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ABBREVIATIONS 
 

BPRS: Brief Psychiatric Rating Scale 

CE: Central Executive 

CPT: Continuous Performance Test 

CPZ: Chlorpromazine-equivalent Dose of Antipsychotics (mg/day) 

CVLT: California Verbal Learning Test 

DA: Dopamine 

DL-PFC: dorsolateral prefrontal cortex 

DSM-IV: Diagnostic and Statistical Manual of Mental Disorders, 4th edition  

fMRI: Functional Magnetic Resonance Imaging 

GAF: Global Assessment of Functioning  

GLU: Glutamate 

HVA: Homo-vanillic Acid 

IQ: Intelligence Quotient 

MHPG: 3-methoxy-4-hydroxyphenylglycol  

MOT: Multiple Object Tracking 

MTL: Medial Temporal Lobe 

NAA: N-Acetyl Aspartate 

NAAR: N-acetyl aspartate receptor 

p: Probability 

PANSS: Positive and Negative Syndrome Scale 

PD:  Parkinson’s disease 

PFC: Prefrontal Cortex 

r: Pearsons' Correlation Coefficient 

SANS: Scale for the Assessment of Negative Symptoms  

SAPS: Scale for the Assessment of Positive Symptoms  

SD: Standard deviation 

SE: Standard Error 

SNc: Substantia Nigra Pars Compacta 

SRT: Serial ReactionTime 

VL-PFC: ventrolateral prefrontal cortex 
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WAIS-R: Wechsler Adult Intelligence Scale, revised 

WCST: Wisconsin Card Sorting Test 

WM: Working memory 



 6

LIST OF TABLES AND FIGURES 

Figures 
Figure 1. Display of the cognitive sequence learning (“chaining”) task. ....................... 37 
Figure 2. The Rutgers acquired equivalence task........................................................... 42 
Figure 3. The multiple-object tracking test .................................................................... 46 
Figure 4. Mean number of errors in the training phase (stimulus-reward learning) and in 
the probe phase (sequence change). ............................................................................... 49 
Figure 5. The relationship between the mean number of errors in the training and probe 
phase of the “chaining” task and plasma HVA levels. ................................................... 51 
Figure 6. Mean number of errors from the four phases (four rooms) of the training 
procedure ........................................................................................................................ 52 
Figure 7. Correlation between the daily chlorpromazine-equivalent antipsychotic dose 
and the number errors during the acquisition phase ....................................................... 54 
 

Tables 
Table 1. Clinical and demographical parameters ........................................................... 40 
Table 2. The acquired equivalence paradigm................................................................. 41 
Table 3. IQ, CVLT, and n-back performances ............................................................... 53 
Table 4. Results from patients with schizophrenia and healthy control participants ..... 55 
 



 7

INTRODUCTION 
 

Schizophenia is a chronic, devastating mental disorder that has a heterogeneous 

presentation, with disorganized, positive, and negative symptoms having different levels 

of prominence across time and across individuals. The positive, disorganized, and 

negative symptoms involve nearly all domains of psychopathology, perception, 

thinking, affect, and self-regulation (Andreasen and Carpenter, 1993). A peak of onset 

of the disorder is in young adulthood and is rare before adolescence or after middle age. 

The origins of schizophrenia remained largly an enigma. Liability to schizophrenia is 

highly heritable (about 60-80%), however, results of twin-studies suggest a role for 

environmental influences as well. Several early neurological insults, later life stressors 

and nonhereditary genetic risk factors confer additional risk. These include migrant 

status, older fathers, perinatal infections, prenatal famine, lifetime cannabis use, 

obstetrical complications, urban rearing, and winter or spring birth (Stephan et al., 2009, 

McDonald and Murray, 2000). 

Several different models of the pathopshysiology of schizophrenia have been 

proposed (Weinberger 1987, Pearlson et al, 1996, Friston, 1999, Schultz and Andreasen 

2000). Most of them have substantial commonalities, namely schizophrenia is the result 

of dysfunction of distributed neural networks. According to these models, the prefrontal 

cortex, basal ganglia and medial temporal lobe, which comprise a highly interconnected 

network, are critical in the pathophysiology of the illness. 

Kraepelin’s definition of dementia praecox (1971) identified schizophrenia as a 

disease of the brain, characterized by intellectual and personality deterioration 

beginning in early adulthood. However, until the last two decades, the dominant wiew 

was that schizophrenia patients have limited, if any, neuropsychological impairments, 

and those that are observed are only secondary to the florid symptoms of the disorder. 

Today, various aspects of cognitive impairment are recognized as being among the most 

reliable distinguishing features of the diagnostic category of schizophrenia. Through 

careful and comprehensive neuropsychological research, it has become increasingly 

apparent the disorder is, to variable degree, accompanied by neuropsychological deficits 

and resulting functional impairments (Seidman, 1983). Neuropsychological 

abnormalities have been observed in the majority (Goldberg et al, 1990, Palmer et al 
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1997) if not all (Keefe et al, 2005, Kremen et al, 2000), of schizophrenia patients and 

include abnormalities of attention, memory, executive function, perception, motor 

functioning, language processing and social cognition. These observations led to the 

hypothesis that compromised neuropsychological functioning is a core feature of 

schizophrenia and not and artifact of other symptoms, treatment for the illness or 

aspects of course of illness (Elvevag and Goldberg, 2000, Kremen et al, 2000). 

Attention and memory emerge as the principal focus of interest in studies of cognitive 

impairment in people with a diagnosis of schizophrenia. It has been further proposed 

that the well-known diversity of schizophrenia in terms of functional outcome and 

recovery is best characterized by neuropsychological deficits, and not by the classical 

symptoms (Elvevag and Goldberg, 2000). 

In my thesis, first I overview the nature of cognitive deficit in schizophrenia with 

special focus and details on learning/memory and attention, including main research 

findings and paradigms used in these fields. Then I demonstrate my own results. The 

aim of the research was to investigate interactive memory systems, learning and 

attention in schizophrenia and hereby better understand the pathophysiological 

background of the disorder. 

 

Cognitive deficit in schizophrenia 
 

Neuropsychological abnormalities are evident many years before the overt 

expression of any psychotic symptoms (Jones et al, 1994), and the cognitive symptoms 

are developed at the time of first psychiatric contact (Saykin et al, 1994). Cognitive 

symptoms are persistent and stabile when positive symptoms have remitted (Addington 

et al, 1993) and similar yet milder abnormal neuropsychological performance has been 

observed in the non-psychotic relatives of patients (Keefe et al, 1994). Abnormal 

neuropsychological functioning predicts a variety of aspects of poorer functional 

outcome, including community function, quality of life and skill learning in 

schizophrenia as well as adherence to medical services (Green, 1996; Green et al 2000). 

The neuropsychological deficits do not respond markedly to the treatment with 

atypical or typical antipsychotic medication (Blyler and Gold, 2000). Therefore, more 

research has turned towards developing drugs to improve cognition in schizophrenia 
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patients, resulting in Measurement and Treatment Research to Improve Cognition in 

Schizophrenia (MATRICS) initiative (Marder and Fenton, 2004). MATRICS developed 

a consensus of opinion on the core cognitive deficits suffered by schizophrenia patients. 

Seven cognitive domains were identified as commonly deficient in schizophrenia 

patients: attention/vigilance; working memory; reasoning and problem solving; 

processing speed; visual learning and memory; verbal learning and memory; and social 

cognition (Nuechterlein et al., 2004). Upon identification of these domains, a 

standardized test battery was developed to ensure that future cognitive testing in 

schizophrenia patients is consistent and comparable across studies (Marder and Fenton, 

2004). Besides MATRICS that was designed to produce a consensus-based set of 

cognitive measures in a rapid time frame used in psychopharmacology research, the 

Cognitive Neuroscience Treatment Research to Improve Cognition in Schizophrenia 

(CNTRICS) project has been also introduced recently. The latter initiative may provide 

several benefits, e.g. ability to link cognitive deficits to specific neural systems using 

neuropsychology and functional imaging; and the ability to design tasks that distinguish 

between specific cognitive deficits and poor performance due to generalized deficits 

resulting from sedation, low motivation, poor test taking skills etc. (Geyer and Carter, 

2007). The iniciative is articulary important because the current paradigms have several 

shortcomings, since in the past decades, neuropsychological tests developed for 

investigation of brain damaged patients were used in schizophrenia patients.  

Establishing patterns between neuropsychological performance and 

psychopathological dimensions may shed light into underliying mechanisms of 

psychotic disorders, thus several studies have examined the association with the 

negative symptoms, which are strongly connected with impaired cognitive test 

performance (Gold et al, 1991).  

A recenty publisched systematic review of 58 studies involving 5009 individuals 

with nonaffective psychosis (Dominguez et al., 2009) showed that negative and 

disorganized symptom dimensions were significantly associated with cognitive deficit. 

Compared to other neurocognitive domains, significantly higher correlation was found 

between negative symptoms and verbal fluency as well as between disorganized 

symptoms and problem solving and attention/vigilance. The authors reveal that 

psychopathology and neurocognition are not entirely orthogonal and the weak but 
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meaningful associations between psychopathology and neurocognition suggest that 

differential latent cerebral mechanisms underlie the cluster of disorganized and negative 

symptoms compared to positive and affective symptoms. According to the authors, 

hence it is useful to distinguish multiple domains of cognitive functioning and 

establishing a two –pathway model of psychosis, in which the exophenotypes of 

negative-disorganised symptoms are associated with the intermedier phenotype of 

neurocognitive impairment whilst positive and affective dimensions are not. 

The most ambitious aim of research on neuropsychological functioning in 

schizophrenia is to identify a single cognitive dysfunction or pattern of dysfunction 

from which the various neuropsychological abnormalities emerge (Hemsley, 2005). 

This fundamental cognitive deficit may exist within the mechanisms of executive 

functions, attention, information processing and episodic memory (Reichenberg, 

2007). 

Parallel to the above mentioned neuropsychological research, in the last decades it 

became evident that multiple brain structures are affected in schizophrenia. In vivo 

structural and functional imaging studies demonstrated altered volume, metabolism, and 

blood flow in numerous neocortical, limbic and subcortical structures (Shenton et al, 

2001). However, because of the diversity of these brain structures, it is difficult to 

obtain a coherent picture about their abnormal functioning. 

Theories relating brain pathology and cognitive dysfunction 
 

Despite the early proposal of Kraepelin (1971) about the brain origin of 

schizophrenia, study of brain pathology, cognitive deficits, and their possible inter-

relationship took almost a century. With the advent of noninvasive neuroimaging 

techniques in the 1980s and 1990s, several experiments showed abnormally disrupted 

activity and functional connectivity in schizophrenia and numbers of theorists have 

attempted to determine the relationship between brain structure, psychopathology and 

neurocognition in schizophrenia, based on some fundamental cognitive deficits. The 

limbic system, hippocampus, PFC, parietal cortex, anterior cingulate cortex and basal 

ganglia have substantial role in memory in attention and mediate cognitive symptoms in 

schizophrenia that may result in disease psychotapthology. Several theories attempt to 

fill the gap between biological alterations and the symptoms of schizophrenia. 
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1. Neurochemical hypotheses such as dopamine hypothesis are one of the oldest 

in schizophrenia research. A consistent observation has associated schizophrenia with 

abnormalities in the dopaminergic system characterized by coexistence of a 

hyperdopaminergic state in the mesolimbic pathway along with hypodopaminergic 

pathway in the mesocortical tract (Davis et al, 1991 and Weinberger et al, 2001). 

Psychotic symptoms are associated with increased dopamine release in the striatum, 

whereas decreased tonic dopaminergic signals in the PFC are responsible for negative 

symptoms and executive dysfunctions (Abi-Dargham, 2004; Carlsson and Carlsson, 

2006). In the past four decades, the dopamine hypothesis was the leading 

neurochemical model and provided a framework to link neurochemical dysfunction to 

clinical expression using concepts of salience and reward. Furthermore, Kapur’s 

“salience theory” (2003) proposed that aberrant firing of dopaminergic neurons might 

lead to aberrant assignement of motivational salience to objects and actions. They also 

proposed that multiple transmitter/neural systems underlie the cognitive dysfunction 

and negative symptoms of schizophrenia. In addition to dopamine hypothesis, the 

glutamate model provides an alternative explanation for the brain abnormalities in 

schizophrenia. Neuroimaging studies found relationship between clinical symptoms and 

abnormalities in glutamate transmission in hippocampus and cingulate cortex 

(Tamminga et al., 2003). The relationship between dopamine and glutamate models is 

complementary: whilst DA deficit might explain the positive and prefrontal 

disturbancies, GLU deficit may be responsible for negative and general 

neuropsychologic deficit (Javitt et al., 2006). 

2. Based on the more than thousand studies in the past decade, it became evident 

that abnormal brain structure and neurochemical composition may lead to abnormal 

function. fMRI studies show abnormalities in the brain response to cognitive tasks, with 

an abnormal network response characterized by both hyperactivity and hypoactivity in 

different brain regions compared to the same brain regions of healthy volunteers, 

depending on the specific task (Fusar-Poli et al, 2007). 

• Kraepelin (1971) was the first to propose that prefrontal cortex (PFC) 

abnormalities play a primary role in the pathogenesis of schizophrenia. 

Since then, the “prefrontal cortex theory” has dominated the field of 

schizophrenia research. Goldman-Rakic’s research on the prefrontal cortex 
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and working memory (WM) resulted in the hypothesis that the PFC might 

be the primary site of schizophrenia pathology. According to this theory, 

working memory is particulary affected in schizophrenia and the WM 

deficit leads to avolition, desorgnised symptoms, deficits in executive 

function and conceptual thinking (Goldman-Rakic and Selemon, 1997). 

Several authors have postulated a broader hypothesis suggesting either 

attentional control processes (Neuchterlein et al, 1994) or impaired 

executive functions (Shallice et al, 1991) underline all cognitive 

impairments in the disorder. Neuchterlein (1994) developed the concept of 

central executive (CE) that directs attention and controls information 

processing in schizophrenia. Since many attentional and executive tasks 

require maintenance and manipulation of information, novel theories 

suggested that working memory deficits may explain attentional and 

executive difficulities in schizophrenia (Elvevag and Goldberg, 2000) and 

WM deficit contributes substantially to the encoding deficit (Cirillo and 

Seidman, 2003). Recent functional neuroimaging studies (Glahn et al, 

2005; Manoach, 2003) showed that schizophrenia patients abnormally 

activate the PFC during tasks of executive functions, WM and attention.  

• In the model of Graybiel (1997), the basal ganglia (BG) and parallel 

neuronal circuits play a crucial role in generation of cognitive templates for 

actions that involve thought, movement and emotion. The dysfunction in 

the three proposed corticobasal circuits (efferents from prefrontal cortex to 

caudate nucleus, motor cortex to putamen, and limbic cortex to nucleus 

accumbens) results in cognitive, negative and psychotic features of 

schizophrenia. 

• The hippocampus is a late arrival among the brain regions implicated in 

the pathophysiology of schizophrenia. The fact that individuals with 

schizophrenia have structural abnormalities in MTL volume and 

hippocampal shape led to medial temporal lobe hypothesis. Following 

the original description of hippocampal volume changes in postmortem 

specimens (Bogerts et al, 1985), volumetric and shape abnormalities has 

been found using neuroimaging techniques (Csernansky et al., 1998). 
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Decrease of hippocampal N-acetyl-aspartate (NAA) might be the 

underlining cellular basis of functional deficits (Bertolino et al., 1996), 

such as abnormalities the MTL during rest, during the retrieval of 

previously learned words and during the experience of auditory 

hallucinations (for review, see Heckers, 2001). 

First hippocampal theories postulate that impaired information processing 

in schizophrenia (e.g. inability to ignore irrelevant stimuli) and psychotic 

symptoms (fixed false beliefs) are caused by hippocampal dysfunction 

(e.g. Krieckhaus et al., 1992). Findings of episodic memory deficits and 

hippocampal function and structure abnormalities have been interpreted as 

supporting core episodic memory impairment in schizophrenia (Cirillo and 

Seidman, 2003). Novel MTL theories attempt to connect long-term 

memory impairments to psychotic symptoms (Goldman and Mitchell, 

2004; Heckers, 2001). Impairment in long-term memory due to contextual 

binding deficit is likely to result in important clinical consequences (Boyer 

et al., 2007), such as impaired autobiographical memory, difficulties in 

facing everyday events and development of delusional beliefs. 

3. Since different brain structures do not function in isolation, several models have 

emphasized the role of disconnection between different brain strucures that led to 

renessaince of the Bleuleriann “schisis”. The idea that schizophrenia is not caused by a 

focal brain deficit but results from pathological interactions between brain regions, is 

not new. Karl Wenicke, based on his studies on aphasia, was the first to propose that 

psychosis arises from anatomical disruption of fiber tracts (Wernicke, 1906). To date, at 

least five different disconnection models has been developed, that are rather 

complementary than competitive.  

• Friston and Frith (1995) were the first to propose that schizophrenia can be 

understood in cognitive terms, and in terms of pathophysiology, as a 

failure of proper functional integration within the brain. In schizophrenia, 

the disconnection is explicitly functional and not anatomical. The 

abnormal interactions between neuronal populations are likely to be 

expressed at the level of synaptic specialisations, cellular morphology and 

cytoarchitectonics. According to Frith’s model (1992), failure to integrate 
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the attribution of agency and inner speech may cause hallucinations due to 

abnormal connection betveen frontal and temporal brain regions. The 

update of the highly fertilizing theory is recently published by Stephan et 

al (2009). Their “dysconnection” hypothesis postulates that the central 

pathomechanism in schizophrenia is aberrant N-methyl-D-aspartate 

receptor (NMDAR)–mediated synaptic plasticity due to abnormal 

regulation of NMDARs by neuromodulatory transmitters like dopamine 

(DA), acetylcholine (ACh), or serotonin (5-HT). Negative symptoms can 

be understood as resulting from a failure of operant and emotional learning 

during social interactions. Cognitive symptoms such as learning and 

memory deficit in schizophrenia can be understood as a consequence of 

aberrant modulation of synaptic plasticity. These general impairments in 

learning are likely to have profound downstream effects on other cognitive 

processes and may cause thought disorder, altered speech, and deficits in 

reasoning. 

• Disrupted prefronto-temprolimbic structural and functional connectivity 

(Weinberger and Lipska, 1995) due to early hippocampal damage may lead 

to increased firing of DA neurons in VTA (e.g. Csernansky and Bardgett, 

1998), leading to psychotic and desorganised symptoms, while subsequent 

hypofrontality leads to working memory deficit and failure to maintaining 

concept, causing disorganized and negative symptoms. 

• Andreasen et al. (1999) argued that the fundamental feature of 

schizophrenia is ‘cognitive dysmetria’, i.e. deficient processing, 

prioritizing, retrieval, coordination, and responding to information, 

underlined by the disruption of cortico-cerebellar-thalamo-cortical 

circuitry (CCTCC), which has a role in the coordination of both motor and 

cognitive processes.  

• Finally, Crow emphasized the importamce of language disturbances and 

proposed that the failure to form normal language-related brain 

asymmetries underlies these disturmabces (Crow, 1995). 

Based on the findings detailed above, measuring the function of specific cognitive 

systems that are linked to specific neural systems using a cognitive neuroscience 
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approach offers unique advantages, for example the ability to use the results of animal 

as well as human studies to identify molecular targets that modulate specific cognitive 

systems in schizophrenia (Kéri, 2008). 

Learning and memory in schizophrenia 
 

During the first decades of the cognitive research, literature focused mainly on 

executive function (a cluster that involves planning, decision-making, attention and 

inhibiting, switching and updating information) which is thought to be associated with 

the prefrontal cortex. However, current researchers see long-term memory impairment 

as a severe feature of schizophrenia .Memory dysfunction is one of the most 

consistently reported cognitive abnormalities, proven by four meta-analytic studies 

(Heinrichs and Zakzanis, 1998; Aleman et al, 1999; Fioravanti et al, 2005; Dickinson et 

al, 2007) as well as by a systematic review (Cirillo and Seidman, 2003). For example, a 

quantitative review of 204 studies revealed that global verbal memory impairment was 

the most affected cognitive domain: 78% of patients with schizophrenia scored below 

the median of the joint control-patient aggregate sample (Heinrichs and Zakzanis, 

1998). Another meta-analysis of 70 studies also concluded that the association between 

memory impairment and schizophrenia is robust and stable, with a special reference to 

the free recall of verbal material (Aleman et al., 1999). Meta-analyses consistently 

confirmed impairment in immediate and delayed verbal and nonverbal memory. 

According to Cirillo and and Seidman (2003), initial acquisition of the material 

(encoding) is the mainly affected domain; most studies revealed that schizophrenic 

patients have difficulities in organizing information to be recalled during encoding. 

Tulving (1972) distinguished episodic memory from semantic memory, and research in 

the last decades highlighted the neural substrates required for episodic memory 

formation. The medial temporal lobe structures such as the hippocampus, perirhinal, 

entorhinal and parahippocampal cortex appear to be involved in information encoding 

(see Heckers et al, 1998 for review), whilst prefrontal cortex is largely responsible for 

strategic encoding and recollection.  

The issue of memory impairment in schizophrenia is further complicated by the 

existence of interacting and dissociable memory systems in the brain, which will be 

detailed in the next section. 
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Multiple and competitive memory systems in the brain 
 

Influential and well-researched classification schemes have distinguished three 

types of long-term memory: declarative memory (explicit) and nondeclarative 

(implicit or procedural) memory, and emotional memory, characterized by several key 

differences (Squire and Zola-Morgan, 1996; Gabrieli, 1998; Squire, 2008). 

Declarative memory encompasses both episodic memory (memory for events) and 

semantic memory (memory for facts); whereas nondeclarative memory can take place 

without conscious awareness that anything has been learned (Otto and Eichenbaum, 

1992.) For example, learning lists of words or face-name associations are classic 

examples for explicit memory, whereas acquisition of sensory-motor skills and 

stimulus-response patterns (multi-step “tower-type” tests, mirror drawing, and pursuit 

rotor tasks) are subjects to implicit memory. The medio-temporal (hippocampal) and 

diencephalic structures are candidate neuronal substrates for explicit memory, whereas 

implicit processes are mediated by sensory neocortex, basal ganglia (BG), and 

cerebellum.  

From classic “modular” point of view, which is mostly based on data from brain 

damaged patients and on animal models, one may hypothesize that the prefrontal 

cortex is essential for executive functions such as planning, problem solving and 

decision making (Frith, 2004), whereas the basal ganglia play a special role in 

feedback-guided learning of skills and habits, stimulus-response associative learning, 

sequence and category learning (Graybiel, 2005; Yin and Knowlton, 2006).  

The medial temporal lobe, including the hippocampus, dentate gyrus and rhinal 

cortex are thought to be important in explicit learning and remembering, as a crucial 

part of the declarative memory system (Squire et al., 2004), which is important in the 

conscious acquisition and recollection of facts and events. Hippocampus and related 

MTL may be important for the ability to generalize the learned information (Meyers et 

al., 2002).  

In contrast, many non-declarative (implicit) memory functions, such as gradual 

learning of skills and habits (based on stimulus-response, sequence and category 

learning) are linked to the basal ganglia (BG) (Schacter et al., 2000; Squire, 2004). 
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Although MTL is not involved into stimulus-response learning directly, it has an 

important role in presenting the stimulus in a novel, unusual context (Manns, 

Eichenbaum, 2006). It is important to note that lateral PFC plays an important role in 

memory functions in terms of cognitive control processes thet facilitate encoding and 

retrieval (Ranagath et al. 2008). 

Novel evidence suggests that memory systems detailed above are organized in a 

tightly interactive manner, and the strict dichotomy of implicit and explicit memory as 

well as the modular point of wiew has been challenged. For example, several upper 

level learning functions such as category learning are connected to implicit system 

(Kéri, 2003). Category learning is essential to achieve adaptive responses to 

environmental stimuli in an economical manner withouth separate response learning for 

each individual objects in our environment (Komatsu et al, 1992). In the category 

learning, there is a competition between explicit and implicit systems – category rules 

that are easy to verbalize are learned by the explicit system whilst the complex rules that 

are difficult to verbalize are learned by procedural learning system (Ashby FG, 1998). 

Hence, processing and representation of information may take place in multiple 

and interacting structures in the brain, with special reference to the prefrontal cortex 

(PFC), basal ganglia and medial temporal lobe. Multiple memory systems are activated 

simultaneously and in parallel in various learning tasks, and recent findings suggest that 

these systems may interact. One form of interaction between medial temporal lobe and 

basal ganglia memory systems appears competitive in nature. Potential neurobiological 

mechanisms mediating such interactions include direct anatomical projections between 

the medial temporal lobe and basal ganglia, indirect neuromodulatory influences of 

other brain structures (e.g. basolateral amygdala) and activity of neocortical brain 

regions involved in top-down response selection (Poldrack and Packard, 2003). The first 

human fMRI study investigating interactive memory systems was published only a few 

years ago (Poldrack et al, 1999 and 2001), using “weather prediction task” that is the 

prototype of novel procedures. A path analysis of fMRI data from the “weather 

prediction task” indicated that the prefrontal cortex and the anterior cingulate cortex 

might mediate the interaction between basal ganglia and medial temporal lobe 

(Poldrack and Rodriguez, 2004). 
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From evolutionary standpoint, it is interesting to ask why competing memory systems 

exists. There are number of ways in which it seems that different learning situations 

have incompatible functional demands, and these competing demands may have led to 

development of separate memory systems (Poldrack and Rodriguez, 2004). 

Results from memory research in schizophrenia 
 
Why is relevant investigating the interactive memory systems? 

 

As mentioned before, the most important brain structures related to the 

pathophysiology of schizophrenia are the prefrontal cortex, the medial-temporal lobe 

and the basal ganglia. Since the same structures play central role in the functioning the 

multiple memory systems, tasks assessing these systems may provide unique 

opportunity to investigate the key brain structures involved into the pathophysiology of 

the disorder, and their interactions. 

Hence, the research assessing memory systems in schizophrenia can be connected 

to different hypotheses of schizophrenia (Kéri, 2008). Despite the fact that above 

mentioned hypotheses could be further elucidated by investigation of interaction 

between prefrontal cortex, MTL and BG in memory systems, memory systems in 

schizophrenia has not been yet deeply explored, partly due to lack of behavior 

paradigms. 

 

Main findings from memory research: impaired explicit memory and learning 

versus spared habit learning in schizophrenia 

 

Declarative memory 

Deficits in declarative memory in schizophrenia are consistently reported. Of 110 

studies reviewed by Cirillo and Seidman (2003), 101 found evidence of impairment on 

measures of declarative memories and all of above-mentioned meta-analyses 

consistently reported severe impairments in immediate and delayed verbal and 

nonverbal memory in schizophrenia. Heinrichs and Zakzanis (1998) found the largest 

effect sizes for verbal learning and memory in schizophrenia. As mentioned above, 

declarative memory is divided into episodic and semantic memory (Tulving, 1972) and 



 19

literature in memory research in schizophrenia consistently reports a dominant abnormal 

episodic (item specific and relational) encoding and less but still impaired episodic 

retrieval (for review, see Ranagath et al., 2008), while semantic memory and 

recognition seem to be spared. It is also confirmed that encoding and retrieval processes 

are more affected than long-term storage (e.g. Gold J et al., 1992). It is important to note 

that the majority of studies in memory in schizophrenia used item-specific tasks, which 

is thought to be connected to perirhinal cortex and VL-PFC based on functional 

neuroimaging studies (Bowles Bet al. 2007 and Murray LJ et al., 2007). In contrast, 

hippocampus and DL-PFC specifically contribute to relational or contextual encoding 

and recollection of contextual information. Based on these results, several higher-level 

associative memory tasks have been introduced in schizophrenia research such as 

transitive inference (TI) paradigm or hierarchical inference task for investigating 

relational binding or information generalization processes. For example, in TI paradigm, 

schizophrenia patients performed poorly in relational judgements (Titone et al., 2004) 

but not on nonrelational judgements. Decreased hippocampal recruitment was shown in 

functional neuroimaging studies during hierarchical inference task (Ongur et al., 2006) 

which highlights the role of hippocampus in relational or conceptual encoding.  

Contextual binding deficit in schizophrenia may be an origin of clinical 

symptoms, such as delusions. Gray et al (1991) in their model postulates that 

schizophrenic patients fail to compare past experiences with tha actual context of event 

and therefore cannot learn from stored experience and they respond in an inappropriate 

or delusional way.   

As seen in the preceeding text, the neuropsychological pattern of long term 

relational memory deficit in schizophrenia may be consistent with fronto-temporal 

pathology, although brain localization is still controversial (Cirillo and Seidman, 2003). 

Therefore, the MTL is the most extensively investigated structure in schizophrenia. In 

their review of 76 volumetric MTL studies from patients with chronic and first episode 

schizophrenia and persons at increased genetic risk for the illness, Geuze et al (2005) 

found an evident volume reduction and altered shape of MTL. A seminal functional 

neuroimaging study of memory retrieval showed impaired hippocampal recruitment but 

normal prefrontal activation in schizophrenia (Heckers et al., 1998). This finding can be 

interpreted as a circumscribed pathology of the hippocampus or an abnormal 



 20

connectivity between the prefrontal cortex and the hippocampus. Reviewing data from 

structural and functional neuroimaging studies, Heckers (2001) concluded that 

regionally specific abnormality of the hippocampus and of memory functions is a core 

feature of schizophrenia. Achim and Lepage (2005), based on a meta-analysis of 18 

functional neuroimaging studies, concluded that a concurrent abnormality of the 

prefrontal-medial-temporal lobe network best accounts for the declarative memory 

deficits in schizophrenia, which underline the importance of interactions between 

different neuronal structures. 

The role of PFC in the regulation of midbrain dopaminergic centers is well 

established (Bertolino et al. 2000; Meyer-Lindberg et al. 2002), however, in addition to 

PFC, the medial temporal lobe exerts a similar role. According to Hemsley (2005), the 

MTL sets current stimuli into the context of previous experiences and memories, and 

therefore only the context-appropriate stimuli will activate the midbrain dopaminergic 

center. The PFC provides inhibitory control to the hippocampus and regulates ongoing 

representation. The loss of prefrontal brake and inappropriate hippocampal activity 

reduce the control on midbrain dopaminergic centers and may lead to increased 

dopamine release in the striatum, which eventually results in increased salience, 

overreaction to stimuli and psychosis (Grace, 2000). Potentially, this abnormal salience 

may be tracked using different learning paradigms, with special focus on feedback-

guided, habit learning tasks as part of implicit learning system. 

 

Nondeclarative learning and memory 

Contrary to declarative memory research in schizophrenia, nondeclarative memory 

has been considerably less studied and not has been the focus of meta-analytic 

investigations.  

Several studies investigated the role of basal ganglia in executive functions among 

schizophrenic patients (Stratta et al, 1997; Levitt et al, 2002; Morey et al, 2005), but less 

in habit learning, which may be related to different fronto-striato-thalamo-cortocal 

circuits. Nevertheless, research suggests that this aspect of memory is relatively 

preserved in schizophrenia patients (e.g. Kéri et al., 2000; Weickert et al., 2002). The 

majority of studies proving intact habit learning used classic sensorimotor tasks, such as 

tower tasks, pursuit rotor, mirror drawing or priming tasks. Studies revealed that 
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schizophrenia patients are impaired in category learning tasks where an abstract verbal 

rule shuld be extracted from multidimensional stimuli, whereas in tasks where implicit 

mechanisms are requires (e.g.probabilistic classification learning, or artificial grammal 

learning) their performance is within the normal range (Kéri, 2003).  

It is important to note that the available data on implicit memory and habit 

learning in schizophrenia are controversial. Based on the model of Alexander et al. 

(1986) concerning five parallel fronto-striato-thalamo-cortical circuits that are 

responsible for affective, cognitive and motor functions, Yin and Knowlton (2006) has 

recently elucidated the role of the above-mentioned circuits in habit learning using a 

new terminology of limbic, associative and motor circuits. In addition to the classic 

prefrontal hypothesis, many authors emphasize that disordered fronto-striatal 

interactions may be implicated in executive dysfunctions and even the complex 

symptoms of the illness may be explained by the altered information processing in the 

fronto-striatal circuits (Buchsbaum et al, 1999; Morey et al, 2005; Pantelis et al, 1997; 

Siegel et al, 1993). In addition to this, it is also important to highlight that patients 

receiving first generation antipsychotic medications, which can lead to dopamine 

depletion, show diminished performance in implicit category learning paradigms (e.g. 

Beninger, 2003). 

Some studies, using sensorimotor sequence learning or serial reaction time, 

indicated impaired skill and habit learning in schizophrenia (Schwartz et al., 1996, 

2003; Kumari et al, 2002.), since performance in these tasks rely on a widespread 

cortical network besides the basal ganglia (Reiss et al, 2006). Moreover, these 

traditional sequence learning tasks do not include feedback-based training. For example, 

some researchers (Kumari et al, 2002; Reiss et al, 2006) reported impaired striatal 

activation and poor performance on sequence learning task in schizophrenic patients 

treated with first generation antipsychotics. Similarly, Exner et al, (2006a) found that 

deficient motor sequence learning was associated with decreased volume of the pre-

supplementary motor cortex, suggesting that this deficit is not a pure consequence of 

basal ganglia pathology. In addition, recent evidence suggests that MTL is necessary for 

some types of sequence learning, depending on the predictability of the sequence 

(Curran, 1997; Ergorul and Eichenbaum, 2006). 
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Recent models assume that some symptoms of schizophrenia originate from 

defective reward processing mechanisms. Since the corrective feedback as a basic form 

of reward play important role in learning processes, investigating the reward system of 

schizophrenic patients is particularly relevant in this context. Based on results of eight 

converging experiments, Gold et al (2008) found that schizophrenia patients show 

deficit in the ability to fully represent the value of different choices and response 

options resulting in a compromised decision making during learning. They also found 

that rapid learning on the basis of trial-to-trial is severely impaired whereas more 

gradual or slow learning preserved. The explanation might be that orbital and prefrontal 

structures that ar critical in presenting value of outcomes and plans are compromised 

which results in impairments in rapid learning. Contrary, patients’ normal performance 

on the slow learning is attributed to intact basal ganglia functions that are responsible 

for integration of reinforcement signals. 

In addition to Gold’s findings, Weiler et al (2009) investigated several features of 

probabilistic reward-based stimulus association learning and found that individuals with 

schizophrenia were impaired at using this feedback for the adaptive guidance of 

behavior. Additionally, compared to healthy controls, individuals with schizophrenia 

exhibited attenuated overall performance during acquisition, and were unable to learn 

the reversal of the initial reward contingencies.  

 

Limitations of current paradigms and open questions 

As highlighted in the preceeding text, research of memory systems in 

schizophrenia can provide a unique opportunity to investigate the key brain structures 

affected by the illness. Contrarily, the interaction among prefrontal cortex, basal 

ganglia, medial temporal lobe, and dopaminergic centers during memory tasks has not 

been deeply explored in schizophrenia and current paradigms have their shortcomings. 

First, most widely used neuropsychological tests in schizophrenia research target 

the MTL–dependent declarative memory system, whereas the BG non-declarative 

memory system is less frequently investigated due to lack of “pure” cognitive 

paradigms. 

Second, there is no published study that investigated BG- and MTL-dependent 

learning within the same task in schizophrenia. This is an important issue because 
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fundamental differences between the structure of the tests for declarative and non-

declarative memory systems may result in false positive or negative findings. Therefore, 

introduction of novel behavioral paradigms, such as ‘‘weather prediction’’ task for 

probabilistic classification learning (Gluck and Bower, 1988), is still warranted. 

Third, the heterogeneity of clinical symptoms that may influence the information 

processing and the effects of antipsychotic medication on test performance make the 

situation even more complicated. In general, neuropsycholigical tests used in 

schizophrenia research are originally created for primarly neurological disorders (such 

as lesions due to stoke, tumors) and their capacity to detect fine alterations is limited. 

Hence, introducing of new, more specific and controlled neuropsychological methods is 

needed in schizophrenia research. 

Motivated by the above mentioned unmet needs, we introduced two novel 

methods that can serve as a useful tool for studying memory systems. We tested the 

cognitive sequence learning task in healthy volunteers in order to elucidate the role of 

dopamine on sequence learning, and introduced the Rutgers Acquired Equivalence Test 

in order to investigate declarative and non-declarative memory systems within the same 

paradigm in schizophrenic patients. 

 

Neuropsychological background of novel paradigms 
 
Cognitive sequence learning 

Sequence learning is used for behaviors like playing piano, typing or navigation. 

Researchers have described that subjects in acquisition of sequencing skills use either 

motor control (Hazeltine et al. 1997) or learning and memory systems (Reber and 

Squire 1998). In cognitive sequence learning tasks, based on chaining sequences of 

events that are leading to reward, the learning of the sequence is implemented by 

chaining back associations. If the full sequence is D→C→B→A→reward, then subjects 

are first trained to learn A→reward; then, subjects shall learn that B→A which predicts 

reward, and so on, until the full sequence is learned in this manner. 

The significance of cognitive sequence learning is that the organism is able to 

associate between stimuli and rewards in this manner that rewards are not connected to 

the stimuli. 
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Several electrophysiological and computational studies demonstrate that 

midbrain dopamine plays a key role in second–order conditioning and sequence 

learning, mainly when the learning is founded on step-by-step associations between 

environmentally important stimuli. As it is well known from electrophysiological 

studies, dopaminergic neurons respond with strong phasic activity to unexpected 

rewards and this respond is temporally and stimulus specific. Dopaminergic neurons of 

substantia nigra pars compacta (SNc) are responsible for reward-related, second-order 

conditioning (Schulz, 1998 and 2002). As mentioned, SNc dopamine neurons indicate 

phasic firing using an unexpected reward. When that reward is reliably predicted by a 

stimulus (e.g. tone), the dopamine response will appear to the stimulus, and not to the 

reward. If another stimulus is presented (for example light), and it reliably predicts the 

first stimulus (i.e. tone), the subject will learn to respond to the light, and the dopamine 

response will shift to occur in response to presentation of the light (Suri and Schultz, 

1998). 

Results from cognitive sequence learning studies with Parkinson’s disease (PD) 

patients suggests that dopamine depletion in the basal ganglia results in impaired 

learning of sequential (“chaining”) associations (Shohamy et al, 2005). Although 

dopaminergic deficiency is the core feature of PD (Hornykiewicz, 2006), the 

dopaminergic system is not selectively affected in this disease. Evidence from 

postmortem studies, neuroimaging, and animal models suggests that the serotonin and 

the norepinephrine systems are also impaired (Gesi et al., 2000; Brooks and Piccini, 

2006; Scholtissen et al., 2006). Serotonin and norepinephrine may also be important in 

basal ganglia-dependent learning (Tisch et al., 2004), and hence it cannot be excluded 

that these neurotransmitters may contribute to abnormal cognitive functions in PD and 

in other neuropsychiatric disorders. Therefore, to further elucidate the specific role of 

dopamine in sequence learning, it seems to be necessary to measure the metabolite of 

dopamine, serotonin, and norepinephrine in the plasma of healthy volunteers, and 

attempted to find correlations between these neurochemical markers and performance 

on the “chaining” sequence learning task. 

 

Acquired equivalence learning 
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Acquired equivalence is the phenomenon in which prior training to treat two 

stimuli equivalent (if two stimuli are associated with same response) increases 

generalization between them. The process is linked to visual categorization, where 

previously unrelated components of the environment are linked up for decision making 

and the most important contributor is the transfer to a novel stimulus – after training or 

learning phase, subjects can use category-specific responses for a stimulus that has been 

never seen before (Kéri S, 2003). Acquired equivalence does not include declarative 

memory formation and retrieval in the conventional sense; it requires neither conscious 

encoding nor conscious recall of facts and events. Instead, acquired equivalence is 

based on stimulus generalization between items that are associated with the same 

response. This flexible generalization of previously learned stimulus-response 

associations is related to the MTL. 

Different approaches can be employed for explanation of transfer or generalisation 

of information. The first approach is that generalization depents on associative or 

transitive inference and the main contributor is hippocampus that stores and restores 

separate memories in flexibile manner and thus afford and inference between elements 

based on relation (Preston, 2004). Howerever, as an alternative mechanism called 

integrative encoding, it is also possibile that generalization is not a reconstructive 

inference-based process based on flexible retrieval of multiple memories, but rather is a 

direct expression of knowledge encoded in memory as a synthesis of information across 

multiple experiences. Thus, subsequent responses to generalization probes can be based 

on the direct retrieval of a stored integrative memory (Shohamy, 2008).  

Traditionally, the MTL has been associated with declarative or explicit memory 

functions in humans. Humans with MTL damage including the hippocampus are often 

spared on a variety of tasks, which seem to involve incrementally acquired learning of 

habits or skills. While basal ganglia play critical role in stimulus-response based habit 

learning (e.g. Mishkin and Malamut, 1984), MTL appear to be critical for some forms 

of more complex learning, such as the ability to transfer when familiar stimuli are 

presented in novel recombination (e.g. Meyers et al, 2002). Therefore, hippocampus and 

related MTL may be important for the ability to generalize the learned information but 

midbrain dopamine system also plays a key role in modulating hippocampal 

mechanisms necessary for crossepisode integration. Coperative interaction between 
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hippocampus and midbrain dopaminergic neurons may result in integrative encoding, 

since hippocampus has a rich dopaminergic innervation (Swanson, 1982) and midbrain 

activation as well as hippocampal-MTL interaction is thought to facilitate encoding 

processes (Adcock et al, 2006).  

The Rutgers acquired equivalence associative learning task (Myers et al., 2003) 

provides a unique opportunity to investigate BG- and MTL-dependent learning with a 

single task. The learning of stimulus-response pairs related to the basal ganglia, whereas 

the medial-temporal lobe participates in acquired equivalence learning. 

This test is based on ample evidence from animal and clinical research, indicating 

that simple stimulus-response learning and flexible stimulus generalization are related 

to the BG and the MTL, respectively (Mishkin et al., 1984; Packard and Knowlton, 

2002; Collie et al., 2002; Myers et al., 2002, 2003; Kéri, 2003). For example, patients 

with Parkinson’s disease showed impaired stimulus-response learning during the BG 

dependent phase, whereas generalization performance was spared (Myers et al., 2003). 

This is the opposite pattern to that is found in patients with hippocampal atrophy who 

performed well during the stimulus-response learning phase, but had marked difficulties 

in the case of new associations during the transfer phase (Myers et al., 2003). 

Attention deficit in schizophrenia 
 

Main findings in schizophrenia 
Early descriptions of schizophrenia recognized attention deficit as fundamental 

aspect of the disorders long before the advent of formal neuropsychological testing or 

modern experimental psychology (Kraepelin, 1971., Bleuler, 1952.) Attention deficit is 

thought to be a core feature of schizophrenia, which contributes to impairments in 

community functions and represent a vulnerability marker for psychosis (Braff, 1993; 

Cornblatt and Keilp, 1994; Green, 1996; Heinrichs and Zakzanis, 1998; Langdon, 

Corner, McLaren, Coltheart, & Ward, 2006; Nuechterlein and Dawson, 1984; Yung, 

Phillips, Yuen, & McGorry, 2004). Patients with schizophrenia regularly perform 

poorly on tasks requiring the maintenance of vigilance and focus of attention, 

orientation to targets, and the control and allocation of attention capacity (i.e. executive 

control) (Chan, Yip, & Lee, 2004; Nieuwenstein, Aleman, & de Haan, 2001; Wang et 

al., 2005). 
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It is important to bearing in mind that attention impairments may disrupt many 

other cognitive functions. One could assume that poor attention would prevent many 

types of information from being processes appropriately. However, correlational studies 

have generally demonstrated that attention dysfunctions explain only a small proportion 

of the variance in other cognitive functions in schizophrenia (Goldberg et al, 2003; 

Keefe et al, 2006). 

In spite of its importance, attention is an ambiguously defined term (Lezak, 1995). 

According to Heinrichs and Zakzanis (1998), digit span tasks, Continuous Performance 

Test (CPT), Trail Making Tests, and the Stroop task all include vigilance, concentration, 

and selection. These tasks are the most commonly used procedures to assess attention 

functions in schizophrenia. 

Although attention dysfunctions are extensively documented in schizophrenia 

(Braff, 1993; Cornblatt and Keilp, 1994; Nuechterlein and Dawson, 1984), surprisingly 

few studies explored the nature and mechanism of this deficit regarding the current 

theoretical frameworks of attention. 

Concepts of attention 
 

Attention is not a unitary construct. The term ‘‘attention’’ has many meanings in 

the scientific literature and refers to a set of cognitive processes rather than any single 

process. The situation is further complicated by the fact that - even narrowly defined – 

attention serves to modulate and enhance the functioning of other cognitive systems 

(e.g. perception, memory, response selection) and interacts extensively with working 

memory and executive control systems. 

 

Alerting-orienting-executive network model 

Posner and Petersen (1990) proposed that sources of attention form a specific 

system of anatomical areas, which can be further divided into three networks. These 

networks are responsible for alerting, orienting and executive control. 

Alerting is defined as achieving and maintaining an alert state; orienting is the 

selection of information from sensory input; and executive control is defined as 

resolving conflicts among responses. Executive control of attention is involved in self-

regulation of cognitions and emotions. 
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From neuroanatomy point of view, alerting involves the cortical projection of the 

norepinephrine system (Marrocco and Davidson, 1998). The temporal-parietal junction, 

superior parietal lobe and frontal eye fields are involved in orienting (Corbetta and 

Shulman, 2002). Blocking cholinergic input to the superior parietal lobe influences the 

ability to shift attention to cues (Davidson and Marrocco, 2000). The executive 

network involves the anterior cingulate cortex and lateral prefrontal cortical regions 

and is modulated by dopamine (Benes, 2000), with individual variations in executive 

attention related to genetic polymorphisms in genes related to dopamine (Fan et al., 

2003 and Fossella et al., 2002). 

The alerting system has been associated with continuous and vigilance tasks; 

orienting involves directing attention to cued location. Executive control of attention is 

involved in self-regulation of cognitions and emotions and is often studied by tasks that 

involve executive functions such as various versions of Stroop task (Stroop, 1935). 

Models of attention influenced strongly the original formulation of “central executive“ 

part of working memory model (Baddeley and Hitch, 1974). In this framework, four 

attention control processes have been proposed for the central executive: 1) dividing 

attention or the ability to combine simultaneous performance of two tasks (dual tasks); 

2) the capacity to focus attention; 3) the ability to switch and 4) the ability to activate 

the representations in long-term memory (Baddeley, 1996). 

Alerting has received considerable research attention in schizophrenia. For 

example, classical studies by Zahn et al. (1963) found that schizophrenic patients have 

trouble in responding well to warning signals, indicating an alerting deficit. Meta-

analytical studies suggest moderate to severe impairment in this domain of attention 

(Heinrichs and Zakzanis, 1998; Fioravanti et al, 2005; Dickinson et al, 2007). The 

analysis by Dickinson et al (2007) indicated that the severity of attention impairment 

may depend on task characteristics, suggesting that whereas schizophrenia is associated 

with moderate deficit in attention processes responsible for alerting (as evidenced by all 

types of continuous performance tasks), other aspects of the task might contribute to the 

impaired performance as well. 

Orienting has been less studied; however, the studies suggest that orienting is 

impaired. For example in an experiment using cues to direct orienting to various 
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locations it was shown that first episode schizophrenic patients showed a specific deficit 

in orienting to stimuli on the right (Posner et al., 1988) 

Functional imaging studies have indicated a deficit in executive attention and 

abnormalities in activation of the dorsal anterior cingulate (Carter et al., 1997 and 

Fletcher et al., 1999). These findings are with different patients and used different 

assays to probe the attention deficit. 

To overcome the bias due to heterogeneity of attention paradigms, Wang et al. 

(2005) used the attention network test in order to assess the functioning of three 

anatomically defined attention networks. In patients with schizophrenia, executive 

control functions were severely affected, orienting was less affected, and alerting was 

spared. This suggests the impairment of lateral prefrontal areas, anterior cingulate 

cortex, and parietal lobes, which is consistent with the neuroimaging literature of 

schizophrenia (Belger and Dichter, 2006; Kircher and Thienel, 2005). 

Another approach to investigate attention is to determine whether logically distinct 

components can be shown to suffer differential impairment (or dissociation) in different 

neurological or psychiatric disorders. Based on the four attention control processes 

attributed to central executive, Birkett, Brindley, Norman, Harrison, and Baddeley 

(2005) arrived at substantially different conclusions compared to results of Wang et al 

(2005). These authors investigated the four hypothetically distinct aspects of attention 

control: the ability to focus attention, to resist distraction, to shift attention, and to 

divide attention in patients with schizophrenia and healthy controls. Patients with 

schizophrenia showed worse performances across nearly all conditions, but they were 

not disproportionately impaired during tasks of higher-level executive control. Birkett et 

al. (2005) concluded that the schizophrenic disease process not specifically and 

significantly affects attention and executive functions studied in their sample. However, 

it is important to note that the above mentioned and investigated four aspects not 

represent the comprehensive account of attention by Posner et al. (1990). In their study, 

alerting and orienting has not been investigated. 

 

New approaches 

In order to address the problem of uncertain definition of attention, Luck and Gold 

(2008) divided the general concept of attention into two distinct construct: input 
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selection (the selection of task-relevant inputs for further processing) and rule selection 

(the selective activation of task-appropriate rules), both can be further divided into 

control and implementation of selection. These constructs are closely tied to executive 

function and working memory. According to their results, schizophrenia involves 

significant impairment in the control of selection but little or no impairment in 

implementation of selection. 

All together, partly due to different concepts of attention, the precise nature of 

attention deficits in schizophrenia has remained elusive. The above detailed 

controversial results indicate the need for further characterization of the attention 

impairment, using novel behavioral paradigms. There is also a methodological problem 

since measurement of attention functions is based on tasks that are not process pure but 

tend to also require a range of other cognitive capacities. 

Hence, CNTRICS professionals recently concluded that control of attention—the 

processes that guide selection of task relevant inputs—are particularly impaired in 

schizophrenia and new refined measurement tools are under evaluation (Neuchterlein et 

al, 2009). 

 

Multiple object tracking (MOT) 
 

In traditional laboratory paradigms, visual attention selects information from a 

single location of the environment. However, many typical everyday activities, such as 

video games, simultaneously watching people in a crowd, or navigating in heavy traffic, 

require attention to multiple locations of the environment. These functions, which 

model real-life attention demands more reliably that traditional laboratory task, have not 

been investigated in schizophrenia. 

Pylyshyn and Storm (1988) were the first to experimentally demonstrate that 

participants are able to continuously track multiple moving objects using multiple-

object tracking (MOT) test. In the test, identical squares randomly move within a 

rectangular area, bouncing off the borders and each other. Participants are asked to 

follow some selected squares (target items) embedded in a group of distracters. At the 

end of a trial, a square is marked and participants report whether or not the square is one 
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of the target items. During visual object tracking task involve, Culham et al (1998) 

found increased activation in posterior parietal and frontal cortex. 

Models of multiple-object tracking 

There are several models of multiple-object tracking. For example, the switching 

model proposes a single locus of attention that cycles quickly through target items and 

indexes their locations. In contrast, multifocal attention models claim that each target 

attracts independent “beams” of attentions following target items while they move (for a 

detailed review of other theoretical approaches, see Oksama and Hyona, 2004). 

MOT has several capacity limitations. Observers are regularly able to track ~4 

targets for ~15-20 sec. Temporal properties of attention are of special importance: if 

target items move too fast, it is more difficult to follow them (Verstraten, Cavanagh, & 

Labianca, 2000). Finally, increasing evidence suggests that visual working memory is 

indispensable for successful multiple-object tracking (Allen, McGeorge, Pearson, & 

Milne, 2006). 

It has been shown by several studies, that patients with schizophrenia are impaired 

on tests of motion perception (Chen et al., 1999a,b; Chen, Nakayama, Levy, Matthysse, 

& Holzman, 2003; Chen, Levy, Sheremata, & Holzman, 2004, 2006; Kelemen et al., 

2005; Kim, Wylie, Pasternak, Butler, & Javitt, 2006; Stuve et al., 1997) and visual 

working memory (Conklin, Curtis, Calkins, & Iacono, 2005; Gold, Wilk, McMahon, 

Buchanan, & Luck, 2003; Lee and Park, 2005; Pantelis et al., 1997). Several studies 

confirmed that motion perception and visual working memory dysfunctions are related 

to each other (Brenner, Lysaker, Wilt, & O'Donnell, 2002).  

Motion perception dysfunctions are also related to the deficit of smooth pursuit 

eye movements. Specifically, Chen et al. (1999b) reported that the motion 

discrimination deficit occurred in both patients with schizophrenia and in their first-

degree relatives and involved a failure of velocity detection. Impaired velocity 

discrimination was associated with sluggish initiation of smooth pursuit eye 

movements. Although eye movement dysfunctions may contribute to multiple-object 

tracking deficits in schizophrenia, evidence suggests that eye movements alone or a 

single broad focus of attention can not explain multiple-object tracking capacity in 

healthy controls (Cavanagh and Alvarez, 2005; Oksama and Hyona, 2004; Pylyshyn, 

2003). 
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Therefore, running multiple-objects tracking task in schizophrenic patients may 

provide a tool for concurrent investigation of not only the tightly connected working 

memory functions but the sensory (input) system and attention as well. We may 

hypothesize that patients with schizophrenia are less efficiently able to track multiple 

moving objects, since velocity discrimination, sustained attention, and visual working 

memory are related to multiple-object tracking performance. The impairment of these 

cognitive functions potentially contributes to multiple-object tracking deficits in 

schizophrenia. Because many studies demonstrated correlations between negative 

symptoms and cognitive dysfunctions (e.g. Addington, Addington, & Maticka-Tyndale, 

1991; Nieuwenstein et al. 2001; Strauss, 1993), it is worth investigating whether 

negative symptoms are related to multiple-object tracking performance in 

schizophrenia. 

Turning back to the neural “widespread cortical dysfunction hypothesis” of 

schizophrenia (Selemon and Goldman-Rakic, 1999; Harrison and Weinberger, 2005), 

new findings about disturbed complex cortical networks and lower level sensory 

processes, using neuropsychological paradigms, new insights into the pathophysiology 

of the disorder can be gained. 
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OBJECTIVES 
 

Based on the aforementioned conceptual background, the thesis has the 

following three specific aims. 

Experiment 1. Dopaminergic contribution to cognitive sequence 
learning 

 

In the first study, our aim was to elucidate the specific role of 

dopamine in cognitive sequence learning, by measuring the metabolite 

of dopamine, serotonin, and norepinephrine in the plasma of healthy 

volunteers, and to attempt to find correlations between these 

neurochemical markers and performance on the “chaining” sequence 

learning task. 

 

Experiment 2. Dissociation between medial temporal lobe and basal 
ganglia memory systems in schizophrenia 
 

In the second study detailed in the thesis, our goals were 

a) to investigate the BG and MTL –dependent learning in 

patients with schizophrenia during the acquired 

equivalence associative learning task;  

b) to find possible relationship between acquired 

equivalence learning and conventional measures of 

declarative memory (California Verbal Learning Test) 

and working memory (n-back task); 

c) to find relationship between BG- and MTL-dependent 

phases of the acquired equivalence associative learning 

task and antipsychotic medication. 

Experiment 3. How can patients with schizophrenia track multiple 
moving targets? 
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In the study, our aims were the following: 

a) First, we aimed to investigate multiple-object tracking 

in patients with schizophrenia.  

b) Second, we investigated the contribution of positive and 

negative symptoms, velocity discrimination, sustained 

attention/context processing, and visual working 

memory to multiple-object tracking performance.  
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METHODS 
 

Experiment 1. 
 

Participants 
Volunteers were 125 healthy people (70 male, 55 female) recruited from the 

community using newspaper advertisements and via acquaintance networks. Exclusion 

criteria were history of neurological or psychiatric disorders, psychoactive substance 

dependence, and any other medical condition that can affect central nervous system 

functions (cardiac, renal, hepatic, metabolic, and hormonal illnesses). All participants 

were non-smokers and did not take any medication. The Mini-International 

Neuropsychiatric Interview was used to exclude psychopathology (Sheehan et al., 1998; 

Balazs et al., 1998.). The mean age was 38.2 years (SD=9.2). The mean years of 

education was 13.2 years (SD=4.1). The mean socioeconomic status, as revealed by the 

Hollingshead Four-Factor Index, was 36.8 (SD=22.3) (Cirino et al., 2002). General 

intellectual abilities were determined with the revised Wechsler Adult Intelligence Scale 

(WAIS-R) (Wechsler, 1981). All participants gave written informed consent. The study 

was done in accordance with the Declaration of Helsinki. 

 

The “chaining” cognitive sequence learning task 
 

During the “chaining” task, each link in a sequence of stimuli leading to reward is 

trained step-by-step, using feedback after each decision, until the complete sequence is 

learned. In the first phase of this task, the screen showed a room (room 1) with three 

doors (A, X, Y), each bearing a colored card; the participant was required to choose one 

of these doors. A correct response (door A) led to a treasure chest (reward), while an 

incorrect response (X or Y) led to a brick wall. Once this A→reward association was 

learned, participants were presented another room (room 2) with three new colored 

doors (B, W, Z). An incorrect response (W or Z) led to a brick wall, while a correct 

response (door B) led to room 1, where subjects would again choose the correct door 

(A) to reach the reward. Once this new association (B→A→reward) was learned, a new 
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room was added to the sequence, until the participant eventually learned a full sequence: 

D→C→B→A→reward. 

The task was run on a Macintosh computer programmed in the Super Card 

language. On each trial of the experiment, the animated character (nicknamed “Kilroy”) 

appears in a room with three colored doors (Fig. 1). The rooms have a uniform white 

background, and are drawn using perspective lines, with three black doors appearing on 

the far wall. The doors appear about 2” high, and the colored cards are each 1” high by 

0.5” wide, and outlined in white for visual clarity. The animated figure (Kilroy) appears 

about 2” tall. For each subject, the colored doors in each of six rooms are selected from 

a set of 18 unique colors, so that the same three colors appear each time Kilroy enters a 

particular room, but no color appears in more than one room during training. Thus, for 

example, room A might have red, green, and purple doors; room B might have yellow, 

blue, and brown doors; and so on. Spatial layout of these three colors on the doors (left, 

center, right) is randomized on each trial, so that the correct answer (left, center, and 

right) varies across trials in a room; only the location of the color card indicated which 

the correct response is. Colors could be easily discriminated. 

In each room, the participant uses the computer mouse to move the cursor and to 

click on one of the doors. When the participant selects a door, a few additional drawings 

of Kilroy appear to approximate a rough animation showing Kilroy turning, walking to 

the door, and trying to open it. If the participant’s choice is incorrect, the door is 

“locked” and Kilroy cannot open it; he puts his hands on his hips and makes a 

disappointed face, and the word “Locked!” appears on the bottom of the screen. Kilroy 

then moves back to the center of the room, and awaits the subject’s next choice. If the 

subject’s choice is correct, Kilroy opens the door and steps through. If this room was at 

the end of the chain, Kilroy reaches the outside, where he turns and gives a thumbs-up 

sign; if the room was at an earlier stage of the chain, Kilroy steps through into the next 

room and, once there, waits for further instructions (Fig. 1). In both cases (correct or 

incorrect response), the outcome appears on the screen for 1 sec; there is then a 0.33 sec 

interval before Kilroy appears at the bottom of the screen again, ready for new 

instructions. There is no limit on response times. 
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Room 1
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Locked!

0

Room 1

0

Room 2

 
Figure 1. Display of the cognitive sequence learning (“chaining”) task. 
Upper row: The participants chose the closed door in room 1. Lower row, left panel: The 

participant chose the open door in room 1. Lowe row, right panel: in room 2, the participant 

chose the open door, and entered into room 1 

 

A trial consists of a full sequence of rooms until Kilroy reaches the outside. The 

length of this sequence increases from one to four rooms over the course of training. A 

trial is scored as correct if the subject chooses the correct door on the first opportunity 

for every room in the chain; however, a subject may make one or more errors on a trial 

by choosing an incorrect door one or more times before choosing the correct door, in 

each of one or more rooms in the chain. This means that a subject could make more than 

one error per trial. Each sequence learning trial continues until the subject completes 

four consecutive correct trials or to a maximum of 15 trials. If a participant fails to 

reach criterion within the maximum number of trials for any phase, training of the 

sequence is terminated, and the subject is taken directly to the last (retraining) phase of 

the task. 
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The participant is seated in a quiet testing room at a comfortable viewing distance 

from the screen. The following instructions appear: “Welcome to the experiment. In this 

experiment, you will see a character named Kilroy who is trying to get out of the house. 

Each room in the house has three doors, and each door has a colored card on it. On each 

trial, two of the doors are locked, and one door is unlocked. In each room, click on the 

color card of the door that you think is unlocked. If you are correct, Kilroy will get 

outside. Good luck!”  

The test then consisted of the following parts: 

1. Practice. The Practice Room appears, with three colored doors, and Kilroy in 

his “waiting-for-instructions” position at the front bottom of the screen. If the 

participant chooses the correct door, Kilroy makes it outside and the trial is concluded. 

The practice phase continues until the subject makes four consecutive correct trials (i.e. 

chooses the correct door on the first response in each of four trials). 

2. Sequence training. At this point, new instructions appear: “You’ve 

successfully finished practice! Now Kilroy will be put in some new rooms. Again, in 

each room, two doors are locked and one door is unlocked. Each time, click on the door 

that you think is unlocked. Sometimes, Kilroy will have to go through more than one 

room to reach the outside. Good luck!” 

Kilroy now appears in his “waiting-for-instructions” position in Room 1. This 

phase is identical to the Practice phase, except that three new colored cards are used. 

Here, subjects have to learn to open the correct door (A). Once this is learned, phase 2 

begins, in which Kilroy appears in Room 2, which contains three new colored cards; 

here, choice of the correct door (B) leads Kilroy to Room 1, where a correct answer 

leads him outside. Once this is learned, subjects work through phase 3 (door C in Room 

3 leads to Room 2 and so on) and phase 4 (door D in Room 4 leads to Room 3 and so 

on) until, by the end of phase 4, subjects should be choosing the correct door in each 

room: D→C→B→A→reward.  

3. Probe phase. Next comes a probe phase, unsignaled to the subject. At the start 

of a trial, Kilroy appears in Room 4. As usual, correct responses will allow him to 

progress through the sequence of rooms and reach the outside. Now, however, the 

colored cards are switched. In each room, one of the three cards is always the correct 

answer in that room, at that point in the sequence; one of the cards is always a choice 
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that was correct in a different room; the third card (distracter) is a choice that was never 

correct in any room. Thus, in Room 2, Kilroy might be presented with a choice between 

card B, card A, and card X. Card B is the correct choice, and should be chosen by a 

subject who had learned the chain: i.e., what choice to make at each step in the 

sequence. However, a subject who had merely learned non-sequential stimulus-response 

associations might choose A, since that is a stimulus that had been directly associated 

with reward in the past. The probe phase contains six trials, each trial consisting of a 

trip through the usual four rooms. 

4. Retraining phase. Finally comes a retraining phase, in which participants are 

required to learn a new room with three new colored cards, one of which leads directly 

to the outside. The purpose of this phase is to determine whether any learning deficits 

observed on the sequence learning or probe phase could be due to fatigue effects or 

other nonassociative factors. 

 

Plasma levels of monoamine metabolites 
 

Participants sat in a comfortable chair. Blood levels were collected before 

cognitive testing between 9-10 a.m. in heparinized vacutainer tubes. Plasma levels of 

metabolites were measured using the coulochem electrode array system (Neurochem, 

ESA, Inc., MA, USA) (Siuciak et al., 1992). Measurements included the levels of 

homo-vanillic acid [HVA] (a metabolite of dopamine), 5-hydroxy indole acetic acid [5-

HIAA] (a metabolite of serotonin), and 3-methoxy-4-hydroxy-phenyl glycol [MHPG] (a 

metabolite of norepinephrine). 

 

Experiment 2.  

Participants 
Participants were 43 outpatients with schizophrenia (29 male, 14 female; paranoid 

(n=12), undifferentiated (n=16), residual (n=11), disorganized (n=4)) and 28 healthy 

control subjects (17 male, 11 female) with negative family history of schizophrenia-

spectrum disorders and other psychoses (schizophrenia, schizophreniform disorder, 

schizoaffective disorder, brief psychotic disorder, bipolar disorder, and cluster A 
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personality disorders). All patients lived in the community and 21 of them were 

employed at the time of testing. 

 
Table 1. Clinical and demographical parameters 
 

 Schizophrenia (n=38) Control (n=28) 

Age 38.6 (2.7) 37.5 (2.4) 

Education 11.6 (2.4) 11.7 (3.0) 

Duration of illness 12.5 (3.8) - 

PANSS P 13.1 (3.0) - 

PANSS N 12.4 (2.9) - 

PANSS G 28.3 (3.5) - 

CPZ 392.1 (47.9) - 

Data are mean (SE). PANSS – Positive and Negative Syndrome Scale, P – positive, N – 

negative, G – general symptoms; CPZ – chlorpromazine-equivalent dose of antipsychotics 

(mg/day) 

 

The diagnosis was based on the DSM-IV criteria (American Psychiatric 

Association, 1994). All participants received the International Neuropsychiatric 

Interview Plus (Sheehan et al., 1998; Balazs et al., 1998.). Thirty-eight patients with 

schizophrenia received antipsychotic medications at the time of testing (haloperidol 

(n=15), zuclopenthixol (n=5), chlorprothixene (n=6), fluphenazine (n=4), olanzapine 

(n=3), and risperidone (n=5)). Twelve patients received anticholinergic medication 

(biperiden). Five patients did not take antipsychotic medication because of the side 

effects (sedation and weight gain). They were outpatients and did not show acute 

psychotic symptoms. Clinical symptoms were assessed with the Positive and Negative 

Syndrome Scale (PANSS) (Kay et al., 1987) (Table 1). History of neurological 

disorders, head injury, substance abuse, and electroconvulsive therapy were the 

exclusion criteria. After complete description of the study to the subjects, informed 

consent was obtained. 
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The Rutgers acquired equivalence task 
 

The Rutgers acquired equivalence associative learning task (Myers et al., 2003) 

provides a unique opportunity to investigate BG- and MTL-dependent learning with a 

single task. 

Acquired equivalence is a phenomenon in which prior training to treat two stimuli 

as equivalent (if two stimuli are associated with the same response) increases 

generalization between them (Table 2). The learning of stimulus-response pairs is 

related to the BG, whereas the MTL system participates in acquired equivalence 

learning (Mishkin et al., 1984; Packard and Knowlton, 2002; Collie et al., 2002; Myers 

et al., 2002, 2003; Kéri, 2003). 

 
Table 2. The acquired equivalence paradigm 
 

Acquisition stage 1:  

Shaping 

Stage 2:  

Equivalence training 

Stage 3:  

New consequences 

Transfer phase: 

Equivalence testing 

A1 – X1 A1 – X1 

A2 – X1 

A1 – X1 

A2 – X1 

A1 – X2 

A2 – X2? 

B1 –Y1 B1 – Y1 

B2 – Y1 

B1 – Y1 

B2 – Y1 

B1 – Y2 

B2 – Y2? 

During stage 1, participants learn the first 2 associations between different persons (A, B) 

and fishes (X, Y). During phase 2, different persons are associated with the same fishes 

(stimulus equivalence), whereas during stage 3, new consequences are added. During the 

transfer phase, participants are tested on the associations learned in stages 1-3 and as well as 

on new associations that are not learned during stages 1-3, but are the consequences of 

stimulus equivalence. This stimulus generalization phase is related to the medial temporal lobe, 

whereas learning during stages 1-3 is related to the basal ganglia (Myers et al., 2003). 

 

In the acquisition phase of the task, participants learn six pairs of stimulus-

response associations. The stimuli are cartoons of persons’ faces and color fishes and 

each person is associated with fishes with different colors (Fig. 2). 
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Which fish does this person have?
Use "Left" or "Right" key to choose.

Which fish does this person have?
Use "Left" or "Right" key to choose.

Correct!

Which fish does this person have?
Use "Left" or "Right" key to choose.

Which fish does this person have?
Use "Left" or "Right" key to choose.

A

B

Correct!

 
Figure 2. The Rutgers acquired equivalence task.  
 

On each trial, the participant sees one face and two fishes (A). All three items appear at 

the same time. There is a prompt underneath instructing the participant to choose the left or 

right fish by pressing the correspondingly labeled key. The participant first has to make a 

random choice. The fish selected by the participant is then circled, and feedback appears 

("Correct" or "Incorrect"). The feedback, together with the face, two fishes, and circle, remains 

on the screen for 1 second. The screen then goes blank for a 1 sec inter-trial interval. Then the 

next trial is initiated, with a new face and new pair of fish appearing on the screen (B) (see also 

Table 2). 

 

Stimuli were presented and responses were collected using a Macintosh Power-

Book laptop. The antecedent stimuli were four drawings of faces (man, woman, girl, 

boy). The consequents were drawings of fishes colored red, orange, purple, and pink. 

For each participant, faces and fishes were randomly assigned as antecedent and 

consequent stimuli. At the start of the experiment, the following instruction appeared on 

the screen: “Welcome to the experiment. You will see drawings of people who each 

have some pet fish. Different people have different kinds of fish. Your job is to learn 

which kinds of fish each person has. At first, you will have to guess.” The experiment 

leader red the instruction aloud to the participant and then clicked the mouse button to 
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begin the acquisition phase. On each trial, a face and two fish drawings were displayed 

on the computer screen along with the prompt: “Which fish does this person have? Use 

the Left or Right key to choose”. The participant responded with pressing one of two 

separate keys labeled as “LEFT” and “RIGHT” to indicate whether the fish on the left 

or the fish on the right was associated with the face. The selected fish drawing was 

circled and corrective feedback was given (Fig. 2). In the case of an incorrect response, 

an alert beep sounded. The left-right ordering of the fish drawings was randomized 

across subjects. There were three stages in the acquisition phase (Table 2). Stages 1 and 

2 terminated after 8 consecutive correct responses, whereas stage 3 terminated after 12 

consecutive correct responses. The participant was not informed on the beginning of a 

new stage. After the termination of the acquisition phase, a new instruction appeared on 

the screen, informing the participant that the task would remain the same but feedback 

would no longer be provided. The participant was not informed of the presence of new 

associations. The transfer phase consisted of 48 trials of which 12 trials were new 

associations for the testing of learned equivalence and 36 trials were old associations 

trained during the acquisition phase. 

The dependent measures were the mean number of errors in the acquisition phase 

and the proportion of incorrect responses in the transfer phase (for methodological 

details, see Myers et al., 2003). 

 

IQ, declarative memory, and working memory 
 

General intellectual functions were assessed with the revised version of the 

Wechsler Adult Intelligence Scale (WAIS-R) (Wechsler, 1981).  

Summary scores from trials 1-5 and long-delay recall scores of the CVLT were 

used to index declarative memory. The CVLT summary score was selected because this 

parameter was the most robust discriminating factor between schizophrenia patients and 

controls according to the previous meta-analysis (Heinrichs and Zakzanis, 1998). 

The n-back test, which was identical to that used by Callicott et al. (2000), was 

included to measure working memory. During this test, numbers between 1 and 4 were 

presented on the computer screen. In the 0-back condition, the participant was asked to 

detect the number and to press the corresponding button. In the 1-back condition, the 
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participant viewed the first number and maintained that in the working memory. When 

the second number was viewed, the participant pressed the button that corresponded to 

the first number. In the 2-back condition, the participant recalled the number that had 

appeared “2 back” and pressed the corresponding button. The 0-back condition was a 

simple stimulus detection task, whereas in the 1-back and 2-back tasks there was an 

increasing demand on working memory to maintain the short-term representation of 

numbers (Callicott et al., 2000). 

Experiment 3.: How can patients with schizophrenia track 
multiple moving targets? 
 

Participants 
Thirty patients with DSM-IV diagnosis of schizophrenia (American Psychiatric 

Association, 1994) (18 paranoid, 6 undifferentiated, 4 residual, 2 disorganized; 21 male, 

9 female; mean age: 39.6 years (SD=9.4); mean duration of illness: 12.5 years 

(SD=6.0); mean years of education: 11.4 years (SD=3.2)) and 30 healthy volunteers (21 

male, 9 female; mean age: 40.1 years (SD=10.6); mean years of education: 12.2 years 

(SD=4.7)) participated in the study. All participants were screened with the Mini-

International Neuropsychiatric Interview (Sheehan et al., 1998; Balazs et al., 1998). 

Detailed medical history of each patient and reports from the treating physicians were 

available. General intellectual abilities were assessed using the revised version of the 

Wechsler Adult Intelligence Scale (WAIS-R) (Wechsler, 1981). The mean IQ values 

were 97.1 (SD=17.8) in the patient group and 102.8 (SD=12.6) in the control group. 

There were no significant differences between patients and controls in age, years of 

education, and IQ (p>0.1, two-tailed t-test) Twenty-eight patients received antipsychotic 

medication at the time of testing (aripiprazole, olanzapine, quetiapine, risperidone, 

haloperidol, zuclopenthixol). The mean chlorpromazine-equivalent dose was 645.6 

(SD=185.4) mg/day. The Positive and Negative Syndrome Scale (PANSS) was used for 

the assessment of clinical symptoms (Kay, Fiszbein, & Opler, 1987) (mean positive 

symptoms: 12.7 (SD=7.2), mean negative symptoms: 17.3 (SD=9.0), mean general 

symptoms: 36.1 (SD=10.3)). Neurological disorders, substance dependence, history of 

head injury, electroconvulsive therapy, and central nervous system disorders due to 

general medical conditions were the exclusion criteria. All participants had normal or 
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corrected-to-normal visual acuity. The study was approved by the university ethics 

committee and was performed according to the Declaration of Helsinki. All participants 

gave their written informed consent. 

 

Setup and general design 
 

Stimuli were presented on a gamma-corrected View Sonic PF815 monitor 

(resolution: 800 x 600 pixel; refresh rate: 100 Hz; VSG graphic card, version 5.02, 

Cambridge Research System Ltd, Rochester, UK) controlled by a PC. The viewing 

distance was 70 cm. The average luminance of the display field was 40 cd/m2. This 

apparatus was used for each test, which were administered in 3 different sessions on 2 

consecutive days. Rest periods were provided as needed. Before each test, a practice run 

was provided to ensure that participants understood the instructions and were able to 

stay on task. The order of tests was counterbalanced across participants. 

 

Multiple-object tracking 
 

The tracking field (the area in which the items moved) was a central white 

rectangle occupying 16.2° x 12.2° on the computer screen. Each trial employed four 

target items and four distracter items; all presented as identical black squares 

(subtending 0.54° x 0.54°) on a white background. Each item’s initial position was 

generated randomly on each trial. A fixation cross was presented throughout the trials at 

the center of the tracking field. At the beginning of each trial, four randomly selected 

items blinked several times to indicate their status as targets. After this, all items began 

to move independently for 15 sec (Fig. 3). In every 500 msec, a new velocity was 

randomly selected for each moving item. There were 2 velocity conditions: (i) the 

velocities of the items ranged from 1 to 20°/sec with an average velocity (over all trials 

and items) of 6.4°/sec (slow condition); (ii) the velocities of the items ranged from 1 to 

28°/sec with an average velocity of 8.4°/sec (fast condition). Item motion was 

constrained so that items repelled the borders of the tracking field, and no item ever 

came nearer than 0.7° to another item.  



 46

   
Figure 3. The multiple-object tracking test 
From eight identical squares, four were targets and 4 were distracters. The target squares 

blinked briefly (white) at the beginning of each trial (panel A). The squares then randomly 

moved within a rectangular area, bouncing off the borders and each other. Participants are 

asked to follow the target squares (panel B). At the end of a trial, a square was blanked (white) 

and participants reported whether or not the square was one of the target items (panel C). 

 

Participants were requested to track the four target items throughout the motion 

sequence. After the motion had ceased, a randomly selected target or a non-target item 

had changed its color to blue, and participants indicated whether it was a target or a 

non-target by pressing the left or right mouse button, respectively (Fig. 7). Twenty-five 

trials were applied in both fast and slow conditions. The order of presentation for fast 

and slow conditions was counterbalanced across participants. The dependent measure 

was the percentage of right answers (correct identification of targets and correct 

rejection of distracters).  

Velocity discrimination 
 

Stimuli were vertical sinusoidal gratings appearing in a circular window 

(diameter: 20°, spatial frequency: 0.5 cycle/°, contrast: 20%). The basal velocity (V) 

was 10°/sec. First, a fixation point was presented for 500 msec. Following the fixation 

point, participants viewed 2 sequential gratings that differed in velocity (ΔV) (exposure 

time: 500 msec, interstimulus-interval: 300 msec). The task was to decide which grating 

moved faster by pressing the left (first grating) or the right mouse button (second 

grating). The initial velocity of the faster grating was 20°/sec. The just-noticeable-

difference (Weber fraction, ΔV/V) was determined using a 3-down-1-up staircase: the 
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velocity difference between the targets was reduced by 30% after 3 consecutive correct 

responses or increased by 30% after a single error. The staircase was terminated after 12 

reversals converging at 74.9% accuracy (Chen et al., 1999a,b, 2004). 

Continuous Performance Test (CPT), 1-9 version 
 

The 1-9 CPT was administered according to Finkelstein, Cannon, Gur, Gur, and 

Moberg (1997). During the test, participants were asked to press a button when a 

number 1 was followed by a number 9 in the sequence. The stimulus duration was 200 

msec and the interstimulus-interval was 800 msec. Three hundred trials were presented 

with 30 targets. The sensitivity index (d’) was calculated from hit rates and false alarm 

rates. Beyond sustained attention, which is indispensable to detect many sequentially 

presented stimuli, the 1-9 CPT requires the maintenance of context and the inhibition of 

proponent responses (number 9 preceded by another number than 1), which are related 

to working memory and context processing (Finkelstein et al., 1997). 

Object working memory 
 

A modified version of the change detection task was used to investigate object 

working memory (Gold et al., 2003). Stimulus displays (size: 10° x 7°) consisted of six 

randomly oriented bars (size: 1.6° x 0.2°; orientation: 0°, 45°, 90°, and 135° from 

vertical) with different randomly selected colors (red, blue, green, and black). First, a 

fixation point was presented for 500 msec, which was immediately followed by a 

sample array for 500 msec. The sample array was followed by a delay period (2 sec) 

with a blank screen. After the delay period, a test array was presented for 4 sec, which 

was either identical to the sample array (50% of trials) or the color or orientation of a 

single item was changed (50% of trials). Participants were asked to decide whether the 

test array was identical to the sample array by pressing the left or the right mouse 

button, respectively. The test consisted of 100 trials. The dependent measure was 

sensitivity (A’), calculated according to Stanislaw and Todorov (1999) using hit rates 

and false alarm rates. A' is a non-parametric version of d'. If A’=1, an ideal observer 

shows a perfect ability to discriminate same and different sample and test arrays. If 

A’=0.5, performance is at the chance level. 
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Spatial working memory 
The spatial working memory task was a modified version of the procedure used by 

Spindler, Sullivan, Menon, Lim, and Pfefferbaum (1997). A trial began with the 

presentation of a fixation point for 500 msec, which was followed by a sequence of 

dots, each exposed for 500 msec. The dots appeared in 1 of 8 possible locations around 

an oval shape. After the presentation of the dots, the fixation point returned for 2 sec. 

Then participants saw a test array on the computer screen showing the 8 possible 

locations of the dots and were asked to click on the presented dots according to their 

sequential appearance. The sequence length increased from 2 to 7 dots. Two trials were 

presented for each sequence length. The test was stopped when the subject was unable 

to complete both trials at a given length. The maximum score was 12 (2 trials x 6 

sequence lengths). 

 

Data analysis 
 

The STATISTICA 6.0 package (StatSoft, Tulsa, OK) was used for data analysis. 

The distribution of the data was checked with Kolmogorov-Smirnov tests, and the 

homogeneity of variance was checked with Levene`s tests. If normal distribution and 

homogeneity of variance were proven, the dependent measures were compared with 

two-tailed t-tests. In other cases Mann-Whitney U-test were applied. In order to 

determine the factors that predicted multiple-object tracking performance, a forward 

stepwise multiple regression analysis was performed (dependent measure: multiple-

object tracking performances in the slow and fast conditions). In the first regression 

analysis, the clinical symptoms (PANSS-scores), the duration of the illness, and the 

chlorpromazine-equivalent dose of antipsychotics were the predictors. In the second 

regression analysis, the measures of cognitive functions (velocity discrimination, CPT, 

object and spatial working memory) were the predictors. We also conducted a logistic 

regression analysis to determine which cognitive measures made significant 

independent contributions to discriminating between patients and controls. The level of 

significance was set at alpha<0.05. Effects sizes (Cohen’s d) were given for each 

comparison (Cohen, 1988). 
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RESULTS 

Experiment 1. 

Correlation and linear regression analysis 
 

Five participants did not reach the criterion in the “chaining” task, and therefore 

they were not able to complete the probe phase. These participants were excluded from 

the analysis.  

The mean plasma levels of metabolites were as follows: HVA: 7.1 ng/ml 

(SD=2.5), 5-HIAA: 1.5 ng/ml (SD=0.9), MHPG: 3.8 ng/ml (SD=1.2). There was a 

significant negative relationship between the mean number of errors in the 

training phase of the “chaining” task and the HVA level (R=-0.36, p<0.05). In 

contrast, the HVA level did not correlate with the number of errors in the probe phase of 

the “chaining” task (R=0.01) (Fig. 4). 5-HIAA and MHPG levels did not correlate with 

the “chaining” task measures (r<0.1). 

 
Figure 4. Mean number of errors in the training phase (stimulus-reward learning) and in the probe 
phase (sequence change). Error bars indicate 95% confidence intervals. *p=0.002 
 

Linear regression analysis revealed that the HVA level accounted for 10.5% of 

variance of training phase errors (F(1,118)=13.9, p<0.001). In the case of 5-HIAA and 

MHPG, this value was less than 1% (p>0.5). 
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Median split analysis 
 

A median-split analysis was also performed. Participant who had lower HVA 

plasma level than the median value of the whole sample committed more errors during 

the training phase of the “chaining” task compared with participants who has higher 

HVA plasma level than the median value (t(118)=-3.12, p=0.002). This difference 

remained significant when age, gender, education, socioeconomic status, and IQ were 

included in an analysis of covariance (F>8, p<0.05). In contrast, the median-split 

analysis did not indicate differences between participants with low and high HVA in the 

probe phase (p=0.72) (Fig. 5). As expected from the correlation analysis, median-split 

analyses for 5-HIAA and MHPG did not indicate differences between participants with 

low and high level of metabolites (p>0.5). There was no significant difference in IQ 

between participants with low HVA (mean: 105.6 (SD=10.8)) and high HVA (mean: 

104.9 (SD=11.3)) (p>0.5). 
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Figure 5. The relationship between the mean number of errors in the training and probe phase of 
the “chaining” task and plasma HVA levels. 

 

In order to further elucidate the relationship between HVA and sequence learning, 

we analyzed the number of errors in each step of the chain of associations (room 1-room 

4 in the training phase). An analysis of linear trend revealed that the number of errors 

linearly increased as a function “chaining” associations in participants with low HVA 

(F(1,118)=30.23, p<0.001). This relationship was less pronounced in participants with 

high HVA (F(1,118)=4.47, p=0.04), and the interaction for linear trend between 

participant with low and high HVA approached the level of significance 

(F(1,118)=3.21, p=0.07) (Fig. 6). Participants with low HVA committed significantly 

more errors at the third association (phase 3) (t(118)=3.0, p=0.002). 
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Figure 6. Mean number of errors from the four phases (four rooms) of the training procedure 
Error bars indicate 95% confidence intervals. *p=0.002 

 

Finally, participants with low and high HVA did not differ in the retraining phase 

(mean number of errors: 1.1 (SD=0.8) and 1.2 (SD=0.9), respectively (p>0.5))  

 

Experiment 2. 
 

Five patients with schizophrenia were unable to complete the acquisition phase. 

Three of them failed at stage 1 and 2 and 2 of them failed at stage 3. Four of them 

received high doses of first generation antipsychotics (mean: 1540.3 mg/day) and 1 

patient failed to stay on task.  

BG and MTL – dependent learning in patients with schizophrenia 
 

The mean number of errors during the acquisition phase was 8.8 (SE=1.2) in the 

schizophrenia group and 7.7 (SE=1.8) in the control group. The difference was not 

statistically significant (p=0.58). 

In the transfer phase, the mean proportion of errors for old associations was 0.09 

(SE=0.02) in the schizophrenia group and 0.08 (SE=0.02) in the control group. The 

mean proportion of errors for new associations was 0.41 (SE=0.04) in the 

schizophrenia group and 0.13 (SE=0.03) in the control group. An analysis of variance 

(ANOVA) conducted on the error rates for new and old associations in the transfer 

phase indicated significant main effects of group (patients vs. controls) (F(1,64)=15.06, 
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p<0.001), type of associations (old vs. new) (F(1,64)=59.73, p<0.0001), and an 

interaction between group and type of associations (F(1,64)=27.31, p<0.0001). Planned 

comparisons with F-tests indicated that controls had similar error rates for new and old 

associations (p=0.10), whereas patients with schizophrenia performed much worse in 

the case of new associations (F(1,64)=98.90, p<0.0001). Tukey HSD post-hoc tests 

confirmed this robust dissociation, revealing that schizophrenia patients had more errors 

in the case of new associations (p=0.0002), but not in the case of old associations 

(p=0.9) as compared with the control group. These results remained unchanged when 

the patients receiving anticholinergic medication or second generation antipsychotics 

and the unmedicated patients were excluded from the analysis. Individual data revealed 

that 3 of the 28 controls (10.7%) scored below the median of the joint control-patient 

aggregate sample in the case of new association, whereas this rate was 27/38 (71.1%) in 

patients with schizophrenia. 

Relationship between acquired equivalence, CVLT and n-back test 
results 
 

Table 3 shows that patients with schizophrenia displayed impaired performances 

on the CVLT and n-back task. The n-back task scores did not correlate with dependent 

measures from the acquired equivalence task (Spearman’s R<0.3). The CVLT scores 

showed a selective negative relationship with the error rate in the case of new 

associations during the transfer phase (summary score from trials 1-5: Pearson’s r=-

0.66, p<0.05; long-delay recall: Pearson’s=-0.64, p<0.05). 
Table 3. IQ, CVLT, and n-back performances 
 

 Schizophrenia (n=38) Controls (n=28) 

WAIS-R 102.3 (3.5) 104.8 (2.8) 

CVLT trials 1-5 43.9 (1.4)a 53.9 (1.2) 

CVLT long-delay recall 9.3 (0.5)b 11.3 (0.4) 

0-back 10.0 (0.0) 10.0 (0.0) 

1-back 7.7 (0.2)c 9.4 (0.1) 

2-back 6.0 (0.3)d 8.3 (0.2) 

Data are mean (SE). WAIS-R – Wechsler Adult Intelligence Scale, revised version; CVLT 

– California Verbal Learning Test. The CVLT scores were compared with two-tailed t-tests. The 
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n-back scores were compared with Mann-Whitney U test, because these values were not 

normally distributed. at(64)=4.9, p<0.0001, bt(64)=3.3, p<0.01, cZ=4.8, p<0.0001, dZ=5.3, 

p<0.0001. 

Relationship of performance with antipsychotic medication 
There was a positive relationship between the mean number of errors in the 

acquisition phase and the daily chlorpromazine-equivalent doses (Pearson’s r=0.76, 

p<0.05) (Fig. 7). When the four outlier patients with very high daily dose of 

antipsychotics were excluded, the correlation remained significant (Pearson’s r=0.60, 

p<0.05), similarly to the scenario when the eight patients receiving second-generation 

drugs were excluded (Pearson’s r=0.72, p<0.05). 
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Figure 7. Correlation between the daily chlorpromazine-equivalent antipsychotic dose and the 
number errors during the acquisition phase 
(Spearman’s r=0.76, p<0.05) 

Experiment 3. 
 
The data shown in Table 4 were normally distributed (Kolmogorov-Smirnov tests, 

p>0.1). However, in the case of multiple-object tracking data, Levene`s test showed a 

significant deviation from the homogeneity of variance (p<0.01), therefore these data 

were compared with Mann-Whitney U-tests.  
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Table 4. Results from patients with schizophrenia and healthy control participants 

 

Data are mean (SD). Shown are results from t-tests (df=58) and Mann-Whitney U-tests*. 

Effect size values (d) are also shown. 

 

Patients with schizophrenia showed impaired performances on the velocity 

discrimination test, CPT, and object and spatial working memory tasks (Table 4). They 

were similarly impaired on the fast and slow multiple-object tracking tests. The d-

statistics revealed large effect size values (Cohen, 1988) (Table 4). Because of the small 

number of trials, signal detection analysis was not performed on the multiple-object 

tracking performances (Stanislaw and Todorov, 1999). However, it can be excluded that 

the worse performances of the patients with schizophrenia was due to deliberate 

response strategy. The rate of false alarms was 6.8% (SD=2.1) in the controls, and it 

was 7.1% (SD=2.8) in the patients with schizophrenia (p>0.1). 

 Schizophrenia 

(n=30)

Controls 

(n=30)

t/Z* p d 

Multiple-object 

tracking - 6.4°/sec  

(% correct) 

82.4 (15.2) 95.4 (5.1) -3.67* 0.0002 1.0 

Multiple-object 

tracking -8.4°/sec 

 (% correct) 

73.2 (18.6) 88.6 (8.3) -3.30* 0.0009 0.95 

Velocity 

discrimination 

(ΔV/V) 

0.22 (0.08) 0.16 (0.07) 3.40 0.001 0.75 

Continuous 

Performance Test,  

1-9 version (d`) 

4.2 (0.8) 4.8 (0.6) -3.24 0.002 0.80 

Object working 

memory (A`) 
0.66 (0.14) 0.79 (0.10) -4.04 0.0002 1.0 

Spatial working 

memory  

(max. score 12) 

5.9 (1.6) 7.4 (1.8) -3.52 0.001 0.83 
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In the control group, the single predictive factor for fast multiple-object tracking 

performance was the velocity discrimination threshold (beta=-0.44; F(1,28)=10.87, 

p<0.005; R2=0.28). In the slow condition, none of the factors reached the level of 

statistical significance (p>0.1).  

In the patients with schizophrenia, fast multiple-object tracking performance was 

predicted by velocity discrimination (beta=-0.45; F(1,28)=10.98, p<0.005; R2=0.28) and 

spatial working memory (beta=-0.42; F(1,28)=12.26, p<0.005; R2=0.30). In the slow 

condition, only spatial working memory predicted multiple-object tracking 

performances (beta=-0.40; F(1,28)=7.32 p<0.05; R2=0.21). 

The regression analysis including the PANSS-scores, the duration of the illness, 

and the chlorpromazine-equivalent dose of antipsychotics did not reveal a significant 

effect (p>0.1). 

The probabilistic regression analysis indicated that only the CPT made significant 

contribution to predicting group membership (patients with schizophrenia vs. controls) 

(beta=-0.27, F(1,28)=10.48, p<0.005; R2=0.15). 
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DISCUSSION 

Experiment 1. 
 

We found that healthy participants with lower HVA levels, a peripheral indicator 

of dopaminergic metabolism, committed more errors during the feedback-guided 

training phase of the “chaining” task. This relationship was not observed in the case of 

5-HIAA and MHPG, which are peripheral markers of serotonin and norepinephrine 

metabolism, respectively. Our results indicate that sequence learning is specifically 

related to dopaminergic functions, which is consistent with previous data from patients 

with PD (Shohamy et al., 2005; Nagy et al., 2007).  

In patients with Parkinson’s disease (PD), in which cellular death in the substantia 

nigra pars compacta leads to the depletion of dopamine in the basal ganglia, Shohamy et 

al. (2005) found impaired learning of sequential (“chaining”) associations. Patients with 

PD who never received medications or who were tested off their normal dopaminergic 

medication performed more poorly on this task than patients with PD who received L-

dopa substitution (Shohamy et al., 2005; Nagy et al., 2007), which suggests that L-dopa 

ameliorates sequential association learning deficits. Frank et al. (2004) proposed that in 

unmedicated PD patients low level of dopamine in the basal ganglia is not sufficient for 

reward during positive feedback, whereas in PD patients receiving L-dopa substitution, 

dopamine “overshoots” disrupt learning about the absence of reward during negative 

feedback (see also Shohamy et al., 2006). These mechanisms were proven in healthy 

participants receiving dopamine receptor agonists and antagonists (Frank and O`Reilly, 

2006). 

Additionally, the finding that participants with low HVA committed more errors 

on the training phase of the “chaining” task can not be explained by a simple fatigue 

effect, because these participants showed a similar performance to that of the 

participants with high HVA in the probe phase and in the retraining phase of the task. 

It is particularly interesting that the HVA level selectively correlated with the 

number of error in the training phase of the “chaining” task, but not with the 

performance in the probe phase. After the learning of the chain of associations, in the 

probe phase, the colors of the incorrect doors were switched such that in each room, in 

addition to the correct door of that room, there also appeared a door which was the 
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correct door elsewhere in the sequence. For example, in room 2, the subject might be 

presented with a choice between door B (correct), A (incorrect at this point in the 

sequence), and X (never correct). The aim of the probe phase was to ascertain that 

participants learned the correct door in its correct place in the sequence. Recent data 

indicate that the training and the probe phases of the “chaining” task are 

neuropsychologically dissociable. In contrast to patients with PD, patients with medial 

temporal lobe damage can efficiently complete the training phase and can learn the 

sequence of associations. These patients, however, display many errors during the probe 

phase, which is not seen in patients with PD (Nagy et al., 2007). The current 

neurochemical data support this dissociation, because dopamine metabolism was related 

only to the training phase of the “chaining” task. 

Besides data from PD and from our current study, other evidence also suggests 

that the dopaminergic system plays an important role in feedback-guided learning, 

which is an essential component of the “chaining” task. Aron et al. (2004) found that 

feedback during a cognitive task activated striatal and frontal regions, which receive 

input from midbrain dopaminergic neurons. Midbrain activity was significantly 

different for negative versus positive feedback, which is consistent with coding of the 

"prediction error". In another study, activation in ventral striatum (nucleus accumbens), 

which is richly innervated by dopaminergic pathways, increased with prediction error 

for negative feedback during a classification learning task (Rodriguez et al., 2006). 

These functional neuroimaging data, together with result from PD and from our 

neurochemical study, support the role of dopaminergic mechanisms in feedback-guided 

skill and habit learning. These data may be relevant for clinical studies that aim to 

investigate the role of dopaminergic mechanisms in various neuropsychiatric disorders 

accompanied by learning impairments. 

From schizophrenia point of view, using cognitive sequence learning tasks that 

allows a within task dissociation of habit and context learning, one may be able to better 

understand the role of interactive memory systems in the neuropsychology of the 

illness. Based on research findings using feedback-guided habit learning tasks, one may 

expect that schizophrenic patients will perform differentially on these tasks depending 

on the stage of their illness, the profile of the symptoms and their medication status 

(Beninger et al., 2003). Increased dopamine release in the striatum, for example, may 
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induce an exaggerated reinforcing signal in the case positive feedback - in contrast, 

patients with negative symptoms and decreased dopamine release in the striatum would 

be non-responsive to positive feedback, as seen in unmedicated Parkinson’s disease 

patients. For example, Exner et al (2006b) using SRT paradigm, showed that 

schizophrenia patients were severely impaired on sequence-specific procedural learning 

during an acute episode, which was related to disorganized symptoms. However, 20 

months later when acute symptoms had remitted, the performance of the patients had 

normalized. The results are in accordance with the role of state-dependent abnormalities 

in the basal ganglia, although this study did not include a feedback-based habit learning 

tasks. 

Indeed, using the cognitive sequence learning “chaining” task, Polgar et al. (2007) 

defined specific neurocognitive differences regarding habit and context learning 

between deficit and non-deficit schizophrenia patients. Their results indicate that that 

the deficit syndrome is associated with prominently impaired stimulus–response 

reinforcement learning, which may indicate abnormal functioning of basal ganglia 

circuits, whereas impaired context representation was uniformly present in both 

nondeficit and deficit patients to a similar extent. The results are particularly important 

since the clear neurocognitive profile of deficit syndrome is still missing, and findings 

have affirmed the assumptions of previous findings about compromised sequencing of 

motor acts (Galderisi et al, 2007, Schwarz et al, 2003). 

The main limitation of our study was that we used a peripheral marker of 

monoamine metabolism, which can be influenced by multiple factors in addition to 

central nervous system metabolism. Despite this fact, data indicate that there is a 

reliable relationship between peripheral metabolites and neurotransmitter levels in the 

brain (Amin et al., 1992). For example, Verhoeff et al. (2003) found that catecholamine 

depletion, achieved by the administration of alpha-methyl-para-tyrosine, resulted in 

increased dopamine receptor binding in the basal ganglia (decreased dopamine level), as 

measured with positron emission tomography, and in decreased plasma level of HVA 

and HMPG. Nevertheless, further studies are warranted that use direct measurements in 

the brain. Furthermore, more extensive neuropsychological assessment is necessary in 

order to explore the specificity of the relationship between HVA levels and sequence 

learning. 
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Experiment 2. 
 

The findings of this study indicate that patients with schizophrenia displaying 

preserved intellect (IQ) are impaired on tests of MTL-dependent learning, whereas BG-

dependent learning is spared. This latter observation is consistent with the results of 2 

previous studies, demonstrating intact BG-dependent cognitive skill learning in 

schizophrenia (Kéri et al., 2000; Weickert et al., 2002).  

A positive relationship was found between the daily dose of antipsychotics and 

errors during the acquisition phase, which suggests that antipsychotic medication 

disrupts BG-dependent learning, with a special reference to first generation 

antipsychotics with strong dopamine D2/D3 receptor inhibiting properties. These drugs, 

which were administered to the majority of the patients participating in this study, may 

induce Parkinsonian symptoms by disrupting dopaminergic neurotransmission in the 

nigro-striatal system and may lead to impaired cognitive skill learning in the “weather 

prediction task” (Beninger et al., 2003). Indeed, in a prior study, patients with 

Parkinson’s disease showed impaired stimulus-response learning during the acquisition 

phase, whereas transfer phase performance was spared (Myers et al., 2003). This is the 

opposite pattern compared to that was found in patients with hippocampal atrophy who 

performed well during the acquisition phase, but had marked difficulties in the case of 

new associations during the transfer phase (Myers et al., 2003).  

Our sample of schizophrenia patients displayed an identical pattern of 

performance to that observed in patients with hippocampal atrophy. There was no 

significant between-group difference in the BG-dependent acquisition phase, probably 

because of the low dose of antipsychotics. However, the relationship between 

antipsychotic medication and errors in the stimulus-response learning phase suggests 

that higher doses of first generation antipsychotics would disrupt striatal learning during 

the acquired equivalence test. It is notable that 4 of the 5 patients who failed to complete 

the acquisition phase received very high doses of first generation antipsychotics and 

exhibited severe Parkinsonian symptoms. 

In order to further investigate the effect of antipsychotics on memory functions, 

Kelemen et al. (2006) using the same paradigm found that first-generation antipsychotic 
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drugs impair the BG-dependent learning phase of the test, whereas second-generation 

antipsychotics do not have such detrimental effects. 

The deficit observed in the transfer phase did not correlate with working memory 

impairments, suggesting that MTL-dependent functions are indeed impaired and 

memory dysfunction is not a mere consequence of prefrontal pathology. It has been 

suggested that the vast majority of memory dysfunctions in schizophrenia are due to 

encoding and recall abnormalities (Aleman et al., 1999; Cirillo and Seidman, 2003). 

Some authors suggested that a considerable proportion of schizophrenia patients show a 

so-called subcortical memory profile, which is characterized by impaired free recall and 

relatively preserved recognition (Paulsen et al., 1995; Turetsky et al., 2002). However, 

the subcortical profile in schizophrenia was found to be inconsistent across ability areas, 

and is not likely to be the result of stable structural or functional brain deficits in the 

fronto-striatal system (Harvey et al., 2002). In our study, subcortical memory functions 

did not show a robust impairment in contrast to hippocampal stimulus generalization, 

which is against a general and severe BG pathology in schizophrenia. The impaired 

recall of words in the CVLT correlated with the acquired equivalence deficit, which 

supports the view that CVLT impairments are related to MTL pathology in 

schizophrenia. Heckers et al. (1999) demonstrated that during word recall, impaired 

hippocampal recruitment was a common feature in all types of schizophrenia, whereas 

abnormal frontal activation was observed only in schizophrenia patients with enduring 

negative symptoms (deficit syndrome). 

It is notable that acquired equivalence does not include declarative memory 

formation and retrieval in the conventional sense, that is, this task requires neither 

conscious encoding nor conscious recall of facts and events. Instead, acquired 

equivalence is based on stimulus generalization between items that are associated with 

the same response (Myers et al., 2003). This flexible generalization of previously 

learned stimulus-response associations is related to the MTL, which is severely affected 

in patients with schizophrenia. 

It should be taken into consideration that the differential deficit between BG- and 

MTL-dependent learning may be a psychometric artifact, because increased difficulty 

and higher performance variance may produce differences between schizophrenia 

patients and healthy controls (Chapman and Chapman, 1978; Miller et al., 1995). There 
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are several facts that argue against the possibility that the differential acquired 

equivalence impairment is a psychometric artifact. First, healthy controls did not 

achieve significantly more errors in the case of new associations than in the case of old 

associations during the transfer phase, although the error rate was numerically higher in 

the case of new associations. This suggests that new associations were not more 

demanding than old associations. Second, true-score variance (a product of task 

reliability and task variance) was 0.006 in the case of new associations and 0.02 in the 

case of old associations. It is assumed that schizophrenia patients show a generalized 

cognitive dysfunction and a greater performance deficit on tasks with greater true-score 

variance (Miller et al., 1995). In our case, a selective deficit was found for the task 

component with a smaller true-score variance (new associations during the transfer 

phase), which is against the possibility that our finding is a psychometric artifact. Third, 

a previous study demonstrated a double dissociation between stimulus-response 

learning and acquired equivalence, which supports the view that these subcomponents 

of the task are mediated by different brain systems (Myers et al., 2003). Indeed, Weiler 

et al (2009) using the same paradigm have found a mild generalization impairment of 

the persons with schizophrenia. Fourth, the robust difference between patients and 

controls can hardly be explained exclusively by the psychometric properties of the task. 

 

Experiment 3. 
 

The main finding of our study was that patients with schizophrenia performed 

poorly on the multiple-object tracking test. These results are consistent with previous 

studies demonstrating that patients with schizophrenia are impaired when two 

concurrent tasks must be monitored (Salame, Danion, Peretti, & Cuervo, 1998).  

Our data also suggest that impaired multiple-object tracking performance in 

schizophrenia is not a mere consequence of clinical symptoms, generalized cognitive 

impairment, medication effects, impaired sustained attention/context processing (CPT), 

or impaired object working memory. Specifically, we demonstrated circumscribed 

relationships among multiple-object tracking, processing of motion and speed (velocity 

discrimination), and spatial working memory. Contrary to our expectations, multiple-

object tracking performance was not related to the negative symptoms of schizophrenia. 
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Brenner et al. (2002) also found that visual dysfunctions do not correlate with the 

clinical symptoms, and evidence suggests that such relationships are weak 

(Nieuwenstein et al., 2001). 

Bearing in mind that correlation is not causation, and that regression analyses are 

susceptible to psychometric artifacts, we hypothesize that the dysfunction of the cortical 

network related to motion perception and spatial working memory may play an 

important role in multifocal attention dysfunctions in schizophrenia. 

LaBar, Gitelman, Parrish, & Mesulam (1999) found that working memory and 

spatial attention activate partially overlapping cortical areas, including the intraparietal 

sulcus, thalamus, supplementary motor area, and frontal eye fields. This system receives 

input from motion-sensitive visual areas, such as the middle temporal cortex (V5), and 

it is responsible for attention orientation and eye movements (Grosbras, Laird, & Paus, 

2005; Orban, Van Essen, & Vanduffel, 2004; Shipp, 2004). In the posterior parietal and 

frontal cortex, increased activation was found during visual object tracking tasks 

(Culham et al., 1998, 2001; Jovicich et al., 2001), and there is mounting evidence from 

neuroimaging studies that this fronto-parietal network is severely affected in 

schizophrenia (Belger and Dichter, 2006; Kircher and Thienel, 2005). Chen et al. 

(1999b) found a significant relationship between velocity discrimination and smooth 

pursuit eye movement dysfunctions in patients with schizophrenia and in their siblings, 

whereas Brenner et al. (2002) found associations between motion perception and visual 

working memory deficits. 

In conclusion, we hypothesize that the dysfunction of multiple-object tracking is 

related to a complex cortical network including motion-sensitive regions (V5) and areas 

responsible for spatial processing (posterior parietal cortex), eye movements, and 

working memory (prefrontal cortex, including the frontal eye field). 

However, it must be noted that in healthy controls multiple-object tracking was 

specifically associated with velocity discrimination, which was the single predictive 

factor of fast multiple-object tracking performance. In contrast, in patients with 

schizophrenia spatial working memory was a significant predictive factor of multiple-

object tracking performance. It is likely, however, that the non-significant result for 

spatial working memory in the controls might simply reflect the reduced range of object 

tracking scores in the control sample compared to the patient sample. It is also 
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important to note that in patients with schizophrenia multiple-object tracking 

impairments were not limited to the fast condition, which suggests that lower 

performances on this test cannot be exclusively explained by the impaired processing of 

speeded stimuli. 

Pylyshyn (2003) proposed that during object tracking “preattentive indexes” 

attach to the targets as they move. These “indexes” are not locations held in memory, do 

not have to be refreshed, and do not require attention to maintain contact with targets. 

However, novel evidence suggests that working memory is necessary for multiple 

object-tracking (Allen et al., 2006). Patients with schizophrenia may rely on visual-

spatial working memory during multiple-object tracking. Because of dysfunctional 

visual working memory and motion processing, patients with schizophrenia perform 

poorly on multiple-object tracking tasks. This deficit may contribute to the abnormal 

visual scanning of complex environmental stimuli (Minassian, Granholm, Verney, & 

Perry, 2005). Although the number of targets was constant in this experiment, pilot data 

indicated that patients with schizophrenia are able to track 1-2 targets (Kéri, 

unpublished observations). A significant drop of performance at four targets may be a 

consequence of the capacity limitation of spatial working memory. 

In our study, patients with schizophrenia performed poorly on each task, with the 

exception of IQ. However, multiple-object tacking was specifically associated with 

motion processing and spatial working memory, which is against the possibility that a 

generalized failure of executive functions can fully explain multiple-object tracking 

results. For example, the 1-9 version of the CPT requires the maintenance of context 

and the inhibition of proponent responses, whereas the object working memory task 

requires the concurrent processing of orientation and color. Sustained attention and 

context processing functions (1-9 CPT) were significant predictors of group 

membership (patients vs. controls), but were unrelated to multiple-object tracking 

neither in patients with schizophrenia, nor in healthy control participants. It is somewhat 

surprisingly, that CPT was the single factor that predicted group membership 

(schizophrenia vs. healthy controls). A possible explanation could be that this test 

integrates multiple cognitive functions which are impaired in schizophrenia (rapid 

stimulus encoding, sustained attention, working memory, and context-representation), 

and therefore its discriminating power is the best among the tests used in this study. 
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There is ample evidence suggesting that many aspects of multiple-object tracking 

are not mediated by higher-level executive functions, and that low-level visual 

“indexing” processes may play a crucial role during this task (Pylyshyn, 2003). Low-

level sensory dysfunctions may also be important in schizophrenia (Braus, Weber-Fahr, 

Tost, Ruf, & Henn Braus, 2002; Butler et al., 2005; Kéri, Kelemen, Benedek, & Janka, 

2004; Kéri, Kelemen, Janka, & Benedek, 2005) and may contribute to the dysfunction 

of motion perception (Kim et al., 2006). However, in this study, low-level sensory 

functions were not specifically addressed, and therefore it is not clear how these 

functions may contribute to multiple-object tracking performance. Further studies are 

warranted to investigate the complex relationship among low-level sensory processes, 

different domains of attention, and multiple-object tracking functions in normal and 

pathological conditions. 



 66

CONCLUSIONS 
 
Cognitive impairments in schizophrenia are present at the onset of the illness, 

persist throughout the lifespan, are strongly associated with functional disability, and 

are largely treatment refractory. Importantly, the past decade has seen a rapidly growing 

understanding of the neurobiology and neuropharmacology of cognition in the domains 

of human and animal cognitive neuroscience. Despite the fact that the majority 

schizophrenia patients perform poorly on most laboratory tasks of cognition, the results 

from cognitive neuropsychiatry are highly controversial, which is partly due to the 

heterogeneity of the illness, decreased motivation, distractibility, slowness, and 

generalized intellectual disabilities (Heinrichs, 2004), partly due to shortcomings and 

heterogeneity of current methods (Fioravanti et al, 2005). 

Motivated by recent advantages and challenges detailed above, the thesis was 

designed for the following purposes. First, to identify the role of dopamine in cognitive 

habit learning in order to find a new paradigm that can be serving as a useful tool in 

memory research in different neuropsychological disorders. Second, to investigate 

different aspects of neuropsychological deficit in schizophrenia using novel paradigms, 

with special focus on memory and attention. 

In the first experiment, our results indicate that sequence learning is specifically 

related to dopaminergic functions, which is consistent with previous data. Despite the 

fact that the experiment has its limitations regarding the measurement method of 

monoamine levels, together with previous findings the paradigm may serve as a useful 

tool in the investigation of multiple and interactive memory systems and related key 

brain structures in different neuropsychiatric disorders. In the future, the paradigm may 

be used in the research of open question in memory research such us the effect of 

antipsychotic medication on BG- and MTL-dependent learning, as well as in finding 

neurocognitive differences among never –treated newly diagnostized, chronic or deficit 

syndrome patients. 

The second experiment was the first study to demonstrate dissociation between 

different memory systems in patients with schizophrenia, within a single task. Results 

revealed that patients with schizophrenia showed a selective deficit on stimulus 

generalization in MTL-dependent processes, whereas stimulus-response learning was 
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spared in BG-dependent processes. Our findings serve as a new evidence for intact 

habit-learning and impaired explicit processes, using a single task and therefore 

eliminating psychometric artifacts. The acquired equivalence associative learning task is 

a unique procedure that provides a further opportunity to elucidate the altered 

connectivity between memory systems, and hence might provide new evidences for the 

neuronal disconnection hypothesis of schizophrenia. With this new paradigm, genetic 

aspects of cognitive impairments and medication effects on different memory systems 

can also be investigated in the future.  

The third experiment aimed to investigate multiple-object tracking in 

schizophrenic patients. We found that multifocal attention capacity impaired in 

schizophrenia, and that it is specifically associated with motion perception and spatial 

working memory. Therefore, the dysfunction of the cortical network related to motion 

perception and spatial working memory may play an important role in multifocal 

attention dysfunction, that is related to a complex cortical network including motion-

sensitive regions (V5) and areas responsible for spatial processing (posterior parietal 

cortex), eye movements, and working memory (prefrontal cortex, including the frontal 

eye field). Since many aspects of multiple-object tracking are not mediated by higher-

level executive functions, and low-level visual “indexing” processes may play a crucial 

role during this task, further studies are warranted to investigate the complex 

relationship among low-level sensory processes, different domains of attention, and 

multiple-object tracking functions in normal and pathological conditions. 

The experiments have their limitations concerning small sample size, absence of 

electropshysiological, neuroimaging or genetic testing. Models in cognitive 

neuropsychiatry are based on results of more complex investigations - our experiments 

detailed in this work show only an aspect of that complex approach regarding 

neuropsychological features, clinical symptoms and biochemical alterations. It is also 

important to bear in mind the relative specificity of neuropsychological tests regarding 

the exact underlying neurological focus. Newertheless, the importance of the issues 

detailed in the thesis is endorsed also by the CNTRICS final task selection, that has 

identified both relational encoding and reinforcement learning as a key construct for 

further long-term memory investigation in schizophrenia (Ragland JD et al, 2009) 

similar to attentional control tasks (Neuchterlein KH et al, 2009). 
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Being very cautious when we evaluate the effect of antipsychotics on cognitive 

functions is required as well, since our results do not based on randomized, controlled 

studies and that kind of data with small sample size, non controlled setting may lead to 

bias. Moreover, second generation antipsychotics are very heterogenous in their 

pharmacology; so they may not constitute a unitary category. 

Aside from limitations mentioned in preceeding text, assessments of 

neuropsychological functions greatly broaden our understanding of schizophrenia and 

have important clinical relevance as well. 

First, it is under consideration whether cognitive impairment should be included in 

the diagnostic criteria for schizophrenia in DSM-V. and ICD-11. The inclusion of this 

criterion may increase clinicians’ awareness of cognitive impairment, potentially 

leading to more accurate prognosis, better treatment outcomes, and a clearer diagnostic 

signal for genetic and biological studies background (Keefe, 2008). 

Second, cognitive functioning may be used as a vulnerability marker (Cornblatt et 

al, 2002), and may eventually enhance the ability to determine who is at risk of 

developing a psychotic disorder. 

Finally, development of treatments for impaired cognition in schizophrenia has 

been characterized as the most important challenge facing psychiatry at the beginning of 

the 21st century. Treatment of cognitive deficit with pharmacotherapy or specific 

cognitive remediation programs provides an opportunity to improve the prognosis and 

functional outcome of schizophrenic patients. 
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SUMMARY 
 

Background: Assessment of neuropsychological functions greatly broadens our 

understanding of schizophrenia. The thesis aimed to investigate memory processes and 

multifocal attention capacity. Objectives and methods: The purpose of Experiment 1 

was to investigate dopaminergic mechanisms in feedback-guided habit learning 

measuring plasma levels of metabolite of dopamine, serotonine and norepinephrine. In 

Experiment 2, basal ganglia (BG) and medial temporal lobe (MTL) dependent learning 

was studied in patients with schizophrenia using acquired equivalence learning test. In 

Experiment 3, we investigated how patients with schizophrenia can track multiple 

moving targets and assessed its relationship with motion perception, sustained 

attention/context processing, and object and spatial working memory. Results: 

Experiment 1: Participant who had lower dopamine metabolite level than the median 

value of the whole sample committed more errors during the feedback guided habit-

learning phase compared with participants who has higher plasma level than the median 

value. A similar phenomenon was not observed for the context-dependent phase of the 

task and for serotonine and norepinephrine metabolites. Experiment 2: Patients with 

schizophrenia showed a selective deficit on stimulus generalization, whereas stimulus-

response learning was spared. The stimulus generalization deficit correlated with the 

CVLT performance (total scores from trials 1-5 and long-delay recall), but not with the 

n-back test performance. The number of errors during stimulus-response learning 

correlated with the daily chlorpromazine-equivalent dose of antipsychotics. Experiment 

3: Results revealed that patients with schizophrenia displayed impaired performances on 

multiple-object tracking tasks. Specific relationship was shown among object tracking, 

velocity discrimination, and spatial working memory. In patients with schizophrenia, 

velocity discrimination and spatial working memory were the predictive factors of 

multiple-object tracking, whereas in healthy control subjects the single predictive factor 

was velocity discrimination. Only the Continuous Performance Test made significant 

contribution to discriminating between patients and controls. Conclusion: Our results 

suggest that dopamine plays a special role in feedback-guided cognitive sequence 

learning. The acquired equivalence task was the first study to show that patients with 

schizophrenia exhibit deficits during MTL-dependent learning, but not during BG-
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dependent learning within a single task. High-dose first generation antipsychotics may 

disrupt BG-dependent learning by blocking dopaminergic neurotransmission in the 

nigro-stiratal system. Multiple-object tracking is impaired in schizophrenia, and that it is 

specifically associated with motion perception and spatial working memory. 
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ÖSSZEFOGLALÁS 
 

Háttér: A kognitív funkciók neuropszichológiai módszerekkel történő mérése 

nagyban elősegíti szkizofrénia pathomechanizmusának megértését. A munka célja ezen 

neuropszichológiai funkciók közül a tanulás, memória és a figyelmi funkciók felmérése. 

Célkitűzések és módszerek: Az 1. vizsgálat célja dopaminerg mechanizmusok 

feltárása volt a visszajelzésen alapuló készségtanulás során egészséges személyeknél a 

plazma dopamin, szerotonin és noradrenalin metabolitjainak mérése révén. A 2. 

vizsgálatban a bazális ganglion és a mediotemporális lebeny függő tanulási 

mechanizmusokat vizsgáltuk szkizofrének körében a tanult ekvivalencia tanulási 

paradigma segítségével. A 3. vizsgálat során azt mértük fel, hogy szkizofrén személyek 

milyen mértékben képesek több mozgó célpont követésére és ez a kapacitásuk hogyan 

függ össze a mozgás észlelési, fenntartott figyelmi, információfeldolgozási és térbeli 

munkamemória funkcióikkal. Eredmények: 1. vizsgálat: Azon személyek, akik plazma 

homovanilinsav szintje alacsonyabb volt, mint a vizsgált minta mediánja, a visszajelzés-

vezérelt készségtanulás során több hibát követtek el, mint a medián értéknél magasabb 

metabolit szinttel rendelkező alanyok. Hasonló jelenség ugyanakkor nem volt 

megfigyelhető a szerotonin és noradrenalin-metabolitok valamint a feladat kontextus-

függő fázisa során. 2. vizsgálat: A szkizofrén betegek szelektív károsodást mutattak a 

stimulus generalizáció terén, miközben az inger-válasz alapú tanulás megkíméltnek 

mutatkozott esetükben. A stimulus generalizációs deficit mértéke korrelált a CVLT 

paradigmában nyújtott teljesítménnyel, azonban nem korrelált az n-vissza teszt 

teljesítménnyel. Az inger-válasz alapú tanulás során ejtett hibák száma összefüggésben 

állt az alkalmazott antipszichotikumok klórpromazin-ekvivalens napi adagjával. 3. 

vizsgálat: Az eredmények alapján a szkizofrén betegek csökkent teljesítményt mutatnak 

a több célpont párhuzamos követésében. Specifikus kapcsolat volt feltárható az 

objektum követés, a sebesség-diszkrimináció és a téri munkamemória között. 

Szkizofrén betegek a sebesség diszkriminációs és téri munkamemória képessége 

előrejelzi a többszörös objektum követési képességüket, míg az egészséges kontrollok 

esetében az egyetlen prediktív tényező a sebesség diszkrimináció volt. Csupán a 

folyamatosteljesítmény-teszt eredményei járultak hozzá jelentős mértékben az 

egészséges kontrollok és a betegek közötti különbségtételhez. Konklúziók: 
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Eredményeink alapján feltételezhető, hogy a dopamin jelentős szerepet játszik a 

visszajelzés-vezérelt kognitívszekvencia-tanulásban. A tanult ekvivalencia teszttel 

elsőként tudtuk bizonyítani ugyanazon paradigma alkalmazásával, hogy a 

szkizofréniában szenvedő személyek csökkent teljesítményt mutatnak a 

mediotemporális lebeny-függő tanulási folyamatokban, miközben a bazális 

ganglionokhoz kötött tanulásuk megkímélt. A magas adagban alkalmazott első 

generációs antipszichotikumok ugyanakkor károsíthatják a bazális ganglionokhoz 

kapcsolódó tanulási folyamatokat a nigrostratalis dopaminerg ingerületátvitel gátlása 

révén. A több célpont szimultán követése károsodott szkizofréniában és a károsodás 

specifikus asszociációt mutat a mozgás diszkriminációs képességgel és a téri 

munkamemóriával. 
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