antipsychotics, and later, 

the underlying pathology in schizophrenia itself (116). By 1975, the dopamine hypothesis 

was substantiated by direct binding assays of antipsychotics to dopamine receptors (117).

Dopaminergic projections most associated with schizophrenia involve the mesocortical 

system (118). This system arises in the ventral tegmental area (VTA) and projects to 

multiple cortical areas including the prefrontal cortex, anterior cingulate cortex, and areas of 

the temporal lobes. Alterations in dopamine signaling of this projection, as well as the 

mesolimbic and nigrostriatal projections are likely to be involved in schizophrenia. Higher 

dopamine levels are found in the substantia nigra and the striatum of the basal ganglia, with 

lower levels found in the cortex of schizophrenia patients (119). In neuroleptic-naive 

patients, an overactive striatal dopaminergic system is thought to result from changes in 

dopamine synthesis, storage, and release (63), and indeed, molecular imaging studies found 

increased pre-synaptic dopamine synthesis and storage in the striatum of schizophrenia 

patients (120). This elevated striatal dopamine function has been strongly associated with 

motor dysfunction and psychotic symptoms (121).

Dopamine receptor abnormalities, especially D1 and D2, likely underlie some of the 

behavioral and abnormal motor symptoms seen in schizophrenia (122). In the nigrostriatal 

projection, dopamine is produced and synthesized in the dopaminergic neurons in the 

substantia nigra, in turn stimulating movement via the direct pathway through D1 receptors. 

Dopamine inhibits the indirect pathway, suppressing movement, by binding to the D2 

receptors that are on the indirect pathway GABA neurons. In the striatum, excessive 

stimulation of D2 receptors has been found in patients diagnosed early in the disease course 

(123). This hyper-stimulation is thought to result from highly sensitive D2 receptors, and it 

has been shown that schizophrenia patients who are exposed to dopamine-related drugs such 

amphetamine or methylphenidate often present with exacerbated psychotic symptoms (124).

In addition to hyper sensitivity, abnormal density of dopamine receptors may also impact 

motor areas implicated in schizophrenia. A decreased density of D2 receptors is found in the 

ACC, with higher density of D2 receptors in found the striatum (125, 126). In patients on 

antipsychotic treatment regimens, density of D2 receptors in the striatum is subsequently 

reduced, and is associated with an abnormal reduction in the speed of finger tapping (127). 

In a study where mice had up-regulated D2 receptors, increased inhibition of the indirect 

pathway was found, suggesting that the increased D2 receptor expression and increased 

striatal excitability could lead to reversible changes that would alter the way in which the 

direct pathway is activated in schizophrenia (123). This disruption of balance of the pallidal 

pathways, mediated by dopamine signaling, may play a role in the development of 

dysfunctional motor control. The link between putative pharmacologic mechanisms and 

treatment response, has led to the notion of dopamine (particularly striatal) sensitivity as a 
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“final common pathway” in schizophrenia (64), though given the complex nature of 

dopamine signaling, it is unlikely that a single hypothesis is responsible for all the 

manifestations of the illness (118). Figure 3 (consistent with the format of previous figures), 

depicts the implicated dopamine pathways with a summary of pertinent findings in 

schizophrenia.

6. Implications and Conclusions

Schizophrenia is a “multi-level” disorder with aberrations noted at micro-, meso- and macro-

scopic scales in the neuronal substrate. Yet its origins are obscure and its pathophysiologic 

bases can only be reached through a process of “inference” from brain signals (128). The 

organization of motor function, certainly at the macroscopic scale is remarkably well 

understood (Figure 1), and as our synthesis suggests, aspects of motor function, intersect 

with questions of interest in the pathophysiology of schizophrenia (Figures 2-3).

Individuals with schizophrenia are characterized by a diverse set of motor symptoms, among 

them involuntary, uncoordinated, and inhibited movement. As noted, dyskinesia is 

frequently medication induced, but motor symptoms were noted long before the discovery of 

first-generation anti-psychotics, and frequently predate the onset of the illness. Given that 

motor symptoms are at the core of schizophrenia-related pathophysiology and provide a 

relatively well-understood mapping to brain systems, the motivation to study the 

neurobiological bases of motor dysfunction in schizophrenia is obvious. These motivations 

are not isolated. There is a vivid history of studying the oculomotor system in the context of 

schizophrenia and psychosis, in part because of the ready translational framework, and 

because motor control (or lack thereof) within the eye movement system can provide 

fundamental insights into the bases of psychosis (20). Thus, a framework involving motor 

dysfunction measured by neuroimaging of both neurotransmitter systems and brain activity 

may reconcile and delineate nonhomogeneous findings and help in categorizing 

endophenotypes of the disease. Moreover, the pathophysiology of brain regions known to be 

involved in motor function may help inform understanding of disturbed cognitive functions 

in schizophrenia, given that thinking may be an active motor process. With no single 

underlying etiology to connect these dysfunctions to clinical features, an exploratory 

approach involving task-underpinned neuroimaging will be essential. Basic motor control 

and behavior are linked with a rich set of cortical and sub-cortical brain regions (10), an 

aspect that is appropriately recognized in the Research Domain Criteria constructs matrix 

(129). Whether the explication of domain related effects will ultimately inform and 

transform the diagnostic concept of schizophrenia, is itself an open question (130, 131), yet 

one worthy of investigation.
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Figure 1. 
The figure provides a schematic depiction of motor, cingulate and cerebellar regions and 

their role in aspects of motor behavior. Highlighted are M1: Primary Motor Cortex, SMA: 

Supplementary Motor Area, Pre-SMA: Pre-Supplementary Motor Area, dACC: Dorsal 

Anterior Cingulate Cortex, Basal Ganglia, and Cerebellum. The corresponding text boxes 

summarize known aspects of the relative specialization of function of the regions.
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Figure 2. 
Figure 1 is adapted to summarize some of the known findings in schizophrenia. As seen in 

the text boxes (and more extensively discussed in the text), regions central to motor behavior 

also are characterized by widespread and multifaceted abnormalities in schizophrenia. These 

include abnormal structure (at multiple scales) and aberrant responses during motor tasks. 

The color and naming schemes are maintained from Figure 1.
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Figure 3. 
A summary of dopamine projections and implications for schizophrenia. The nigrostriatal 

dopaminergic projection system originates from the substantia nigra (SN), whereas the 

mesocortical dopaminergic projection system originates from the ventral tegmental area 

(VTA). These systems project to the basal ganglia, and the motor and cingulate regions 

respectively (see marked projections). The text boxes summarize evidence of dysfunction in 

schizophrenia. The color and naming schemes are consistent with previous figures.
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