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a b s t r a c t

Disruption to different components of the prefrontal cortex, basal ganglia, and hippocampal circuits leads
to various psychiatric and neurological disorders including Parkinson’s disease (PD) and schizophrenia.
Medications used to treat these disorders (such as levodopa, dopamine agonists, antipsychotics, among
others) affect the prefrontal-striatal-hippocampal circuits in a complex fashion. We have built models
of prefrontal-striatal and striatal-hippocampal interactions which simulate cognitive dysfunction in
PD and schizophrenia. In these models, we argue that the basal ganglia is key for stimulus-response
learning, the hippocampus for stimulus-stimulus representational learning, and the prefrontal cortex for
stimulus selection during learning about multidimensional stimuli. In our models, PD is associated with
reduced dopamine levels in the basal ganglia and prefrontal cortex. In contrast, the cognitive deficits in
schizophrenia are associated primarily with hippocampal dysfunction, while the occurrence of negative
symptoms is associated with frontostriatal deficits in a subset of patients. In this paper, we review our
past models and provide new simulation results for both PD and schizophrenia. We also describe an
extendedmodel that includes simulation of the different functional role of D1 andD2 dopamine receptors
in the basal ganglia and prefrontal cortex, a dissociation we argue is essential for understanding the non-
uniform effects of levodopa, dopamine agonists, and antipsychotics on cognition. Motivated by clinical
and physiological data, we discuss model limitations and challenges to be addressed in future models of
these brain disorders.

Published by Elsevier Ltd

1. Introduction

The prefrontal cortex, basal ganglia, and hippocampal region
have been implicated in many psychiatric and neurological
disorders, including Parkinson’s disease (PD) and schizophrenia.
In addition to the motor and psychiatric disorders, PD and
schizophrenia are also associated with cognitive dysfunction (Abi-
Dargham et al., 2002; Bodi et al., 2009b; Cohen, Barch, Carter,
& Servan-Schreiber, 1999; Cools, Barker, Sahakian, & Robbins,
2001; Frank, Seeberger, & O’Reilly, 2004; Owen et al., 1993). We
describe here our computational–neuropsychological approach
to understand how disruption to different components of the
prefrontal–striatal–hippocampal system gives rise to the pattern
of cognitive deficits seen in PD and schizophrenia.

One goal of our theoreticalwork is to explain existing neuropsy-
chological results. For example, the Moustafa and Gluck model
simulates prefrontal–striatal interactions, along with dopamin-
ergic manipulation, in learning and attention in medicated and
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unmedicated PD patients (Moustafa & Gluck, 2010). This model
explains to key results. First, medicated PD patients are more
impaired at feedback learning than unmedicated PD patients, as
shown in empirical studies (Jahanshahi, Wilkinson, Gahir, Dhar-
minda, & Lagnado, 2009). Second, medicated PD patients show
enhanced attentional learning performance, as reported by Cools
et al. (2001). We have also simulated the hippocampal–striatal
interactions in cognition, and have shown how damage to the
basal ganglia and/or hippocampus leads to cognitive deficits in
PD and schizophrenia (Moustafa, Keri, Herzallah, Myers, & Gluck,
2010; Moustafa, Myers, & Gluck, 2009). Our Moustafa et al. (2010)
model simulates performance in a learning- and-transfer gener-
alization task (Keri, Nagy, Kelemen, Myers, & Gluck, 2005b; My-
ers, Shohamy, Gluck, Grossman, Kluger et al., 2003a; Weiler, Belle-
baum, Brune, Juckel, & Daum, 2009), known as ‘‘acquired equiv-
alence’’ in which prior training to treat two stimuli as equivalent
increases generalization between them, even if those stimuli are
superficially very dissimilar. In line with empirical results (Myers,
Shohamy, Gluck, Grossman, Kluger et al., 2003a), this model ex-
plains why PD patients are worse at feedback learning, but better
at transfer generalization, than schizophrenic patients.

PD and schizophrenia share many similarities at both the neu-
ral and cognitive levels. PD and schizophrenia are examples of
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Fig. 1. A schematic of prefrontal–striatal–hippocampal system interactions, as
proposed in our recent models (Gluck & Myers, 1993; Moustafa & Gluck, 2010;
Moustafa et al., 2010). In ourmodeling framework, the prefrontal cortex (PFC) is key
for attentional and stimulus selection for multi-dimensional stimuli; the striatum
for stimulus–response andmotor learning; the hippocampus for stimulus–stimulus
representational learning. Our models simulate cognitive function in Parkinson’s
and schizophrenia.

disorders affecting the prefrontal–striatal–hippocampal circuits,
and both disorders are also associated with dopaminergic dys-
function. Furthermore, while psychosis is diagnostic criterion for
schizophrenia, clinical research has shown that a percentage of PD
patients also have psychotic episodes that perhaps increase with
the administration of dopaminergic medications (Marsh, 2004).
These findings argue for a role for dopamine in the occurrence
of psychotic episodes in PD and schizophrenia. Similarly, while
bradykinesia is a diagnostic criterion for PD, research has reported
the occurrence of Parkinsonian motor symptoms in schizophrenia
due to the administration of antipsychotics, possibly because they
decrease dopamine levels in the basal ganglia (Moratalla, Xu, Tone-
gawa, & Graybiel, 1996; Parr-Brownlie & Hyland, 2005; Sumaya,
Byers, Irwin, Del Val, & Moss, 2004). In our modeling framework,
we argue that the similarities of cognitive and psychiatric profiles
of PD and schizophrenia are related to dysfunction to the same
components of the prefrontal–striatal–hippocampal mechanism.

Before we review simulation results of our models (Moustafa
& Gluck, 2010; Moustafa et al., 2010), we describe the functional
connectivity of the prefrontal–striatal–hippocampal system. We
then describe how disruption to different components of the
prefrontal–striatal–hippocampal system leads to brain disorders,
including PD and schizophrenia. We present new simulation
results on the effects of subtypes of PD and schizophrenia on
cognition. We then discuss limitations of existing (including
our models) of PD and schizophrenia in light of clinical and
physiological data. Finally, we discuss recent extension of our
models that include the simulation of dopamines D1 and D2
receptors in the basal ganglia and prefrontal cortex; the extended
model simulates the differential effects levodopa, dopamine
agonists, and antipsychotics, on cognition.

2. The prefrontal–striatal–hippocampal system

The prefrontal cortex, basal ganglia, and hippocampus interact
dynamically during motor and cognitive performance (Fig. 1).
Several experimental studies have shown that the prefrontal
cortex, hippocampal region, and basal ganglia are involved
in similar motor and cognitive processes, including Pavlovian
and instrumental conditioning, reversal learning, planning, and
feedback learning (Albouy et al., 2008; Brasted, Bussey, Murray,
& Wise, 2003; Corbit & Balleine, 2000; Dagher, Owen, Boecker,
& Brooks, 2001; Ito, Everitt, & Robbins, 2005; Lansink, Goltstein,
Lankelma, McNaughton, & Pennartz, 2009; O’Doherty et al., 2004;
Parkinson et al., 2002; Peoples, Uzwiak, Gee, &West, 1997; van der
Meer, Johnson, Schmitzer-Torbert, & Redish, 2010).

Anatomical studies have shown that the basal ganglia and
frontal cortex are connected through corticostriatal loops (Alexan-
der, DeLong, & Strick, 1986; Gerfen, 2000). Similarly, the
hippocampus forms recurrent connectivity with various cortical
areas, including the prefrontal cortex (Cavada, Llamas, & Reinoso-
Suarez, 1983; Goldman-Rakic, Selemon, & Schwartz, 1984; Irle &
Markowitsch, 1982; Rosene & Van Hoesen, 1977; Swanson, 1981).
As we review below, many computational models focus on sim-
ulating the function of the corticostriatal (Frank, 2005; Guthrie,
Myers, & Gluck, 2009; Moustafa & Maida, 2007) or corticohip-
pocampal (Gluck & Myers, 1993; Gluck, Myers, & Meeter, 2005;
McClelland, McNaughton, & O’Reilly, 1995; O’Reilly & Norman,
2002) connections. Anatomical studies have also identified hip-
pocampal–striatal connections (see for example Shen&Tsai, 1995).
There are at least two anatomical pathways throughwhich the hip-
pocampal region and basal ganglia might interact: the hippocam-
pus sends information to the ventral striatum via the subiculum or
to theprefrontal cortexwhich is thenprojected to the basal ganglia.
The role of the hippocampal–striatal pathway in motor and cog-
nitive processes has received less attention in the computational
modeling field.

However, empirical research has shown that the striatal–
hippocampal pathway is essential for the performance of cognitive
tasks, including feedback learning. In rats, for example, it was
recently reported that disconnecting hippocampus and ventral
striatum impairs appetitive Pavlovian conditioning performance
(Ito, Robbins, Pennartz, & Everitt, 2008). Also, fMRI imaging studies
have found simultaneous hippocampus and basal ganglia activity
during sequence learning task performance (Albouy et al., 2008).

In sum, various behavioral, anatomical, and physiological
studies suggest that the prefrontal cortex, basal ganglia, and
hippocampus are part of a single system that regulates complex
motor and cognitive tasks.

The prefrontal–striatal–hippocampal system is modulated by
various neurotransmitters, including dopamine and acetylcholine.
Dopamine is produced in themidbrain and is projected to the basal
ganglia, hippocampus, and prefrontal cortex. Research suggests
that dopamine plays different functions in these brain structures.
In the basal ganglia, several studies show that phasic dopamine is
important for stimulus–response and feedback learning (Reynolds,
Hyland, & Wickens, 2001; Schultz, Dayan, & Montague, 1997;
Tsai et al., 2009; Wickens, Begg, & Arbuthnott, 1996). Our
models assume that phasic dopamine is key for stimulus–response
learning through synaptic modification in the basal ganglia
(Guthrie et al., 2009; Moustafa & Gluck, 2010; Moustafa & Maida,
2007). Unlike the basal ganglia, dopamine in the prefrontal cortex
is essential for attention and working memory (Iba & Sawaguchi,
2003; Servan-Schreiber, Carter, Bruno, & Cohen, 1998; Williams
& Goldman-Rakic, 1995). Although most computational studies
focus on simulating the function of dopamine in the basal ganglia
and prefrontal cortex, research has identified a projection from
the ventral tegmental area to the hippocampal region (Gasbarri,
Packard, Campana, & Pacitti, 1994; Samson,Wu, Friedman, &Davis,
1990). Experimental data show that dopamine is also required for
learning in the hippocampus, but this was shown to be related to
long-term memory and novelty detection (Lisman & Grace, 2005;
Rossato, Bevilaqua, Izquierdo, Medina, & Cammarota, 2009).

3. Brain disorders of the prefrontal–striatal–hippocampal sys-
tem

Disruption to theprefrontal–striatal–hippocampal system leads
to various neurological and psychiatric disorders, such as PD and
schizophrenia. PD is associated with motor symptoms, including
akinesia, tremor, and bradykinesia. Schizophrenia is a psychiatric
disorder which is mainly associated with positive symptoms, such
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as delusions and hallucinations. Nondeficit schizophrenia ismainly
associated with the occurrence of positive symptoms, while deficit
schizophrenia is associated with positive symptoms and severe
negative symptoms.

We use computational and empirical methods to study how
PD and schizophrenia affect the prefrontal–striatal–hippocampal
system. While PD typically impacts the frontostriatal circuitry,
schizophrenia (particularly the ‘‘nondeficit’’ type) impairs hip-
pocampal function (Buchanan et al., 1993; Farkas et al., 2008;
Heckers et al., 1999; Polgar et al., 2010; Tamminga et al., 1992).

Parkinson’s disease is a neurodegenerative disorder associated
with reduced dopamine levels in the basal ganglia (Jellinger,
1999; Kish, Shannak, & Hornykiewicz, 1988). Many studies have
also shown that PD is associated with decreased dopamine in
the prefrontal cortex (Cutsuridis & Perantonis, 2006; Dagher &
Robbins, 2009; Diaconescu, Menon, Jensen, Kapur, & McIntosh,
2010; Fera et al., 2007; Lanoue, Dumitriu, Myers, & Soghomonian,
2010; Prediger et al., 2006; Tadaiesky et al., 2008; Williams-
Gray, Hampshire, Barker, & Owen, 2008). In addition to motor
dysfunction, PD patients show impairment performing various
cognitive tasks such as feedback learning (Bodi et al., 2009b; Frank
et al., 2004) and reversal learning (Cools et al., 2001). PD is often
associated with psychiatric symptoms, such as depression and
psychosis, which has been shown to be associated with further
dopamine reduction and impaired hippocampal function (Bruck,
Kurki, Kaasinen, Vahlberg, & Rinne, 2004; Walter, Skoloudik, &
Berg, 2010).

Dopamine medications, including levodopa and D2 agonists,
are used to treat motor symptoms of PD (tremor, akinesia, and
bradykinesia), but can either enhance or impair cognitive function
(Cools et al., 2001; Feigin et al., 2003; Frank et al., 2004; Swainson
et al., 2000). For example, various studies show that dopamine
medications and agents impair stimulus–response learning in
both PD patients (Gotham, Brown, & Marsden, 1988; Jahanshahi
et al., 2009; Shohamy, Myers, Geghman, Sage, & Gluck, 2006) and
healthy subjects (Breitenstein et al., 2006; Pizzagalli et al., 2007).
In combination with dopamine medications, PD patients are often
prescribed anticholinergic medications, such as Trihexyphenidyl,
which are muscarinic receptor antagonists. The hippocampal
region has a large density of these receptors (Levey, 1993); thus,
it is possible that the administration of anticholinergic antagonists
interferes with hippocampal function. In agreement with this and
other studies (Ehrt, Broich, Larsen, Ballard, & Aarsland, 2010;
Meco et al., 1984; Pondal, Del Ser, & Bermejo, 1996), we have
recently shown that the administration of anticholinergics to
PD patients impairs performance in hippocampal-based tasks
(Herzallah, Moustafa, Misk, Myers, & Gluck, 2010).

Unlike PD, schizophrenia is typically associated with hip-
pocampal dysfunction (Bogerts, Meertz, & Schonfeldt-Bausch,
1985; Goldman & Mitchell, 2004; Grace, 2010; Heckers, 2001;
Keri, 2008; Weinberger, 1999). Schizophrenic patients also show
declarative memory deficits, which suggest hippocampal-region
dysfunction (Aleman, Hijman, de Haan, & Kahn, 1999; Cir-
illo & Seidman, 2003). Lesioning the hippocampus in animals
is also used as a model of schizophrenia (Tseng, Chambers,
& Lipska, 2009). In addition, Rametti et al. (2009) reported
decreased hippocampal activity in schizophrenic patients per-
forming declarative memory tasks. Research at our laboratory
have shown that schizophrenic patients’ performance on the
learning-and-transfer acquired equivalence task is very simi-
lar to the performance of patients with mild Alzheimer’s dis-
ease, hippocampal atrophy, and hypoxia (Bodi, Csibri, Myers,
Gluck, & Keri, 2009a; Myers et al., 2008; Myers, Shohamy, Gluck,
Grossman, Kluger et al., 2003a; Myers, Shohamy, Gluck, Gross-
man, Onlaor et al., 2003b), suggesting a common hippocampal
dysfunction in all these patient groups. Though debatable, it is

argued that the basal ganglia is generally intact in nondeficit
schizophrenia (Okubo et al., 1997). For example, Bogerts et al.
(1985) reported a decrease in hippocampal size but an intact basal
ganglia structure in schizophrenic patients as seen in structural
brain imaging.

Schizophrenia is often accompanied by negative symptoms,
such as apathy and emotional withdrawal. Schizophrenic patients
with severe negative symptoms, known as deficit schizophrenia,
usually perform worse than nondeficit schizophrenic patients in
multiple cognitive domains (Cascella et al., 2008). Using structural
brain imaging, Buchanan et al. (1993)found that deficit, but
not nondeficit, schizophrenia is associated with striatal damage.
Supporting the role of prefrontal–striatal system in the occurrence
of severe negative symptoms in schizophrenia (van Veelen, Vink,
Ramsey, & Kahn, 2010), we have shown that that negative
symptoms in schizophrenia are associated with feedback learning
impairment (Farkas et al., 2008; Keri, 2008; Polgar et al., 2010),
a behavioral task that typically recruits the frontostriatal system
(Houk, 1995b).

Specifically, empirical studies that measured protein function
associated with dopamine receptors implicate D1 receptors in the
striatum for the occurrence of negative symptoms in schizophrenia
(Monteleone, Di Lieto, Martiadis, Bartoli, & Maj, 2002). Similarly,
using a PET scan, Okubo et al. (1997) have found that that the
distribution of D1 receptors in the prefrontal cortex correlates
with the severity of negative symptoms in schizophrenic patients
(for similar finding, see Abi-Dargham, 2003). These findings are
in agreement with why antipsychotics (D2 antagonists) usually
do not treat D1-mediated negative symptoms of schizophrenia
(Rueter et al., 2004). Notably, computational modeling and
empirical work suggest that D1 agonists can be used to treat
negative symptoms and cognitive deficits in schizophrenia (Loh,
Rolls, & Deco, 2007; Roberts, Seymour, Schmidt, Williams, &
Castner, 2010). D1 receptors are activated by phasic dopamine
(Dalley et al., 2005; Goto&Grace, 2008; Richfield, Penney, & Young,
1989; Zweifel et al., 2009), which has been shown to be essential
for learning in basal ganglia (Reynolds et al., 2001; Schultz et al.,
1997; Tsai et al., 2009). Thus, impaired D1 receptor function in
schizophrenic patients with severe negative symptoms explains
feedback learning deficits in these patients, as we have found in
our studies (Farkas et al., 2008).

Antipsychotics are used to treat psychiatric deficits, includ-
ing positive symptoms, in schizophrenia, possibly by blocking D2
receptors in the striatum or hippocampus (Rueter et al., 2004). Un-
like PD, very few studies have studied the effects of medications
on cognition and symptoms severity in schizophrenia. This is per-
haps due to the fact that withdrawal of medications in schizophre-
nia (unlike PD) is rarely done as it might have major effects
on patients’ health and life. Beside antipsychotics, schizophrenic
patients are often prescribed anticholinergic medications; inter-
estingly, like in PD, recent research has also shown that anti-
cholinergics impair cognition, particularly working and long-term
memory, in schizophrenic patients (Vinogradov et al., 2009). We
provide here a summary of empirical findings on the effects of
Parkinson’s disease, schizophrenia, and associated medications on
the prefrontal cortex, hippocampus, and basal ganglia in Table 1.

4. Cognitive dysfunction in PD and schizophrenic patients

Various behavioral tasks have been used to assess the nature
of cognitive deficits in PD and schizophrenic patients, including
feedback learning, reversal learning, and transfer generalization.
We simulate cognitive performance in many of these tasks and
briefly review here relevant empirical results on how PD and
schizophrenia affect cognition. Finally, we present simulation
results these behavioral tasks.
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Table 1
A summary of empirical results of the effects of Parkinson’s disease and schizophrenia, as well as associated medications, on the prefrontal cortex, hippocampus, and basal
ganglia., that our models simulate. Our modeling framework simulates many of the excising empirical data shown here, but also see model limitations and future directions.
Abbreviations: DA, dopamine.

Basal ganglia Prefrontal cortex Hippocampus

Unmedicated PD Reduced DA Reduced DA
Medicated PD Increased DA Increased and perhaps overdosed with DA
Nondeficit schizophrenia Damaged and DA dysregulation
Deficit schizophrenia Dysregulation of D1 receptors Dysregulation of D1 receptors Damaged and DA dysregulation
PD depression Further reduced DA Damaged
PD on anticholinergics Reduced DA Reduced DA Damaged
Antipsychotics Dysregulation of D1 receptors Dysregulation of D1 receptors

Feedback learning: In feedback learning tasks, subjects learn
to associate the presentation of different stimuli with different
responses, based on corrective feedback. Many experimental
studies have shown that PD patients are impaired at feedback
learning (Jahanshahi et al., 2009; Shohamy et al., 2006). In contrast,
schizophrenic patients are generally intact on feedback learning
tasks (Gomar et al., 2011; Keri et al., 2005a, 2005b; Leeson et al.,
2009; Somlai, Moustafa, Keri, Myers, & Gluck, 2010). For example,
Jahanshahi et al. (2009) have shown that medicated PD patients
are more impaired than unmedicated PD patients at the ‘‘weather
prediction’’ task, a multi-cue probabilistic categorization task, and
both patient groups are more impaired than healthy controls. In
the weather prediction task, subjects classify patterns composed
of sets of two to four cards as being predictive of rain versus
sunshine (Fera et al., 2005; Gluck, Shohamy, & Myers, 2002;
Knowlton, Mangels, & Squire, 1996; Knowlton, Squire, & Gluck,
1994; Shohamy, Myers, Onlaor, & Gluck, 2004). In other studies
using the weather prediction task, it was found that schizophrenic
patients show intact feedback learning (Keri et al., 2005a, 2000;
Weickert et al., 2002).

We have also found that schizophrenia patients show intact
feedback learning performance in a different feedback learning
task that tests learning from positive or negative feedback (Somlai
et al., 2010). This is, however, in contrast to another study
in which Waltz, Frank, Robinson, and Gold (2007) found that
schizophrenic patients are impaired at learning from reward but
not from punishment. The inconsistent results in the literature are
perhaps because existing empirical studies test different subtypes
of schizophrenic patients. Supporting this hypothesis, in our own
prior studies (Farkas et al., 2008; Polgar et al., 2008), we have
found that deficit, but not nondeficit, schizophrenic patients show
feedback learning impairments (Farkas et al., 2008; Polgar et al.,
2008). The correlation between feedback learning and the severity
of negative symptoms in schizophrenia was also reported in the
literature (Murray et al., 2008).

Reversal: In reversal learning tasks, subjects initially learn
to associate different stimuli with different responses, and
subsequently learn to associate the same stimuli with the opposite
responses (i.e., reversal). Various studies show that the basal
ganglia, hippocampus, and prefrontal cortex are important for
reversal learning performance (Clatworthy et al., 2009; Cools
et al., 2001; Cools & Frank, 2009; McDonald, Ko, & Hong, 2002;
Mitchell, Rhodes, Pine, & Blair, 2008). For example, Pasupathy
and Miller (2005) recorded from both the striatum and prefrontal
cortex while a monkey performed a reversal task. They found that,
within a trial, the striatum increased its activation before that of
prefrontal cortex neurons, suggesting that both basal ganglia and
prefrontal cortex are engaged during reversal learning processes.
Cools et al. (2001) found that medicated PD patients are more
impaired at reversal learning than unmedicated PD patients (also
see Swainson et al., 2000). Furthermore, Jentsch, Olausson, De La
Garza, and Taylor (2002) found that the administration of cocaine,
which is a dopamine agonist, to monkeys lead to impairment
performing reversal learning tasks. Similar results were found

with the administration of quinpirole (a dopamine agonist) to rats
(Boulougouris, Castane, & Robbins, 2009). It has been argued that
dopamine medications overdose the prefrontal cortex and thus
impair performance in reversal tasks (Cools et al., 2001). In line
with this hypothesis, our model demonstrates that an increase
in dopamine levels in the prefrontal cortex impairs reversal
performance. Similarly, empirical studies show that schizophrenic
patients are impaired at reversal learning (Leeson et al., 2009),
possibly due to prefrontal dysfunction (McKirdy et al., 2009).

Learning-and-transfer: The Rutgers learning-and-transfer ‘‘ac-
quired equivalence’’ task (Myers, Shohamy, Gluck, Grossman,
Kluger et al., 2003a) is used to test the contributions of the basal
ganglia and hippocampus to cognition. This task has two phases:
acquisition and transfer. In the acquisition phase, subjects (and
also themodel) learn to associate two stimuli, while in the transfer
generalization phase, subjects learn that cues become equivalent
when theywere previously associatedwith the same response. The
transfer generalization phase includes two types of trials: reten-
tion and reversal. Retention trials are trials that were previously
presented in the learning phase, while transfer trials include novel
combinations of stimuli (see Myers, Shohamy, Gluck, Grossman,
Kluger et al., 2003a). Several neuropsychological studies from our
laboratory have argued that the associative learning and transfer
generalization processes rely on different neural structures (Keri,
2008; Myers et al., 2008): initial associative learning relies on the
integrity of the basal ganglia, whereas transfer generalization re-
lies on the integrity of the hippocampal region. Specifically, we
have shown that PD patients are more impaired at learning than
schizophrenic patients, while the opposite is true for the transfer
generalization phase: schizophrenic patients are more impaired
than PD patients at transfer generalization (Keri et al., 2005b; My-
ers, Shohamy, Gluck, Grossman, Kluger et al., 2003a). Interestingly,
Shohamy et al. (2010) found that the administration of antipsy-
chotics to schizophrenic patients ameliorates their transfer gener-
alization impairment on the same task.

In our models, different brain areas play different computa-
tional roles. In agreement with empirical (Dusek & Eichenbaum,
1997) andmodeling (Cutsuridis &Wennekers, 2009)work, the hip-
pocampus in our models is important for stimulus–stimulus rep-
resentational learning (Gluck et al., 2005; Moustafa & Gluck, 2010;
Moustafa et al., 2010). The hippocampus sends recoded informa-
tion of input stimuli to the basal ganglia and prefrontal cortex for
further processing. In ourmodels, the basal ganglia is key for stimu-
lus–response and reinforcement learning, in linewith empirical re-
sults (Schultz et al., 1997; Tsai et al., 2009). Unlike the basal ganglia,
the prefrontal cortex in our models is essential for stimulus selec-
tion during learning aboutmultidimensional stimuli, in agreement
with physiological studies (Iba & Sawaguchi, 2003). Importantly,
our simulations explain how interactions among these brain areas
give rise to complex cognitive and motor functions.

Our computational models also aim at understanding how
damage to different components with the prefrontal–striatal–
hippocampal system leads to cognitive dysfunction in PD and
schizophrenia. Below, we provide simulation results of how our
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(a) Experiment. (b) Model.

Fig. 2. Weather prediction task performance in medicated and unmedicated PD patients. Each block here is 50 trials. (a) Figure is adapted from Jahanshahi et al. (2009).
(b): Simulation results are qualitatively similar to the results of Jahanshahi et al. (2009).

prefrontal–striatal and striatal–hippocampal models (Moustafa &
Gluck, 2010; Moustafa et al., 2010) simulate feedback learning,
reversal, and learning-and-transfer acquired equivalence in PD and
schizophrenia. We start by describing simulation results of the
effects of prefrontal–striatal dysfunction in PD patients, and then
present simulation results of the effects of striatal–hippocampal
dysfunction in PD and schizophrenia. We also present simulation
results of the effects of PD depression, the administration of
anticholinergics to PD, and nondeficit vs. deficit schizophrenia on
cognition.

5. Simulation of prefrontal–striatal interactions in PD

We have recently designed a prefrontal–striatal model that
simulates the effects of Parkinson’s disease and dopamine
medications on learning and attention (Moustafa & Gluck, 2010).
Unlike prior models of Parkinson’s disease, we have simulated
the effects of prefrontal dopamine in attentional learning, and
how this cognitive function is affected by Parkinson’s disease
and dopamine medications. In this model, we have simulated the
differential effects of phasic and tonic dopamine on motor and
cognitive processes, and how phasic and tonic dopamine might be
affected by Parkinson’s disease and dopamine medications. Phasic
dopamine in our model is key for learning, while tonic dopamine
is essential for the initiation of motor responses. The Moustafa
and Gluck (2010) model argues that PD is associated with reduced
phasic and tonic dopamine levels, while dopamine medications
increase tonic dopamine and further decrease phasic dopamine
signaling. Our simulation results show that unmedicated and
medicated PD patients are impaired the weather prediction task
(Fig. 2(a)), as found in empirical results (Figure 2a, Jahanshahi et al.,
2009).

The Moustafa and Gluck model also simulates performance
in probabilistic reversal learning tasks. This task consists of two
phases: acquisition and reversal. The acquisition phase involves
probabilistic classification of stimuli. On each trial of this phase,
the model learns to select one of two stimuli (see Cools et al.,
2001, for task details). One stimulus is designated as the correct
stimulus, which is associated with 80% of positive feedback (and
20% negative feedback). The other stimulus is designated the
opposite ratio of reinforcement. As in Cools et al. (2001), this phase
has 40 trials. The second phase is the reversal phase in which
reinforcement contingencies are reversed so that the previously
incorrect stimulus is now correct and vice versa. As in the initial
learning phase, the reversal phase has 40 trials. Following Cools
et al. (2001), the learning criterion of any of the phases in our
simulations is correct responses in eight trials. In addition to
simulating the probabilistic reversal task, we further ran themodel
on the exact same task but by increasing number of trials in the

reversal phase to test extended learning on reversal performance.
We assume that each run of the model corresponds to a different
subject (each simulation run has different initial random values).

In simulating the original reversal task as published, we found
that many of the simulation runs of the medicated PD network did
not reach criterion performance in the reversal phase (Fig. 3(b)),
which is qualitatively similar to the empirical results of Cools et al.
(Fig. 3(a)). In other words, the model accounts for the finding
that medicated PD patients are more impaired at the reversal
phase than unmedicated PD patients and controls. In the model,
dopamine medications impair performance in the reversal phase.
In the beginning of the reversal phase, themodel receives negative
feedback, and because of an increase of tonic dopamine in the
prefrontal cortex, the model shifts attention to the other cue
instead of learning to reverse responses. This in turn led to an
increase number of errors in the reversal phase in many of the
simulation runs of the medicated PD patients network. This delays
correct reversal learning, and thus explainsmedicated PD patients’
impaired performance in this phase. In the extended reversal task,
we found that many of the runs of the medicated PD patients
network were able to reach performance criterion in the reversal
phase (Fig. 3(c)). Themodel here shows that impaired performance
inmedicated PDpatients in the original reversal task as reported by
Cools et al. (2001) is perhaps due to the use of a fewnumber of trials
in the reversal phase,which did not allowpatients to learn the task.
In sum, our prefrontal–striatal model accounts for the findings
that medicated and medicated PD patients are more impaired
than healthy controls at feedback learning, and that medicated
PD patients are more impaired than unmedicated PD patients at
reversal learning.

6. Simulation of striatal–hippocampal interactions in PD and
schizophrenia

The Moustafa and Gluck (2010) model does not have a hip-
pocampal module and is limited to the simulation of the frontos-
triatal connectivity in cognition.We have recently investigated the
interactions among the basal ganglia and hippocampus in cogni-
tion Moustafa et al. (2010). The interaction of the hippocampus
and the basal ganglia in cognition is not addressed by most ex-
isting models. The Moustafa et al. (2010) model integrates our
earlier models of basal ganglia and hippocampal-region function,
and their modulation by dopamine and acetylcholine. Like the
Moustafa and Gluck (2010) model, the basal ganglia is key for
reinforcement learning, motivated by dopamine signals coming
from the ventral tegmental area and substantia nigra pars com-
pacta (Reynolds et al., 2001; Wickens et al., 1996). In the Moustafa
et al. (2010) model, the hippocampal region is required for stimu-
lus–stimulus representation learning, as argued in our prior mod-
els (Gluck, Allen, Myers, & Thompson, 2001). In the Moustafa et al.
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Fig. 3. PD performance in the probabilistic reversal task using the prefrontal–striatal model. (a) Experimental results from Cools et al. (2001). (b) Modeling results of the
original reversal task. (c) Modeling results in the extended reversal learning tasks (see text). Increasing number of training trials of the reversal phase shows that PD patients
can learn the reversal task. Prefrontal dysfunction explains reversal deficits in PD patients.

(2010) model, the hippocampal region preprocesses input infor-
mation and projects coded information to the basal ganglia for fur-
ther computational processing. This model simulates performance
in the learning-and-transfer ‘‘acquired equivalence’’ task described
above (Myers, Shohamy, Gluck, Grossman, Kluger et al., 2003a).

The Moustafa et al. (2010) model has been applied to simulate
the effects of Parkinson’s disease and schizophrenia on learning
and transfer generalization. We present here simulation results in
terms of number of errors in the acquisition and transfer (including
retention and transfer trials) phases. Consistent with the empirical
results (Fig. 5(a)), the model shows that simulating a loss of
dopamine function in the basal ganglia module, as in Parkinson’s
disease, leads to slow acquisition learning but intact transfer
generalization (Fig. 4(c)). Damaging the hippocampal module in
the model, as in schizophrenia, did not interfere with acquisition
(Fig. 4(d)), which is line with empirical results (Fig. 4(b)). In
contrast to feedback learning, our simulation results show that
schizophrenic patients are impaired, but PD patients show intact
performance, at the transfer generalization phase (Fig. 5(c) and
(d)),which is in agreementwith empirical results (Fig. 5(a) and (b)).
In sum, our striatal–hippocampal model explains why PD patients
are worse at learning, but better at transfer generalization, than
schizophrenic patients.

7. Simulation of the effects of depression and anticholinergics
on cognition in PD

Our earlier simulation results were limited to the simulation of
standard PD and schizophrenia that are not associated with any

additional symptoms, such as depression or negative symptoms.
As shown above, subtypes of PD and schizophrenic patients have
different cognitive profiles. In a recent neuropsychological study,
we have tested the effects of depression and anticholinergic
medications on learning and transfer generalization in PD patients
(Herzallah et al., 2010). We have found that depressed PD patients
are more impaired than nondepressed patients at feedback
learning (Fig. 6(a)). In contrast, we have found that PD patients
on anticholinergics are more impaired at transfer generalization
than patients who are not on anticholinergics (Fig. 7(a)). Empirical
studies have shown that PD depression (and major depression)
is associated with further reduced dopamine levels than in
nondepressed PD patients (Walter et al., 2010). Accordingly, we
simulate depression in PD by further decreasing the learning rate
parameter in the basal gangliamodule. As in our empirical findings
(Fig. 6(a)), our simulations show a qualitatively similar pattern
of results (Fig. 6(b)). Furthermore, empirical research has shown
that anticholinergics impair hippocampal function (Ehrt et al.,
2010; Meco et al., 1984; Pondal et al., 1996). By removing the
hippocampal module from the Moustafa et al. (2010) model, we
show that the simulations of PD patients on anticholinergics are
more impaired at transfer generalization than patients not on
anticholinergics (Fig. 7(b)).

In sum, usingparallel neuropsychological-computationalmeth-
ods, we show here that depression in PD patients is associated
with impaired feedback learning, while the administration of anti-
cholinergics to PD patients impairs transfer generalization.
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(2010). Adapted from Moustafa et al. (2010). Abbreviations: HC, healthy controls; PD, Parkinson’s patients; SZ; schizophrenia.

8. Simulationof the effects of deficit andnondeficit schizophre-
nia on cognition

As mentioned above, various clinical studies have shown
that deficit and nondeficit schizophrenic patients have different
cognitive profiles.

At our laboratory, we have found that while deficit schizo-
phrenic patients are impaired at both the learning and transfer
phases of the acquired equivalence task, nondeficit schizophrenic
patients only are impaired at the transfer phase of this task (Farkas
et al., 2008). Research suggests that nondeficit schizophrenia is as-
sociated with hippocampal dysfunction, while deficit schizophre-
nia is associated with both hippocampal and striatal dysfunction
(Buchanan et al., 1993; Heckers et al., 1999; Polgar et al., 2010;
Tamminga et al., 1992). In agreement with experimental results
showing that deficit schizophrenia is associated with hippocam-
pal damage and dysfunction of D1 receptors in the basal gan-
glia (Monteleone et al., 2002), we simulate deficit schizophrenia
by removing the hippocampus module and decreasing learning
rate parameter in the striatal module in our striatal–hippocampal
model (Moustafa et al., 2010). In agreement with empirical find-
ings (Farkas et al., 2008), our simulations show that both deficit and
nondeficit schizophrenic patients are impaired at transfer general-
ization, while deficit schizophrenic patients are more impaired at
learning than nondeficit schizophrenic patients (Fig. 8(a) and (b)).

9. Discussion

We have built computational models of frontal–striatal
(Moustafa & Gluck, 2010) and striatal–hippocampal interactions
(Moustafa et al., 2010) to simulate cognitive performance in PD and
schizophrenia. PD and schizophrenia affect the prefrontal–striatal–
hippocampal system in different ways: PD is associated with
fronto-striatal dysfunction, while nondeficit schizophrenia is asso-
ciated with hippocampal dysfunction.

Our computational models simulate performance in a range of
cognitive tasks, including feedback learning, reversal learning, and
learning-and-transfer ‘‘acquired equivalence’’. Various empirical
studies show that dopamine medications and agents impair
stimulus–response learning performance in both PD patients
(Gotham et al., 1988; Jahanshahi et al., 2009; Shohamy et al.,
2006) and healthy controls (Breitenstein et al., 2006; Santesso
et al., 2009). The Moustafa and Gluck (2010) model shows that
a decreasing learning rate (due to increase of dopamine levels
in the basal ganglia and prefrontal cortex) leads to impairment
in performing the weather prediction task, in line with empirical
results (Jahanshahi et al., 2009). The Moustafa and Gluck (2010)
model also simulates the findings that medicated PD patients
are impaired at performing reversal tasks, due to increase of
dopamine levels in the prefrontal cortex. Simulation results show
that during the reversal phase, increase of dopamine levels
in the prefrontal cortex made the model shifts attention to
different stimuli instead of learning to reverse responses, which
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delays learning. Specifically, we have found in our simulations
that two factors influence reversal performance: (a) receiving
negative feedback, (b) activation levels of prefrontal nodes
(which, in our model, are manipulated by tonic dopamine
levels). First, negative feedback decreases weights associated with
the previously winning prefrontal node, and thus decreases its
activation value in subsequent trials. In this case, the difference
of activation values of prefrontal nodes becomes smaller than

their differences during acquisition phase. Second, we simulate
an increase in tonic dopamine by increasing gain value of a
sigmoidal activation function, as previously proposed in models
of schizophrenia (Amos, 2000; Cohen & Servan-Schreiber, 1992).
In our model, increase in tonic dopamine levels increases activity
of prefrontal nodes, which in turn enhances attentional shifting
performance (see Schultz, 2007, for discussion). Specifically,
increasing the gain value causes the sigmoidal function to
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decrease the difference between the representations of inputs. In
other words, increasing the gain value increases the competitive
dynamics in the simulated prefrontal cortex and the likelihood to
shift to a new dimension. From these two points, we have found

that that an increase in tonic dopamine levels, as in medicated PD
simulations) increase activity and competition among prefrontal
nodes, which in turn enhance selecting different stimuli following
negative feedback. This delays reversal learning since reversal
learning is acquired more quickly if the model (and subjects) just
learned to reverse motor responses (in the basal ganglia module),
and not shift attention to other irrelevant cues (in the prefrontal
module).

Interestingly, the same mechanism of reversal performance
in our model also explains enhanced attentional performance
in medicated PD patients as we showed in our earlier work
(Moustafa & Gluck, 2010) and as reported experimentally (Cools
et al., 2001; Swainson et al., 2000). Furthermore, the Moustafa
and Gluck (2010) model shows that increasing the number of
training trials in the reversal phase enhances performance of
medicated PD patients. We conclude that impaired performance
of medicated PD patients in the reversal task in the Cools et al.
(2001)study is perhaps due to the use of a low number of trials in
the reversal phase. Future experimental research should confirm
(or disconfirm) model prediction.

Our models also simulate cognitive dysfunction in subtypes
of PD and schizophrenia. In agreement with existing results
(Herzallah et al., 2010), our simulation results show that depressed
PD patients are more impaired than nondepressed patients on
feedback learning. We also simulate the effects of anticholinergics
on hippocampal function. Our simulation results show that
the administration of anticholinergics to PD patients impair
hippocampal function, and thus impair transfer generalization, in
line with our empirical findings (Herzallah et al., 2010).

Furthermore, research has shown that deficit and nondeficit
schizophrenia are associated with different neural and cognitive
dysfunction. While nondeficit schizophrenia is associated with
hippocampal dysfunction, deficit schizophrenia is additionally
associated with frontostriatal dysfunction (Buchanan et al., 1993;
Farkas et al., 2008; Heckers et al., 1999; Polgar et al., 2008,
2010; Tamminga et al., 1992). Our models also simulate cognitive
dysfunction in deficit and nondeficit schizophrenic patients. As in
our empirical findings (Farkas et al., 2008), our simulations show
that while both deficit and nondeficit schizophrenic patients are
impaired at transfer generalization, deficit schizophrenic patients
only are impaired at feedback learning. Unlike other models of
schizophrenia (reviewed below), our Moustafa et al. (2010) model
simulates the effects of negative symptoms on cognition. In line
with empirical results, we assumed that negative symptoms are
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associated with disregulation of striatal and frontal D1 receptors,
and thus associated with impaired learning, as reported in many
studies (Murray et al., 2008). One limitation of this model is it
does not have a prefrontal module and thus does not simulate the
effect of deficit and nondeficit schizophrenia on working memory.
For example, Polgar et al. (2010) have recently shown that deficit
schizophrenic patients are more impaired at working memory
than nondeficit patients. This is perhaps due to more severe
prefrontal dysfunction in deficit schizophrenic patients, which has
been reported in the literature (Okubo et al., 1997).

9.1. Existing models of PD and schizophrenia

Below, we review how existingmodels of PD and schizophrenia
relate prefrontal, hippocampal, or striatal dysfunction to cognitive
and psychiatric deficits in these patients.

There are very fewmodels that simulate cognitive performance
in both PD and schizophrenia (Amos, 2000; Monchi, Taylor, &
Dagher, 2000; Moustafa et al., 2010). Amos (2000) simulates
performance in the Wisconsin Card Sorting Task in Parkinson’s
disease, Huntington’s disease, and schizophrenic patients, using
mathematical techniques similar to those used by Moustafa and
Gluck (2010). The Amos model showed that decreasing activity
of the prefrontal cortex explains working memory deficits in
schizophrenia, and it also shows that decreasing activity in
basal ganglia and prefrontal cortex modules simulates impaired
performance in Parkinson’s disease patients. In the Amos model,
dopamine reduction (as in PD) was simulated by decreasing the
gain parameters of the sigmoidal activation function and lesioning
was simulated by decreasing the output of neurons representing
the lesioned area. As in our model, Amos argues that prefrontal
cortex maintains the sorting rule (card, color, or shape) in working
memory. The sensory association cortex encoded representations
of input stimuli and the striatum integrated cortical information
and decided what action to perform. Feedback to prefrontal cortex
from the basal ganglia informed prefrontal cortex whether to
maintain or change the sorting rule (not modeled). The model
simulated the occurrence of perseverative and random responses
in prefrontal cortex-damaged and PD patients. Unlike our models
(Moustafa & Gluck, 2010; Moustafa et al., 2009, 2010), the Amos
model is not a learningmodel and does not simulate the role of the
hippocampus in cognition.

Monchi and colleagues (Monchi et al., 2000) proposed a model
that simulates the role of frontostriatal loops in working memory
in PD and schizophrenic patients. This model argues that PD is
associated with basal ganglia dysfunction, while schizophrenia is
associated with both basal ganglia and frontal dysfunction. The
model successfully accounts for various data on the effects of PD
and schizophrenia on working memory. Specifically, Monchi et al.
(2000) simulate PD by decreasing values of weights connecting
prefrontal cortex and striatal units. Like Amos (2000) model,
Monchi et al. did not simulate the role of dopamine in learning and
does not incorporate a hippocampal module.

Most of the existing models focus on simulating the role of
the frontostriatal and/or dopaminergic dysfunction in PD patients.
Existing models of schizophrenia simulate the effects of frontal or
hippocampal dysfunction on cognition and psychosis. Below, we
review these models, starting by models of PD.

9.1.1. Models of frontostriatal dysfunction in Parkinson’s disease
We here review computational models that address the ef-

fects of PD on cognition. Most, if not all, existing models of PD fo-
cus on simulating the functional contribution of the basal ganglia
and/or prefrontal cortex to motor and cognitive processes (Amos,
2000; Frank, 2005; Guthrie et al., 2009; Moustafa & Gluck, 2010;

Moustafa et al., 2009). The most common framework for simu-
lating the role of the basal ganglia in feedback learning is the
actor-critic model (Berns & Sejnowski, 1995; Houk, 1995a; Joel,
Niv, & Ruppin, 2002; Redish, Jensen, Johnson, & Kurth-Nelson,
2007; Suri, Bargas, & Arbib, 2001; Suri & Schultz, 1998). These
models assume that there are two different systems respon-
sible for reinforcement-based stimulus–response associations:
(a) critic (which is responsible for reward-prediction learning) and
(b) actor (which is responsible for stimulus–response learning)
(Barto, 1995). These systems are interrelated: the critic sends a re-
inforcement signal to the actor to either increase the likelihood of
selecting the action it has justmade if it has desirable consequences
or not to select the action just made if it does not have desirable
consequences. The critic, on the other hand, is not informed about
what action the actor has made. However, it is informed about
whether the action made had rewarding consequences. Based on
existing actor-critic models, Moustafa and Gluck (2010) simulate
the effects of PD and dopaminemedications on stimulus–response
learning; our model assumes that dopamine medications increase
tonic dopamine levels in the basal ganglia and prefrontal cortex.
This in turn reduces phasic signaling of dopamine cells, and thus
impairs learning (for similar assumptions, see Breitenstein et al.,
2006).

The Moustafa and Gluck (2010) model also simulates perfor-
mance in reversal learning tasks. Reversal learning is arguably
more complex than stimulus–response learning, and there are
fewer models of reversal learning than stimulus–response learn-
ing. Frank (2005) proposed a model that simulates performance
in probabilistic reversal tasks. Unlike our model, Frank (2005) as-
sumes that reversal deficits inmedicated PDpatients are due to im-
paired learning in the basal ganglia indirect pathway (whichwedid
not incorporate in the model). A more recent model by Frank and
Claus (2006) incorporates the orbitofrontal cortex and simulates
performance in reversal tasks. Assuming that dopamine medica-
tions might perhaps overdose and thus impair the function of the
orbitofrontal cortex (as argued by Cools et al., 2001), the Frank and
Claus model can readily simulate reversal learning performance in
medicated PD patients. Unlike the Frank (2005) model, we show
that reversal deficits in medicated PD patients are perhaps due to
prefrontal dysfunction, as originally argued by Cools et al. (2001).
Although we provide an alternative interpretation of existing data
on how dopamine medications might affect reversal learning per-
formance, the Frank (2005)model and ourmodel are plausible, and
provide different predictions.

As similar to our model, Suri and Schultz (1999) proposed
a model that simulates performance in delayed-response tasks.
In these tasks, a stimulus is presented to the subject (e.g., A
or B), and after a delay period in which this stimulus is no
longer present, the subject must select a motor response (e.g., R1
or R2) depending on which stimulus was presented before the
delay. As in our model, this model incorporated an actor-critic
architecture and was trained using the temporal difference (TD)
algorithm. Like our models, Suri and Schulz assume that the
striatum subserved motor responses, and that lateral connectivity
of striatal neurons, simulated by a winner-take-all network,
subserve action selection. In a neurophysiological study, Schultz
et al. (1997) found dopamine phasic signals in healthy monkeys
are associated with the presentation of rewarding stimuli during
early trials of an instrumental conditioning task, but then time shift
to the presentation of reward predicting stimuli in late training
trials. Building on this finding, Suri and Schultz specifically argue
that in PD, the dopamine reward signal is always associated
with the time of the primary reward, whether predicted or not,
and thus does not time shift to the presentation of reward
predicting stimuli. This concept is known as the unconditional
reinforcement signal. Training the model using an unconditional
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reinforcement signal, Suri and Schultz (1999) found that themodel
generated perseverative responses comparable to those found in
PD patients. These results suggest that inappropriate time shifting
of the dopamine phasic signal can explain the occurrence of
perseverative responses in PD (for similar results, see Moustafa
& Maida, 2007). Interestingly, a recent fMRI study supports the
hypothesis of inappropriate time shifting of phasic dopamine
signaling to the time of unconditioned stimuli in PD patients
(Schott et al., 2007). The Suri and Schultz (1999) model did not
simulate the effects of dopamine medications on cognition in PD
patients.

At our laboratory, we have also built a computational model of
prefrontal cortex and basal ganglia interactions during sequence
learning performance in medicated and unmedicated PD patients
(Guthrie et al., 2009). Like the Moustafa and Gluck (2010) model,
Guthrie et al. assume that PD is associated with decreased
phasic and tonic dopamine signaling, while dopaminemedications
increase tonic dopamine and further decrease the phasic signaling
of dopamine cells. Unlike the Moustafa and Gluck (2010) model,
the Guthrie model assumes that PD and dopamine medications
mainly affect the basal ganglia, though experimental studies found
evidence that dopamine medications do increase dopamine levels
in the prefrontal cortex Carey, Pinheiro-Carrera, Dai, Tomaz, and
Huston (1995); Dagher and Robbins (2009) and Diaconescu et al.
(2010).

9.1.2. Models of prefrontal and hippocampal dysfunction in schizophre-
nia

Most existing models of schizophrenia simulate the contribu-
tion of either the prefrontal cortex (Cohen & Servan-Schreiber,
1992; Rolls, Loh, Deco, &Winterer, 2008; Wang, 2006), hippocam-
pal region (Chen, 1995; Lisman, Pi, Zhang, & Otmakhova, 2010;
Siekmeier, Hasselmo, Howard, & Coyle, 2007; Talamini & Meeter,
2009), or dopamine (Schmajuk, 2005) to cognitive dysfunction
and/or the occurrence of psychotic episodes.

For example, Talamini andMeeter (2009) argue contextual pro-
cessing deficits in schizophrenic patients are due to hippocampal
andmedial temporal lobe dysfunction. A recent empirical study by
the same group confirmed model hypothesis (Talamini, de Haan,
Nieman, Linszen, & Meeter, 2010). Similarly, Hasselmo and col-
leagues have simulated the role of the hippocampus, and partic-
ularly area CA1, in contextual processes (Siekmeier et al., 2007).
Unlike the Talamini and Meeter (2009) model, Siekmeier et al.
(2007) focus on simulating the function of NMDA receptors in con-
textual processing. Like these models, our striatal–hippocampal
model also argues that hippocampal damage underlies some of
the cognitive deficits observed in schizophrenic patients. For ex-
ample, Moustafa et al. (2009) shows that hippocampal damage,
as in schizophrenia, impairs contextual shifting. Furthermore, the
Moustafa et al. (2010) model shows that transfer generaliza-
tion deficits in schizophrenic patients are due to hippocampal
dysfunction.

Other existing models relate cognitive dysfunction in schizo-
phrenia to prefrontal damage. For example, Cohen and colleagues
argue that cognitive andworkingmemory deficits in schizophrenic
patients are caused by a dysfunction to prefrontal dopamine (Co-
hen, Braver, & O’Reilly, 1996). Specifically, Cohen and colleagues
argue that that schizophrenia is associated with decreased pha-
sic dopamine and increased tonic dopamine in the prefrontal cor-
tex (Braver & Cohen, 1999). In sum, these models suggest that
different neural deficits underlie dissociable cognitive dysfunc-
tion in schizophrenic patients: while working memory dysfunc-
tion is caused by prefrontal damage, contextual learning and
transfer generalization deficits are caused by hippocampal damage
in schizophrenia.

Interestingly, like cognitive dysfunction, existing models also
relate the occurrence of psychotic episodes in schizophrenia
to either hippocampal, prefrontal, or dopaminergic dysfunction
(Chen, 1995; Corlett et al., 2007; Lisman et al., 2010; Rolls et al.,
2008). There are at least three theories regarding how neural
dysfunction leads to psychotic symptoms in schizophrenia.

(1) Rolls et al. (2008) argue that prefrontal dysfunction is
the mechanism underlying the occurrence of psychotic
symptoms in schizophrenic patients. Rolls et al. argue that
impaired working memory leads to aberrant maintenance
of information in working memory. Rolls et al. argue that
psychosis corresponds to the maintenance of a large amount
of irrelevant information in working memory. Interestingly, a
more recent model by Rolls and colleagues argue that cortical
GABA dysfunction is responsible for psychotic episodes in
schizophrenia (Rolls & Deco, 2010).

(2) In contract, Fletcher and colleagues (Corlett et al., 2007;
Fletcher & Frith, 2008) argue that psychosis is related to
disrupted prediction error signaling in the prefrontal cortex. In
other words, Corlett et al. argue that disrupted error prediction
learning leads to the reinforcement of random information that
are not generally linked to reward. Frank (2008) has similarly
argued that aberrant prediction error learning is responsible
for positive symptoms in schizophrenia. In line with these
ideas, McDannald and Schoenbaum (2009) have designed a
new reward-based learning paradigm to test psychosis in rats.
McDannald and Schoenbaum argue that psychosis is related
to the aberrant association of neutral stimuli with rewarding
stimuli, such that in schizophrenic animals, these neutral
stimuli will function as rewarding stimuli. We are not aware
of any simulation model that relates reward processes to
psychotic episodes in schizophrenia.

(3) In contrast to the dopaminergic and prefrontal accounts for
the occurrence of psychosis in schizophrenia, some argue
that psychotic symptoms in schizophrenia are caused by
hippocampal damage (Chen, 1995; Grace, 2010; Lisman
et al., 2010). Chen (1995) proposed a one-layer attractor
network which addresses how hippocampal dysfunction in
schizophrenia leads to psychotic symptoms. This model
assumes that psychosis is related to aberrant retrieval of
information from memory. The Chen model shows that an
increase of correlation of encoding inputs in the hippocampus
interferes with retrieval processes, such that the model will
retrieve wrong information at the wrong time. Chen argues
that retrieval of wrong information from the hippocampus’s
long-term memory store corresponds to psychotic symptoms.
Lisman et al. (2010) have provided an alternative theory to
how hippocampal dysfunction leads to psychotic episodes.
Like the Siekmeier et al. (2007) model, Lisman et al. focus on
simulating the role of NMDA dysfunction in schizophrenia.
Lisman et al. argue that NMDA dysfunction increases the
activity of CA1, which in turn increase firing of dopamine,
and thus causes psychosis. Similarly, Grace (2010), argue that
hippocampal damage is responsible for increased dopamine
levels in schizophrenia. Our computational models did not
simulate the occurrence of psychotic episodes in schizophrenia
(Moustafa et al., 2010).

Future models should simulate both cognitive and psychiatric
dysfunction in schizophrenia within a single framework. Benefit
of such models is to study correlations between psychiatric
(e.g., psychosis, apathy, delusion) and cognitive (e.g., learning,
working memory, cognitive control) variables in schizophrenia, as
is the case in clinical studies (Murray et al., 2008).
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9.1.3. Models of prefrontal–striatal–hippocampal interactions
Few theoretical and simulation models have addressed the

interactions among the prefrontal cortex, basal ganglia, and
hippocampus, but did not simulate performance in neurological or
psychiatric disorders (Grace, 2008; Hazy, Frank, & O’Reilly, 2006,
2007; Turnock & Becker, 2007). Hazy and colleagues (Hazy et al.,
2006, 2007) proposed a model simulating roles of the prefrontal
cortex, basal ganglia, and hippocampus in working memory and
executive control. This model integrates features from existing
models of the hippocampal models (O’Reilly & Norman, 2002) and
basal ganglia models (O’Reilly & Frank, 2006), but also extends
these models by providing a detailed model of phasic dopamine
firing patterns (for similar ideas on development of phasic
dopamine responses, see Brown, Bullock, & Grossberg, 1999).
Like Frank, Loughry, and O’Reilly (2001) model, the Hazy et al.
model assumes the basal ganglia is key for gating for perceptual
information into working memory (for similar ideas, see Moustafa
&Maida, 2007). Like ourmodel (Moustafa & Gluck, 2010), the Hazy
model incorporates data showing that the prefrontal cortex is key
for maintenance of information in working memory. Unlike the
O’Reilly and Frank (2006) model, the Hazy model also simulates
the role of the hippocampus in working memory.

In another physiologically-inspired theoretical model, Grace
(2008) argued that the ventral striatum is controlled by either
the prefrontal and hippocampal system, such that increase of
dopamine levels shifts the control from the prefrontal cortex
to the hippocampus, and a decrease in dopamine levels shifts
the control to the prefrontal system (Grace, 2008). The Grace
model is not a simulation model, and it is not clear how it
might relate to motor and cognitive processes. Recently, Turnock
and Becker (2007) proposed a simulation model incorporating
Grace’s theoretical ideas, and further simulate performance in
conditioning paradigms. Although the Turnock and Becker and
Hazy models did not simulate performance in patient populations,
they provide insights in the nature of interactions of the prefrontal
cortex, basal ganglia, and hippocampus.

9.1.4. Future directions: simulation of the effects of levodopa,
dopamine agonists, and antipsychotics

Although there are frontostriatal models of the effects of
dopamine medications on cognition in PD (Frank, 2005; Guthrie
et al., 2009; Moustafa & Gluck, 2010), none of these models ad-
dressed dissociable effects of the different dopamine medications,
such as levodopa or non-ergot dopamine agonists, on cognition in
PD patients. In addition, we are not aware of any computational
model that simulates the effects of antipsychotics on cognition in
schizophrenic patients. Below, we explain how an extension of our
models can help understand the effects of levodopa, dopamine ag-
onists, and antipsychotics on motoric, psychiatric, and cognitive
processes.

Because levodopa, dopamine agonists, and antipsychotics
target selective dopamine receptors, the simulation of different
dopamine receptors in the basal ganglia and prefrontal cortex is
essential for understanding the effects of these medications on
motor and cognitive processes. Dopamines D1 and D2 receptors
are often expressed in different neurons in the basal ganglia,
hippocampus, and prefrontal cortex (Gerfen, 1992; Hopf, Cascini,
Gordon, Diamond, & Bonci, 2003). One limitation of our models
(Moustafa et al., 2010, 2009) is they do not simulate the functional
roles of the different dopamine receptors in the basal ganglia
and prefrontal cortex. Some existing models have addressed the
function of dopamine receptors in striatum (Frank, 2005) and
prefrontal cortex (Cohen, Braver, & Brown, 2002). Frank (2005)
argued that D1 receptors in the basal ganglia are key learning from
positive feedback, while D2 receptors are important for learning
from negative feedback. The Frank model does not incorporate

the different dopamine receptors in the prefrontal cortex, and
does not simulate differential effects of levodopa vs. dopamine
agonists on cognition. In contrast, Cohen et al. (2002) argued that
D1 and D2 receptors in the prefrontal cortex play different roles,
such that prefrontal D1 receptors are important for maintenance
of information in working memory, while prefrontal D2 receptors
are important for learning. Cohen et al. (2002) did not address
how disruption to prefrontal dopamine receptors might relate to
psychiatric or cognitive function in schizophrenia.

Physiological and behavioral studies have pointed out that
levodopa and dopamine agonists work differently on dopamine
receptors. Most of the commonly used non-ergot dopamine
agonists, such as pramipexole and ropinirole, have a high affinity
for D2 receptors, while levodopa is a dopamine precursor, taken
up by dopamine cells and converted into dopamine; thus, it
acts on both D1 and D2 dopamine receptors. Behaviorally,
neuropsychological studies have shown that unlike dopamine
agonist, the administration of levodopa to healthy subjects and
PD patients enhances learning (Beeler et al., 2010; Floel et al.,
2008; Graef et al., 2010) and working memory (Costa et al., 2003;
Fernandez-Ruiz, Doudet, & Aigner, 1999; Pascual-Sedano et al.,
2008). In a new computational model, we have simulated the
differential effects of levodopa and dopamine agonists on brain
and cognition (Moustafa &Gluck, under review). Thismodel argues
that the dissociable effects of levodopa and dopamine agonists
on cognition are related to their affinity to different dopamine
receptors. Because D1 receptors are associated with learning,
working memory, our model provides a mechanistic account for
how levodopa (but not dopamine agonists) enhances learning and
working memory.

Future models should address the effects of levodopa and
dopamine agonists on impulse control disorders and levodopa-
induced dyskinesia. For example, experimental studies have
shown that dopamine agonists (and to a lesser extent levodopa)
lead to impulse control disorders in PD patients (Weintraub, 2008).
Ourmodel suggests that impulse control disordersmight be caused
by an overstimulation of D2 receptors, which leads to a decrease
in phasic dopamine firing. This, in turn, leads to impaired reward
learning (Ray & Strafella, 2010), and, consequently, to repetitive
reward-seeking behavior. Furthermore, the chronic administra-
tion of levodopa to PD patients leads to dyskinesia, a phenomenon
known as levodopa-induced dyskinesia. In our model, this is be-
cause of levodopa’s higher affinity for D1 receptors, which over-
stimulates motor learning, and thus eventually leads to dyskinesia
(Sammut et al., 2006). Unlike levodopa, dopamine agonists have
weaker affinity to D1 receptors, and are consequently less associ-
ated with dyskinesia. Future models should explicitly simulate the
effects of levodopa and dopamine agonists on impulse control dis-
orders and dyskinesia in PD patients.

Simulating the function of dopamine D1 and D2 receptors in
the basal ganglia and prefrontal cortex will also help understand
the effects of antipsychotics on cognition in schizophrenic patients.
Empirical research have found that although antipsychotics de-
crease psychotic episodes, theymight cause (a) Parkinsonism (phe-
nomenon known as neuroleptic-induced Parkinsonism (Moratalla
et al., 1996; Parr-Brownlie & Hyland, 2005; Sumaya et al., 2004)
and (b) may not alleviate impairment in some cognitive functions
in schizophrenic patients (Holmes et al., 2005).

In ourmodeling framework, antipsychotics cause Parkinsonism
because they inhibit D2 receptors. While D1 receptors are overex-
pressed in the basal ganglia direct pathway, D2 receptors are more
abundant in basal ganglia indirect pathway (Gerfen, 1992), which
is essential for initiating motor responses (Gerfen, 2000; Kitagawa
et al., 2009;Matsukawaet al., 2007; Tremblay et al., 2009). Thus, in-
hibiting D2 receptors increases the inhibitory function of the basal
ganglia indirect pathway, which in turn attenuates the initiation of
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motor responses. Interestingly, first-generation (typical) antipsy-
chotics, such as haloperidol, have higher affinity to D2 receptors
and more associated with Parkinsonism than second-generation
(atypical) antipsychotics, such as clozapine (Abi-Dargham & Laru-
elle, 2005; Joy, Adams, & Lawrie, 2006; Juckel et al., 2006). Building
on the same theory, a further inhibition of D2 receptors by first-
generation antipsychotics will further attenuates the initiation of
motor responses, and thus explain why they are more associated
with Parkinsonism than second-generation antipsychotics.

Furthermore, our model suggests that cognitive and working
memory deficits in both medicated (Holmes et al., 2005) and
unmedicated (van Veelen et al., 2010) schizophrenic patients may
be due to dysfunction of D1 receptors in the prefrontal cortex
(Abi-Dargham, 2003), which have shown to be important for
working memory processes (Abi-Dargham et al., 2002; Castner
& Goldman-Rakic, 2004; McNab et al., 2009; Sawaguchi, 2001;
Williams & Goldman-Rakic, 1995). Antipsychotics mainly target
D2 receptors and thus do not affect D1-mediated working
memory. In addition, unlike second-generation antipsychotics,
first-generation antipsychotics are more associated with impaired
feedback learning (Bedard et al., 2000; Paquet et al., 2004; Purdon,
Woodward, Lindborg, & Stip, 2003; Scherer et al., 2004). In
our modeling framework, the administration of first-generation
antipsychotics should further inhibit D2 receptors and thus
decrease dopamine levels in the basal ganglia, which has been
shown to be essential for feedback learning (Reynolds et al.,
2001; Schultz et al., 1997; Tsai et al., 2009). A further decrease
in basal ganglia dopamine by first-generation antipsychotics
will further impair learning, and thus explain why they are
more associated with impaired feedback learning than second-
generation antipsychotics. In line with this theory, Zirnheld et al.
(2004) have found that the administration of haloperidol to healthy
subjects impairs learning. Futuremodels should explicitly simulate
the differential effects of first vs. second generation antipsychotics
on psychiatric and cognitive function in schizophrenia.

9.2. Conclusion

Computational modeling has become an increasingly useful
tool for understanding the complex linkages between brain and
cognition. Our computational models incorporate the findings
that the basal ganglia is key for stimulus–response learning
(for similar ideas, also see Doya, 2000; Suri & Schultz, 1999),
the hippocampus for stimulus–stimulus representational learning,
and the prefrontal cortex for stimulus selection in learning (Gluck
et al., 2005; Moustafa et al., 2010, 2009; Moustafa & Gluck,
2010). Our simulation results show how interactions among
these brain systems explain cognitive performance in PD and
schizophrenia, including feedback learning, reversal learning, and
learning-and-transfer ‘‘acquired equivalence’’. Our models, for
example, explain why PD patients show intact feedback learning,
while schizophrenic patients show impaired feedback learning.

We also show that the simulation of function roles of the
different dopamines D1 and D2 receptors in the prefrontal cortex
and basal ganglia will explain the effects of levodopa, dopamine
agonists, and antipsychotics on motoric, psychiatric, and cognitive
processes. Futurework is still needed to build on such priormodels
to simulate the dissociable effects of thesemedications on impulse
control disorders, psychosis, dyskinesia, and Parkinsonism.

In contrast to other approaches that focus on simulating
the role of a single brain area to the occurrence of motoric
and cognitive dysfunction in brain disorders (Rolls & Deco,
2010), we adopt a systems-level approach to study how damage
to different components of the prefrontal–striatal–hippocampal
mechanism relates to cognitive dysfunction in subtypes of PD and
schizophrenia and their associated medications.
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