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Mounting evidence shows that brain disorders involve multiple and different neural dysfunctions, including regional brain damage, change to cell structure, chemical imbalance, and/or connectivity loss among different brain regions. Understanding the complexity of brain disorders can help us map these neural dysfunctions to different symptom clusters as well as understand subcategories of different brain disorders. Here, we discuss data on the mapping of symptom clusters to different neural dysfunctions using examples from brain disorders such as major depressive disorder (MDD), Parkinson’s disease (PD), schizophrenia, posttraumatic stress disorder (PTSD) and Alzheimer’s disease (AD). In addition, we discuss data on the similarities of symptoms in different disorders. Importantly, computational modeling work may be able to shed light on plausible links between various symptoms and neural damage in brain disorders.
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INTRODUCTION

Brain disorders are associated with several symptom clusters as well as many neural dysfunctions. For example, although Parkinson’s disease (PD) is associated with reduced dopamine levels in the brain (Kish et al., 1988), studies found other neural dysfunctions including abnormal subthalamic nucleus oscillations as well as changes in cortical and cerebellar structures (Levy et al., 2000; Wu and Hallett, 2013). Further, PD is associated with different classes of motor symptoms, including akinesia, bradykinesia, tremor, and medication-induced dyskinesia. These symptoms are caused by a somewhat different neural abnormalities (which we will discuss this below). The same applies to Alzheimer’s disease (AD) as it involves many symptom clusters (including memory loss, apraxia, language impairment, and executive dysfunction) and multiple neural abnormalities including damage in the hippocampus and neocortex (Wilcock and Esiri, 1982). Similarly, psychiatric disorders are characterized by various psychopathological symptoms with complex underlying neural substrates. Major depressive disorder (MDD), for example, is associated with mood, physical, and cognitive changes, among other behavioral symptoms (Nutt et al., 2007). At the neural level, MDD symptoms are associated withreduced levels of dopamine and serotonin as well as decreased volumes of the hippocampus and prefrontal cortex (Drevets et al., 2008). Similarly (and rather unsurprisingly), posttraumatic stress disorder (PTSD) and schizophrenia are associated with various symptom clusters (i.e., positive vs. negative symptoms in schizophrenia, and avoidance vs. re-experiencing in PTSD); both disorders are associated with widespread neural damage. Unlike MDD and PD, there have been a larger number of studies that attempt to map schizophrenia symptoms to dissociable neural substrates (Wolkin et al., 1992; Buchanan et al., 1993; Okubo et al., 1997; Abi-Dargham, 2003; Rueter et al., 2004; Cascella et al., 2008; Farkas et al., 2008; Kéri, 2008; Polgár et al., 2010; Arnedo et al., 2015).

Below, we discuss various symptom clusters, what we know about their neural substrates, as well as potential computational modeling work to help understand behavioral-neural relationships in the following brain disorders: MDD, PD, AD, PTSD and schizophrenia.

COMPUTATIONAL MODELING

For many years now, the importance of dysfunctional neural circuits and/or brain regions is being underlined when considering the pathophysiological mechanisms underpinning psychopathological symptoms of neuropsychiatric disorders. However, inter- and intra-regional neural connections and disconnections are still poorly understood at the present time. In order to shed more light on the neurobiological substrates of neuropsychiatric symptomatology, computational models rooted in translational cognitive neuroscience are being created in order to explain variety of behavioral, neurophysiological and neuroanatomical data (Eliasmith et al., 2012; Rasmussen and Eliasmith, 2013). Computational models usually consist of reciprocally connected loops between different circuits with top-down and bottom-up signaling at the cortical and subcortical levels (McClelland et al., 1995; O’Reilly and Norman, 2002; Bobier et al., 2014). In the current literature, the most commonly applied models are reinforcement learning models – allowing to analyze key aspects of choice, and Bayesian models – formalizing main aspects of the inference prior beliefs with current sensory data, each weighted according to their uncertainty (Pauli et al., 2012). Recent developments in this area demonstrate that such models hold potential to expand our understanding of neurologic and psychiatric disorders (Frank et al., 2012; Adams et al., 2016).

MAJOR DEPRESSIVE DISORDER

MDD is a psychiatric disorder characterized by reduced mood, anhedonia, psychomotor retardation, and learned helplessness, among others (Kennedy, 2008). It is known that MDD involves changes to different neurotransmitters, while the most salient change is to serotonin. There are also changes to dopaminergic and noradrenergic transmission (Nutt, 2008). MDD is also associated with changes to brain volumes and connectivity networks among different brain regions. For example, studies have reported reduced gray matter volume in the anterior cingulate (van Tol et al., 2010) and hippocampus (Videbech and Ravnkilde, 2004) in patients with MDD. Other studies reported increased connectivity among the anterior cingulate and medial temporal lobe (de Kwaasteniet et al., 2013), while others reported a decrease in the functional connectivity in the insula and amygdala (Veer et al., 2010). These findings highlight the fact that MDD is associated with multiple neural dysfunctions. These previously mentioned studies did not, however, map these neural abnormalities to specific symptoms in depression. However, there are some studies that have attempted to understand the neural correlates for each symptom in depression (Vrieze et al., 2014). For example, Argyropoulos and Nutt (2013) found that anhedonia (the inability to experience pleasure) is related to dopamine reduction, while reduced mood is related to decreased serotonin levels. Some studies have investigated the neural substrates of psychomotor retardation (lack of energy and reduced movement) in depression, and suggested that reduced dopamine is also implicated (Liberg and Rahm, 2015). It is possible that reduced dopamine levels in the ventral striatum is related to anhedonia whereas reduced dopamine levels in the dorsal striatum is related to psychomotor retardation (Stein, 2008). In addition, it was suggested that reduced mood and sadness in MDD is associated with dysfunction in the prefrontal cortex, particularly, the orbitofrontal cortex (Drevets, 1999; Mayberg et al., 1999; Davidson et al., 2002; Drevets et al., 2002; Lévesque et al., 2003). Although the studies mentioned above have mapped certain symptoms of MDD to separable neural dysfunctions, the exact mechanism of these observations remains unclear. Computational modeling work should attempt to explain the behavioral-neural relationships, such as how a reduction of dopamine in the striatum leads to psychomotor retardation.

The concept that depression is accompanied by a dysfunctional reward system has been shown empirically numerous times over past years (for review, see Chen et al., 2015). Using prediction error learning algorithm to model behavioral performance in MDD, Steele et al. (2007) have shown that speeding of reaction times after wins and slowing after loses were not as pronounced as in the healthy control subjects. Moreover, this feedback-related speeding/slowing effect was associated with anhedonia. In the meta-analytic study performed by Huys et al. (2013) showed that anhedonia in depressive states is mediated by a change in reward sensitivity, which is different from either stress or dopamine manipulations, such as receiving dopamine D2 agonists. Additionally, he has shown that anhedonia affect appetitive learning more by reducing the primary sensitivity to rewards than by affecting the learning rates.

PARKINSON’S DISEASE

PD is characterized by tremor, akinesia, rigidity, bradykinesia, and gait dysfunction among other symptoms (Kish et al., 1988). Beside reduction of dopamine levels, PD also involves changes in neural volumes and connectivity among brain regions (Shine et al., 2013). This is accompanied with changes to medium spiny neurons in the striatum due to dopamine degeneration (Villalba and Smith, 2010). PD patients are often categorized into akinesia-dominant vs. tremor-domanient (Rajput et al., 2009; Zaidel et al., 2009; Moustafa et al., 2013a). It has been shown that motor symptoms in PD map to different neural dysfunctions. For example, akinesia and bradykinesia have been shown to be related to dopamine reduction in the basal ganglia (Albin et al., 1989; Spiegel et al., 2007; Rodriguez-Oroz et al., 2009; Rossi et al., 2010; Helmich et al., 2011), while tremor is related to abnormalities to the subthalamic nucleus, thalamus and cerebellum (Deuschl et al., 1998, 2000; Helmich et al., 2012).

To complicate the picture, tremor has been often divided into three subtypes: resting, action, and postural (Helmich et al., 2012). Another less common categorization method of tremor also includes a fourth category: intention tremor (Fahn, 2011). Other studies also categorize tremor based on its frequency (low or high) and body parts affected (hand, leg, or other). Some studies have suggested action and resting tremor can stem from dissociable neural systems (Raethjen et al., 2000; Cagnan et al., 2014). However, the exact mechanism of how neural abnormalities can generate either resting and action tremor is not known, but computational modeling work can shed light on these issues.

Other motor symptoms in PD were found to be impacted by other neural systems. For example, many patients with PD show freezing of gait, which is a feeling that the patient’s feet are glued to the ground. Studies have shown both dopamine and norepinephrine play a role in the occurrence of freezing of gait in PD patients (Bohnen et al., 2011; Lewitt, 2012). A recent computational model of freezing of gait in PD patients was able to shed a light on how alterations to these neurotransmitters impact gait function (Muralidharan et al., 2014). One limitation of this model, however, is it did not explain how connectivity loss among the cortex and basal ganglia can lead to freezing of gait.

Another common symptom in PD is dyskinesia, which is often associated with long-term use of dopamine medications (Bohnen et al., 2011), and occurs in over a quarter of patients with PD (Fabbrini et al., 2007). Many brain regions are implicated in the occurrence of dyskinesia, including the striatum or subthalamic nucleus (Soghomonian, 2006), prefrontal cortex (Cerasa et al., 2012), cerebellum (Kishore and Popa, 2014), and premotor cortex (Halje et al., 2012; Richter et al., 2013). Further, recent studies have suggested that dyskinesia in PD is likely related to abnormal changes in medium spiny neurons in the striatum (e.g., loss of dendritic spines), which is likely caused by impaired connectivity with dopamine neurons (Villalba and Smith, 2010; Suárez et al., 2014). This is in agreement with studies showing that both dopamine D1 and D2 receptors play a role in dyskinesia (Iravani et al., 2012). By using connectivity analyses, it was found that dyskinesia in PD is associated with altered connectivity between the striatum and primary motor cortex (Herz et al., 2015). Many neurotransmitters have been also implicated in the occurrence of dyskinesia in PD including serotonin, GABA, and glutamate (Bibbiani et al., 2005; Rylander et al., 2010; Politis et al., 2014). Interesting, it has been difficult to find treatment for dyskinesia in PD. However, it has been demonstrated that dopamine D1 receptors are crucially involved in levodopa-induced dyskinesia (Darmopil et al., 2009). In addition, a recent study has found that downstream regulatory element antagonistic modulator protein can also reduce levodopa-induced dyskinesia in Parkinsonian animals (Ruiz-DeDiego et al., 2015).

SCHIZOPHRENIA

Schizophrenia is a psychiatric disorder that can involve both positive symptoms (such as delusions and hallucinations) and negative symptoms (such as apathy, avolition and social withdrawal). Unlike other brain disorders, schizophrenia is often perceived to involve multiple and complex neural dysfunctions (Honea et al., 2005). These include dysfunction to the prefrontal cortex, basal ganglia, amygdala, and hippocampus (Cohen et al., 1996; Wright et al., 2000; Allen et al., 2011; Kühn et al., 2012; Yoon et al., 2013). It has been found that dysfunction of dopaminergic neurotransmission is widely observed in schizophrenia patients. However, dysregulation in other neurotransmission including serotonergic and GABAergic systems have been also reported (Carlsson et al., 2001; Abi-Dargham et al., 2002; Faghihi and Moustafa, 2015). Studies have shown reductions to regional brain volumes in patients with schizophrenia, including cortical gray matter (Cahn et al., 2002), medial temporal lobe and hippocampus (Wright et al., 2000; Honea et al., 2005). One study has found increased coupling between the posterior cingulate gyrus and precuneus in patients with schizophrenia (Pu et al., 2014). In contrast, few studies have dissociated positive and negative symptoms in schizophrenia (Buchanan et al., 1993; Abi-Dargham, 2003; Cascella et al., 2008; Arnedo et al., 2015). These studies suggested that positive symptoms may be related to dysfunction in the basal ganglia and hippocampus, while negative symptoms may be associated with neural damage to the prefrontal cortex (Wolkin et al., 1992).

It is important to note that hallucinations and delusions are often lumped together in one category, as measured by the positive and negative syndrome scale (PANSS; Moritz et al., 2001). However, based on studies from other patient populations, Poletti et al. (2012) found that delusions and hallucinations often do not co-exist in the same schizophrenia patient. To date, few studies have focused on subcomponents of positive symptoms in isolation. Bhatt et al. (2010) investigated cognitive dysfunction in schizophrenia patients with and without delusions; they found that the occurrence of delusions in schizophrenia is associated with more false memory errors, possibly suggesting that the hippocampus plays a role on both kinds of processes. Other studies have also investigated hallucinations in isolation (Hoffman et al., 2003; Schneider et al., 2011; Ford et al., 2014). For example, it has been found that hallucinations are associated with positive formal thought disorders (Sommer et al., 2010), suggesting that these two symptoms may share neurobiological substrates.

Using the psychiatric symptom rating scales (PSYRATS) allowing for dimensional assessment of hallucinations and delusions, Schneider et al. (2011), who dissociated the effects of psychiatric treatment on delusions vs. hallucinations in schizophrenia, found hallucinations tend to respond earlier to antipsychotic treatment than delusions. Other studies show that antipsychotic medications can reduce auditory hallucinations, while having minor effect on delusions (Lecrubier et al., 2007). Given the dissociable effects of treatments on hallucinations and delusions, it is likely that they are related to different neural abnormalities. It is possible that hallucinations and delusions are associated with separable neural systems, although some argue that delusions (false beliefs) may cause hallucinations (false perceptions; Maher, 1974; Ford et al., 2014). It is also possible that hallucinations are related to perceptual dysfunction (and thus impact posterior brain regions), while delusions are related to memory impairment (and thus related to temporal lobe dysfunction). Further, hallucinations are often broken down into subcategories (visual and auditory), as these present differently in various disorders, such as PD and schizophrenia. Further, it has also been argued that auditory hallucinations should be subgrouped into internally perceived (e.g., thought echo) vs. externally perceived (instructional voices; David, 2004), although the dissociable neural substrates of each is not known.

Further, although it was found depression and apathy are associated with different cognitive performances in PD (Pluck and Brown, 2002; Oguru et al., 2010; Kirsch-Darrow et al., 2011; Varanese et al., 2011), to our knowledge, dissociating the two symptoms was not conducted in schizophrenia studies. The findings that there are conflicting results of how different antipsychotics may impact depressive and negative symptoms in schizophrenia (Buckley and Stahl, 2007) could be due to differential effects of antipsychotics on different subcomponents of both general psychopathology and negative symptoms subscales (for discussion, see Lecrubier et al., 2007). In computational models of reinforcement learning, it has been shown that schizophrenia patients have impaired performance at acquisition of new knowledge on various reward and punishment learning tasks. This effect has been attributed to impairments of different aspects of the reward system (Somlai et al., 2011; Moustafa et al., 2015). More specifically, Corlett et al. (2010) have hypothesized that delusions arise from aberrations in how individuals compute prediction error—the mismatch between expectation and experience. They argue that defects in this fundamental brain mechanism in cortical and subcortical brain regions can vitiate perception, memory and social learning causing delusional thinking in psychotic illnesses.

POSTTRAUMATIC STRESS DISORDER

PTSD is a fear and anxiety disorder, which develops in response to exposure to a traumatic event (e.g., physical and sexual assaults, combat experience, or motor vehicle accident) that produce fear responses triggered by subsequent exposures to reminders of the traumatic event (Gilbertson et al., 2008). Like other brain disorders, PTSD is characterized by the occurrence of different symptoms, including hyperarousal (e.g., problems concentrating, sleep problems), avoidance (e.g., avoiding any cues or contexts associated with the traumatic event), and re-experiencing (e.g., the recurrence of negative thoughts associated with the trauma; Gilbertson et al., 2008).

A wealth of data has shown that PTSD is associated with damage to the amygdala, ventromedial prefrontal cortex, hippocampus, and anterior cingulate (Gilbertson et al., 2008). Specifically, it has been found that a smaller hippocampal area is a risk factor for the development of PTSD (Gilbertson et al., 2002). Other studies have also reported increased activation levels in the amygdala, but reduced activation in the ventromedial prefrontal cortex in PTSD patients (Gilbertson et al., 2002). However, it remains unknown how these neural abnormalities relate to different symptoms of PTSD.

Few studies have attempted to dissociate the effects of PTSD symptoms, especially avoidance and re-experiencing. For instance, Myers et al. (2012) found that re-experiencing symptoms in PTSD is associated with impairment in generalization of learned rules using the acquired equivalence task (Kostek et al., 2014; Anastasides et al., 2015). This task has two phases: acquisition (learning to associate two stimuli) and transfer generalization (learning that cues become equivalent when they were previously associated with the same response). In this task, participants learn cues that were associated with the same feedback acquire a similarity such that subsequent generalization between these cues increases (Bondi et al., 1993). Myers et al. (2012) found that avoidance symptoms in PTSD are associated with behavioral inhibition. The same group applied a probabilistic classification task with trials resulting in reward, punishment and ambiguous outcomes (no-feedback response) to male veterans with severe and few or no PTSD symptoms. Those with severe PTSD symptoms outperformed the patients with few or no PTSD on reward-based trials, while there were no significant differences in punishment-based trials. Furthermore, patients with less severe PTSD symptoms rated ambiguous outcomes as more rewarding reflecting successful avoidance (Myers et al., 2013). Additionally, Hopper et al. (2007) also found that avoidance and re-experiencing symptoms are associated with different neural abnormalities, with avoidance severity negatively correlated with subcallosal anterior cingulate activity, while re-experiencing severity positively correlated with right anterior insula activity. Similarly, Contractor et al. (2013) revealed that some PTSD symptoms including dysphoria, avoidance and re-experiencing are related to alterations in the behavioral inhibition system that guides conflict resolution between approach and avoidance behaviors. To our knowledge, no study has focused on understanding the clinical and neural picture of hyperarousal in PTSD. Although there have been computational models of fear conditioning in PTSD (Moustafa et al., 2013b), none has attempted to understand the neural and behavioral correlates of different PTSD symptoms.

ALZHEIMER’S DISEASE

AD is the most common form of dementia in old age, although it can also affect younger populations (Wilcock and Esiri, 1982). Dementia (including AD) is an umbrella term that involves loss of memory (semantic and episodic), apraxia, changes in language understanding and production, as well as executive dysfunction (Minati et al., 2009). Many of these symptoms are often subcategorized into additional subcomponents. For example, according to Cologne Apraxia Screening test, apraxia involves deficits to limb imitation, pantomime of object use, and imitation of face postures. One study suggested that apraxia has two components: commands to pantomime movements and mimicking movements (Foster et al., 1986).

Like most neurological and psychiatric disorders, AD is associated with multiple neural abnormalities mostly affecting the neocortex and hippocampal region (although there are reports of dysfunction to other brain regions). Additionally, AD is also associated with the formation of beta-amyloid plaques and neurofibrillary tangles in the cortex and hippocampal regions (Wilcock and Esiri, 1982) and a reduction of acetylcholine levels in the hippocampus and cortex (Wilcock and Esiri, 1982). Importantly, it is not known which neural damage gives rise to which symptoms in AD.

Anterograde amnesia in AD has been shown to be related to cortical abnormalities (Becker and Overman, 2002; Small et al., 2003). These findings are in agreement with data showing that the hippocampal region plays an important role in memory acquisition and consolidation, while the neocortex accounts for the maintenance of long-term memory (Squire and Alvarez, 1995). Several studies have investigated neural correlates of language processing in AD (Whitwell et al., 2015). One study, however, found that deficits in naming objects in AD are associated with reduced activation of inferior temporal lobes (Melrose et al., 2009).

To our knowledge, there is a dearth of studies investigating clinical and therapeutic correlates of different symptoms in AD, such as comparing memory severity to language dysfunction in AD. There is, however, one recent study that investigated neural correlates of subcomponents of apraxia, showing that unlike pantomiming of object-use, limb imitation processes are associated with underactivation to the inferior occipital gyrus (Johnen et al., 2015). Unlike PD, there are almost no studies that attempt to subcategorize AD patients into subgroups to investigate clinical, neural, and therapeutic aspects of each symptom in isolation. Further, unlike PD, there are fewer numbers of computational models of AD, and to our knowledge, few of them mainly focus on understanding memory decline and learning deficits in AD. For example, a network model by Ruppin and Reggia (1995) simulated impairment in retrieval of recent memories in AD. Tippett and Farah (1994) provided a feedforward connectionist model, and showed that naming objects in AD patients is related to semantic memory deficit in AD. Hasselmo (1997) provided a hippocampus model showing that deficits in memory encoding and retrieval in AD patients are possibly due to impaired pattern separation of new and old inputs in the hippocampus. In one study, deficits of acquired equivalent learning were tested in patients with mild AD (Bódi et al., 2009). Acquired equivalence, which is markedly impaired in case of hippocampal damage (Myers et al., 2003), refers to the phenomenon in which prior training to treat two stimuli as equivalent leads to generalization between them, even if the stimuli are characterized by superficial differences. Authors found that AD patients had mild impairments in the training phase; however, they presented profound deficits in the acquired equivalence task (Bódi et al., 2009).

CONCLUSION

This article recommends a symptom-based, rather than whole disease-based, approach to understand neural correlates of neurological and psychiatric disorders (see Figure 1 for a summary of results on the relationship between different symptoms and neural substrates). As discussed above, some studies have adopted this direction and investigated symptom clusters separately, such as tremor in PD (Hess and Pullman, 2012; Zhang et al., 2015), positive and negative symptoms in schizophrenia (Heckers et al., 1999), and psychomotor retardation in depression (Liberg and Rahm, 2015). Yet, this is not often the case for other symptoms or for other brain disorders, such as PTSD and AD. Importantly, the approach described here can be applied to other brain disorders, as most disorders involve damage to different neural systems and are associated with different clusters of symptoms. The challenge is to map neural damage to symptom clusters.
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FIGURE 1. A summary of the relationship between different symptoms in brain disorders discussed here, and corresponding neural abnormalities. A tick mark means the corresponding brain area plays a role in this symptom, while empty cells means either it does not, or no existing data on their relationship.



It is important to note that the different symptoms in a brain disorders are not necessarily dissociable (i.e., each is associated with different neural substrates and clinical profile). For example, some studies found that some motor symptoms in PD correlate with each other, including hand movement, gait and speech (Giladi et al., 2001; Goberman, 2005; Moreau et al., 2007; Cantiniaux et al., 2010; Naismith and Lewis, 2010; Nutt et al., 2011; Skodda et al., 2011; Vercruysse et al., 2012; Wagle Shukla et al., 2012). These correlations suggest that pharmacological drugs may affect each cluster of symptoms in a similar manner. Future studies should investigate the relationships among the different symptoms in a brain disorder; it is expected that related symptoms may share similar neural mechanism and may benefit from same treatment. For example, it was found that episodic memory and executive function processes correlate in AD (Baudic et al., 2006), but it is not known whether other symptoms in AD correlate with each other (including language production deficits and executive dysfunction). As we will discuss below, future computational models should attempt to provide a unified account of related symptoms, so they can provide a plausible neural mechanism for symptoms. Importantly, computational models can be used to provide best treatment for brain disorders (see for example, a model of treatment of schizophrenia symptoms by Siekmeier and vanMaanen, 2013).

A symptom-based approach will help us understand commonalities among disorders. For example, depression is co-morbid with many other disorders, including PD, schizophrenia, among others, and it is possible that these all share a common neural dysfunction. Depression in all these disorders have been associated with decreased similar neural mechanisms, including changes to dopamine and serotonin (Remy et al., 2005; Shen et al., 2012). This approach is also in line with the Research Domain Criteria (RDoC) project by the National Institute of Health (NIH), which proposes to study information processing mechanisms underlying single symptoms across different disorders. For example, akinesia in PD and psychomotor retardation in MDD are both associated with reduced dopamine levels in the striatum, thus suggesting both may share a similar mechanism.

Understanding the clinical picture and neural substrate of each symptom may also help the development of treatment for these symptoms. This may also help address conflicting results in the literature regarding the effects of pharmacological drugs on symptoms. For example, there have been conflicting results on whether antipsychotics can ameliorate negative symptoms in schizophrenia (Kane et al., 1988; Fitton and Heel, 1990; Miller et al., 1994; Schooler, 1994; Klemm et al., 1996; Risch, 1996; Rosenheck et al., 1997; Fink-Jensen, 2000; Rueter et al., 2004; Horacek et al., 2006; Tamrakar et al., 2006; Buckley and Stahl, 2007; Curtis et al., 2008). This could be due the fact that negative symptoms in schizophrenia are not monolithic constructs and may vary from individual from another. This same analysis can also be applied to other brain disorders.

It is important to note the process of subcategorizing a symptom into several components is an ongoing process, and future research is likely to further refine the subcategories of symptoms in brain disorders. For example, hallucinations and delusions are different classes of symptoms in schizophrenia, and hallucinations can be subcategorized into internally or externally perceived. The same applies to tremor, as it is often subcategorized based on type (into resting tremor, action, or postural tremor) or based on frequency (low or high) or body part affected (neck, hand, or leg). As another example, language deficits have been reported in AD, and it is likely that subcategorizing language deficits into several components may help understand the neural and therapeutic aspects of each in isolation. Similarly, as reported above, few studies have subcategorized apraxia in AD into motor processes that involve either mimicking or pantomiming, and report that these involve differential neural mechanisms (Foster et al., 1986).

Understanding the neural correlates of a symptom does not necessarily mean we understand its information processing mechanism. This is important as it may help developing a treatment for brain disorders (Siekmeier and vanMaanen, 2013). To do so, we must design a computational model to understand how damage to some neural systems lead to these symptoms. Computational models can aid in providing links of brain-behavioral relationships in relation to neuropsychological disorders. If dopamine is the main culprit in symptoms in PD, computational models should be able to provide a mechanistic account for how dopamine reduction cause these symptoms. Importantly, computational models should be able to explain how an increase or decrease in functional connectivity, regional brain volume, or neurotransmitter levels relates to symptoms in different disorders. For example, a model can explain how and why an increase (but not a decrease) in connectivity among brain regions or neurotransmitter leads to certain symptoms. Importantly, there have been some attempts to simulate different symptoms in brain disorders. For example, some computational models have simulated tremor in PD (Frank et al., 2007; Shaikh et al., 2010; Dovzhenok and Rubchinsky, 2012), gait dysfunction in PD (Muralidharan et al., 2014), hallucinations and psychosis in schizophrenia (Ermentrout and Cowan, 1979; Chen, 1995; Siekmeier et al., 2007; Lisman et al., 2010), avoidance (main symptom in PTSD; Sheynin et al., 2015), and language production deficits in AD (Conley et al., 2001). Future computational modeling work should focus on simulating other symptoms in these disorders as well as in other brain disorders.

There have been other ways of subcategorizing psychiatric and neurological disorders. For example, there are a few ways to categorize AD using genetics, as AD patients are often categorized in familial or sporadic, or into APOE ε4 carriers or not (Duara et al., 1993; van Duijn et al., 1995). Further, AD and PD are also often categorized into early vs. late-onset (younger or older than 65 in AD and younger or older than 50 in PD; Koedam et al., 2010) or based on age of onset (Foltynie et al., 2002). Other methods include disease duration and/or disease severity, which is usually done in AD and PD research as these are progressive disorders and symptoms change over time. Although these are very useful and relatively easy to do, subcategorizing a brain disorder based on symptoms has the additional following benefits: (a) a symptom is a behavioral trait and amenable to computational modeling and (b) many symptoms (e.g., depression and anxiety) co-occur in various brain disorders, so understanding these may help find treatment to them regardless of the disorder.

To sum up, for each brain disorder, future work in cognitive neuroscience, neuropsychology, and computational modeling should: (a) investigate clinical profile of the different symptoms; (b) study whether any of these correlate and thus related; (c) test the effects of drugs on each symptom in isolation; (d) investigate the neural substrates of each symptom; and (e) design computational models to understand the neural mechanism of each symptom in isolation. For example, a model of a brain region (e.g., hippocampus) should be able to explain all symptoms associated with hippocampus dysfunction, including memory decline in dementia and delusions in schizophrenia.

AUTHOR CONTRIBUTIONS

All authors listed, have made substantial, direct and intellectual contribution to the work, and approved it for publication.

REFERENCES


Abi-Dargham, A. (2003). Probing cortical dopamine function in schizophrenia: what can D1 receptors tell us? World Psychiatry 2, 166–171.



Abi-Dargham, A., Mawlawi, O., Lombardo, I., Gil, R., Martinez, D., Huang, Y., et al. (2002). Prefrontal dopamine D1 receptors and working memory in schizophrenia. J. Neurosci. 22, 3708–3719.


Adams, R. A., Huys, Q. J., and Roiser, J. P. (2016). Computational psychiatry: towards a mathematically informed understanding of mental illness. J. Neurol. Neurosurg. Psychiatry 87, 53–63. doi: 10.1136/jnnp-2015-310737

Albin, R. L., Young, A. B., and Penney, J. B. (1989). The functional anatomy of basal ganglia disorders. Trends Neurosci. 12, 366–375. doi: 10.1016/0166-2236(89)90074-X

Allen, P., Seal, M. L., Valli, I., Fusar-Poli, P., Perlini, C., Day, F., et al. (2011). Altered prefrontal and hippocampal function during verbal encoding and recognition in people with prodromal symptoms of psychosis. Schizophr. Bull. 37, 746–756. doi: 10.1093/schbul/sbp113

Anastasides, N., Beck, K. D., Pang, K. C., Servatius, R. J., Gilbertson, M. W., Orr, S. P., et al. (2015). Increased generalization of learned associations is related to re-experiencing symptoms in veterans with symptoms of post-traumatic stress. Stress 18, 484–489. doi: 10.3109/10253890.2015.1053450

Argyropoulos, S. V., and Nutt, D. J. (2013). Anhedonia revisited: is there a role for dopamine-targeting drugs for depression? J. Psychopharmacol. 27, 869–877. doi: 10.1177/0269881113494104

Arnedo, J., Svrakic, D. M., Del Val, C., Romero-Zaliz, R., Hernandez-Cuervo, H., Molecular Genetics of Schizophrenia Consortium, et al. (2015). Uncovering the hidden risk architecture of the schizophrenias: confirmation in three independent genome-wide association studies. Am. J. Psychiatry 172, 139–153. doi: 10.1176/appi.ajp.2014.14040435

Baudic, S., Barba, G. D., Thibaudet, M. C., Smagghe, A., Remy, P., and Traykov, L. (2006). Executive function deficits in early Alzheimer’s disease and their relations with episodic memory. Arch. Clin. Neuropsychol. 21, 15–21. doi: 10.1016/j.acn.2005.07.002


Becker, J. T., and Overman, A. A. (2002). The semantic memory deficit in Alzheimer’s disease. Rev. Neurol. 35, 777–783.


Bhatt, R., Laws, K. R., and McKenna, P. J. (2010). False memory in schizophrenia patients with and without delusions. Psychiatry Res. 178, 260–265. doi: 10.1016/j.psychres.2009.02.006

Bibbiani, F., Costantini, L. C., Patel, R., and Chase, T. N. (2005). Continuous dopaminergic stimulation reduces risk of motor complications in parkinsonian primates. Exp. Neurol. 192, 73–78. doi: 10.1016/j.expneurol.2004.11.013

Bobier, B., Stewart, T. C., and Eliasmith, C. (2014). A unifying mechanistic model of selective attention in spiking neurons. PLoS Comput. Biol. 10:e1003577. doi: 10.1371/journal.pcbi.1003577

Bódi, N., Csibri, E., Myers, C. E., Gluck, M. A., and Kéri, S. (2009). Associative learning, acquired equivalence and flexible generalization of knowledge in mild Alzheimer disease. Cogn. Behav. Neurol. 22, 89–94. doi: 10.1097/WNN.0b013e318192ccf0

Bohnen, N. I., Albin, R. L., Müller, M. L., and Chou, K. (2011). Advances in therapeutic options for gait and balance in Parkinson’s disease. US Neurol. 7, 100–108. doi: 10.17925/usn.2011.07.02.100

Bondi, M. W., Kaszniak, A. W., Rapcsak, S. Z., and Butters, M. A. (1993). Implicit and explicit memory following anterior communicating artery aneurysm rupture. Brain Cogn. 22, 213–229. doi: 10.1006/brcg.1993.1035

Buchanan, R. W., Breier, A., Kirkpatrick, B., Elkashef, A., Munson, R. C., Gellad, F., et al. (1993). Structural abnormalities in deficit and nondeficit schizophrenia. Am. J. Psychiatry 150, 59–65. doi: 10.1176/ajp.150.1.59

Buckley, P. F., and Stahl, S. M. (2007). Pharmacological treatment of negative symptoms of schizophrenia: therapeutic opportunity or cul-de-sac? Acta Psychiatr. Scand. 115, 93–100. doi: 10.1111/j.1600-0447.2007.00992.x

Cagnan, H., Little, S., Foltynie, T., Limousin, P., Zrinzo, L., Hariz, M., et al. (2014). The nature of tremor circuits in parkinsonian and essential tremor. Brain 137, 3223–3234. doi: 10.1093/brain/awu250

Cahn, W., Hulshoff Pol, H. E., Lems, E. B., van Haren, N. E., Schnack, H. G., van der Linden, J. A., et al. (2002). Brain volume changes in first-episode schizophrenia: a 1-year follow-up study. Arch. Gen. Psychiatry 59, 1002–1010. doi: 10.1001/archpsyc.59.11.1002

Cantiniaux, S., Vaugoyeau, M., Robert, D., Horrelou-Pitek, C., Mancini, J., Witjas, T., et al. (2010). Comparative analysis of gait and speech in Parkinson’s disease: hypokinetic or dysrhythmic disorders? J. Neurol. Neurosurg. Psychiatry 81, 177–184. doi: 10.1136/jnnp.2009.174375

Carlsson, A., Waters, N., Holm-Waters, S., Tedroff, J., Nilsson, M., and Carlsson, M. L. (2001). Interactions between monoamines, glutamate and GABA in schizophrenia: new evidence. Annu. Rev. Pharmacol. Toxicol. 41, 237–260. doi: 10.1146/annurev.pharmtox.41.1.237

Cascella, N. G., Testa, S. M., Meyer, S. M., Rao, V. A., Diaz-Asper, C. M., Pearlson, G. D., et al. (2008). Neuropsychological impairment in deficit vs. non-deficit schizophrenia. J. Psychiatr Res. 42, 930–937. doi: 10.1016/j.jpsychires.2007.10.002

Cerasa, A., Pugliese, P., Messina, D., Morelli, M., Gioia, M. C., Salsone, M., et al. (2012). Prefrontal alterations in Parkinson’s disease with levodopa-induced dyskinesia during fMRI motor task. Mov. Disord. 27, 364–371. doi: 10.1002/mds.24017


Chen, E. Y. (1995). A neural network model of cortical information processing in schizophrenia. II–role of hippocampal-cortical interaction: a review and a model. Can J. Psychiatry 40, 21–26.


Chen, C., Takahashi, T., Nakagawa, S., Inoue, T., and Kusumi, I. (2015). Reinforcement learning in depression: a review of computational research. Neurosci. Biobehav. Rev. 55, 247–267. doi: 10.1016/j.neubiorev.2015.05.005


Cohen, J. D., Braver, T. S., and O’Reilly, R. C. (1996). A computational approach to prefrontal cortex, cognitive control and schizophrenia: recent developments and current challenges. Philos. Trans. R. Soc. Lond. B Biol. Sci. 351, 1515–1527.


Conley, P., Burgess, C., and Glosser, G. (2001). Age vs. Alzheimer’s: a computational model of changes in representation. Brain Cogn. 46, 86–90. doi: 10.1016/s0278-2626(01)80040-3

Contractor, A. A., Elhai, J. D., Ractliffe, K. C., and Forbes, D. (2013). PTSD’s underlying symptom dimensions and relations with behavioral inhibition and activation. J. Anxiety Disord. 27, 645–651. doi: 10.1016/j.janxdis.2013.07.007

Corlett, P. R., Taylor, J. R., Wang, X. J., Fletcher, P. C., and Krystal, J. H. (2010). Toward a neurobiology of delusions. Prog. Neurobiol. 92, 345–369. doi: 10.1016/j.pneurobio.2010.06.007

Curtis, V. A., Katsafouros, K., Moller, H. J., Medori, R., and Sacchetti, E. (2008). Long-acting risperidone improves negative symptoms in stable psychotic patients. J. Psychopharmacol. 22, 254–261. doi: 10.1177/0269881107082119

Darmopil, S., Martin, A. B., De Diego, I. R., Ares, S., and Moratalla, R. (2009). Genetic inactivation of dopamine D1 but not D2 receptors inhibits L-DOPA-induced dyskinesia and histone activation. Biol. Psychiatry 66, 603–613. doi: 10.1016/j.biopsych.2009.04.025

David, A. S. (2004). The cognitive neuropsychiatry of auditory verbal hallucinations: an overview. Cogn. Neuropsychiatry 9, 107–123. doi: 10.1080/13546800344000183

Davidson, J. R., Meoni, P., Haudiquet, V., Cantillon, M., and Hackett, D. (2002). Achieving remission with venlafaxine and fluoxetine in major depression: its relationship to anxiety symptoms. Depress. Anxiety 16, 4–13. doi: 10.1002/da.10045

de Kwaasteniet, B., Ruhe, E., Caan, M., Rive, M., Olabarriaga, S., Groefsema, M., et al. (2013). Relation between structural and functional connectivity in major depressive disorder. Biol. Psychiatry 74, 40–47. doi: 10.1016/j.biopsych.2012.12.024

Deuschl, G., Bain, P., and Brin, M. (1998). Consensus statement of the movement disorder society on tremor. Ad hoc scientific committee. Mov. Disord. 13, 2–23. doi: 10.1002/mds.870131303

Deuschl, G., Raethjen, J., Baron, R., Lindemann, M., Wilms, H., and Krack, P. (2000). The pathophysiology of parkinsonian tremor: a review. J. Neurol. 247, V33–V48. doi: 10.1007/pl00007781

Dovzhenok, A., and Rubchinsky, L. L. (2012). On the origin of tremor in Parkinson’s disease. PLoS One 7:e41598. doi: 10.1371/journal.pone.0041598

Drevets, W. C. (1999). Prefrontal cortical-amygdalar metabolism in major depression. Ann. N Y Acad. Sci. 877, 614–637. doi: 10.1111/j.1749-6632.1999.tb09292.x

Drevets, W. C., Bogers, W., and Raichle, M. E. (2002). Functional anatomical correlates of antidepressant drug treatment assessed using PET measures of regional glucose metabolism. Eur. Neuropsychopharmacol. 12, 527–544. doi: 10.1016/S0924-977X(02)00102-5

Drevets, W. C., Price, J. L., and Furey, M. L. (2008). Brain structural and functional abnormalities in mood disorders: implications for neurocircuitry models of depression. Brain Struct. Funct. 213, 93–118. doi: 10.1007/s00429-008-0189-x

Duara, R., Lopez-Alberola, R. F., Barker, W. W., Loewenstein, D. A., Zatinsky, M., Eisdorfer, C. E., et al. (1993). A comparison of familial and sporadic Alzheimer’s disease. Neurology 43, 1377–1384. doi: 10.1212/wnl.43.7.1377

Eliasmith, C., Stewart, T. C., Choo, X., Bekolay, T., DeWolf, T., Tang, Y., et al. (2012). A large-scale model of the functioning brain. Science 338, 1202–1205. doi: 10.1126/science.1225266

Ermentrout, G. B., and Cowan, J. D. (1979). A mathematical theory of visual hallucination patterns. Biol. Cybern. 34, 137–150. doi: 10.1007/bf00336965

Fabbrini, G., Brotchie, J. M., Grandas, F., Nomoto, M., and Goetz, C. G. (2007). Levodopa-induced dyskinesias. Mov. Disord. 22, 1379–1389. doi: 10.1002/mds.21475

Faghihi, F., and Moustafa, A. A. (2015). A computational model of pattern separation efficiency in the dentate gyrus with implications in schizophrenia. Front. Syst. Neurosci. 9:42. doi: 10.3389/fnsys.2015.00042

Fahn, S. (2011). Classification of movement disorders. Mov. Disord. 26, 947–957. doi: 10.1002/mds.23759

Farkas, M., Polgár, P., Kelemen, O., Réthelyi, J., Bitter, I., Myers, C. E., et al. (2008). Associative learning in deficit and nondeficit schizophrenia. Neuroreport 19, 55–58. doi: 10.1097/WNR.0b013e3282f2dff6

Fink-Jensen, A. (2000). Novel pharmacological approaches to the treatment of schizophrenia. Dan. Med. Bull. 47, 151–167. doi: 10.1080/080394800448291

Fitton, A., and Heel, R. C. (1990). Clozapine. A review of its pharmacological properties and therapeutic use in schizophrenia. Drugs 40, 722–747. doi: 10.2165/00003495-199040050-00007

Foltynie, T., Brayne, C., and Barker, R. A. (2002). The heterogeneity of idiopathic Parkinson’s disease. J. Neurol. 249, 138–145. doi: 10.1007/pl00007856

Ford, J. M., Morris, S. E., Hoffman, R. E., Sommer, I., Waters, F., McCarthy-Jones, S., et al. (2014). Studying hallucinations within the NIMH RDoC framework. Schizophr. Bull. 40, S295–S304. doi: 10.1093/schbul/sbu011

Foster, N. L., Chase, T. N., Patronas, N. J., Gillespie, M. M., and Fedio, P. (1986). Cerebral mapping of apraxia in Alzheimer’s disease by positron emission tomography. Ann. Neurol. 19, 139–143. doi: 10.1002/ana.410190205

Frank, G. K., Reynolds, J. R., Shott, M. E., Jappe, L., Yang, T. T., Tregellas, J. R., et al. (2012). Anorexia nervosa and obesity are associated with opposite brain reward response. Neuropsychopharmacology 37, 2031–2046. doi: 10.1038/npp.2012.51

Frank, M. J., Samanta, J., Moustafa, A. A., and Sherman, S. J. (2007). Hold your horses: impulsivity, deep brain stimulation and medication in parkinsonism. Science 318, 1309–1312. doi: 10.1126/science.1146157

Giladi, N., McDermott, M. P., Fahn, S., Przedborski, S., Jankovic, J., Stern, M., et al. (2001). Freezing of gait in PD: prospective assessment in the DATATOP cohort. Neurology 56, 1712–1721. doi: 10.1212/wnl.56.12.1712


Gilbertson, M. W., Orr, S. P., Rauch, S. L., and Pitman, R. K. (2008). “Trauma and posttraumatic stress disorder,” in Comprehensive Clinical Psychiatry, eds T. A. Stern, J. F. Rosenbaum, M. Fava, J. Biederman, and S. L. Rauch (Philadelphia, PA: Mosby Elsevier), 380–394.e5.


Gilbertson, M. W., Shenton, M. E., Ciszewski, A., Kasai, K., Lasko, N. B., Orr, S. P., et al. (2002). Smaller hippocampal volume predicts pathologic vulnerability to psychological trauma. Nat. Neurosci. 5, 1242–1247. doi: 10.1038/nn958


Goberman, A. M. (2005). Correlation between acoustic speech characteristics and non-speech motor performance in Parkinson disease. Med. Sci. Monit. 11, CR109–CR116.


Halje, P., Tamtè, M., Richter, U., Mohammed, M., Cenci, M. A., and Petersson, P. (2012). Levodopa-induced dyskinesia is strongly associated with resonant cortical oscillations. J. Neurosci. 32, 16541–16551. doi: 10.1523/JNEUROSCI.3047-12.2012


Hasselmo, M. E. (1997). A computational model of the progression of Alzheimer’s disease. MD Comput. 14, 181–191.


Heckers, S., Goff, D., Schacter, D. L., Savage, C. R., Fischman, A. J., Alpert, N. M., et al. (1999). Functional imaging of memory retrieval in deficit vs. nondeficit schizophrenia. Arch. Gen. Psychiatry 56, 1117–1123. doi: 10.1001/archpsyc.56.12.1117

Helmich, R. C., Hallett, M., Deuschl, G., Toni, I., and Bloem, B. R. (2012). Cerebral causes and consequences of parkinsonian resting tremor: a tale of two circuits? Brain 135, 3206–3226. doi: 10.1093/brain/aws023

Helmich, R. C., Janssen, M. J., Oyen, W. J., Bloem, B. R., and Toni, I. (2011). Pallidal dysfunction drives a cerebellothalamic circuit into Parkinson tremor. Ann. Neurol. 69, 269–281. doi: 10.1002/ana.22361

Herz, D. M., Haagensen, B. N., Christensen, M. S., Madsen, K. H., Rowe, J. B., Løkkegaard, A., et al. (2015). Abnormal dopaminergic modulation of striato-cortical networks underlies levodopa-induced dyskinesias in humans. Brain 138, 1656–1666. doi: 10.1093/brain/awv096


Hess, C. W., and Pullman, S. L. (2012). Tremor: clinical phenomenology and assessment techniques. Tremor Other Hyperkinet. Mov. (N Y) 2:tre-02-65-365-1 doi: 10.7916/D8WM1C41


Hoffman, R. E., Hawkins, K. A., Gueorguieva, R., Boutros, N. N., Rachid, F., Carroll, K., et al. (2003). Transcranial magnetic stimulation of left temporoparietal cortex and medication-resistant auditory hallucinations. Arch. Gen. Psychiatry 60, 49–56. doi: 10.1001/archpsyc.60.1.49

Honea, R., Crow, T. J., Passingham, D., and Mackay, C. E. (2005). Regional deficits in brain volume in schizophrenia: a meta-analysis of voxel-based morphometry studies. Am. J. Psychiatry 162, 2233–2245. doi: 10.1176/appi.ajp.162.12.2233

Hopper, J. W., Frewen, P. A., van der Kolk, B. A., and Lanius, R. A. (2007). Neural correlates of reexperiencing, avoidance and dissociation in PTSD: symptom dimensions and emotion dysregulation in responses to script-driven trauma imagery. J. Trauma. Stress 20, 713–725. doi: 10.1002/jts.20284

Horacek, J., Bubenikova-Valesova, V., Kopecek, M., Palenicek, T., Dockery, C., Mohr, P., et al. (2006). Mechanism of action of atypical antipsychotic drugs and the neurobiology of schizophrenia. CNS Drugs 20, 389–409. doi: 10.2165/00023210-200620050-00004

Huys, Q. J., Pizzagalli, D. A., Bogdan, R., and Dayan, P. (2013). Mapping anhedonia onto reinforcement learning: a behavioural meta-analysis. Biol. Mood Anxiety Disord. 3:12. doi: 10.1186/2045-5380-3-12

Iravani, M. M., McCreary, A. C., and Jenner, P. (2012). Striatal plasticity in Parkinson’s disease and L-dopa induced dyskinesia. Parkinsonism Relat. Disord. 18, S123–S125. doi: 10.1016/s1353-8020(11)70038-4

Johnen, A., Brandstetter, L., Lohmann, H., and Duning, T. (2015). Neural correlates of apraxia in mild dementia of Alzheimer’s disease – A voxel-based morphometry study. Clin. Neurophysiol. 126:e93. doi: 10.1016/j.clinph.2015.04.133

Kane, J., Honigfeld, G., Singer, J., and Meltzer, H. (1988). Clozapine for the treatment-resistant schizophrenic. A double-blind comparison with chlorpromazine. Arch. Gen. Psychiatry 45, 789–796. doi: 10.1001/archpsyc.1988.01800330013001


Kennedy, S. H. (2008). Core symptoms of major depressive disorder: relevance to diagnosis and treatment. Dialogues Clin. Neurosci. 10, 271–277.


Kéri, S. (2008). Interactive memory systems and category learning in schizophrenia. Neurosci. Biobehav. Rev. 32, 206–218. doi: 10.1016/j.neubiorev.2007.07.003

Kirsch-Darrow, L., Marsiske, M., Okun, M. S., Bauer, R., and Bowers, D. (2011). Apathy and depression: separate factors in Parkinson’s disease. J. Int. Neuropsychol. Soc. 17, 1058–1066. doi: 10.1017/s1355617711001068

Kish, S. J., Shannak, K., and Hornykiewicz, O. (1988). Uneven pattern of dopamine loss in the striatum of patients with idiopathic Parkinson’s disease. Pathophysiologic and clinical implications. N. Engl. J. Med. 318, 876–880. doi: 10.1056/nejm198804073181402

Kishore, A., and Popa, T. (2014). Cerebellum in levodopa-induced dyskinesias: the unusual suspect in the motor network. Front. Neurol. 5:157. doi: 10.3389/fneur.2014.00157

Klemm, E., Grünwald, F., Kasper, S., Menzel, C., Broich, K., Danos, P., et al. (1996). [123I]IBZM SPECT for imaging of striatal D2 dopamine receptors in 56 schizophrenic patients taking various neuroleptics. Am. J. Psychiatry 153, 183–190. doi: 10.1176/ajp.153.2.183

Koedam, E. L., Lauffer, V., van der Vlies, A. E., van der Flier, W. M., Scheltens, P., and Pijnenburg, Y. A. (2010). Early-versus late-onset Alzheimer’s disease: more than age alone. J. Alzheimers Dis. 19, 1401–1408. doi: 10.3233/JAD-2010-1337

Kostek, J. A., Beck, K. D., Gilbertson, M. W., Orr, S. P., Pang, K. C., Servatius, R. J., et al. (2014). Acquired equivalence in U.S. veterans with symptoms of posttraumatic stress: reexperiencing symptoms are associated with greater generalization. J. Trauma. Stress 27, 717–720. doi: 10.1002/jts.21974

Kühn, S., Musso, F., Mobascher, A., Warbrick, T., Winterer, G., and Gallinat, J. (2012). Hippocampal subfields predict positive symptoms in schizophrenia: first evidence from brain morphometry. Transl. Psychiatry 2:e127. doi: 10.1038/tp.2012.51

Lecrubier, Y., Perry, R., Milligan, G., Leeuwenkamp, O., and Morlock, R. (2007). Physician observations and perceptions of positive and negative symptoms of schizophrenia: a multinational, cross-sectional survey. Eur. Psychiatry 22, 371–379. doi: 10.1016/j.eurpsy.2007.03.003

Lévesque, J., Eugène, F., Joanette, Y., Paquette, V., Mensour, B., Beaudoin, G., et al. (2003). Neural circuitry underlying voluntary suppression of sadness. Biol. Psychiatry 53, 502–510. doi: 10.1016/s0006-3223(02)01817-6


Levy, R., Hutchison, W. D., Lozano, A. M., and Dostrovsky, J. O. (2000). High-frequency synchronization of neuronal activity in the subthalamic nucleus of parkinsonian patients with limb tremor. J. Neurosci. 20, 7766–7775.


Lewitt, P. A. (2012). Norepinephrine: the next therapeutics frontier for Parkinson’s disease. Transl. Neurodegener. 1:4. doi: 10.1186/2047-9158-1-4

Liberg, B., and Rahm, C. (2015). The functional anatomy of psychomotor disturbances in major depressive disorder. Front. Psychiatry 6:34. doi: 10.3389/fpsyt.2015.00034

Lisman, J. E., Pi, H. J., Zhang, Y., and Otmakhova, N. A. (2010). A thalamo-hippocampal-ventral tegmental area loop may produce the positive feedback that underlies the psychotic break in schizophrenia. Biol. Psychiatry 68, 17–24. doi: 10.1016/j.biopsych.2010.04.007


Maher, B. A. (1974). Delusional thinking and perceptual disorder. J. Individ. Psychol. 30, 98–113.



Mayberg, H. S., Liotti, M., Brannan, S. K., McGinnis, S., Mahurin, R. K., Jerabek, P. A., et al. (1999). Reciprocal limbic-cortical function and negative mood: converging PET findings in depression and normal sadness. Am. J. Psychiatry 156, 675–682.


McClelland, J. L., McNaughton, B. L., and O’Reilly, R. C. (1995). Why there are complementary learning systems in the hippocampus and neocortex: insights from the successes and failures of connectionist models of learning and memory. Psychol. Rev. 102, 419–457. doi: 10.1037/0033-295x.102.3.419

Melrose, R. J., Campa, O. M., Harwood, D. G., Osato, S., Mandelkern, M. A., and Sultzer, D. L. (2009). The neural correlates of naming and fluency deficits in Alzheimer’s disease: an FDG-PET study. Int. J. Geriatr. Psychiatry 24, 885–893. doi: 10.1002/gps.2229

Miller, D. D., Perry, P. J., Cadoret, R. J., and Andreasen, N. C. (1994). Clozapine’s effect on negative symptoms in treatment-refractory schizophrenics. Compr. Psychiatry 35, 8–15. doi: 10.1016/0010-440x(94)90164-3

Minati, L., Edginton, T., Bruzzone, M. G., and Giaccone, G. (2009). Current concepts in Alzheimer’s disease: a multidisciplinary review. Am. J. Alzheimers Dis. Other Demen. 24, 95–121. doi: 10.1177/1533317508328602

Moreau, C., Ozsancak, C., Blatt, J. L., Derambure, P., Destee, A., and Defebvre, L. (2007). Oral festination in Parkinson’s disease: biomechanical analysis and correlation with festination and freezing of gait. Mov. Disord. 22, 1503–1506. doi: 10.1002/mds.21549

Moritz, S., Andresen, B., Jacobsen, D., Mersmann, K., Wilke, U., Lambert, M., et al. (2001). Neuropsychological correlates of schizophrenic syndromes in patients treated with atypical neuroleptics. Eur. Psychiatry 16, 354–361. doi: 10.1016/s0924-9338(01)00591-0

Moustafa, A. A., Bell, P., Eissa, A. M., and Hewedi, D. H. (2013a). The effects of clinical motor variables and medication dosage on working memory in Parkinson’s disease. Brain Cogn. 82, 137–145. doi: 10.1016/j.bandc.2013.04.001

Moustafa, A. A., Gilbertson, M. W., Orr, S. P., Herzallah, M. M., Servatius, R. J., and Myers, C. E. (2013b). A model of amygdala-hippocampal-prefrontal interaction in fear conditioning and extinction in animals. Brain Cogn. 81, 29–43. doi: 10.1016/j.bandc.2012.10.005

Moustafa, A. A., Kéri, S., Somlai, Z., Balsdon, T., Frydecka, D., Misiak, B., et al. (2015). Drift diffusion model of reward and punishment learning in schizophrenia: modeling and experimental data. Behav. Brain Res. 291, 147–154. doi: 10.1016/j.bbr.2015.05.024

Muralidharan, V., Balasubramani, P. P., Chakravarthy, V. S., Lewis, S. J., and Moustafa, A. A. (2014). A computational model of altered gait patterns in Parkinson’s disease patients negotiating narrow doorways. Front. Comput. Neurosci. 7:190. doi: 10.3389/fncom.2013.00190

Myers, C. E., Moustafa, A. A., Sheynin, J., Vanmeenen, K. M., Gilbertson, M. W., Orr, S. P., et al. (2013). Learning to obtain reward, but not avoid punishment, is affected by presence of PTSD symptoms in male veterans: empirical data and computational model. PLoS One 8:e72508. doi: 10.1371/journal.pone.0072508

Myers, C. E., Shohamy, D., Gluck, M. A., Grossman, S., Kluger, A., Ferris, S., et al. (2003). Dissociating hippocampal versus basal ganglia contributions to learning and transfer. J. Cogn. Neurosci. 15, 185–193. doi: 10.1162/089892903321208123

Myers, C. E., Vanmeenen, K. M., McAuley, J. D., Beck, K. D., Pang, K. C., and Servatius, R. J. (2012). Behaviorally inhibited temperament is associated with severity of post-traumatic stress disorder symptoms and faster eyeblink conditioning in veterans. Stress 15, 31–44. doi: 10.3109/10253890.2011.578184

Naismith, S. L., and Lewis, S. J. (2010). A novel paradigm for modelling freezing of gait in Parkinson’s disease. J. Clin. Neurosci. 17, 984–987. doi: 10.1016/j.jocn.2009.12.006


Nutt, D. J. (2008). Relationship of neurotransmitters to the symptoms of major depressive disorder. J. Clin. Psychiatry 69, 4–7.


Nutt, J. G., Bloem, B. R., Giladi, N., Hallett, M., Horak, F. B., and Nieuwboer, A. (2011). Freezing of gait: moving forward on a mysterious clinical phenomenon. Lancet Neurol. 10, 734–744. doi: 10.1016/s1474-4422(11)70143-0

Nutt, D. J., Demyttenaere, K., Janka, Z., Aarre, T., Bourin, M., Canonico, P. L., et al. (2007). The other face of depression, reduced positive affect: the role of catecholamines in causation and cure. J. Psychopharmacol. Oxford 21, 461–471. doi: 10.1177/0269881106069938

Oguru, M., Tachibana, H., Toda, K., Okuda, B., and Oka, N. (2010). Apathy and depression in Parkinson disease. J. Geriatr. Psychiatry Neurol. 23, 35–41. doi: 10.1177/0891988709351834

Okubo, Y., Suhara, T., Suzuki, K., Kobayashi, K., Inoue, O., Terasaki, O., et al. (1997). Decreased prefrontal dopamine D1 receptors in schizophrenia revealed by PET. Nature 385, 634–636. doi: 10.1038/385634a0

O’Reilly, R. C., and Norman, K. A. (2002). Hippocampal and neocortical contributions to memory: advances in the complementary learning systems framework. Trends Cogn. Sci. 6, 505–510. doi: 10.1016/s1364-6613(02)02005-3

Pauli, W. M., Hazy, T. E., and O’Reilly, R. C. (2012). Expectancy, ambiguity and behavioral flexibility: separable and complementary roles of the orbital frontal cortex and amygdala in processing reward expectancies. J. Cogn. Neurosci. 24, 351–366. doi: 10.1162/jocn_a_00155

Pluck, G. C., and Brown, R. G. (2002). Apathy in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 73, 636–642. doi: 10.1136/jnnp.73.6.636

Poletti, M., Perugi, G., Logi, C., Romano, A., Del Dotto, P., Ceravolo, R., et al. (2012). Dopamine agonists and delusional jealousy in Parkinson’s disease: a cross-sectional prevalence study. Mov. Disord. 27, 1679–1682. doi: 10.1002/mds.25129

Polgár, P., Réthelyi, J. M., Bálint, S., Komlósi, S., Czobor, P., and Bitter, I. (2010). Executive function in deficit schizophrenia: what do the dimensions of the Wisconsin card sorting test tell us? Schizophr. Res. 122, 85–93. doi: 10.1016/j.schres.2010.06.007

Politis, M., Wu, K., Loane, C., Brooks, D. J., Kiferle, L., Turkheimer, F. E., et al. (2014). Serotonergic mechanisms responsible for levodopa-induced dyskinesias in Parkinson’s disease patients. J. Clin. Invest. 124, 1340–1349. doi: 10.1172/jci71640

Pu, W., Rolls, E. T., Guo, S., Liu, H., Yu, Y., Xue, Z., et al. (2014). Altered functional connectivity links in neuroleptic-naive and neuroleptic-treated patients with schizophrenia and their relation to symptoms including volition. Neuroimage Clin. 6, 463–474. doi: 10.1016/j.nicl.2014.10.004

Raethjen, J., Lindemann, M., Schmaljohann, H., Wenzelburger, R., Pfister, G., and Deuschl, G. (2000). Multiple oscillators are causing parkinsonian and essential tremor. Mov. Disord. 15, 84–94. doi: 10.1002/1531-8257(200001)15:1<84::aid-mds1014>3.0.co;2-k

Rajput, A. H., Voll, A., Rajput, M. L., Robinson, C. A., and Rajput, A. (2009). Course in Parkinson disease subtypes: a 39-year clinicopathologic study. Neurology 73, 206–212. doi: 10.1212/WNL.0b013e3181ae7af1

Rasmussen, D., and Eliasmith, C. (2013). Modeling brain function: current developments and future prospects. JAMA Neurol. 70, 1325–1329. doi: 10.1001/jamaneurol.2013.3835

Remy, P., Doder, M., Lees, A., Turjanski, N., and Brooks, D. (2005). Depression in Parkinson’s disease: loss of dopamine and noradrenaline innervation in the limbic system. Brain 128, 1314–1322. doi: 10.1093/brain/awh445

Richter, U., Halje, P., and Petersson, P. (2013). Mechanisms underlying cortical resonant states: implications for levodopa-induced dyskinesia. Rev. Neurosci. 24, 415–429. doi: 10.1515/revneuro-2013-0018


Risch, S. C. (1996). Pathophysiology of schizophrenia and the role of newer antipsychotics. Pharmacotherapy 16, 11–14.


Rodriguez-Oroz, M. C., Lage, P. M., Sanchez-Mut, J., Lamet, I., Pagonabarraga, J., Toledo, J. B., et al. (2009). Homocysteine and cognitive impairment in Parkinson’s disease: a biochemical, neuroimaging and genetic study. Mov. Disord. 24, 1437–1444. doi: 10.1002/mds.22522

Rosenheck, R., Cramer, J., Xu, W., Thomas, J., Henderson, W., Frisman, L., et al. (1997). A comparison of clozapine and haloperidol in hospitalized patients with refractory schizophrenia. Department of veterans affairs cooperative study group on Clozapine in refractory schizophrenia. N. Engl. J. Med. 337, 809–815. doi: 10.1056/nejm199709183371202

Rossi, C., Frosini, D., Volterrani, D., De Feo, P., Unti, E., Nicoletti, V., et al. (2010). Differences in nigro-striatal impairment in clinical variants of early Parkinson’s disease: evidence from a FP-CIT SPECT study. Eur. J. Neurol. 17, 626–630. doi: 10.1111/j.1468-1331.2009.02898.x

Rueter, L. E., Ballard, M. E., Gallagher, K. B., Basso, A. M., Curzon, P., and Kohlhaas, K. L. (2004). Chronic low dose risperidone and clozapine alleviate positive but not negative symptoms in the rat neonatal ventral hippocampal lesion model of schizophrenia. Psychopharmacology (Berl) 176, 312–319. doi: 10.1007/s00213-004-1897-4

Ruiz-DeDiego, I., Mellstrom, B., Vallejo, M., Naranjo, J. R., and Moratalla, R. (2015). Activation of DREAM (downstream regulatory element antagonistic modulator), a calcium-binding protein, reduces L-DOPA-induced dyskinesias in mice. Biol. Psychiatry 77, 95–105. doi: 10.1016/j.biopsych.2014.03.023

Ruppin, E., and Reggia, J. A. (1995). A neural model of memory impairment in diffuse cerebral atrophy. Br. J. Psychiatry 166, 19–28. doi: 10.1192/bjp.166.1.19

Rylander, D., Parent, M., O’Sullivan, S. S., Dovero, S., Lees, A. J., Bezard, E., et al. (2010). Maladaptive plasticity of serotonin axon terminals in levodopa-induced dyskinesia. Ann. Neurol. 68, 619–628. doi: 10.1002/ana.22097

Schneider, S. D., Jelinek, L., Lincoln, T. M., and Moritz, S. (2011). What happened to the voices? A fine-grained analysis of how hallucinations and delusions change under psychiatric treatment. Psychiatry Res. 188, 13–17. doi: 10.1016/j.psychres.2010.12.013


Schooler, N. R. (1994). Negative symptoms in schizophrenia: assessment of the effect of risperidone. J. Clin. Psychiatry 55, 22–28.


Shaikh, A. G., Hong, S., Liao, K., Tian, J., Solomon, D., Zee, D. S., et al. (2010). Oculopalatal tremor explained by a model of inferior olivary hypertrophy and cerebellar plasticity. Brain 133, 923–940. doi: 10.1093/brain/awp323

Shen, L. H., Liao, M. H., and Tseng, Y. C. (2012). Recent advances in imaging of dopaminergic neurons for evaluation of neuropsychiatric disorders. J. Biomed. Biotechnol. 2012:259349. doi: 10.1155/2012/259349

Sheynin, J., Moustafa, A. A., Beck, K. D., Servatius, R. J., and Myers, C. E. (2015). Testing the role of reward and punishment sensitivity in avoidance behavior: a computational modeling approach. Behav. Brain Res. 283, 121–138. doi: 10.1016/j.bbr.2015.01.033

Shine, J. M., Matar, E., Ward, P. B., Frank, M. J., Moustafa, A. A., Pearson, M., et al. (2013). Freezing of gait in Parkinson’s disease is associated with functional decoupling between the cognitive control network and the basal ganglia. Brain 136, 3671–3681. doi: 10.1093/brain/awt272

Siekmeier, P. J., Hasselmo, M. E., Howard, M. W., and Coyle, J. (2007). Modeling of context-dependent retrieval in hippocampal region CA1: implications for cognitive function in schizophrenia. Schizophr. Res. 89, 177–190. doi: 10.1016/j.schres.2006.08.007

Siekmeier, P. J., and vanMaanen, D. P. (2013). Development of antipsychotic medications with novel mechanisms of action based on computational modeling of hippocampal neuropathology. PLoS One 8:e58607. doi: 10.1371/journal.pone.0058607

Skodda, S., Visser, W., and Schlegel, U. (2011). Gender-related patterns of dysprosody in Parkinson disease and correlation between speech variables and motor symptoms. J. Voice 25, 76–82. doi: 10.1016/j.jvoice.2009.07.005

Small, B. J., Mobly, J. L., Laukka, E. J., Jones, S., and Bäckman, L. (2003). Cognitive deficits in preclinical Alzheimer’s disease. Acta Neurol. Scand. Suppl. 179, 29–33. doi: 10.1034/j.1600-0404.107.s179.6.x

Soghomonian, J. J. (2006). L-DOPA-induced dyskinesia in adult rats with a unilateral 6-OHDA lesion of dopamine neurons is paralleled by increased c-fos gene expression in the subthalamic nucleus. Eur. J. Neurosci. 23, 2395–2403. doi: 10.1111/j.1460-9568.2006.04758.x

Somlai, Z., Moustafa, A. A., Kéri, S., Myers, C. E., and Gluck, M. A. (2011). General functioning predicts reward and punishment learning in schizophrenia. Schizophr. Res. 127, 131–136. doi: 10.1016/j.schres.2010.07.028

Sommer, I. E., Derwort, A. M., Daalman, K., de Weijer, A. D., Liddle, P. F., and Boks, M. P. (2010). Formal thought disorder in non-clinical individuals with auditory verbal hallucinations. Schizophr. Res. 118, 140–145. doi: 10.1016/j.schres.2010.01.024

Spiegel, J., Hellwig, D., Samnick, S., Jost, W., Möllers, M. O., Fassbender, K., et al. (2007). Striatal FP-CIT uptake differs in the subtypes of early Parkinson’s disease. J. Neural Transm. (Vienna) 114, 331–335. doi: 10.1007/s00702-006-0518-2

Squire, L. R., and Alvarez, P. (1995). Retrograde amnesia and memory consolidation: a neurobiological perspective. Curr. Opin. Neurobiol. 5, 169–177. doi: 10.1016/0959-4388(95)80023-9

Steele, J. D., Kumar, P., and Ebmeier, K. P. (2007). Blunted response to feedback information in depressive illness. Brain 130, 2367–2374. doi: 10.1093/brain/awm150


Stein, D. J. (2008). Depression, anhedonia, and psychomotor symptoms: the role of dopaminergic neurocircuitry. CNS Spectr. 13, 561–565.


Suárez, L. M., Solís, O., Caramés, J. M., Taravini, I. R., Solís, J. M., Murer, M. G., et al. (2014). L-DOPA treatment selectively restores spine density in dopamine receptor D2-expressing projection neurons in dyskinetic mice. Biol. Psychiatry 75, 711–722. doi: 10.1016/j.biopsych.2013.05.006


Tamrakar, S. M., Nepal, M. K., Koirala, N. R., Sharma, V. D., Gurung, C. K., and Adhikari, S. R. (2006). An open, randomized, comparative study of efficacy and safety of risperidone and haloperidol in schizophrenia. Kathmandu Univ. Med. J. (KUMJ) 4, 152–160.


Tippett, L. J., and Farah, M. J. (1994). A computational model of naming in Alzheimer’s disease: unitary or multiple impairments? Neuropsychology 8, 3–13. doi: 10.1037/0894-4105.8.1.3

van Duijn, C. M., Havekes, L. M., Van Broeckhoven, C., de Knijff, P., and Hofman, A. (1995). Apolipoprotein E genotype and association between smoking and early onset Alzheimer’s disease. BMJ 310, 627–631. doi: 10.1136/bmj.310.6980.627

van Tol, M. J., van der Wee, N. J., van den Heuvel, O. A., Nielen, M. M., Demenescu, L. R., Aleman, A., et al. (2010). Regional brain volume in depression and anxiety disorders. Arch. Gen. Psychiatry 67, 1002–1011. doi: 10.1001/archgenpsychiatry.2010.121

Varanese, S., Perfetti, B., Ghilardi, M. F., and Di Rocco, A. (2011). Apathy, but not depression, reflects inefficient cognitive strategies in Parkinson’s disease. PLoS One 6:e17846. doi: 10.1371/journal.pone.0017846

Veer, I. M., Beckmann, C. F., van Tol, M. J., Ferrarini, L., Milles, J., Veltman, D. J., et al. (2010). Whole brain resting-state analysis reveals decreased functional connectivity in major depression. Front. Syst. Neurosci. 4:41. doi: 10.3389/fnsys.2010.00041

Vercruysse, S., Devos, H., Munks, L., Spildooren, J., Vandenbossche, J., Vandenberghe, W., et al. (2012). Explaining freezing of gait in Parkinson’s disease: motor and cognitive determinants. Mov. Disord. 27, 1644–1651. doi: 10.1002/mds.25183

Videbech, P., and Ravnkilde, B. (2004). Hippocampal volume and depression: a meta-analysis of MRI studies. Am. J. Psychiatry 161, 1957–1966. doi: 10.1176/appi.ajp.161.11.1957

Villalba, R. M., and Smith, Y. (2010). Striatal spine plasticity in Parkinson’s disease. Front. Neuroanat. 4:133. doi: 10.3389/fnana.2010.00133

Vrieze, E., Demyttenaere, K., Bruffaerts, R., Hermans, D., Pizzagalli, D. A., Sienaert, P., et al. (2014). Dimensions in major depressive disorder and their relevance for treatment outcome. J. Affect. Disord. 155, 35–41. doi: 10.1016/j.jad.2013.10.020

Wagle Shukla, A., Ounpraseuth, S., Okun, M. S., Gray, V., Schwankhaus, J., and Metzer, W. S. (2012). Micrographia and related deficits in Parkinson’s disease: a cross-sectional study. BMJ Open 2:e000628. doi: 10.1136/bmjopen-2011-000628

Whitwell, J. L., Jones, D. T., Duffy, J. R., Strand, E. A., Machulda, M. M., Przybelski, S. A., et al. (2015). Working memory and language network dysfunctions in logopenic aphasia: a task-free fMRI comparison with Alzheimer’s dementia. Neurobiol. Aging 36, 1245–1252. doi: 10.1016/j.neurobiolaging.2014.12.013

Wilcock, G. K., and Esiri, M. M. (1982). Plaques, tangles and dementia. A quantitative study. J. Neurol. Sci. 56, 343–356. doi: 10.1016/0022-510x(82)90155-1

Wolkin, A., Sanfilipo, M., Wolf, A. P., Angrist, B., Brodie, J. D., and Rotrosen, J. (1992). Negative symptoms and hypofrontality in chronic schizophrenia. Arch. Gen. Psychiatry 49, 959–965. doi: 10.1001/archpsyc.1992.01820120047007

Wright, I. C., Rabe-Hesketh, S., Woodruff, P. W., David, A. S., Murray, R. M., and Bullmore, E. T. (2000). Meta-analysis of regional brain volumes in schizophrenia. Am. J. Psychiatry 157, 16–25. doi: 10.1176/ajp.157.1.16

Wu, T., and Hallett, M. (2013). The cerebellum in Parkinson’s disease. Brain 136, 696–709. doi: 10.1093/brain/aws360

Yoon, J. H., Minzenberg, M. J., Raouf, S., D’Esposito, M., and Carter, C. S. (2013). Impaired prefrontal-basal ganglia functional connectivity and substantia nigra hyperactivity in schizophrenia. Biol. Psychiatry 74, 122–129. doi: 10.1016/j.biopsych.2012.11.018

Zaidel, A., Arkadir, D., Israel, Z., and Bergman, H. (2009). Akineto-rigid vs. tremor syndromes in Parkinsonism. Curr. Opin. Neurol. 22, 387–393. doi: 10.1097/wco.0b013e32832d9d67

Zhang, D., Liu, X., Chen, J., Liu, B., and Wang, J. (2015). Widespread increase of functional connectivity in Parkinson’s disease with tremor: a resting-state FMRI study. Front. Aging Neurosci. 7:6. doi: 10.3389/fnagi.2015.00006

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Moustafa, Phillips, Kéri, Misiak and Frydecka. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution and reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Computational Neuroscience










OPS/images/logo.jpg
' frontiers
in Computational Neuroscience





OPS/images/crossmark.jpg
®

o fark





OPS/images/fncom-10-00016-g001.gif
Dorsal Ventral Subthalamic | Prefrontal | hippocampus | Insula
Striatum | Striatum | nucleus cortex

Akinesia ‘/

Bradykinesia /

tremor ]

Gait ‘/ ‘/

Dyskinesia J /

Delusions and
hallucinations

Negative
symptoms

Physical
retardation

N \\N

Anhedonia

Re-
experiencing

Avoidance

ANIN

Memory

decline






