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Abstract 

Ranking among the top ten causes of years lost due to disability worldwide, 

schizophrenia is a psychiatric disease whose pathophysiology has not been fully 

characterized to-date.  The objective of my dissertation is to characterize the change in 

neuronal information processing that leads to cognitive dysfunction in the disease.  To 

this end, I trained monkeys to perform a translational cognitive task that measures context 

processing deficits in schizophrenia patients.  Context processing is the ability to use 

prior contextual information maintained in working memory to conditionally respond to 

subsequent stimuli.  I then recorded neural activity from the prefrontal (PFC) and 

posterior parietal (PAR) cortex after administering N-methyl-D-aspartate (NMDA) 

receptor antagonists that 1) are known to mimic symptoms of schizophrenia in human 

control subjects, and 2) block the NMDA receptor which is thought to be dysfunctional in 

the disease.  I found that after drug administration, monkeys produced essentially the 

same pattern of behavioral errors on this task that schizophrenia patients commit.  

Further, by recording neural activity in PFC and PAR during the period of cognitive 

impairment, I was able to determine that the maintenance of contextual information in 

PFC was selectively diminished.  In addition, I was able to use trial-by-trial changes in 

neural activity in both cortical areas to predict errors on the task, linking neuronal activity 

to behavioral performance.  Overall, I have been able to characterize for the first time the 

change in cortical information processing at a cellular level that could account for context 

processing dysfunction in schizophrenia.  
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CHAPTER 1:  

Introduction 

Affecting 1% of the population, schizophrenia is a devastating and complex 

psychiatric disorder (Jablensky et al, 1987).  According to the World Health 

Organization, schizophrenia ranks among the top ten causes worldwide of years lost due 

to disability for men and women (World Health Organization, 2008).  In addition, the rate 

of suicide is markedly higher in the schizophrenia population (4.9%) than the population 

at large (1.4%) (MacDonald and Schulz, 2009; Palmer et al, 2005; Varnik, 2012).  The 

risk of suicide is highest in first-admission and new onset patients, with 30.6% of deaths 

in these patients attributed to suicide (Palmer et al, 2005).  Schizophrenia is clinically 

characterized by positive symptoms (e.g. hallucinations, delusions), negative symptoms, 

(e.g. flat affect, loss of motivation), and cognitive symptoms (e.g. executive control and 

working memory deficits).  The focus of my dissertation work is to better understand the 

disrupted neurophysiological function of cortical networks underlying the cognitive 

dysfunction observed in schizophrenia patients using a pharmacological model for the 

disease in monkeys.   

As there is currently a poor understanding of the pathophysiology underlying the 

disease and lack of predictive biomarkers, schizophrenia is primarily diagnosed on the 

basis of clinical criteria (Pull, 2003).  Descriptions and classifications of schizophrenia 

have differed over the years.  Dementia praecox was the term used by Emil Kraepelin in 

the late 19
th

 century to describe adolescent onset progressive disorders of mental function 

including what has been described more recently as disorganized, catatonic, and paranoid 



   2 

 

schizophrenia (Kraepelin, 1896; Pull, 2003).  However, the term schizophrenia is usually 

considered to have been coined by Eugen Bleuler who in the early 20
th

 century 

emphasized the loss of associations in mental functioning in the disease (Bleuler, 1911; 

Silveira et al, 2012).  While Bleurer’s fundamental symptoms for schizophrenia fall 

under the category of what today we classify as negative symptoms, Kurt Schneider in 

the mid-20
th

 century focused his description of the disease on positive symptomatology 

(Schneider, 1959; Silveira et al, 2012).  Contemporary conceptions of the disease are a 

compilation of these previous descriptions (Silveira et al, 2012).  Clinically, 

schizophrenia is diagnosed in the United States based on the Diagnostic Statistical 

Manual (DSM) of Mental Disorders criteria.  The symptoms used as diagnostic criteria in 

schizophrenia include delusions, hallucinations, disorganized speech, grossly 

disorganized or catatonic behavior, and negative symptoms including such symptoms as 

diminished expression and avolition (lack of motivation) (American Psychiatric 

Association, 2013).  Two or more of these symptoms (one of which must include one of 

the first three symptoms listed) must be present to diagnosis of schizophrenia.  In 

addition, a decreased level of functioning (social/occupational dysfunction) is a key 

component of the diagnosis (American Psychiatric Association, 2013).  While not 

directly listed as the symptoms that lead to a diagnosis of schizophrenia, the cognitive 

symptoms present in the patient population play a significant role in meeting the 

social/occupational dysfunction criteria for the disease.  In the disease, cognitive deficits 

predict functional outcomes (e.g. employment, social interactions, and independent 
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living), which constitute major devastating aspects of schizophrenia (Green et al, 2000; 

MacDonald et al, 2009).   

Schizophrenia is a heterogeneous disease in its presentation and course with 

multiple psychopathological dimensions (MacDonald et al, 2009; Owen et al, 2005; 

Peralta and Cuesta, 2001).  Typically, schizophrenia has an onset in late adolescence (as 

Kraepelin described) or early adulthood (MacDonald et al, 2009; Silveira et al, 2012).  

While there does not seem to be a gender difference in prevalence among men and 

women by the end of the risk period, men typically having earlier onsets than women 

(Leung and Chue, 2000; MacDonald et al, 2009).  Schizophrenia is highly heritable.  

Twin studies have shown a 48% concordance rate for identical twins (Kirov et al, 2005) 

and estimated heritabilities for schizophrenia to be 81% (Sullivan et al, 2003).  Given 

these rates, there are also likely stochastic and environmental factors that play a role in 

the development of the disease state (MacDonald et al, 2009).  A number of 

environmental risk factors including but not limited to, early life stressors (e.g. 

malnutrition, infection, and birth complications) (Lewis and Levitt, 2002), migrant status 

(McGrath et al, 2004), and lifetime cannabis use (Henquet et al, 2005; MacDonald et al, 

2009) have been identified. 

Given the complexity of the disease and heterogeneity in the patient population, 

schizophrenia is difficult to treat.  Pharmaceutical treatments for schizophrenia can be 

organized into two categories: typical (e.g. chlorpromazine and haloperidol) and atypical 

(e.g. clozapine, risperidone, olanzapine, and quetiapine) antipsychotics.  The mechanism 

of action for both categories of antipsychotics involves antagonism of dopamine D2 
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receptors to varying extents (Kapur and Mamo, 2003).  Developed beginning in the mid-

20
th

 century, typical antipsychotics (i.e. first generation antipsychotics) have 

extrapyramidal symptoms (e.g. rigidity, tremors, restlessness, tardive dyskinesia) as their 

common side effects (Ayd, 1961; Shen, 1999).  Tardive dyskinesia often involves 

uncontrollable movements around the mouth which does not always fully resolve with 

the removal of the causative medication (Glazer et al, 1984).  Atypical antipsychotics 

(i.e. second generation antipsychotics) were developed beginning in the late 20
th

 century.  

These medications do not exclusively act on the dopamine D2 receptor but rather affect a 

number of additional neurotransmitter receptors (e.g. dopaminergic receptors other than  

D2 receptors, serotonergic, adrenergic, and histaminergic receptors) (Kane et al, 1988).  

While there is less risk of extrapyramidal side effects with the use of atypical 

antipsychotics (Geddes et al, 2000), they are not without their risks.  Weight gain and 

metabolic dysfunction leading to diabetes may result from atypical antipsychotic 

medications (Allison et al, 1999; Geddes et al, 2000; Wirshing et al, 1998).  One of the 

atypical antipsychotic medications, clozapine, has a potential side effect of 

agranulocytosis (loss of white blood cells) and therefore is often reserved for treatment 

resistant patients (Geddes et al, 2000; Kane et al, 1988).   

Overall, antipsychotic medications are able to mitigate some of the symptoms in 

schizophrenia patients.  Early treatment intervention in schizophrenia is important given 

that treatment interventions are less effective in patients that have a longer duration of 

untreated psychosis (MacDonald et al, 2009; Perkins et al, 2005) and given the increased 

risk of suicide earlier in the disease (Palmer et al, 2005).  In general, there is great 
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variability in the schizophrenia population regarding antipsychotics’ effectiveness.  In 

some individuals, immediate effects are observed.  However, in other individuals the 

effects are not so immediate, requiring a longer duration of treatment (e.g. a month or 

more) is necessary before therapeutic effects are observed (Emsley et al, 2006; 

MacDonald et al, 2009).  Generally, current treatments seem fairly effective at combating 

positive symptoms of the disease but not the negative or cognitive symptoms (Mortimer, 

1997; Stip et al, 2005; Tandon, 2011).  In addition to pharmaceutical interventions, a 

number of psychosocial treatments (e.g. social skills training and cognitive behavioral 

therapy) have been shown to be effective in schizophrenia treatment (MacDonald et al, 

2009; Pfammatter et al, 2006).  

Currently, new therapeutics aimed at alleviating negative and cognitive symptoms 

are being developed.  However, this is difficult to do without a basic understanding at the 

biological level of what causes schizophrenia and the pathophysiology underlying the 

disease process.  Current theories about the causes of schizophrenia fall into two broad 

categories, including: 1) synaptic theories based on pharmacological, postmortem, and 

genetic linkage data, that have implicated specific neurotransmitter and receptor systems 

in producing the disease, and 2) anatomical/functional/cognitive theories based on 

changes in gray matter volume, cognitive ability, and patterns of brain activation 

observed in schizophrenia.  These categories also incorporate neurodevelopmental 

processes to explain the emergence of symptoms in late adolescence (Marenco and 

Weinberger, 2000).    
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Synaptic theories:  While it is clear that schizophrenia is strongly influenced by 

genetic factors, the genetic picture is complex in the sense that no single gene dictates 

occurrence of the disease.  Rather, current thinking is that the disease may occur when 

multiple genetic mutations co-occur in individuals and act synergistically to produce the 

disease (Jones et al, 2011; Walsh et al, 2008).  The 8p and 22q regions of the human 

genome are just a couple of the many genomic regions that have shown genome-wide 

significance in linkage studies for schizophrenia (MacDonald et al, 2009).  Given the 

number of implicated genes, it is likely that dysfunction is not caused by a single 

transmitter system.  However, an analysis of the functions of the proteins coded for by 

some of the implicated mutations suggests a convergence surrounding the NMDA (N-

methyl-D-aspartate) glutamate receptor.  For example, many candidate schizophrenia 

genes seem to play a role in supporting normal glutamatergic neurotransmission mediated 

by this receptor (Lisman et al, 2008). 

In accordance with these findings, the glutamate hypothesis for schizophrenia 

postulates that symptoms are generated by glutamate signaling hypofunction.  This is 

supported by the observation that NMDA receptor (NMDAR) antagonists are powerful 

psychotomimetics producing a psychosis clinically indistinguishable from schizophrenia, 

while also replicating both the negative and cognitive symptoms (Javitt and Zukin, 1991).  

Glutamate, the primary excitatory cortical neurotransmitter, acting through the NMDAR 

glutamate receptor subtype is thought to play a key role in triggering second messenger 

cascades that mediate synaptic plasticity (Rebola et al, 2010).  Genetically altered mice 

(with reduced NR1 NMDAR subcomponent expression) display deficits in attention and 
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social behavior reminiscent of the disease state (Ballard et al, 2002; Mohn et al, 1999).  

Postmortem analysis of brain tissue from schizophrenia patients has revealed reduced 

expression of specific NMDAR subunits on GABAergic (gamma-Ammunobutryic acid) 

interneurons and pyramidal neurons in prefrontal cortex (PFC) (Akbarian et al, 1996; 

Woo et al, 2004).   It has also been reported that schizophrenia patients exhibit reduced 

levels of endogenous co-agonists for NMDARs in the plasma and cerebrospinal fluid 

(Bendikov et al, 2007; Hashimoto et al, 2003; Javitt, 2012).  In order for an NMDAR to 

be activated, allowing for entry of Na
+
 and Ca

2+
 into the cell and exodus of K

+
, three 

conditions have to be met.  First, glutamate must be bound to the receptor.  Second, the 

cell must already be depolarized when glutamate binds, to expel Mg
2+

 ions that normally 

block the channel pore.  Third, one of the receptor’s co-agonists (glycine or d-serine) 

must be bound to the receptor.  Different aspects of this activation process have been 

identified as potentially affected by the various risk genes linked to schizophrenia.  For 

example, risk genes for schizophrenia include genes that code for enzymes controlling 

the synthesis (e.g. serine racemase) and degradation (e.g. DAAO and G72) of d-serine, 

genes that code for dysbindin (e.g. DTNP1) which is involved in the vesicular release of 

glutamate, and genes that code for neuregulin (e.g. NRG1) which modulates NMDAR 

signaling (among other effects) have all been implicated (Lisman et al, 2008). 

In contrast to the glutamate hypothesis above, the dopamine (DA) hypothesis 

postulates that symptoms of schizophrenia are produced by an excess of DA 

neurotransmission in the brain.  This is based on the mechanism of action of classical 

(“typical”) antipsychotic medications that block D2 receptors and by the ability of the 
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DA agonist amphetamine to produce psychosis (Angrist, 1994; Seeman, 1987).  The DA 

and glutamate hypotheses are not mutually exclusive.  NMDAR blockade can induce a 

hyperdopaminergic state, linking the two hypotheses (Carlsson and Carlsson, 1990; 

Grace, 1991).  That link is thought to be mediated in part by a key physiological 

consequence of NMDA hypofunction in schizophrenia: loss of excitatory drive and 

subsequent reduction in fast spiking inhibitory interneuron activity, specifically in 

chandelier and basket cells, that leads to a global disinhibition of pyramidal cells.  This 

disinhibition is thought to include pyramidal cells in the hippocampal subiculum, the 

activation of which is sufficient to increase dopaminergic output from the ventral 

tegmental area (VTA) (Lisman et al, 2008).  Thus the sequence of events leading to 

schizophrenia is hypothesized to critically involve reduced excitatory input to inhibitory 

neurons (due to NMDA hypofunction), subsequent increase in the activity of pyramidal 

neurons, and excessive dopaminergic output from the VTA.  The net effect of these 

events is to produce an aberrant physiological state in prefrontal cortical networks 

thought to produce the symptoms of schizophrenia.   

In regards to therapeutic treatments, early antipsychotic medications have targeted 

the dopamine hypothesis pathways for schizophrenia.  Currently, a number of drugs are 

being developed that target the glutamate hypothesis pathways for schizophrenia in hopes 

of alleviating the negative and cognitive symptoms of the disease.  Initially, 

administration of glycine and d-serine (co-agonists for the NMDAR) were tested as 

potential therapies.  While potentially effective, the doses of glycine required for clinical 

treatment were impractical and the side effects to d-serine limited its use (Javitt, 2012).  
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Therefore, another means to increase NMDAR co-agonist levels has been pursued, 

blocking glycine transport.  A number of glycine transport inhibitors have been 

developed to date.  The drug furthest along in clinical trials is RG1678 which is currently 

in stage 3 clinical trials and it has shown initial promise in treating schizophrenia (Javitt, 

2012).   

Anatomical/functional/cognitive theories: The basic picture of synaptic 

disconnection emerging from genetic studies implicating loss of function at the NMDAR 

is supported by anatomical and functional abnormalities observed in PFC in the patient 

population.  Postmortem gray matter volume in area 9 of the dorsolateral PFC (DLPFC) 

is reduced in schizophrenia patients relative to controls (Selemon et al, 2002).  The 

changes in PFC gray matter volume are accompanied by increased neuronal cell density 

but not cell loss, suggesting a loss of neuropil (the area between cell bodies in cortical 

gray matter containing neuronal processes and synapses) (Selemon et al, 2003).  A 

reduction in DLPFC volume is consistent with synaptic disconnection in the disease, 

which is also supported by observed decreases of spine density in deep layer 3 of the 

DLPFC in the patient population (Glantz and Lewis, 2000).  These results support the 

growing evidence that schizophrenia is a disease of diminished synaptic connectivity. 

In addition to decreased PFC volume, the hippocampus, superior temporal gyri, 

and the thalamus have a tendency to be reduced in schizophrenia patients as well 

(Davidson and Heinrichs, 2003; Konick and Friedman, 2001; MacDonald et al, 2009).  

Gray matter volume including the hippocampus is reduced in relatives of schizophrenia 

patients compared to controls, providing evidence that loss of cortical volume is an 
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endophenotype of the disease and not a consequence of chronic medication (Boos et al, 

2007; MacDonald et al, 2009).  While cortical volume is reduced overall in patients, the 

ventricles (lateral and third) are commonly enlarged in the schizophrenia patient 

population (MacDonald et al, 2009; Vita et al, 2006). 

In addition to the anatomical PFC pathology observed in schizophrenia, PFC 

dysfunction is also seen at the functional level.  In imaging studies, hypofrontality has 

often been reported in patients as a failure to activate PFC during cognitive tasks that 

normally require PFC.  Notably, in functional imaging studies of monozygotic twins 

discordant for schizophrenia, the twin in each pair with the disease exhibits lower PFC 

activation during the Wisconsin Card Sort Task than their genetically identical twin 

(Berman et al, 1992).  Reductions in PFC activation, specifically DLPFC, have also been 

observed on other cognitively demanding tasks in the schizophrenia population, while 

increases in activity that are possibly compensatory have been observed in other PFC 

areas (Barch and Ceaser, 2012; MacDonald et al, 2005a; Minzenberg et al, 2009).  In 

addition to reduced prefrontal activation, patients also exhibit reduced functional 

connectivity in prefrontal networks as evidenced by weaker BOLD (blood-oxygen-level-

dependent) signal correlations between DLPFC and parietal cortex (PAR) during the AX-

Continuous Performance Task (AX-CPT), a task that demonstrates a cognitive 

dysfunction in patients (Yoon et al, 2008). 

Our knowledge of the cellular basis of schizophrenia—i.e. how patterns of 

electrical activity in neurons that code information in the brain are disrupted—is limited.  

This knowledge would provide the crucial bridge between changes in synaptic function 
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and changes in cognitive disruption.  Animal models of disease have the potential to 

elucidate such mechanisms and provide us with a means to better understand the 

neurobiology behind schizophrenia.  There have been a number of different animal 

models for schizophrenia developed.  Each model has specific limitations, which 

depending on the aspect of the disease state one is studying make some models better 

than others.  One way to assess the utility and validity of animal models of disease is to 

look at three measures of validity: face, construct, and predictive (Jones et al, 2011).  

Face Validity: An animal model that has face validity is able to replicate the 

symptoms of the disease.  For schizophrenia, models with good face validity are able to 

mimic the core behavioral positive, negative, and cognitive symptoms.  Ideal animal 

models are able to replicate symptomatology from all three domains.  Common metrics 

for assessing symptoms in animals models of schizophrenia include: basal and drug 

induced locomotor activity, sensorimotor gating, cognition, and social interaction (Jones 

et al, 2011).  The positive symptoms of schizophrenia are extremely difficult to assess in 

animal models as these symptoms primarily rely on patient report.  Similarly, negative 

symptoms are often challenging to model due to the uniquely human nature of many of 

the symptoms and the fact that the neurobiology underlying these symptoms is poorly 

understood (Pratt et al, 2012).  Cognitive symptoms can be more readily examined in 

animal models as one can use quantitative measures between species that directly assess 

these symptoms.  However, depending on the species used, the underlying cortical areas 

involved in the cognitive processes responsible for performing a task may be different 

(e.g. spatial working memory involves the PFC and PAR cortex in humans and for 
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rodents the hippocampus has been primarily implicated) (Pratt et al, 2012; Young et al, 

2009).  In addition, often the same tasks are not used between species and as a result may 

not have the same cognitive demands.  For example, the delayed match to sample tasks 

used in rodents  are often rather rudimentary in comparison to corresponding tasks used 

in humans (Pratt et al, 2012). 

Construct validity: An animal model with construct validity is able to replicate the 

neurochemical and structural deficits of disease.  For schizophrenia, this may include the 

ability to replicate mesolimbic dopamine hyperfunction, mesocortical dopamine 

hypofunction, cortical glutamate dysfunction, genetic abnormalities thought to confer risk 

for the development of schizophrenia, PFC and hippocampal dendritic pruning, and/or 

loss of synaptic connectivity (Bloomfield et al, 2008; Harte et al, 2007; Jones et al, 2011; 

Silva-Gomez et al, 2003).  Common measures of construct validity in animal models of 

schizophrenia include examining the similarities in structural changes and 

neurochemistry induced in the model compared to the human condition (Bianchi et al, 

2006; Jones et al, 2011).   

Predictive Validity: Finally, animal models with high face validity and construct 

validity are likely to have high predictive validity, and respond to therapeutic 

interventions in a manner that predicts responses in the human disease.  A model with 

good predictive validity is able to uncover new insights into the neurobiology underlying 

schizophrenia and can be used to develop new pharmaceutical treatments options.  

Assessment for an animal model of schizophrenia in regards to predictive validity 

involves measuring the ability of antipsychotics to reverse the deficits observed in the 
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model (Abdul-Monim et al, 2006; Jones et al, 2011).  However, there is no 

pharmaceutical that treats all symptoms of schizophrenia that can be used as a standard of 

efficacy.  An additional challenge when assessing the predictive validity of schizophrenia 

animal models is that there is a small therapeutic window for antipsychotics before they 

cause sedation, potentially confounding measurements of negative and cognitive 

symptoms (Jones et al, 2011).  Therefore, appropriate dosing is of the utmost importance. 

Current animal models for schizophrenia can be grouped into a number of 

categories: genetic, lesion, neurodevelopmental, and pharmacological.  Examples of each 

of these categories are outlined below. 

Genetic models:  A number of genetic models for schizophrenia have been 

developed in rodents, many of which involve glutamate synapse function (e.g. DISC1 

and NRG1 knockouts) (Pratt et al, 2012).  Disrupted-In-Schizophrenia 1 (DISC1) is a 

risk gene associated with some aspects of cognitive dysfunction in schizophrenia 

(Ishizuka et al, 2006).  Preferentially expressed in the forebrain, DISC1 is involved in 

neuronal migration (Kamiya et al, 2005), regulation of synaptic structure (Kirkpatrick et 

al, 2006; Pratt et al, 2012), and cyclic AMP signal transduction (Ishizuka et al, 2006; 

Pratt et al, 2012).  At the NMDA synapse, DISC1 forms complexes with kal-7 (Kalirin-7) 

as well as TNIK (TRAF2 and NCK-interacting kinase) and PDE4B (phosphodiesterase 

4B), possibly leading to the regulation of synaptic structure (Brandon et al, 2009; Pratt et 

al, 2012).  Neuregulin 1 (NRG1) is a risk gene associated with neuronal migration (Anton 

et al, 1997), axonal ensheathment (Taveggia et al, 2005), and the regulation of NMDARs 

(Ishizuka et al, 2006; Ozaki et al, 1997).  Regulation of NMDA synapse morphology and 
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function occurs through the interaction of NRG1 with ErbB4 (Pratt et al, 2012).  Overall, 

genetic rodent knockout models for schizophrenia have been able to reproduce some 

aspects of the disease.  For example, DISC1 and NRG1 rodent models produce signs and 

symptoms that mimic schizophrenia, including enlarged lateral ventricles, deficits in 

sensorimotor gating, reduced social interaction, and cognitive impairment (Ayhan et al, 

2011; Chen et al, 2008; Jaaro-Peled, 2009; Kvajo et al, 2008).   

Lesion model:  Developed in the 1990s, the neonatal ventral hippocampal lesion 

model for schizophrenia produces dysfunction that appears progressively with 

development (Jones et al, 2011; Lipska, 2004).  To achieve the greatest changes in 

rodents for this model, the lesion should be made prior to postnatal day 14 (Jones et al, 

2011; Wood et al, 1997).  In addition, bilateral lesions may produce more pronounced 

effects (Chambers and Self, 2002; Jones et al, 2011).  Changes observed in lesioned 

animals model schizophrenia such that increased responses to stress as well as 

sensorimotor gating, working memory, and social interaction deficits have been observed 

in the lesion model (Chambers et al, 1996; Lipska, 2004; Lipska et al, 1993). 

Neurodevelopmental models:  Neurodevelopmental models for schizophrenia 

(e.g. MAM and Poly I:C) were developed based on the data that suggest that early 

childhood adversity predisposes individuals to schizophrenia (Jones et al, 2011; Macedo 

et al, 2012).  The precise nature of the early life insult may not be important but rather the 

timing of the insult may be what is critical to predispose an individual to develop 

schizophrenia in addition to an individual’s genetic risk factors (Jones et al, 2011).  

Neurodevelopmental models for schizophrenia demonstrate good face validity as the 
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symptoms observed appear post-puberty.  In the MAM model, the insult is treatment of 

preganant rat dams with methylazoxymethanol acetate (MAM), an anti-mitotic agent that 

methylates DNA.  The Poly I:C model is a prenatal immune challenge model with the 

viral mimetic particle polyinosinic:polycytidylic acid (Poly I:C).  Similar to the MAM 

model, timing for the Poly I:C model is critical.  Different times of exposure to Poly I:C 

produce different symptoms, with early/mid gestational exposure leading to pre-pulse 

inhibition deficits (putative correlate of positive symptoms) and exposure at gestational 

day 17 leading to negative and cognitive symptoms in rodents (Macedo et al, 2012; 

Meyer et al, 2008). 

Pharmacological:  There are a number of pharmacological models of 

schizophrenia (e.g. amphetamine and NMDAR antagonist models) that have been tested 

in rodents and monkeys.  Amphetamine is a good model for the positive symptoms of 

schizophrenia, but does not produce the negative and cognitive symptoms of the disease 

well (Angrist et al, 1980; Jones et al, 2011).  Non-competitive NMDAR antagonists (e.g. 

ketamine, phencyclidine, MK-801) bind at the PCP site on NMDARs and have better 

face validity than amphetamine since they produce the whole spectrum of schizophrenia 

symptomatology, positive, negative, and cognitive symptoms (Jones et al, 2011; Krystal 

et al, 1994; Luby et al, 1959).  In regards to construct validity, subchronic NMDAR 

antagonist administration produces decreased PFC DA utilization and glutamate levels 

(Jentsch et al, 1998; Jentsch et al, 1997; Jones et al, 2011; Tsukada et al, 2005).  In 

addition, decreased spines are observed on frontal neurons following subchronic 

administration of NMDAR antagonists in animals (Hajszan et al, 2006; Jones et al, 
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2011).  Finally, NMDAR antagonists have been shown to have predictive validity as 

deficits in reversal learning as well as spatial learning and memory can be ameliorated 

with atypical antipsychotics (Abdul-Monim et al, 2006; Didriksen et al, 2007; Jones et al, 

2011). 

In addition to its high face, construct, and predictive validity, the NMDAR 

antagonist model for schizophrenia was selected for my dissertation work to examine 

cognitive dysfunction due to the accumulating genetic, histopathological, and 

pharmacological evidence suggesting that schizophrenia is a cortical disconnection 

syndrome caused by disruption of synaptic communication at the NMDA-type glutamate 

synapse (Stephan et al, 2006).  The overarching objective of my dissertation work is to 

develop a monkey model in which it is possible to relate changes in synaptic function to 

changes in information processing at the cellular level to changes in cognitive function 

as behaviorally defined.  This knowledge has the potential to lead to the ability to design 

more carefully targeted ways to treat schizophrenia, with the restoration of normal 

electrophysiological operations in the PFC (and its networks) as the ultimate clinical 

objective.   

Using monkeys in the present experiments enables the study of neural information 

processing in relation to higher order cognitive processes and their dysfunction in the 

disease state.  While working memory and executive control dysfunction have been 

observed in monkeys given NMDAR antagonists (Boyce et al, 1991; Roberts et al, 

2010a; Roberts et al, 2010b; Stoet and Snyder, 2006; Taffe et al, 2002; Tsukada et al, 

2005), context processing dysfunction has not been described previously in animal 
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models of schizophrenia.  Context processing is one’s ability to maintain contextual 

information in working memory so that it can be used to adaptively control later 

behavior, a cognitive process that involves functional activation of the PFC (MacDonald, 

2008).  Context processing is a cognitive deficit observed in the schizophrenia population 

(Barch et al, 2003; Chung et al, 2011; Cohen et al, 1999; Henderson et al, 2012; Jones et 

al, 2010; Lopez-Garcia et al, 2012; MacDonald et al, 2005a; MacDonald et al, 2005b; 

MacDonald et al, 2003b; Servan-Schreiber et al, 1996; Stratta et al, 1998).  It is not just a 

subcomponent of working memory (Barch et al, 2003), but also involves executive 

control (Cohen et al, 1999; MacDonald, 2008).  My dissertation work examines the 

neural signaling important for context processing at the single cell level and 

determines how these signals are modulated when an NMDAR antagonist is given to 

animals performing a task used in neuropsychological testing of patients.  First, I 

establish that NMDAR antagonists are able to behaviorally replicate in monkeys the same 

context processing dysfunction pattern seen in schizophrenia patients performing the 

same task.  Second, in the same animals, I characterize the normal PFC and PAR 

neuronal activity patterns associated with successful context processing. Finally, I 

examine how information processing was disrupted in PFC and PAR cortex after 

NMDAR antagonist administration in monkeys to provide a cellular image of the 

cognitive deficit observed at the behavioral level.  Through the combination single 

neuron recording and pharmacological disruption of normal cortical dynamics in a 

monkey model of schizophrenia, I have been for the first time able to characterize the 

dysfunction in context processing at the cellular level in PFC and PAR. 



   18 

 

CHAPTER 2:  

Effects of NMDAR antagonists on behavioral measures of context processing 

The contents contained in this chapter have been previously published in my 

Neuropsychopharmacology 2013 paper (Blackman et al, 2013). 

INTRODUCTION 

Schizophrenia is characterized by positive, negative, and cognitive symptoms.  

Cognitive dysfunction is an aspect of the disease that is responsible for a substantial 

fraction of the disease burden associated with schizophrenia and has been shown to 

predict functional outcome (Green et al, 2000).  However, it is an aspect of the disease 

that is not improved substantially by typical neuroleptic medications and is not improved 

consistently by atypical neuroleptics (Mortimer, 1997; Stip et al, 2005). Therefore, there 

is a need for a better understanding of the underlying changes in neuronal function at a 

cellular and synaptic level in schizophrenia which are responsible for cognitive deficits in 

the disease, since this knowledge is likely to enhance our ability to identify more 

effective therapies to restore normal cognitive function.  Animal models of schizophrenia 

can play an important role in this effort, as they provide a means to test hypotheses about 

the relation between altered neural and cognitive function in the disease state.  They may 

be used to help elucidate the neural mechanisms by which the disease and its associated 

symptoms arise. 

Here I examine in monkeys one aspect of cognitive processing that has not been 

previously studied in animal models but is frequently deficient in schizophrenia patients: 

context processing.  Context processing is the ability to use contextual information 
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encoded and maintained in working memory to flexibly modify responses to later stimuli 

(Barch et al, 2003; MacDonald, 2008).  The construct of context processing (Cohen and 

Servan-Schreiber, 1992; MacDonald, 2008)  incorporates and attempts to unify several 

observations of behavioral deficits in schizophrenia.  These include not only a basic 

defect in the ability to store information in working memory (Castner et al, 2004), but 

also additional deficits in selective attention (Nuechterlein and Dawson, 1984), response 

inhibition (Abramczyk et al, 1983), and executive control (Sullivan et al, 1993) that have 

been described in the disease.  Context processing deficits in schizophrenia reflect the 

inability to use information stored in working memory to implement computational 

flexibility (Cohen et al, 1992; Goodwin et al, 2012; MacDonald, 2008; Miller and Cohen, 

2001).  Operationally, context processing is defined as the ability to produce different 

responses to the same sensory input as a function of stored contextual information, such 

as goals or rules (Miller et al, 2001; Servan-Schreiber et al, 1996).   The coupling of 

working memory and executive control components in the construct of context 

processing has proven to provide a sensitive measure of cognitive dysfunction in 

schizophrenia.  For example, context processing deficits are found in both in medicated 

and unmedicated first-episode schizophrenia patients (Servan-Schreiber et al, 1996) as 

well as in their first-degree relatives (MacDonald et al, 2003b).   In addition, deficits in 

context processing significantly correlate with deficits in the Stroop task (Cohen et al, 

1999), supporting the construct validity of context processing tasks as measures of 

cognitive operations that extend beyond working memory to include response inhibition 

and executive control (MacDonald, 2008).    Further, patients with schizophrenia are 
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impaired on context processing tasks when there is no delay between stimuli within the 

trial (MacDonald et al, 2003b), suggesting that context processing deficits cannot be 

attributed solely to a failure of working memory maintenance.  Context processing 

dysfunction on the AX-CPT appears to be specific to schizophrenia spectrum disorders 

including schizophrenia and schizotypal personality disorder (Barch et al, 2004) 

compared to non-schizophrenia psychotic diseases, bipolar disorder, and depression 

(Barch et al, 2003; Brambilla et al, 2007; Holmes et al, 2005; MacDonald et al, 2005a).  

For example, more pronounced context processing dysfunction on the AX-CPT was 

observed in schizophrenia patients compared to nonschizophrenia psychosis patients at 

first episode (MacDonald et al, 2005).  A second study found deficits in both groups at 

first episode but specificity of context-processing deficits for schizophrenia was found at 

four weeks (Barch et al, 2003).  Context processing deficits are stronger in schizophrenia 

than in both bipolar disorder (Brambilla et al, 2007) and depression (Holmes et al, 2005).  

Therefore, although context processing deficits are not unique to schizophrenia, they are 

particularly severe or long-lasting in this disease relative to other neuropsychiatric 

disorders. 

In the experiment contained in this chapter, I trained monkeys to perform the Dot 

Pattern Expectancy (DPX) task.  This task has been validated as an effective measure of 

context processing deficits in schizophrenia patients (Henderson et al, 2012; Jones et al, 

2010; Lopez-Garcia et al, 2012; MacDonald et al, 2005b; Zhang et al, 2012).  The DPX 

task is a variant of the AX-CPT that has been extensively used in prior studies of 

cognitive dysfunction in schizophrenia (Barch et al, 2003; Chung et al, 2011; Cohen et 
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al, 1999; MacDonald et al, 2005a; MacDonald et al, 2003b; Servan-Schreiber et al, 1996; 

Stratta et al, 1998).  In the DPX task, dot patterns replace letters as stimuli, making it 

possible to more readily manipulate the visual similarity of stimuli and also reduce the 

influence of prior familiarity with the stimuli (MacDonald et al, 2005b), particularly 

useful for translational studies in monkeys and humans.   In this study, I characterized 

performance on the DPX task before and after administering the NMDAR antagonist 

ketamine.  There is considerable evidence that altered NMDA function may be a core 

component of the disease process producing schizophrenia (Coyle, 2012; Javitt et al, 

1991; Kantrowitz and Javitt, 2010; Lisman et al, 2008).  Drugs that block 

neurotransmission at NMDARs are able to replicate the full spectrum of symptoms in 

schizophrenia, including positive, negative and cognitive symptoms in human controls 

(Krystal et al, 1994).  Here I provide the first evidence in monkeys that blocking 

neurotransmission at NMDARs replicates the specific error pattern that schizophrenia 

patients typically produce when performing the same context processing task.   

MATERIALS AND METHODS 

Subjects 

Two male rhesus macaques (Macaca mulatta), weighing 8.3-10.2 kg, were 

subjects in the experiment contained in this chapter.  All animal care and experimental 

procedures conformed to National Institutes of Health (NIH) guidelines and were in 

compliance with the protocols approved by the Animal Care and Use Committee at the 

University of Minnesota and Minneapolis Veterans Affairs Medical Center (VAMC). 

Experimental Conditions 
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Monkeys were seated in a primate chair in a sound-attenuated, dimly illuminated 

room during task performance.  Visual stimuli were varying spatial configurations of dots 

which spanned 2.7-4.4° and were back-projected on a video screen 77.5 cm in front of the 

monkey by an LCD projector (Dell Inc.).   Eye position was tracked using an infra-red 

eye tracking system (ISCAN Inc., Woburn, MA), enabling the control of gaze strategies 

and visual input across conditions.  During each trial until the response was made, 

monkeys were required to maintain visual fixation (within 2.7-3.9°) at the center of the 

screen marked by the fixation cross (0.4°).  Failure to do so resulted in the trial aborting.  

Monkeys manipulated a joystick with their right hand in order to make a response during 

each trial. 

Task 

Monkeys were trained to perform the DPX task (Figure 2.1).  Stimuli were 

various dot patterns that were comparable to those used in human studies (Jones et al, 

2010).  Each trial consisted of a sequence of two dot patterns, a cue stimulus (orange 

dots) followed by a probe stimulus (white dots) separated by a delay (Figure 2.1).  The 

cue was presented for 1.0 s.  After a 1.0 s inter-stimulus delay, the second stimulus 

(probe) was presented for 0.5 s.  The intertrial interval (ITI) was 1.1 s.  Monkeys had 1.5 

s from the onset of the probe in which to respond.  A valid cue (designated ‘A’) followed 

by a valid probe (designated ‘X’) was the target sequence (‘AX’).  The correct response 

on target sequence trials was to move a joystick to the left after the probe appeared.  A 

non-target sequence was defined as one in which either the cue was invalid (collectively 

classified as ‘B’), and/or the probe was invalid (collectively classified as ‘Y’).  Non-
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target trials consisted of ‘AY’, ‘BX’, or ‘BY’ sequences.  The correct response on non-

target trials was to move the joystick to the right.   

Monkeys were rewarded with sweetened water for correctly performed trials. 

Occasionally, to maintain a high level of baseline performance, additional rewards were 

given on a minority of trials in Monkey 2.  Monkey 2’s baseline ‘BX’ performance was 

weaker than Monkey 1 and it was necessary to give additional reward on a minority (on 

average 19%) of ‘BX’ trials during baseline performance (prior to injection of saline or 

ketamine) in order to achieve the ≥80% correct criterion for the baseline condition before 

receiving an injection.  However, I tested performance on days I injected saline to 

determine whether the presence or absence of occasional additional reward during the 

baseline period had any significant effect on post-injection performance, and found that it 

did not.  In a logistic regression with trial success/failure as the dependent variable, 

neither baseline reward condition nor its interaction with trial type had a significant effect 

on success rate post injection (p > 0.9 for both factors).  Consequently, I pooled data with 

and without additional baseline rewards for subsequent analyses.   

Directly prior to and following injection (saline or drug), monkeys performed at 

least 200 DPX trials (200-600 trial sets).  Each set was a mixture of trial types with the 

following distribution: 69% ‘AX,’ 12.5% ‘AY’, 12.5% ‘BX’, and 6% ‘BY’, the same 

proportions as used in human DPX studies with patients (Jones et al, 2010).  Trials were 

selected for presentation in random order from each trial set.  Monkeys were trained to 

perform at ≥80% accuracy on each trial type before testing began. 

Injection Regimen 
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 Monkeys received either a saline or ketamine injection intramuscularly (IM) into 

the hindlimb each day following baseline trials.  Post-injection trials began directly after 

the injection (within 5 minutes).  During baseline trials, each monkey had to perform at 

least 200 trials and achieve ≥80% accuracy on each trial type before an injection was 

given.  Based on a pilot experiment in Monkey 1, I determined that the 0.32-0.57 mg/kg 

dose range was optimal to test in the experiment contained in this chapter because in this 

range the monkey continued to work on the task but exhibited a substantial level of 

behavioral impairment.  Four subanesthetic doses of ketamine (0.32, 0.40, 0.49, and 0.57 

mg/kg; diluted in saline) and saline alone were pseudo-randomly administered (0.28-0.34 

ml injection volume) such that each monkey received 2 replications of each ketamine 

dose.  A total of 2 saline and 8 ketamine injections were given to Monkey 1 while 6 

saline and 8 ketamine injections were given to Monkey 2.   

Data Analyses 

Behavioral performance in most cases had returned to near baseline by 40 min 

post-injection of ketamine, so I restricted my analyses to the first 40 minutes.  On average 

post-injection, the monkeys completed 476 and 352 trials/day (Monkey 1 and Monkey 2 

respectively) and these trials were used in the data analyses.   Early response (Monkey 1: 

0.1% and Monkey 2: 0.6%), no response (Monkey 1: 0.2% and Monkey 2: 1.1%), and 

fixation error (Monkey 1: 12.8% and Monkey 2: 17.8%; Figure 2.2) trials were excluded 

from data analysis.  A p<0.05 was considered a statistically significant result for all data 

analyses. 
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In order to statistically evaluate the influence of ketamine on performance, I 

examined error rate data at the trial level using logistic regressions because the dependent 

variable in the analysis (trial success/failure) was a dichotomous variable.  The 

independent variables in the model were injection status (pre- versus post-injection) and 

dose (eq. 2.1).     

  (eq. 2.1) 

where p(error) is the probability of an erroneous response,  ‘Inj’ is the injection status, 

and ‘Dose’ is the ketamine dose.  To examine differential effects of ketamine on the 

various trial types, I performed a logistic regression restricted to the post-injection 

behavioral data in which trial outcome was the dependent variable and trial type (‘AX’, 

‘BX’, ‘AY’, or ‘BY’), dose, and their interaction were independent variables (eq. 2.2).   

  (eq. 2.2) 

where ‘Type’ refers to the trial type.   

For the analysis of reaction time (RT) data, I used correct trials only and used an 

analysis of variance (ANOVA) on the trial-wise data to examine the effect of dose, trial 

type, and their interaction on RT.  Dose was treated as a continuous variable (using the 

anovan function in Matlab, Natick, MA).  I followed this with Tukey-Kramer post-hoc 

tests of RT differences between specific trial types. 

The error rate data were further examined by computing d’context (Servan-

Schreiber et al, 1996).  The d’ parameter is a sensitivity index that is defined as Z(hit 

rate)-Z(false alarm rate), where the function Z(p) is the inverse of the cumulative 

Gaussian distribution.  D’context is similar but is meant to measure specifically sensitivity 



   26 

 

to context in the AX-CPT and its variants (Servan-Schreiber et al, 1996).  D’context was 

computed as Z(proportion of correct ‘AX’ trials)-Z(proportion of ‘BX’ errors) (Servan-

Schreiber et al, 1996).  Thus, as the proportion of ‘BX’ errors (analogous to false alarms) 

approaches the proportion of ‘AX’ correct trials, d’context will approach 0 indicating that 

monkeys tended to make the same response to the ‘X’ cue regardless of whether the 

preceding cue was ‘A’ or ‘B’, indicating low sensitivity to the cue and failure to use cue 

information to override habitual responding to the probe.  A small constant correction of 

0.001 was used to allow for estimation in the case of perfect accuracy (Servan-Schreiber 

et al, 1996).   To confirm that changes in d’context in response to ketamine did not simply 

reflect a directional response bias, I computed the difference between ‘BX’ and ‘AY’ 

errors (MacDonald et al, 2003b) for each replication of each ketamine dose.  If there 

were high ‘BX’ errors and low ‘AY’ errors post drug this would indicate a problem in 

context processing and not a response bias (since incorrect responses on the ‘BX’ and 

‘AY’ trial types are both to the left, and a response bias alone could therefore not account 

for a difference in these errors).  In order to address whether deficits in context 

processing in the DPX task were due to deficits in early bottom-up visual processing, 

visual-motor association, or general visual attention to stimuli, I adapted d’context to 

examine sensitivity to the probe stimulus.  I defined sensitivity to the probe as d’probe 

being equal to Z(proportion of correct ‘AX’ trials)-Z(proportion of ‘AY’ errors).  I 

reasoned that any general deficit in visual processing or attention would equally affect 

sensitivity to both of the visual stimuli in the trial.  Any greater loss of sensitivity to the 

cue relative to the probe after ketamine administration I therefore attributed to a context 
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processing deficit.  The significance of the relation between dose and d’context (as well as 

‘BX’-‘AY’ errors and d’probe) was evaluated using linear regression.    

Finally, I conducted logistic regression analyses to determine whether under 

ketamine, monkeys tended to commit perseverative ‘BX’ errors.  (Perseveration analyses 

using the saline data were not performed since monkeys committed too few errors.)  I 

evaluated whether, after making an error on a ‘BX’ trial, the probability of making 

another error on the subsequent trial increased if that trial was a ‘BX’ trial relative to the 

other trial types.  I restricted this analysis to the subset of trials in the data that followed a 

‘BX’ trial.  I then used a logistic regression to evaluate whether success probability 

varied as a function of the trial type and whether the previous ‘BX’ trial was performed 

correctly or not (eq. 2.3; doses were collapsed for this analysis).   

  

         (eq. 2.3) 

where ‘CurType’ refers to the trial type of the current trial and ‘PrevBXErr’ refers to 

whether the previous ‘BX’ trial was performed incorrectly.  In addition, in order to 

examine the effect of dose on perseveration of the ‘BX’ trial type, I identified sequences 

of two consecutive ‘BX’ trials in the data.  I then performed a logistic regression to 

contrast the rate of errors committed on the second ‘BX’ trial as a function of dose and 

whether the previous ‘BX’ trial was performed incorrectly (eq. 2.4).   Dose was entered 

into the logistic model as either low (0.32 and 0.40 mg/kg) or high (0.49 and 0.57 

mg/kg), since too few ‘BX’ trial pairs were available to examine doses individually. 

      (eq. 2.4) 
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RESULTS  

 Error rate data were examined at the trial level.  After ketamine administration, 

the monkeys’ performance was worse as indicated by a significant increase in errors post-

injection compared to baseline performances (Monkey 1: Wald1=60.33, p<0.001; 

Monkey 2: Wald1=29.43, p<0.001).  This effect was dose dependent (Monkey 1: 

Wald1=76.48, p<0.001; Monkey 2: Wald1: 78.42, p<0.001) for both monkeys (Figure 

2.3A&B).  The error rate remained low after saline (Figure 2.3A&B, dose 0.0 mg/kg; 

C&D, ‘Saline’).  

A more informative picture of the effects of ketamine on performances came from 

examining errors separated by trial type (Table 2.1; Figure 2.3C&D).  This allowed me to 

evaluate whether the effects of ketamine observed were more generalized or specific to 

trials with higher context processing demands.  A logistic model that included dose, trial 

type and their interaction was significant for each factor in Monkey 1 (Dose: 

Wald1=19.90, p<0.001; Trial Type: Wald3=10.47, p=0.015; Dose*Trial Type: 

Wald3=76.937, p<0.001).  Trial type and the interaction between dose and trial type were 

significant in Monkey 2 using the same model (Trial Type: Wald3=39.49, p<0.001; 

Dose*Trial Type: Wald3=37.39, p<0.001), although the main effect of dose was not.  

Dose was significant in Monkey 2 when the interaction term was removed from the 

model (Dose: Wald1=88.28, p<0.001).   

As illustrated in Figure 2.3 (C&D), most of the errors in both monkeys post-

injection stemmed from poorer performance on the ‘BX’ trial type.  The ‘BX’ trial type is 

the trial type that is most sensitive to patients’ context processing impairments (Figure 
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2.3E) (Cohen et al, 1999; Jones et al, 2010; MacDonald et al, 2005b).  By 40 minutes 

post-injection, there was no longer an increase in ‘BX’ errors over the saline condition 

except at the highest dose in Monkey 2 (Figure 2.4).  For the initial period following the 

ketamine injections, increased errors relative to the saline condition were sometimes 

observed for all of the non-target trial types (not just ‘BX’).  However, these more 

generalized effects of the drug tended to be more short-lived than the ‘BX’ errors alone.  

General non-target trial errors were most likely to occur and to be pronounced at the 

highest dose of ketamine (Figure 2.4). 

Considering the effects on reaction time, ketamine produced a dose-dependent 

slowing of response that was most pronounced in Monkey 2 (Figure 2.5A&B).  The 

pattern of the effect on RT over the different trial types was markedly different from the 

effect on percent correct performance (Table 2.1, Figure 2.3&2.5).   Whereas ketamine 

led to an increase in errors that was markedly more severe on ‘BX’ trials relative to the 

other trial types, the effects of the drug on RT were less restricted to ‘BX’ trials and were 

more generalized across all the trial types (compare Figures 2.3C&D with Figure 

2.5C&D).  Both animals exhibited a general pattern of slower responding on ‘AY’ and 

‘BY’ trials relative to ‘AX’ and ‘BX’ trials that persisted across doses of ketamine in 

both animals (Figure 2.5C&D).  In an ANOVA applied to the RT data in Monkey 1, both 

main effects of dose (F1=244.64, p<0.001), and trial type (F3=336.69, p<0.001) were 

significant, as was the dose by trial type interaction (F3=35.70, p<0.001).  In Monkey 2, 

there were also significant effects of dose (F1=967.37, p<0.001), trial type (F3=66.90, 

p<0.001) and dose by trial type interaction (F3=31.76, p<0.001).  Monkeys were slowest 
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to respond on ‘AY’ trials relative to the other trial types regardless of dose (Tukey-

Kramer test; p < 0.05), a result similar to that seen in humans (Jones et al, 2010).  This 

provides evidence that in both species, suppressing the pre-potent target response to the 

probe after seeing an ‘A’ cue is a time-consuming process in the case that the probe is a 

‘Y’.     

To further quantify the effect of ketamine on DPX performance I examined 

d’context to measure the monkeys’ sensitivity to context (the cue).  Specificity to context 

was diminished with increasing dosage of ketamine in both monkeys (Monkey 1: 

F1,8=15.24, p=0.005; Monkey 2: F1,12=71.94, p<0.001) such that d’context scores decreased 

with increasing dosage (Table 2.1, Figure 2.6A).  As these results may reflect a response 

bias, I examined another measure of context processing, the difference in ‘BX’ and ‘AY’ 

errors rates.  A dose-dependent effect following drug was observed when differencing 

errors on ‘BX’ and ‘AY’ trials (Monkey 1: F1,8=17.15, p=0.003; Monkey 2: F1,12=35.71, 

p<0.001), such that with increasing dosage a higher proportion of errors on the ‘BX’ trial 

type versus ‘AY’ was observed (Figure 2.6B).  These results complement the d’context 

results indicating ketamine induced a context processing deficit that could not simply be 

accounted for by a response bias.   

In order to examine whether ketamine induced deficits in the DPX task (Figure 

2.3, 2.4) that could be attributed to deficits in visual processing, visual-motor association, 

or general visual attention to stimuli, I measured sensitivity to the probe using d’probe.  

Ketamine-induced sensory motor or attention deficits should equally impact processing 

of the cue and the probe.  Therefore, any greater impact of ketamine on cue processing 
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could be attributed to context processing.  I found that, in contrast to sensitivity to the 

cue, sensitivity to the probe was not diminished by increasing doses of ketamine in both 

monkeys (Monkey 1: F1,8=0.063, p=0.808; Monkey 2: F1,12=4.05, p=0.067) such that 

d’probe scores were not significantly different among doses examined (Figure 2.6C). 

Monkeys did exhibit an increased probability to break fixation under ketamine 

(Figure 2.2).  Monkeys made fixation errors on a minority of trials (overall fixation 

errors:  Monkey 1: 12.8% and Monkey 2: 17.8%).   A logistic regression restricted to the 

post-injection behavioral data in which successful fixation was the dependent variable 

and dose was the independent variable showed an effect of dose on fixation in both 

monkeys (Monkey 1: Wald1=5.384, p=0.020; Monkey 2: Wald1=95.211, p<0.001; Figure 

2.2).   Monkey 2 had greater trouble with fixation after ketamine than Monkey 1 (Figure 

2.2).  Although ketamine increased the probability that monkeys would break fixation, 

this effect did not account for the selective increase in ‘BX’ errors observed under the 

drug.  Analyses of response accuracy (Figure 2.3) showing dose-dependent and trial-type 

specific effects of ketamine, as well as analyses of cue sensitivity and BX-AY errors 

(Figure 2.6) were all restricted to trials in which monkeys successfully maintained 

fixation throughout the trial until a response was made such that failures to maintain 

fixation did not contribute to the errors analyzed.   

Another possible account of the ketamine effect I observed is that it disrupted the 

ability to switch between alternative response rules in the task.  In order to rule out the 

possibility that ‘BX’ errors under ketamine could be attributed to increased difficulty in 

switching between cues over trials, I examined performance on each ‘BX’ trial as a 
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function of whether the cue on the previous trial was an ‘A’ (designated a cue switch 

trial) or ‘B’ (a cue repeat trial).  I performed a logistic regression restricted to ‘BX’ trials 

in the post-injection behavioral data.  Trial outcome (success/failure) was the dependent 

variable and cue status (switch or repeat), ketamine dose, and the interaction were the 

independent variables. This analysis indicated in both monkeys that only dose 

significantly impacted ‘BX’ performance (Monkey 1: Wald1=66.656, p<0.001; Monkey 

2: Wald1=16.230, p<0.001; Figure 2.7).  Neither the main effect of cue status (Monkey 1: 

Wald1=0.109, p=0.741; Monkey 2: Wald1=0.010, p=0.922), or its interaction with dose 

(Monkey 1: Wald1=0.099, p=0.752; Monkey 2: Wald1=0.004, p=0.948) were significant.  

These results indicate that the specific increase in ‘BX’ errors after ketamine cannot be 

accounted for by disruption of the ability to switch response rules over trials. 

Finally, the high number of trials collected allowed me to examine a novel aspect 

of context processing, namely perseveration of ‘BX’ errors in the ketamine condition.  

Perseveration of errors is often seen in schizophrenia patients where patients continue to 

make the same mistakes repeatedly over consecutive trials and are seemingly ignoring 

information instructing them to change their strategy (Waford and Lewine, 2010).  To 

examine whether monkeys were perseverating on the DPX task, I evaluated errors on 

trials that were preceded by ‘BX’ trials (the trial type with the greatest number of errors 

to examine).  Following a ‘BX’ error, the probability that monkeys would commit 

another error was markedly higher if the subsequent trial was also a ‘BX’ trial relative to 

the other trial types (Figure 2.8A&B).  A logistic model that included current trial type, 

previous ‘BX’ error, and their interaction was significant for the interaction term in both 
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monkeys (Monkey 1: Wald3=16.649, p=0.001; Monkey 2: Wald3=10.422, p=0.015).  

Because the two monkeys exhibited the same general pattern in response to ketamine 

(Figure 2.8A&B) and there were relatively few consecutive ‘BX’ trials in the data, I 

pooled the data across the two animals to examine whether ketamine effects on ‘BX’ 

perseveration were dose-dependent.  I found that ketamine increased perseveration on 

‘BX’ trials in a dose-dependent manner (Figure 2.8C&D; Dose: Wald1=10.27, p=0.001; 

Previous Error: Wald1=15.37, p<0.001; Dose* Previous Error: Wald1=4.24, p<0.039), 

suggesting that ketamine administration affected the use of feedback to increase context 

processing resources.   

I further examined whether ‘BX’ errors under ketamine could be entirely 

attributed to perseveration, and found evidence to the contrary.  I selectively analyzed 

‘BX’ errors that followed correctly performed trials to determine whether ketamine 

increased the probability of nonperseverative errors.  Using a logistic regression, I found 

that the probability of committing a nonperseverative error varied significantly as a 

function of ketamine dose in both monkeys (Monkey 1: Wald1=65.343, p<0.001; 

Monkey 2: Wald1=90.488, p<0.001; Figure 2.8E), suggesting that perseveration alone 

cannot account for the increase in ‘BX’ errors after ketamine administration. 

DISCUSSION 

 In this chapter, I provide the first evidence that NMDAR blockade in monkeys 

can replicate the context processing deficit that has been thoroughly characterized in the 

human schizophrenia patient population  (Barch et al, 2003; Chung et al, 2011; Cohen et 

al, 1999; Henderson et al, 2012; Jones et al, 2010; Lopez-Garcia et al, 2012; MacDonald 
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et al, 2005a; MacDonald et al, 2005b; MacDonald et al, 2003b; Servan-Schreiber et al, 

1996; Stratta et al, 1998; Zhang et al, 2012) and replicated in human controls given 

ketamine (Umbricht et al, 2000).  Results were robust and specific in both animals, with 

Monkey 1 (Figure 2.3C) and Monkey 2 (Figure 2.3D) exhibiting a highly similar pattern 

of errors over trial types under ketamine.  The consistency of the results across animals 

provides compelling evidence that NMDAR antagonists in monkeys can replicate context 

processing deficits seen in schizophrenia patients.  Future studies will be needed to 

evaluate the question of individual variability in these deficits and what genetic and/or 

environmental factors might contribute to them.  Previous studies have shown that 

NMDAR antagonists impair working memory function in monkeys (Boyce et al, 1991; 

Roberts et al, 2010a; Roberts et al, 2010b; Taffe et al, 2002; Tsukada et al, 2005), 

modeling one important aspect of cognitive dysfunction in schizophrenia (Castner et al, 

2004; Park and Holzman, 1992).  However, my data extend and refine prior efforts to 

translate cognitive deficits in schizophrenia to monkeys in several key respects.   

First, by showing that ketamine can replicate context processing deficits I broaden 

the scope of cognitive dysfunction in schizophrenia that has been effectively replicated in 

an animal model.  In the case that contextual cue and imperative probe stimuli are 

separated by a delay, context processing incorporates working memory.  However, 

context processing tasks measure processes that extend beyond the domain of working 

memory to incorporate the additional element of executive control (Cohen et al, 1999; 

MacDonald, 2008).  For example, attenuated impairment in context processing is 

observed in patients performing the AX-CPT when there is no working memory 
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requirement (MacDonald et al, 2003b), indicating that context processing deficits involve 

disruption of processes that are not restricted to working memory alone.  I found that 

monkeys given ketamine (Figure 2.3C&D), just like patients with schizophrenia (Figure 

2.3E) (MacDonald, 2008), are selectively impaired in the cognitive and behavioral 

flexibility that the DPX task requires and which is a fundamental component of cognitive 

deficits in the disease.  The one prior study in which monkeys were trained to perform a 

variant of the AX-CPT (Dias et al, 2006) did not examine the effects of NMDAR 

blockade on performance, which was the focus of the experiment contained in this 

chapter.  The specific increase in ‘BX’ errors after ketamine administration I observed in 

monkeys performing the DPX task could not be attributed to disruption of other 

processes such as rule switching or be entirely explained by an increase in perseveration, 

adding to the evidence that errors in the task reflected a failure of context processing 

(Figure 2.7&2.8E). 

Second, I trained monkeys to perform the same behavioral paradigm used to 

evaluate cognitive function in human patients with schizophrenia, equating the aspects of 

the task (such as the type of visual stimuli and overall task complexity) that could greatly 

complicate quantitative comparisons of behavioral performance patterns between the two 

species.  Many prior studies examining the same cognitive functions in humans and 

monkeys have employed substantially different paradigms to measure the cognitive 

function of interest.  For example, working memory processes evaluated in monkeys with 

spatial delayed response tasks that require monkeys to retrieve a bait item from a covered 

well after a delay (Roberts et al, 2010a; Roberts et al, 2010b), could differ from working 
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memory processes in humans evaluated with n-back and span tasks, which present 

different stimuli, require different motor responses, and are substantially more complex 

(Lee and Park, 2005).    

Third, one of the greatest potential confounds in neuropsychological testing of 

cognitive dysfunction in schizophrenia is the possibility that behavioral paradigms 

measure a generalized deficit in the disease rather than an impairment in a specific 

cognitive process (MacDonald, 2008).  My data provide strong evidence that ketamine in 

monkeys produces a specific cognitive deficit in context processing that can be 

dissociated from a generalized deficit in more global processes such as vigilance, 

attention, motivation (Figure 2.3C&D, Figure 2.6A&B), general stimulus processing 

(Figure 2.6C), or motor response bias (Figure 2.6B).  My behavioral results could reflect 

a deficit in top-down control of visual processing that selectively impaired encoding of 

the cue stimulus as has been previously proposed (Dias et al, 2011).  However, to my 

view, a deficit in visual processing that selectively disrupts visual processing of 

contextual cues could be considered to constitute a deficit in one aspect of context 

processing.  

Fourth, the context processing task I have adopted for this translational 

experiment incorporates four distinct trial conditions in the task design.  This provides 

two advantages: it significantly increases the behavioral resolution with which I am able 

to compare performance patterns across the two species, and it further adds to our ability 

to differentiate a selective impairment in context processing from a more generalized 

cognitive impairment.  Both monkeys given ketamine (Figure 2.3C&D) and patients with 
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schizophrenia (Figure 2.3E) performing the DPX task exhibit a selective and dramatic 

increase in errors on ‘BX’ trials, and are relatively unimpaired on the remaining trial 

types.  Humans given ketamine (Umbricht et al, 2000) and some schizophrenia patients 

performing the AX-CPT (Cohen et al, 1999) also demonstrate greater ‘AX’ errors; a 

result not observed in the experiment contained in this chapter.  Monkeys had much 

greater experience performing the task than human subjects (extensive training was 

necessary given the complexity of the task) which may have resulted in the ‘AX’ 

performance difference since monkeys had a longer time to develop habitual responding 

to ‘target’ trials.   

‘BX’ trials maximize executive control demand by pitting a contextual response 

instructed by the cue against a habitual response to the ‘X’ probe stimulus, and errors on 

this trial type selectively index context processing.  Had ketamine produced a generalized 

cognitive impairment, one would have predicted an equal increase in error frequency 

across all trial types, rather than the selective increase in ‘BX’ errors that I observed.  I 

found that the cognitive impairment in context processing is as specific in monkeys given 

ketamine (Figure 2.3C&D) as it is human patients with schizophrenia (MacDonald, 

2008).  One of the task paradigms that has been translated between monkeys given 

ketamine and human schizophrenia patients with little modification is the oculomotor 

delayed response task (ODR) (Park et al, 1992; Tsukada et al, 2005).  A specific deficit 

in working memory function has been indicated by the finding that memory-guided 

saccade performance is selectively impaired by ketamine in monkeys whereas visually-

guided saccades are relatively spared (Tsukada et al, 2005).  However, visually-guided 
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and memory-guided saccades differ substantially in difficulty, a factor which can 

complicate evaluating the specificity of cognitive deficits by comparing the performance 

of different groups of subjects (or drug conditions) on different tasks (Chapman and 

Chapman, 1978).  In my data, saline performance on ‘BX’ trials was only marginally 

worse than on the other trial types (Figure 2.3C&D), suggesting that differences in 

difficulty across trial types in the control condition were relatively minor. 

Fifth, my data provide a particularly direct translation of executive control 

impairments in schizophrenia to monkeys.  One prior study has shown that ketamine 

administered to two monkeys performing an executive control task impaired their ability 

to select between competing responses to the same stimulus instructed by alternative 

rules, an effect known as congruity cost (Stoet et al, 2006).  However, it is not readily 

feasible on the basis of these prior data to directly compare executive control deficits in 

monkeys given ketamine and schizophrenia patients because the task used to index this 

function in that prior study in monkeys (Stoet et al, 2006) has not yet been tested in 

human patients with schizophrenia.  Congruity costs have been observed in a related 

executive control task in schizophrenia patients (Wylie et al, 2010).  However, that task 

involved letter identification, a condition not tested in monkeys (Stoet et al, 2006).   

Sixth, mine is the first experiment to show that ketamine increases perseverative 

errors in context processing tasks (Figure 2.8A-D).  This increases confidence in the 

translational validity of our nonhuman primate model, as perseverative errors are a 

hallmark of patient performance in other executive control tasks (Perry and Braff, 1998; 

Waford et al, 2010). 
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In summary, my data demonstrate that administration of an NMDAR antagonist 

to monkeys performing the DPX task can replicate a schizophrenia-like performance 

pattern that is indicative of a selective deficit in context processing.  My data suggests 

that knocking down NMDA synaptic function is sufficient to produce context processing 

deficits.  They do not provide evidence that NMDA hypofunction is necessary, however, 

and I cannot rule out the possibility that these cognitive deficits stem from dysfunction at 

other receptors in patients or that there are multiple neurotransmitter systems involved.  

For example, human control subjects given the 5-HT2A agonist psilocybin also 

demonstrate context processing deficits (Umbricht et al, 2003).  In addition, the α2A 

receptor agonist gaunfacine has been shown in one study to ameliorate context processing 

dysfunction in schizotypal personality disorder patients (McClure et al, 2007). These data 

suggest that multiple transmitter systems independently converge on the neural systems 

that normally mediate context processing, or that these transmitter systems are 

functionally coupled.  By the same token, my data indicating that blocking NMDARs 

disrupts context processing suggests that treatments that augment NMDA synaptic 

function may be beneficial in treating context processing dysfunction in schizophrenia.  

Glycine is a co-agonist of the NMDAR and administration of glycine transport inhibitors 

has been shown to restore working memory in monkeys given ketamine (Roberts et al, 

2010b).  Glycine transport inhibitors are currently in different phases of clinical trials in 

humans to test their efficacy in the patient population (Javitt, 2012), although it is not yet 

known whether these compounds will prove effective in reversing deficits in context 
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processing in schizophrenia.  To my knowledge, it has not yet been tested whether drugs 

that act at other synapses are able to induce context processing deficits in animals. 

Because cognitive function predicts functional capacity in the patient population 

(Green et al, 2000), it is essential to develop treatments that effectively address cognitive 

dysfunction in the disease.  Context processing does not account for the full spectrum of 

cognitive dysfunction in schizophrenia and restoration of this process alone is not likely 

to restore normal social and cognitive function in patients entirely.  However, patients’ 

performance on the DPX task is positively correlated with general levels of functioning 

(Gold et al, 2012).  In addition, the DPX task isolates a relatively circumscribed and 

specific cognitive process (context processing), perhaps to a greater degree than more 

traditional neuropsychological tests (Gold et al, 2012).   This could narrow the search for 

the causal neural mechanisms that underlie cognitive deficits in the disease.  Since it is 

often easier to solve a more clearly delineated problem, targeting transmitter systems and 

neural mechanisms that enable context processing may therefore have significant utility 

in early drug development.   Now that context processing dysfunction on the DPX task 

has been demonstrated in monkeys given ketamine, this model could facilitate discovery 

of more effective ways to restore normal cognitive function in schizophrenia. 
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TABLES and FIGURES 

 

    Mean (SD)   

Monkey Trial Type Saline 0.32 mg/kg 0.40 mg/kg 0.49 mg/kg 0.57 mg/kg 

1 AX error 1.3 (11.3) 1.3 (11.2) 1.0 (10.1) 1.0 (10.0) 0.0 (0.0) 

 AY error 6.8 (25.4) 3.1 (17.5) 10.0 (30.1) 11.2 (31.2) 26.9 (44.5) 

 BX error 10.1 (30.3) 9.3 (29.2) 30.9 (46.4) 52.0 (50.2) 71.5 (45.3) 

 BY error 0.0 (0.0) 0.0 (0.0) 4.9 (21.2) 8.8 (28.5) 31.5 (46.9) 

 d’context 3.7, 3.7 3.6, 3.5 3.4, 2.8 2.4, 2.3 2.2, 2.8 

 AX rt 301.0 (16.9) 312.8 (17.9) 328.9 (31.8) 341.0 (36.8) 352.6 (46.5) 

 AY rt 509.2 (40.0) 543.0 (55.8) 568.8 (89.3) 595.1 (123.0) 592.3 (98.7) 

 BX rt 311.1 (54.4) 318.2 (96.8) 310.9 (89.6) 324.8 (87.7) 287.1 (103.4) 

 BY rt 332.5 (83.2) 341.2 (128.7) 370.2 (157.1) 456.8 (210.3) 475.1 (177.7) 

       
2 AX error 3.6 (18.7) 7.0 (25.5) 4.4 (20.5) 9.0 (28.6) 2.7 (16.3) 

 AY error 4.8 (21.3) 8.5 (28.0) 7.7 (26.9) 4.1 (19.9) 17.7 (38.5) 

 BX error 12.9 (33.6) 39.0 (49.0) 49.1 (50.4) 49.1 (50.2) 73.3 (44.6) 

 BY error 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 10.0 (30.8) 

 d’context 3.0 (0.4) 1.9, 1.6 1.8, 1.6 1.7, 1.1 1.6, 1.0 

 AX rt 441.2 (74.9) 541.5 (153.3) 547.7 (144.7) 575.9 (149.6) 624.3 (153.6) 

 AY rt 428.5 (102.1) 609.2 (220.1) 652.5 (254.2) 649.8 (246.1) 721.4 (261.2) 

 BX rt 319.9 (161.9) 513.1 (215.8) 483.4 (244.2) 529.8 (239.7) 562.1 (156.8) 

 BY rt 346.6 (162.3) 492.1 (171.5) 580.4 (233.8) 605.5 (193.4) 705.4 (236.1) 

 

TABLE 2.1.  The monkeys’ performances on the DPX task post-injection at the various 

doses of ketamine administered.  SD=one standard deviation.  error=% error; rt=reaction 

time (ms). 
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FIGURE 2.1.  Schematic of the dot pattern expectancy (DPX) task.  The dot patterns 

used as stimuli in the task are also depicted, grouped by their respective category 

designation.  The monkeys performed the task while fixating at the cross at the center of 

the screen.  ‘Target’ cue-probe sequences (‘AX’ trials) required a leftward motor 

response; ‘Non-target’ cue-probe sequences (all other trial types) required a rightward 

motor response. ISI: inter-stimulus interval; ITI: intertrial interval. 
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FIGURE 2.2.  Effect of ketamine dose on fixation.  Replications for Monkey 1: two 

replications per drug dose and two replications of the saline condition.  Replications for 

Monkey 2:  two replications per drug dose and six replications of the saline condition.  

Error bars are one standard error of the mean (SEM).
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FIGURE 2.3.  Effect of ketamine dose on performance accuracy (A-D).  Replications for 

Monkey 1: two replications per drug dose and two replications of the saline condition.  

Replications for Monkey 2:  two replications per drug dose and six replications of the 

saline condition.  A&B.) Overall performance accuracy by dose.  Dashed line represents 
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the logistic function fit line to the data for baseline performance.  Solid line represents the 

logistic function fit to the data for post-injection performance.  C&D.) Effect of ketamine 

dose on performance accuracy for each trial type.  Error bars=SEM.  E.) Data illustrating 

schizophrenia patient (n=47) versus control (n=48) performance on the DPX task were 

adapted from a prior human study (Jones et al, 2010).  Copyright © 2010 by the 

American Psychological Association.  Adapted with permission.  The official citation 

that should be used in referencing this material is Jones JA, Sponheim SR, MacDonald 

AW, 3rd (2010). The dot pattern expectancy task: reliability and replication of deficits in 

schizophrenia. Psychol Assess 22(1): 131-141.  The use of APA information does not 

imply endorsement by APA.   
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FIGURE 2.4.  Effect of ketamine dose on performance accuracy for each trial type over 

time.  Replications for Monkey 1: two replications per drug dose and two replications of 

the saline condition.  Replications for Monkey 2:  two replications per drug dose and six 
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replications of the saline condition.  For this figure, error rate data were processed via a 5 

minute sliding window that was stepped in increments of 1 minute.  Error bars=SEM. 
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FIGURE 2.5.  Effect of ketamine dose on reaction time.  Replications for Monkey 1: two 

replications per drug dose and two replications of the saline condition.  Replications for 

Monkey 2:  two replications per drug dose and six replications of the saline condition.   

A&B.) Overall reaction time by dose.  Dashed line represents baseline performance.  

Solid line represents post-injection performance.  C&D.) Effect of ketamine dose on 

reaction time for each trial type.  Error bars=SEM 
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FIGURE 2.6.  Effect of ketamine dosage on context (A&B) and probe processing (C).  

Dashed (Monkey 1) and solid (Monkey 2) lines represent linear fits obtained by 
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regressing performance data onto ketamine dose.  Replications for Monkey 1: two 

replications per drug dose and two replications of the saline condition.  Replications for 

Monkey 2:  two replications per drug dose and six replications of the saline condition.  

A.)  D’context (Z(proportion of correct ‘AX’ trials)-Z(proportion of ‘BX’ errors)) values for 

each replication of each dose in the experiment.  B.) Difference in proportion of ‘BX’ and 

‘AY’ errors for each replication of each dose in the experiment.  C.) D’probe (Z(proportion 

of correct ‘AX’ trials)-Z(proportion of ‘AY’ errors)) values for each day of the 

experiment. 
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FIGURE 2.7.  Effect of ketamine dose on ‘BX’ error rate as a function of cue status 

(switch or repeat). Replications for Monkey 1: two replications per drug dose and two 

replications of the saline condition.  Replications for Monkey 2:  two replications per 

drug dose and six replications of the saline condition.  ‘Cue Repeat’ data show proportion 

of errors on ‘BX’ trials that were preceded by a trial in which the cue was also a ‘B’.  

‘Cue Switch’ data show proportion of errors on ‘BX’ trials that were preceded by a trial 

in which the cue was an ‘A’.  Error bars=SEM.  
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FIGURE 2.8.  Proportion of perseverative ‘BX’ errors after ketamine administration (A-

D).  Replications for Monkey 1: two replications per drug dose and two replications of 

the saline condition.  Replications for Monkey 2:  two replications per drug dose and six 

replications of the saline condition.  A&B.) Performance accuracy on trials that followed 
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‘BX’ trials during the experiment, as a function of trial type and previous ‘BX’ trial 

performance (data collapsed across dose).  C&D.) Effect of ketamine dose on ‘BX’ 

perseverative errors.  Analysis restricted to consecutive pairs of ‘BX’ trials during the 

experiment.  Bars plot the proportion of erroneous trials on the second ‘BX’ trial as a 

function of whether the monkey performed correctly (open bars) or incorrectly (filled 

bars) on the previous ‘BX’ trial.  E.) Effect of ketamine dose on nonperseverative ‘BX’ 

errors.  Proportion of ‘BX’ errors on ‘BX’ trials that followed a correctly performed trial 

as a function of ketamine dose.  Error bars=SEM.   
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CHAPTER 3: 

Normal neurophysiology underlying context processing in PFC and PAR 

INTRODUCTION 

Context processing can be defined as the ability to encode and maintain 

contextual information (e.g. goal) in working memory in order to flexibly respond to later 

incoming stimuli, and as such represents an essential component of executive control.   

The capacity to implement this cognitive process has often been quantified in human 

subjects performing the AX-CPT (Barch et al, 2009; Barch et al, 2003; MacDonald, 

2008; Servan-Schreiber et al, 1996), a task which measures context processing because it 

requires remembering the first stimulus (the cue) over a delay interval in order to 

appropriately respond to a second stimulus (the probe) each trial.  My interest in this task 

is that patients with the psychiatric illness schizophrenia demonstrate context processing 

deficits on this  task (Barch et al, 2003; Cohen et al, 1999; MacDonald et al, 2005a; 

MacDonald et al, 2005b; Servan-Schreiber et al, 1996; Stratta et al, 1998), suggesting 

that in the disease, neurons that normally process the information needed for successful 

performance operate less efficiently.  In order to understand the nature of the change in 

neuronal function that is responsible for cognitive processing deficits in the disease, it is 

first necessary to characterize how neurons operate to mediate successful context 

processing in the healthy brain.  The objective of this chapter is to provide that 

information.  

While the single cell basis for context processing has not been characterized prior 

to the current study, functional MRI (fMRI) and event-related potential (ERP) studies of 



   55 

 

human subjects performing the AX-CPT support the theory that context processing (i.e. 

cognitive control) is mediated by the PFC (Barch et al, 1997; Barch et al, 2001; Dias et 

al, 2003; Dias et al, 2006; MacDonald and Carter, 2003a; MacDonald et al, 2005a; 

Paxton et al, 2008; Perlstein et al, 2003).  A comparison of brain activity across the 

different trial conditions that make up the AX-CPT has revealed that the PFC is more 

strongly activated by the presentation of invalid cues that require greater cognitive 

control because they require overriding the prepotent behavioral response in the task 

(MacDonald et al, 2003a; MacDonald et al, 2005a; Perlstein et al, 2003).  A stronger 

activation of PFC in response to invalid cues has been substantiated in both human ERP 

studies and in a study conducting local field potential (LFP) recordings in the prefrontal 

cortex of monkeys performing the AX-CPT (Dias et al, 2006).  Although this one prior 

study in monkeys did not record single neuron activity and so did not characterize the 

computations that underlie successful performance at a cellular level.   

In order to characterize cortical computations that underlie context processing 

both within prefrontal cortex and in distributed prefrontal cortical networks at the level of 

single neurons, I trained monkeys to perform a context processing task adopted directly 

from studies of human cognition, and characterized neuronal activity patterns both in 

prefrontal and parietal cortex during task performance.  PFC is thought to provide top-

down control over cognitive processing in part by modulating the activity of other 

cortical association areas that receive prefrontal input (Miller et al, 2001), including the 

posterior parietal cortex.  PFC and PAR are co-activated during working memory tasks 

(Chafee and Goldman-Rakic, 1998) and are interconnected anatomically (Cavada and 
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Goldman-Rakic, 1989; Chafee and Goldman-Rakic, 2000), and jointly support executive 

control processing (Goodwin et al., 2012).  Part of the motivation to study the two areas 

jointly in the present experiments is provided by evidence that schizophrenia is a 

disconnection syndrome (Stephan et al, 2006), as indicated by the observation that 

functional connectivity between prefrontal and parietal cortex is reduced in patients 

performing the AX-CPT (Yoon et al, 2008).  Here, I provide the first evidence that 

patterns of single cell activity that are functionally related to context processing are 

distributed to PFC and PAR cortex.  I also document differences in the strength of these 

signals between these areas that could reveal the unique contribution made by PFC to 

distributed processing that underlies context processing. 

MATERIALS AND METHODS   

Subjects 

In the experiment contained in this chapter, the subjects were two male rhesus 

macaques (Macaca mulatta), weighing 8.0-10.4 kg.  These monkeys were previously 

used in the experiment contained in Chapter 2.  All animal care and experimental 

procedures conformed to NIH guidelines and were submitted to, approved by, and in 

compliance with the protocols approved by the Animal Care and Use Committee at the 

University of Minnesota and Minneapolis VAMC. 

Experimental Conditions 

As described in the previous chapter, monkeys were seated in a primate chair in a 

sound-attenuated, dimly illuminated room during task performance.  Dot patterns (2.7-

4.4°) were back-projected onto a video screen using an LCD projector (Dell Inc.).  
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Monkeys were positioned 77.5 cm in front of the video screen.  During task performance, 

the monkeys’ eye positions were tracked using an infra-red eye tracking system (ISCAN 

Inc., Woburn, MA).  This technology enabled the control of gaze and the retinal location 

of visual stimuli across conditions.  From the onset of the fixation cross (0.4°) centered in 

the middle of the display screen until the monkeys made their response each trial, the 

monkeys were required to maintain visual fixation within 3.3° of the gaze fixation target.  

The trial aborted if the monkeys failed to maintain fixation.  In order to make their 

response each trial, monkeys manipulated a joystick with their right hand. 

Task 

As described in the last chapter, monkeys were trained to perform the DPX task (a 

validated AX-CPT variant) similar to tasks used in human studies (Jones et al, 2010) (see 

Figure 2.1 in Chapter 2).  Each trial was a sequence of two dot patterns (cue followed by 

a probe) separated by a delay.  At the start of each trial, monkeys directed their gaze at 

the fixation cross presented at the center of the display for a period of 0.5 s.  Neural 

activity during the fixation period was used as a covariate in the analysis of covariance 

(ANCOVA) described below.  After the fixation period, the cue (orange dots) was 

presented for 1 s, followed by a 1 s delay period, after which the probe (white dots) was 

presented for 0.5 s.  After the onset of the probe, monkeys had 1.5 s to respond.  The time 

between the offset of the probe and the onset of the cue of the following trial was 1.86 s.  

Total trial length was 4.36 s.  A valid cue was designated ‘A’ and a valid probe was 

designated ‘X’.  Invalid cues were collectively classified as ‘B’ and invalid probes were 

collectively classified as ‘Y’.  If the trial was the target sequence (‘AX’), the monkeys 
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responded with a leftward motion of their joystick.  If any other trial type (non-target 

sequences; ‘AY’, ‘BX’, ‘BY’) was presented, the monkeys responded right.  On correctly 

performed trials, monkeys were rewarded with sweetened water.  In each prepotency set, 

301 or 400 randomized trials were presented (69% AX, 12.5% AY, 12.5% BX, and 6% 

BY).  The distribution of each trial type was similar to what had been used in human 

studies (Jones et al, 2010).  In addition to prepotency sets, monkeys also performed 

balanced sets.  In these sets (80-300 trials) the four trial types making up the task were 

presented with equal frequency, with all other parameters of these sets being the same as 

the prepotency sets.  In the balanced sets, cue and probe identity were statistically 

independent, facilitating identification of neurons coding cue identity (‘A’ vs ‘B’) and 

probe identity (‘X’ versus ‘Y’) as independent variables.   

Neural Recordings 

Once the monkeys achieved high (≥80% accuracy on all trial types) and stable 

performance on the final version of the task, they underwent an aseptic surgical 

procedure in which recording chambers (13 mm inner diameter) were implanted 

unilaterally (i.e. left) above craniotomies made over the regions of interest in the PFC and 

PAR in order to enable access to these areas during recording.  MRI based localization 

was used to place the chambers over the regions of interest.  The PFC chamber was 

centered over Brodmann’s area 46 in the principal sulcus while the PAR chamber was 

centered over area 7a in the inferior parietal lobule (Figure 3.1).  In addition to the 

recording chambers, titanium screws and posts were implanted on the surface of the skull 

during the surgical procedure.  The posts were fastened to a halo and allowed for the 
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ability to secure head position as is necessary during neural recordings.  During the 

surgical procedure, the monkeys were maintained under gas anesthesia (isoflurane, 1–

2%), and were administered analgesia for several days postoperatively (Buprenex; 0.05 

mg/kg BID, IM).  Following post-operative recovery, neurophysiological recordings 

commenced.    

As monkeys performed the DPX task, neural activity was recorded from the PFC 

(areas 9 and 46) and PAR (area 7a) simultaneously using two 16 electrode Eckhorn 

microdrives (Thomas Recording, Giessen, Germany).  Fine glass-coated platimun iridium 

fiber microelectrodes (70 m outer diameter; 1-2 M impedence) were lowered under 

computer control through the intact dura mater into the cerebral cortex and their depths 

were adjusted independently to capture and isolate the electrical activity of single neurons 

in these regions.  The electrical signals were amplified (gain of 2,500) and bandpass 

filtered (cutoff frequencies of 2 kHz and 5 kHz).  Waveforms for the individual neurons’ 

action potentials were isolated on-line using waveform discriminators (in PFC and PAR, 

Alpha Omega Engineering, Nazareth, Israel) and time-amplitude window discriminators 

(in PAR only, Bak Electronics, Mount Airy, MD).  It was possible to routinely isolate the 

action potentials ~25-30 neurons/chamber.  The timing of spike occurrence for the 

isolated action potentials and behavioral events were stored to disk with 40 s resolution 

(DAP 5200a Data Acquisition Processor; Microstar Laboratories, Bellevue, WA).  If a 

neuron was lost between sets, then that channel was taken offline so it would not be 

included in the analysis of subsequent sets.  All of the neurons recorded in the prepotency 

set were also recorded under the balanced condition. 



   60 

 

As the monkeys were used for the drug experiment to be described in Chapter 4, 

the monkeys received an intramuscular hindlimb injection of sterile saline (0.41-0.89 ml) 

on some days (Monkey 1: 50%, Monkey 2: 75%) to control for the effects of injection 

alone on neural activity.  About one third of the data were collected before the monkeys 

had repeated exposure to the drug (phencyclidine; PCP) used in experiment described in 

Chapter 4.  In monkey 1, after repeated PCP administration (Chapter 4), this monkey had 

difficulty at times acquiring fixation to initiate the trial.  Fixation in this animal was 

maintained throughout the trial once it was achieved.  To encourage the monkey to 

initiate fixation, it was sometimes necessary to increase the size of the fixation window 

initially.  In these cases, I reduced the size of the fixation window once central gaze 

fixation had been achieved.  To confirm that the effects of repeated PCP administration 

and gaze initiation were not factors in the basic pattern of neuronal activity observed for 

early cue neurons (responsible for the initial encoding and maintenance of the context 

each trial), I created spike density functions and performed decoding analyses of early 

cue neurons limited to neural data collected prior to PCP administration.    

Data Analyses 

 For each neural ensemble included in the data analyses, the monkeys (Monkey 1 

and Monkey 2 respectively) completed on average 108 and 77 trials from the balanced 

sets and 307 and 277 trials from the prepotency sets.  Monkey 1 and Monkey 2’s 

(respectively) early response (Balanced:  0.5%, 1.2%; Prepotency: 0.2%, 0.8%), no 

response (Balanced: 0.2%, 1.1%; Prepotency: 0.1%, 0.4%), and fixation error (Balanced: 

32.5%, 57.0%; Prepotency: 31.4%, 38.9%) trials were excluded from data analysis.  For 
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the neural data analyses, data were collapsed across monkeys and restricted to correct 

trials only.  A p<0.05 was considered a statistically significant result for all data analyses. 

Neuron classification:  In order to identify neural activity that differed as a 

function of task parameters (i.e. cue, probe, and trial validity) in each cortical area 

examined (i.e. PFC and PAR), I conducted ANCOVAs on the balanced data sets.  For 

cue validity, ‘A’ cues were considered valid and ‘B’ cues were considered invalid.  For 

probe validity, ‘X’ probes were considered valid and ‘Y’ probes were considered invalid.  

For trial validity, ‘target’ trials were considered valid and ‘nontarget’ trials were 

considered invalid.  Neurons had to meet a minimum baseline rate requirement of 

maintaining 0.1 Hz throughout the trial to be included in the data analyses. 

 To identify neurons in which activity varied significantly as a function of cue 

identity (‘A’ vs. ‘B’), I performed a one-way ANCOVA on firing rates during the cue 

presentation of the trial using cue validity as the independent variable in the analysis.  

Firing rates during the fixation period (i.e. fix cross onset until the presentation of the cue 

stimulus) was used as the covariate in the ANCOVA.  Neurons with activity varying as a 

function of cue identity during the cue period were designated ‘early cue’ neurons (in 

distinction to ‘late cue’ neurons, below). 

Any time following presentation of the probe in the trial, neural activity could 

reflect the identity of the probe or the remembered identity of the preceding cue.  To 

analyze the potential influence of these factors simultaneously, I performed an ANCOVA 

on firing rates during the probe presentation period through the 1 s response window 

following probe offset.  Cue validity, probe validity, and their interaction were used as 
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the independent variables in this analysis.  The covariate was the firing rates during the 

fixation period.  Neurons with neural activity later in the trials that varied as a function of 

cue validity were designated ‘late cue’ neurons.  Late cue neurons were of particular 

interest, as the response to the probe in the DPX task is contingent upon the identity of 

the preceding cue.  The activity of late cue neurons would provide a signal encoding the 

identity of the cue during the probe period.  This would make it possible for late cue and 

probe signals to interact to compute the correct response based on both stimuli. In order 

to identify trial validity neurons (i.e. neurons with differential firing rates to ‘target’ and 

‘nontarget’ trials during the probe presentation through the response window), a one-way 

ANCOVA with trial validity as the independent variable and firing rates during the 

fixation period as the covariate was conducted. 

To determine if the preferences of cue and probe neurons were balanced across 

cue and probe stimuli, (with equal numbers of cue neurons preferring ‘A’ and ‘B’ cues, 

for example), I performed chi-square goodness of fit tests using the Yates correction for 

continuity.  As the identity of the cue was critical to the conditional responding later in 

the trial, I investigated whether the early cue neurons held task-relevant signal later in the 

trial (i.e. became late cue, probe, or trial validity neurons).  To compare the distribution 

of neurons that were significant for the cue earlier in the trial that were also significant 

for task-relevant information later in the trial, I performed a chi-squared test of 

contingency between early and late signals using the crosstab function in the Matlab 

Statistical Toolbox (The Math Works, Natick, MA).  When comparing the distribution of 

neurons for task-relevant signal between cortical areas, a 2 X 4 contingency table 
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(cortical area by task relevant category; early cue, late cue, probe and trial neurons) was 

generated and a chi-squared analysis of contingency tables was performed. 

Spike Density Functions:  In order to illustrate the temporal profile of neural 

signals encoding different task variables (as determined by the ANCOVAs described 

above), spike density functions (SDF) of mean population activity were generated with 

the ksdensity function in Matlab, using a kernel with a width of 40 ms. 

Decoding Analysis:  In order to quantify the strength and timing with which 

population activity represented different task variables, I decoded cue, probe, and trial 

validity from patterns of neural activity pattern classification analyses (Goodwin et al, 

2012; Johnson and Wichern, 1998; Klecka, 1980).  The analysis was applied to single-

trial patterns of activity observed in populations of neurons on the prepotency sets.  To 

decode each variable, neurons were included in the population if their activity varied 

significantly (p < 0.05) as a function of that variable in the ANCOVAs described above.    

Significant neurons were aggregated across the ensembles collected and trials were 

matched according to the repetition number of each task condition.  (In this way, each 

trial was represented by an activity vector consisting of the firing rate of each neuron in 

the population.)  For the behavioral variable of interest, I required that neurons were 

recorded for a minimum of at least 195 repetitions of the valid condition and 40 

repetitions of the invalid condition.  I truncated the data for neurons recorded for more 

trials than this, and if neurons were recorded for fewer trials, they were excluded.  (The 

repetition criteria were set as described in an attempt to maximize the number of trials for 

greater power in the decoding analysis without losing too much power in terms of the 
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number of neurons from the analysis.)  To measure fluctuations in the strength of 

population signals over time, I performed the decoding analysis in a time-resolved 

manner.  I measured the strength of population representation every 50 ms throughout the 

trial by decoding task variables using population activity within a sliding 150 ms window 

(consisting of the firing rates of neurons in the population measured within three 

consecutive 50 ms time bins).  Sliding the window through the trial generated a decoding 

time course, with each point representing the accuracy with which a given variable was 

correctly decoded (over trials), based on neural activity at that time point (the point 

representing the leading edge of the window of neural activity going into the decoding 

analysis).  I used a leave-one-out cross validation method in the decoding analyses to 

ensure the neural data used to decode each behavioral variable did not contribute directly 

to the definition of the classification functions applied to perform the decoding (helping 

to ensure the results were a robust estimate of the accuracy of decoding that could be 

expected if the classifier were applied to new neural data).  To classify each trial, I used 

population activity on all the remaining trials to train the classifier (in the leave-one-out 

procedure).  This process was performed iteratively such that each successive trial was 

classified in this manner until all trials had been classified.  I performed the classification 

using the classify function in the Matlab Statistical Toolbox, retraining the classifier 

using activity in the current time window in each time step of the analysis.  Empirical 

prior probabilities were used so that the classifier took into account the unequal 

distribution of trials for each condition examined.  At each time point in the trial, the trial 

was classified to the category of trial in the experimental design associated with the 
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highest posterior probability based on the pattern of activity observed (For example, the 

trial was classified as either ‘A’ or ‘B’ when decoding cue identity, and ‘X’ or ‘Y’ when 

decoding probe identity).  The proportion of trials classified correctly at each time point 

quantified the strength of population representation of each corresponding variable.  

Given the predominance of valid trials in the training group used, the baseline decoding 

accuracy was approximately ~75-80% correct before task-relevant stimuli were 

presented.  For example, in decoding the cue condition, the prior probability that the cue 

was ‘A’ was high and thus the baseline level of decoding accuracy was also high before 

neural activity increased in response to the stimuli presented in the trial as the classifier 

took into account the trial distribution in the training set.   

To evaluate if decoding accuracy differed significantly between cortical areas, I 

applied the z-test of proportions to counts of trial-wise hits and misses when decoding a 

given task variable based on population activity in PFC and PAR.  As this test was 

reiterated over bins, it was necessary to control for the anticipated number of false 

positive results (given the alpha value of 0.05).   For that purpose, I performed a binomial 

test using the binopdf function in the Matlab Statistical Toolbox, to determine the 

likelihood of obtaining the observed number of significant time bins by chance.   

RESULTS 

1. Characterization of context processing in PFC 

 Behavioral Performance:  Monkeys performed the DPX task with greater than 

90% accuracy for all trial types during prepotency sets (Monkey 1: AX: 98.4%, AY: 

98.1%, BX: 96.5%, BY: 99.7%; Monkey 2: AX: 95.2%, AY: 99.1%, BX: 91.8%, BY: 
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100%).  Monkeys’ mean response times (RT) from the onset of the probe ranged from 

approximately 300-600 ms (Monkey 1: AX: 373.3 ms, AY: 602.8 ms, BX: 412.8 ms, BY: 

430.4 ms; Monkey 2: AX: 432.7 ms, AY: 434.5 ms, BX: 319.8 ms, BY: 326.2 ms). 

 Distribution of task-relevant signal:  Of the 1642 PFC neurons recorded (Monkey 

1: 1112 neurons, Monkey 2: 530 neurons) during DPX task performance, activity in 

17.8% varied significantly as a function of the cue (‘A’ vs. ‘B’) during the cue period 

(designated early cue neurons), activity in 18.9% varied as a function of the cue during 

the probe through the response period (designated late cue neurons), activity in 13.9% 

varied as a function of the probe (‘X’ vs. ‘Y’) during the probe through the response 

period, and activity in 16.9% varied as a function of trial validity. (The distribution of late 

cue, probe, and cue X probe interaction neurons as a proportion of all task related 

neurons is shown in Figure 3.2).  Rasters illustrating the activity of single neurons 

exhibiting each of these categories of task-relevant activity are shown in Figure 3.3 

(including neurons with early cue, late cue, probe, and trial selective activity). 

Early Cue Population Activity:  The early cue population of neurons (254 neurons 

total) carried information about the cue during the presentation of the cue stimulus.  As 

demonstrated by the SDFs (Figure 3.4A), on average, differential activity carrying 

information about cue identity (‘A’ vs. ‘B’) emerged shortly after cue onset, was 

maintained during the following delay period, but disappeared by time the probe stimulus 

was presented (activity on preferred and nonpreferred cue trials converges).  Most of the 

population signal encoding cue identity was attributable to ‘B’ preferring neurons as 

indicated by the similarity in the overall shapes of the corresponding SDFs (Figure 
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3.4A&C) and the significantly greater number of ‘B’ preferring neurons (182 neurons) 

compared to ‘A’ preferring neurons (72 neurons) (X
2

1=46.78, p<0.001) observed.  While 

‘B’ preferring neurons did not seem to carry their differential activity through the probe 

period (Figure 3.4C), ‘A’ preferring neurons did seem to carry information through the 

probe presentation period (Figure 3.4B).  I examined whether intermittent exposure to 

PCP (in conjunction with the experiments described in Chapter 4) might produce lasting 

effects on neural activity that would persist on days when the drug was not administered.  

I found this had little effect.  The patterns of neural activity in PFC for early cue neurons 

were not markedly different as a function of whether control neural data recorded after 

intermittent PCP injections had begun was included (Fig. 3.5, left) or excluded (Fig. 3.5, 

right). 

Some early cue neurons exhibited activity that was also significant for task-

relevant information later in the trial (exhibiting late cue, probe, and trial validity signals) 

during the probe through the response period.  In the PFC, 29.5% (n=86) of early cue 

neurons were also characterized as having differential activity to the cue later in the trial, 

whereas 22.6% (n=66) of these neurons exhibited activity varying as a function of the 

probe, and 26.0% (n=76) exhibited activity varying as a function of trial validity.  There 

was no significant association between the presence of early cue-selective activity in a 

neuron and the presence of activity coding task variables later in the trial (including late 

cue, probe, and trial signals) as tested by a chi-squared contingency test (X
2

2=3.56, 

p=0.169).  For the population of early cue ‘A’ preferring (i.e. higher activity on trials 

with ‘A’ cues versus ‘B’ cues) neurons that was also significant for cue later in the trial 
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(n=20), most of the neurons stayed ‘A’ preferring (90.0%, n= 18; X
2

1=11.25, p<0.001).  

In contrast, the population of early cue ‘B’ preferring neurons that was also significant 

for cue later in the trial (n=66), most of the neurons switched their preferences and 

became ‘A’ preferring later in the trial (69.7%, n=46; X
2

1=9.47, p<0.005).  This flip in 

cue preference from ‘B’ to ‘A’ was observed in single neurons that participate in two 

distinct and potentially independent cue representations at different times in the trial.  The 

flip could potentially reflect the biases in cue preferences at the population level at 

different times in the trial.  This is supported by the observation of a similar flip in cue 

preference in the entire population of neurons identified as exhibiting cue-selective 

activity during the probe through the response period (see below, Fig. 3.6; ‘late cue’ 

neurons), not just those that were both early and late cue-selective. 

In regards to early ‘A’ cue preferring neurons that were also significant for probe 

activity later in the trial (n=11), 63.6% (n=7) of the ‘A’ preferring neurons became ‘X’ 

preferring later in the trial.  Given the small number of early ‘A’ cue preferring neurons 

that were probe selective later in the trial, the higher proportion of ‘A’ becoming ‘X’ 

versus ‘Y’ preferring neurons was not significant (X
2

1=0.83, p>0.05).  Most ‘B’ 

preferring neurons (n=55) that were probe selective later in the trial became ‘Y’ 

preferring (89.1%, X
2

1=30.57, p<0.001).  For early cue neurons that became probe 

selective later in the trial, neurons tended to maintain validity (e.g. signals preferring 

invalid cues became signals preferring invalid probes).  Thus, for neurons encoding both 

cue and probe stimuli, there was a tendency for neurons to prefer stimuli which indicated 

the same trial validity status (valid or invalid).  A similar pattern of maintaining validity 
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was observed for early cue neurons that were also significant for trial validity later in the 

trial.  Of the ‘A’ neurons significant for trial (n=22), 86.4% (n=19) of this population was 

significant for ‘target’ trials (X
2

1=10.23, p<0.005).  Of ‘B’ neurons significant for trial 

(n=54), 68.5% (n=37) of this population was significant for ‘nontarget’ trials (X
2

1=6.69, 

p<0.01)). 

Late Cue Population Activity: The late cue population of neurons (266 neurons 

total) exhibited differential activity as a function of the cue during the probe through the 

response period (Figure 3.6A).  Most of the late cue signal was generated from the ‘A’ 

preferring neuron population as indicated by the similarity in the shapes of the population 

SDFs for the entire population of cue-selective neurons and the sub-population which 

was A-preferring (Figure 3.6A&B), and by the significantly greater number of ‘A’ 

preferring late cue neurons (174 neurons) compared to ‘B’ preferring late cue neurons (92 

neurons) (X
2

1=24.67, p<0.001).  There was prominent switching of cue-preferences in the 

late cue population, such that during the cue period earlier in the trial activity on 

nonpreferred cue trials was slightly greater (Fig. 3.6A; defining preferred and 

nonpreferred cues in this case based on activity during the probe and response periods).  

This switching behavior was driven largely by the ‘A’ preferring neuron population 

(Figure 3.6B).  Activity in these neurons was greater for ‘A’ cues during the probe 

period, but ‘B’ cues during the cue period.  This again (as described above for early ‘B’ 

neurons switching to late ‘A’ neurons) may be a reflection of single neurons participating 

in two temporally distinct cue representations (early and late), with opposite cue biases.  
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This switching behavior was not prominent in the ‘B’ preferring late cue population 

(Figure 3.6C).   

Probe Population Activity:  The probe population of neurons (191 neurons total) 

carried information about the probe during the presentation of the probe stimulus through 

the response period of the trial.  As demonstrated by the SDFs (Figure 3.7A), these 

neurons exhibited differential activity as a function of the probe stimulus (‘X’ vs. ‘Y’) 

during the second half of the probe period.  Probe signals returned to baseline shortly 

after the offset of the probe stimuli, and in general were more transient than cue signals.  

Comparing ‘X’ preferring probe neurons (Figure 3.7B) to ‘Y’ preferring probe neurons 

(Figure 3.7C), there was a significantly greater number of ‘Y’ preferring neurons (133 

neurons) compared to ‘X’ preferring neurons (58 neurons) (X
2

1=29.45, p<0.001). 

Trial Population Activity:  The trial validity (i.e. trial) population of neurons (239 

neurons total) carried information about trial validity (i.e. valid=target; invalid=nontarget 

trials) during the presentation of the probe stimulus through the response period of the 

trial.  As demonstrated by the SDFs (Figure 3.8A), weakly differential activity as a 

function of trial validity status was observed in the population starting in the delay and 

building up to the time of the probe and the motor response.  There was no significant 

difference in the number of ‘target’ preferring (114 neurons) and ‘nontarget’ preferring 

trial validity neurons (125 neurons) (X
2

1=0.34, p>0.05).  Differential activity in the 

‘nontarget’ preferring population of neurons was evident from the cue presentation period 

onward (Figure 3.8C), whereas in ‘target’ preferring neurons greater activity on preferred 

trials was only observed after the offset of the cue (Figure 3.8B).  The timing of these 
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signals may be due to the certainty with which trial validity could be determined based on 

the cue information alone.  Presentation of a ‘B’ cue always indicated a ‘nontarget’ trial 

for the DPX task.  Therefore, for trials with ‘B’ cues (the majority of ‘nontarget’ trials for 

the prepotency sets) one would expect to see the emergence of differential activity for 

‘nontarget’ neurons following the cue onset.  In contrast, following the presentation of an 

‘A’ cue, the validity of the trial was unclear until the presentation of the probe.  However, 

since the majority of the trials for the prepotency sets were ‘target’ trials, the differential 

activity for ‘target’ trials prior to probe presentation could reflect this trial distribution 

bias. 

2. Characterization of context processing in PAR and comparison to PFC 

Distribution of task-relevant signal:  My expectation was that context processing 

was mediated by a distributed prefrontal network, and this was borne out by neural 

recordings in posterior parietal cortex during DPX performance.  I found that all neural 

signals related to the DPX task that were present in prefrontal neurons were present in 

posterior parietal neurons as well.  Applying the same ANCOVAs used in the analysis of 

the prefrontal data to neural activity in parietal cortex on balanced sets, I found that of 

1004 PAR neurons recorded (Monkey 1: 685 neurons, Monkey 2: 319 neurons); 22.5% 

of neurons were early cue, 16.3% late cue, 11.3% probe, and 10.5% were trial validity 

neurons (the distribution of late cue, probe, and cue X probe interaction neurons is 

illustrated in Figure 3.9).  Rasters illustrating the activity of example neurons from each 

of these categories are illustrated in Figures 3.10.  Considering the distributions of task-

relevant neurons between cortical areas, there was a tendency for early cue neurons to be 
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more common in PAR while trial validity neurons to be fewer when compared to PFC 

(Figure 3.11).  Differences in the distribution of neuron category frequencies was 

significant between cortical areas (X
2

3=27.01, p<0.001).   

Early Cue Population Activity:  As I had seen in prefrontal cortex, population 

activity was essentially unchanged regardless of whether neurons recorded after PCP 

injections had begun were included or excluded (Fig. 3.12).  In PAR, the early cue 

population of neurons (170 neurons total) carried information about the cue during the 

presentation of the cue stimulus (Figure 3.13B, D, F), a similar pattern to that observed in 

PFC (Figure 3.13A, C, E).  Most of the early cue signal in PAR was generated from the 

‘B’ preferring neuron population as indicated by the similarity in the shapes of the SDFs 

generated from all cue-selective neurons and from B-preferring cue-selective neurons 

only (Figure 3.13B&F); a result similar to what was observed in PFC (Figure 3.13A&E).  

In addition, there was a significantly greater number of ‘B’ preferring neurons (140 

neurons) compared to ‘A’ preferring neurons (30 neurons) (X
2

1=69.88, p<0.001) in 

parietal cortex.   

As maintenance of cue information in working memory is imperative for proper 

context-dependent processing of the probe (and therefore successful performance) and 

the PFC has been implicated in context processing, I predicted there would be greater 

signal in PFC coding the cue relative to PAR, particularly during the delay period and 

leading up to the probe.  This prediction was confirmed in a comparison of cue decoding 

accuracy based on the activity of  the early cue populations in the two areas using a z-test 

of proportions (Figure 3.14, outlined circles indicate time bins in which decoding 
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accuracy in PFC was significantly greater than in PAR, p < 0.05).  PAR cue decoding 

accuracy diminished over the course of the trial while PFC remained high through the 

delay and probe periods (Figure 3.14A, decoding accuracy before the onset of the cue 

(baseline) was ~75-80% due to the unequal distributions of cue conditions, i.e. more ‘A’ 

than ‘B’ trials, put into the classifier for the decoding analysis).  The differences in 

cortical decoding accuracy could not be attributed to chance as indicated by the binomial 

test performed (specifically, the probability that 29 significant bins reflected Type I errors 

at p<0.05 was p<0.001).  I next divided the decoding accuracy data according the identity 

of the cue stimulus each trial.  When looking at ‘B’ trials only, a similar pattern in 

decoding accuracy was observed such that decoding accuracy in PFC was greater than 

decoding accuracy in PAR during the delay and probe periods (Figure 3.14B).  

Differences in decoding accuracy between cortical areas also was unlikely to result from 

chance (31 significant bins p<0.05, binomial test: p<0.001) for ‘B’ trial decoding only.  

The decoding accuracy results for early cue neurons were not markedly different when 

days after PCP administration had begun were excluded (Figure 3.15).   

In PAR, some of the early cue neurons were also significant for task relevant 

information later in the trial during the probe through response period – 30.5% of early 

cue neurons were also characterized as having differential activity to the cue later in the 

trial, 22.6% were significant for probe, and 14.2% were significant for trial validity.  

Unlike in PFC, the above bias in the types of additional signal combined with early cue 

activity (with late cue activity predominating) was significant as determined by a chi-

squared test (X
2

2=17.42, p<0.001).  Since only a few of the early ‘A’ cue preferring 
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neurons became significant for task-relevant categories later in the trial (late cue: n=4, 

probe: n=5, trial validity: n=2), only early ‘B’ cue preferring neurons were examined for 

preferences later in the trial.  Overall the pattern of whether PAR early cue ‘B’ preferring 

neurons switched or maintained preferences later in the trial was similar to what was 

observed in PFC.  Specifically, the early ‘B’ cue preferring neurons that also were 

significant for late cue (n=65) mostly switched their preference and became ‘A’ 

preferring (87.7%, n=57, X
2

1=33.99, p<0.001).  In addition, for the early ‘B’s that 

became probe neurons (n=46), an overwhelming majority of these neurons maintained 

their validity preference and became ‘Y’ preferring (97.8%, n=45, X
2

1=40.20, p<0.001).  

While not significant (X
2

1=2.700, p>0.05) most likely due to lack of power, early ‘B’ cue 

neurons tended to retain their validity and become ‘nontarget’ preferring (20 of 30 

neurons, 66.7%). 

Late Cue Population Activity:  In PAR, the late cue population of neurons (131 

neurons total) had a similar pattern of activity as PFC (Figure 3.16), including the ‘A’ 

preferring late cue neurons switching from greater activity on ‘B’ cue trials early in the 

trial to greater activity on ‘A’ cue trials during the probe through the response period 

(Figure 3.16C&D).  In PAR, there was also a significantly greater number of ‘A’ 

preferring neurons (87 neurons) compared to ‘B’ preferring neurons (44 neurons) 

(X
2

1=14.12, p<0.001).   

In both PFC and PAR, cue decoding accuracy based on the activity of late cue 

neurons increased during the cue period, and was maintained through the delay and into 

the probe periods (Figure 3.17A).  However, representation of the cue was significantly 
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stronger in PFC during the second half of the delay and probe period (as well as into the 

response period; Figure 3.17A; outlined circles).  Differences in decoding accuracy were 

unlikely to have occurred by chance as indicated by the binomial test performed on the 

number of significant time bins obtained (32 significant bins, p<0.05, binomial test: 

p<0.001).  When considering decoding results on ‘B’ trials only, a strong representation 

of the ‘B’ cue was evident in both cortical areas from the cue through the probe periods 

(Figure 3.17B).  Decoding accuracy on ‘B’ trials differed significantly between cortical 

areas as identified by the z-test of proportions and supported by the binomial test 

performed (25 significant bins p<0.05, binomial test: p<0.001) - PAR signals were 

stronger earlier in the trial and PFC signals were stronger later in the trial (Figure 3.17B). 

Probe Population Activity:  In PAR, the probe population of neurons (95 neurons 

total) had exhibited activity that was similar to what was observed for PFC (Figure 3.18).  

Probe signals were relatively transient in comparison to both early and late cue signals, 

and were largely restricted to the latter part of the probe period and first part of the ITI.  

As in PFC, there were significantly more ‘Y’ preferring PAR neurons (74 neurons) than 

‘X’ preferring neurons (21 neurons) (X
2

1=29.57, p<0.001).   

For probe neurons, consistent with the above pattern of population activity, 

decoding accuracy did not rise above baseline in either cortical area until the presentation 

of the probe (Figure 3.19A).  There was no significant difference in probe decoding 

accuracy between prefrontal and parietal cortex (6 significant bins, p<0.05, by the z-test 

of proportions, binomial test on the number of significant bins, p>0.05).  Decoding 

accuracy on ‘Y’ probe trials only (Figure 3.19B) exhibited a similar pattern. 
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Trial Population Activity:  In PAR, the trial validity population of neurons (86 

neurons total) exhibited a similar pattern of activity as observed in PFC (Figure 3.20), 

including activity on preferred trials for ‘nontarget’ preferring neurons that was more 

clearly sustained from the cue period throughout the trial (Figure 3.20E&F).  As was 

observed in PFC, there was no significant difference in the number of ‘target’ preferring 

neurons (39 neurons) and ‘nontarget’ preferring neurons (47 neurons) (X
2

1=0.57, p>0.05) 

in PAR.   

In both cortical areas, decoding accuracy using trial validity neurons was reliably 

maintained above baseline beginning after the cue onset (Figure 3.21A).  For PFC, 

decoding accuracy increased above baseline levels during the cue period and was 

maintained throughout the remainder of the trial.  For PAR, decoding accuracy peaked in 

the cue and probe periods, but decreased somewhat during the ISI.  Decoding accuracy in 

PFC was significantly greater than in PAR in the latter part of the trial, beginning 

approximately halfway through the ISI (Figure 3.21A, outlined circles).  The binomial 

test performed on the number of bins significant by the z-test of proportions indicated that 

the difference between cortical areas was not due to chance (26 significant bins p<0.05, 

binomial test: p<0.001).  When only ‘nontarget’ trials were considered (Figure 3.21B), 

decoding accuracy was slightly better in PAR (non-outlined circles) early in the trial and 

later in the trial it was slightly better in PFC (outlined circles).  A binomial test indicated 

that the number of significant bins in this analysis was not due to chance (20 significant 

bins p<0.05, binomial test: p<0.001).   

DISCUSSION 
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In this chapter, I provide the first characterization of single cell activity related to 

context processing as measured by continuous performance tasks in the PFC and PAR 

cortex.  In the PFC, I observed preferential coding of ‘B’ cues during cue presentation, 

preferential coding of ‘A’ cues late in the trial, and preferential coding of ‘Y’ probes 

during and after the probe period.  Essentially the same activity patterns were also 

observed in PAR cortex, demonstrating  that neural representation of all forms of task-

relevant information related to DPX task (cue, probe, and trial validity) performance took 

place at a network level, involving patterns of activity that were distributed to both 

cortical areas examined (PFC and PAR).  At the network level, I observed that the onset 

of sensory driven cue and probe signals in PFC and PAR was largely simultaneous and 

that greater information about the cue was maintained over the course of the trial in PFC.  

These results suggest that PFC is critical to the maintenance of contextual information 

underlying context processing.     

Prefrontal Cortex:  In the current study, task-relevant signals (i.e. cue, probe, and 

trial validity) were observed in PFC.  Context processing has been linked to the activation 

of PFC in a number of human studies (Barch et al, 1997; Barch et al, 2001; Dias et al, 

2003; MacDonald et al, 2003a; MacDonald et al, 2005a; Paxton et al, 2008; Perlstein et 

al, 2003; Yoon et al, 2008) as has the activation of PAR (MacDonald et al, 2005a; 

Perlstein et al, 2003; Yoon et al, 2008).  In addition, one prior monkey study 

demonstrated context processing related activity in the PFC (Dias et al, 2006).  

Therefore, the current results confirm the involvement of PFC in context processing as a 

cognitive operation.   
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In the DPX task (as well as the AX-CPT), the cue stimulus serves as the context 

each trial.  Thus, understanding how the brain processes the cue stimulus is essential to 

understanding the neural basis of context processing.  In the current study, the 

representation of the cue in PFC was strongly biased in favor of ‘B’ cues relative to ‘A’ 

cues (Figure 3.4).  As the invalid ‘B’ cues appeared less frequently given the prepotency 

involved in the DPX task, the PFC appeared to preferentially encode ‘No-go’ stimuli 

prohibiting the prepotent target response.  These data support prior functional imaging 

and ERP results that have demonstrated stronger activation to the invalid ‘B’ cue than the 

valid ‘A’ cue in PFC during task performance of the AX-CPT (MacDonald et al, 2003a; 

MacDonald et al, 2005a; Perlstein et al, 2003).  A similar result was observed in the LFP 

data of the Dias et al. (2003) study examining context processing in PFC of monkeys, 

namely, event-related LFP signals were larger amplitude following ‘B’ than ‘A’ cues.   

In the current study, the early cue signal in the PFC was maintained through the 

delay period of the task (Figure 3.4, Figure 3.14).  The ability to hold the cue information 

over the delay may represent the neural basis for context processing.  While early in the 

trial the signal related to the cue appeared to be a ‘No-go’ signal, later in the trial it 

appeared to be a ‘Go’ signal, as cue selective neurons later in the trial were mostly ‘A’ 

preferring (Figure 3.6).  To my knowledge, these results are the first to characterize this 

cue switching behavior (‘No-go’ to ‘Go’) on context processing tasks.  In addition, the 

current study was able to dissociate different populations of neurons, those that preferred 

the ‘A’ or ‘B’ cue, and thus provide better resolution for how neurons process and 



   79 

 

maintain the cue stimulus beyond looking at the overall signal related to cue information 

as done in prior work. 

The current study also characterized probe related activity in PFC.  For probe 

neurons, most of the probe selective neurons were ‘Y’ preferring (Figure 3.7).  This bias 

toward invalid stimulus processing emphasizes the greater cognitive control demand 

needed to override prepotent ‘target’ responding especially when the prior stimulus was 

an ‘A’.  In accordance with the current findings, higher PFC activity was observed 

following invalid probes (‘AY’ and/or ‘BY’ trials) in humans and monkeys performing 

the AX-CPT (Dias et al, 2006).   

The last task-relevant PFC population of neurons examined in this chapter was the 

trial validity neurons.  The proportions of trial validity PFC neurons preferring ‘target’ 

and ‘nontarget’ trials did not differ.  In addition, differential activity was observed prior 

to the probe onset most likely due to the ability to anticipate that a valid trial was likely 

based on the prepotency underlying the task parameters.  Trial validity is confounded 

with response direction in the DPX task so it was not possible to determine whether trial 

validity neurons coded validity as an abstract cognitive parameter or whether these 

neurons coded the direction of the upcoming motor response. 

Prefrontal-parietal Network:  In addition to PFC, PAR activity was also 

examined in this chapter.  Results for the task relevant populations of neurons in PAR 

were similar to PFC neurons in many respects.  For example, a transition in preference 

from ‘No-go’ to ‘Go’ cue signaling over the course of the trial was also observed in PAR, 

coupled with a preponderance of neurons preferring invalid probe neurons (Figure 3.13, 
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3.16, 3.18).  Population spike density functions revealed similar activity patterns in both 

cortical areas.  PFC and PAR did differ in the proportions of neurons collected from each 

area that were significant for task-relevant information such that PFC had a greater 

proportion of neurons significant for trial validity and PAR had a greater proportion of 

neurons significant for early cue signaling (Figure 3.11).  In addition, the amount of task-

relevant information about the context differed between cortical areas.  While the time 

courses of cue decoding accuracy rose after cue onset in parallel in PFC and PAR, PFC 

maintained more information about the cue later in the trial in both the early cue and late 

cue populations of neurons (Figure 3.14A, 3.17A).  These results suggest visual stimulus 

encoding for the cue many occur simultaneously between the two cortical areas, but PFC 

may be more important for context maintenance as PFC encodes more information about 

the cue for a longer period of time.  As decoding accuracy was computed at 50 ms 

intervals, further analysis of the data using finer temporal resolution may reveal more 

subtle differences in the temporal dynamics of DPX processing in the two cortical areas. 

The current results support prior work as PAR activation on context processing 

tasks has been observed in human imaging work as well (MacDonald et al, 2005a; 

Perlstein et al, 2003; Yoon et al, 2008).  The distributed coactivation of neuronal 

populations with very similar patterns of neural activity (and coding similar types of 

behavioral information) has been observed in prior neural recording studies in monkeys 

performing a rule-based categorization task (Goodwin et al, 2012).  That study reported 

that signals reflecting the executive control of categorization were stronger in prefrontal 

cortex.  In line with these results, my results indicate PFC is maintaining contextual 
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information to a greater degree than PAR suggesting PFC plays a larger role in context 

processing responsible for cognitive control in the task.  To this point, ‘B’ trial decoding 

accuracy using the activity of early cue neurons was maintained at a high level in PFC 

from the cue and throughout the probe periods when the trial type is computed whereas it 

fell in PAR beginning during the ISI and stayed lower than PFC throughout the 

remainder of the trial (Figure 3.14B).  Overall, the results of the current study support the 

role of PFC and PAR cortex in context processing with a bias to PFC for maintenance of 

contextual information. 

While I examined context processing related activity in PFC and PAR that does 

not mean these signals are restricted to only these two cortical areas.  Other areas are 

thought to be involved in context processing tasks.  For example, in a prior monkey 

study, different subregions of the anterior cingulate cortex (ACC) in monkeys were 

activated under conditions involving the initiation or inhibition of actions in a context 

processing task (Dias et al, 2006).   

While electrophysiological recordings in monkeys do restrict one’s ability to 

examine several cortical areas at one time, they do provide the opportunity to study two 

cortical areas that are anatomically connected (like the PFC and PAR) with great 

temporal and spatial resolution.  This is what I set out to do by examining activity in the 

PFC and PAR cortex while monkeys performed the DPX task.  My results provide a 

baseline for which to examine animal models for schizophrenia to assess how signaling is 

disrupted in the prefrontal-parietal network to account for behavioral failures on context 

processing tasks as pursued in the next chapter.
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FIGURE 3.1.  Locations of neural recordings in the prefrontal (PFC) and parietal (PAR) 

cortex for Monkey 1 (A) and Monkey 2 (B).  The perspective is a top-down view of the 

monkeys’ cerebral hemispheres reconstructed from MRI images.  The larger circles 

indicate the PFC and PAR chamber locations while the smaller filled circles indicate the 

areas within the chamber that were sampled during neural recordings.  PS: principal 

sulcus, AS: arcuate sulcus, IPS: intraparietal sulcus, STS: superior temporal sulcus.
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FIGURE 3.2.  Distribution of task related PFC neurons as established by an ANCOVA 

(p<0.05) performed on the balanced sets for differential late trial (i.e. probe onset through 

the response period) signal in regards to cue, probe, and the interaction of both factors.  

The percentage of cue, probe, and cue X probe neurons are relative to total number of 

task related neurons identified by the ANCOVA.



   85 

 

 

 

 

FIGURE 3.3.  Rasters and spike density functions (separated by the trial types) illustrate 

the activity of single PFC neurons with task related early cue (A-B), late cue (C-D), 

probe (E-F), or trial validity (G-H) signal (p<0.05).  Short black lines indicate action 

potentials while non-black short lines indicate response times.  Shaded regions represent 
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the spike density functions.  A.) Example of a single neuron whose firing rate is greater 

on ‘A’ than ‘B’ trials during the cue period (i.e. early cue A-preferring neuron).  B.) 

Example of a single neuron whose firing rate is greater on ‘B’ than ‘A’ trials during the 

cue period (i.e. early cue B-preferring neuron).  C.) Example of a single neuron whose 

firing rate is greater on ‘A’ than ‘B’ trials during the onset of the probe through the 

response period (i.e. late cue A-preferring neuron).  D.) Example of a single neuron 

whose firing rate is greater on ‘B’ than ‘A’ trials during the onset of the probe through 

the response period (i.e. late cue B-preferring neuron).  E.) Example of a single neuron 

whose firing rate is greater on ‘X’ than ‘Y’ trials during the onset of the probe through 

the response period (i.e. probe X-preferring neuron).  F.) Example of a single neuron 

whose firing rate is greater on ‘Y’ than ‘X’ trials during the onset of the probe through 

the response period (i.e. probe Y-preferring neuron).  G.) Example of a single neuron 

whose firing rate is greater on ‘target’ than ‘nontarget’ trials during the onset of the probe 

through the response period (i.e. trial target-preferring neuron).  H.) Example of a single 

neuron whose firing rate is greater on ‘nontarget’ than ‘target’ trials during the onset of 

the probe through the response period (i.e. trial nontarget-preferring neuron).
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FIGURE 3.4.  Averaged normalized population spike density functions ( =40 ms) of the 

activity time course for the prepotency sets of the population of PFC neurons that were 

significant for the cue identity early in the trial during the cue period as determined by an 
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ANCOVA (p<0.05).  Activity on trials when the preferred trial was presented is 

represented by the solid lines.  Activity on trials when the nonpreferred trial was 

presented is represented by the dashed lines.  N’s represent the number of neurons used to 

construct each spike density function.  A.)  Plots illustrate the activity pattern of all early 

cue neurons.  B.)  Plots illustrate the activity pattern of early ‘A’ cue preferring neurons 

only.  C.)  Plots illustrate the activity pattern of early ‘B’ cue preferring neurons only.   
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FIGURE 3.5.  Comparison between all no injection and saline data (A, C, E) and only 

data collected before drug exposure (B, D, F) of the population spike density functions 

( =40 ms) of the activity time course for the PFC neurons significant for early cue 

(p<0.05).  Activity on trials when the preferred trial was presented is represented by the 

solid lines.  Activity on trials when the nonpreferred trial was presented is represented by 

the dashed lines.  N’s represent the number of neurons used to construct each spike 

density function.  A&B.)  Plots illustrate the activity pattern of all early cue neurons.  

C&D.)  Plots illustrate the activity pattern of early ‘A’ cue preferring neurons only.  

E&F.)  Plots illustrate the activity pattern of early ‘B’ cue preferring neurons only. 
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FIGURE 3.6.  Averaged normalized population spike density functions ( =40 ms) of the 

activity time course for the prepotency sets of the population of PFC neurons that were 

significant for the cue identity late in the trial (i.e. probe onset through the response 
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period) as determined by an ANCOVA (p<0.05).  Activity on trials when the preferred 

trial was presented is represented by the solid lines.  Activity on trials when the 

nonpreferred trial was presented is represented by the dashed lines.  N’s represent the 

number of neurons used to construct each spike density function.  A.)  Plots illustrate the 

activity pattern of all late cue neurons.  B.)  Plots illustrate the activity pattern of late ‘A’ 

cue preferring neurons only.  C.)  Plots illustrate the activity pattern of late ‘B’ cue 

preferring neurons only.  
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FIGURE 3.7.  Averaged normalized population spike density functions ( =40 ms) of the 

activity time course for the prepotency sets of the population of PFC neurons that were 

significant for the probe identity late in the trial (i.e. probe onset through the response 
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period) as determined by an ANCOVA (p<0.05).  Activity on trials when the preferred 

trial was presented is represented by the solid lines.  Activity on trials when the 

nonpreferred trial was presented is represented by the dashed lines.  N’s represent the 

number of neurons used to construct each spike density function.  A.)  Plots illustrate the 

activity pattern of all probe neurons.  B.)  Plots illustrate the activity pattern of ‘X’ probe 

preferring neurons only.  C.)  Plots illustrate the activity pattern of ‘Y’ probe preferring 

neurons only.  
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FIGURE 3.8.  Averaged normalized population spike density functions ( =40 ms) of the 

activity time course for the prepotency sets of the population of PFC neurons that were 

significant for trial validity late in the trial (i.e. probe onset through the response period) 
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as determined by an ANCOVA (p<0.05).  Activity on trials when the preferred trial was 

presented is represented by the solid lines.  Activity on trials when the nonpreferred trial 

was presented is represented by the dashed lines.  N’s represent the number of neurons 

used to construct each spike density function.  A.)  Plots illustrate the activity pattern of 

all trial validity neurons.  B.)  Plots illustrate the activity pattern of ‘target’ trial preferring 

neurons only.  C.)  Plots illustrate the activity pattern of ‘nontarget’ trial preferring 

neurons only.   
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FIGURE 3.9.  Distribution of task related PAR neurons as established by an ANCOVA 

(p<0.05) performed on the balanced sets for differential late trial (i.e. probe onset through 

the response period) signal in regards to cue, probe, and the interaction of both factors.  

The percentage of cue, probe, and cue X probe neurons are relative to total number of 

task related neurons identified by the ANCOVA. 
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FIGURE 3.10.  Rasters and spike density functions (separated by the trial types) 

illustrate the activity of single PAR neurons with task related early cue (A-B), late cue 

(C-D), probe (E-F), or trial validity (G-H) signal (p<0.05).  Short black lines indicate 

action potentials while non-black short lines indicate response times.  Shaded regions 

represent the spike density functions.  A.) Example of a single neuron whose firing rate is 

greater on ‘A’ than ‘B’ trials during the cue period (i.e. early cue A-preferring neuron).  

B.) Example of a single neuron whose firing rate is greater on ‘B’ than ‘A’ trials during 

the cue period (i.e. early cue B-preferring neuron).  C.) Example of a single neuron 



   98 

 

whose firing rate is greater on ‘A’ than ‘B’ trials during the onset of the probe through 

the response period (i.e. late cue A-preferring neuron).  D.) Example of a single neuron 

whose firing rate is greater on ‘B’ than ‘A’ trials during the onset of the probe through 

the response period (i.e. late cue B-preferring neuron).  E.) Example of a single neuron 

whose firing rate is greater on ‘X’ than ‘Y’ trials during the onset of the probe through 

the response period (i.e. probe X-preferring neuron).  F.) Example of a single neuron 

whose firing rate is greater on ‘Y’ than ‘X’ trials during the onset of the probe through 

the response period (i.e. probe Y-preferring neuron).  G.) Example of a single neuron 

whose firing rate is greater on ‘target’ than ‘nontarget’ trials during the onset of the probe 

through the response period (i.e. trial target-preferring neuron).  H.) Example of a single 

neuron whose firing rate is greater on ‘nontarget’ than ‘target’ trials during the onset of 

the probe through the response period (i.e. trial nontarget-preferring neuron).
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FIGURE 3.11.  Depicted are the proportions of PFC (black) and PAR (gray) neurons 

collected on balanced sets that had differential firing patterns (p<0.05) for early cue, late 

cue, probe, and/or trial validity.  Counts of neurons in each category are listed above each 

bar. 
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FIGURE 3.12.  Comparison between all no injection and saline data (A, C, E) and only 

data collected before drug exposure (B, D, F) of the population spike density functions 

( =40 ms) of the activity time course for the PAR neurons significant for early cue 

(p<0.05).  Activity on trials when the preferred trial was presented is represented by the 

solid lines.  Activity on trials when the nonpreferred trial was presented is represented by 
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the dashed lines.  N’s represent the number of neurons used to construct each spike 

density function.  A&B.)  Plots illustrate the activity pattern of all early cue neurons.  

C&D.)  Plots illustrate the activity pattern of early ‘A’ cue preferring neurons only.  

E&F.)  Plots illustrate the activity pattern of early ‘B’ cue preferring neurons only.  
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FIGURE 3.13.  Population spike density functions ( =40 ms) of the activity time course 

for the prepotency sets of the population of PFC and PAR neurons that were significant 
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for the cue identity early in the trial during the cue period as determined by an ANCOVA 

(p<0.05).  Activity on trials when the preferred trial was presented is represented by the 

solid lines.  Activity on trials when the nonpreferred trial was presented is represented by 

the dashed lines.  N’s represent the number of neurons used to construct each spike 

density function.  A&B.)  Plots illustrate the activity pattern of all early cue neurons for 

PFC and PAR respectively.   C&D.)  Plots illustrate the activity pattern of early ‘A’ cue 

preferring neurons only for PFC and PAR respectively.  E&F.)  Plots illustrate the 

activity pattern of early ‘B’ cue preferring neurons only for PFC and PAR respectively.  
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FIGURE 3.14.  Decoding accuracy over time for the early cue population of PFC (black) 

and PAR (gray) neurons measured at 50 ms intervals (150 ms of neuronal data included 

at each time bin).  Neurons were excluded from the decoding analysis if there were less 

than 195 ‘A’ trials and 40 ‘B’ trials performed on the prepotency set.  N’s represent the 

number of neurons used in decoding analysis for PFC and PAR.  Filled circles at the 0.9 

level on the plots represent bins that were significant (p<0.05) for cortical area in the z-

test of proportions (outlined circles represent PFC>PAR while non-outlined circles 

represent the reverse).  A.)  Decoding accuracy overall for PFC and PAR for early cue 

neurons.  B.)  Decoding accuracy on ‘A’ trials (solid lines) and ‘B’ trials (dashed lines).  

Significant bins represent differences in accuracy between cortical areas on ‘B’ trials 

only.
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FIGURE 3.15.  Decoding accuracy over time for the early cue population of PFC (black) 

and PAR (gray) neurons measured at 50 ms intervals (150 ms of neuronal data included 

at each time bin) for all no injection and saline data (A&C) compared to only data 

collected before drug exposure (B&D).  Neurons were excluded from the decoding 

analysis if there were less than 195 ‘A’ trials and 40 ‘B’ trials performed on the 
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prepotency set.  N’s represent the number of neurons used in decoding analysis for PFC 

and PAR.  Filled circles at the 0.9 level on the plots represent bins that were significant 

(p<0.05) for cortical area in the z-test of proportions (outlined circles represent 

PFC>PAR while non-outlined circles represent the reverse).  A&B.)  Decoding accuracy 

overall for PFC and PAR for early cue neurons.  C&D.)  Decoding accuracy on ‘A’ trials 

(solid lines) and ‘B’ trials (dashed lines).  Significant bins represent differences in 

accuracy between cortical areas on ‘B’ trials only.
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FIGURE 3.16.  Population spike density functions ( =40 ms) of the activity time course 

for the prepotency sets of the population of PFC and PAR neurons that were significant 

for the cue identity late in the trial (i.e. probe onset through the response period) as 

determined by an ANCOVA (p<0.05).  Activity on trials when the preferred trial was 

presented is represented by the solid lines.  Activity on trials when the nonpreferred trial 

was presented is represented by the dashed lines.  N’s represent the number of neurons 

used to construct each spike density function.  A&B.)  Plots illustrate the activity pattern 

of all late cue neurons for PFC and PAR respectively.   C&D.)  Plots illustrate the activity 

pattern of late ‘A’ cue preferring neurons only for PFC and PAR respectively.  E&F.)  

Plots illustrate the activity pattern of late ‘B’ cue preferring neurons only for PFC and 

PAR respectively.   
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FIGURE 3.17.  Decoding accuracy over time for the late cue population of PFC (black) 

and PAR (gray) neurons measured at 50 ms intervals (150 ms of neuronal data included 

at each time bin).  Neurons were excluded from the decoding analysis if there were less 

than 195 ‘A’ trials and 40 ‘B’ trials performed on the prepotency set.  N’s represent the 

number of neurons used in decoding analysis for PFC and PAR.  Filled circles at the 0.9 

level on the plots represent bins that were significant (p<0.05) for cortical area in the z-

test of proportions (outlined circles represent PFC>PAR while non-outlined circles 

represent the reverse).  A.)  Decoding accuracy overall for PFC and PAR for late cue 

neurons.  B.)  Decoding accuracy on ‘A’ trials (solid lines) and ‘B’ trials (dashed lines).  

Significant bins represent differences in accuracy between cortical areas on ‘B’ trials 

only.
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FIGURE 3.18.  Population spike density functions ( =40 ms) of the activity time course 

for the prepotency sets of the population of PFC and PAR neurons that were significant 

for the probe identity late in the trial (i.e. probe onset through the response period) as 

determined by an ANCOVA (p<0.05).  Activity on trials when the preferred trial was 

presented is represented by the solid lines.  Activity on trials when the nonpreferred trial 

was presented is represented by the dashed lines.  N’s represent the number of neurons 

used to construct each spike density function.  A&B.)  Plots illustrate the activity pattern 

of all probe neurons for PFC and PAR respectively.   C&D.)  Plots illustrate the activity 

pattern of ‘X’ probe preferring neurons only for PFC and PAR respectively.  E&F.)  Plots 

illustrate the activity pattern of ‘Y’ probe preferring neurons only for PFC and PAR 

respectively.   
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FIGURE 3.19.  Decoding accuracy over time for the probe population of PFC (black) 

and PAR (gray) neurons measured at 50 ms intervals (150 ms of neuronal data included 

at each time bin).  Neurons were excluded from the decoding analysis if there were less 

than 195 ‘X’ trials and 40 ‘Y’ trials performed on the prepotency set.  N’s represent the 

number of neurons used in decoding analysis for PFC and PAR.  Filled circles at the 0.9 

level on the plots represent bins that were significant (p<0.05) for cortical area in the z-

test of proportions (outlined circles represent PFC>PAR while non-outlined circles 

represent the reverse).  A.)  Decoding accuracy overall for PFC and PAR for probe 

neurons.  B.)  Decoding accuracy on ‘X’ trials (solid lines) and ‘Y’ trials (dashed lines).  

Significant bins represent differences in accuracy between cortical areas on ‘Y’ trials 

only.
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FIGURE 3.20.  Population spike density functions ( =40 ms) of the activity time course 

for the prepotency sets of the population of PFC and PAR neurons that were significant 

for trial validity late in the trial (i.e. probe onset through the response period) as 

determined by an ANCOVA (p<0.05).  Activity on trials when the preferred trial was 

presented is represented by the solid lines.  Activity on trials when the nonpreferred trial 

was presented is represented by the dashed lines.  N’s represent the number of neurons 

used to construct each spike density function.  A&B.)  Plots illustrate the activity pattern 

of all trial validity neurons for PFC and PAR respectively.   C&D.)  Plots illustrate the 

activity pattern of ‘target’ trial preferring neurons only for PFC and PAR respectively.  

E&F.)  Plots illustrate the activity pattern of ‘nontarget’ trial preferring neurons only for 

PFC and PAR respectively.   
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FIGURE 3.21.  Decoding accuracy over time for the trial validity population of PFC 

(black) and PAR (gray) neurons measured at 50 ms intervals (150 ms of neuronal data 

included at each time bin).  Neurons were excluded from the decoding analysis if there 

were less than 195 ‘target’ trials and 40 ‘nontarget’ trials performed on the prepotency 

set.  N’s represent the number of neurons used in decoding analysis for PFC and PAR.  

Filled circles at the 0.9 level on the plots represent bins that were significant (p<0.05) for 

cortical area in the z-test of proportions (outlined circles represent PFC>PAR while non-

outlined circles represent the reverse).  A.)  Decoding accuracy overall for PFC and PAR 

for trial validity neurons.  B.)  Decoding accuracy on ‘target’ trials (solid lines) and 

‘nontarget’ trials (dashed lines).  Significant bins represent differences in accuracy 

between cortical areas on ‘nontarget’ trials only. 
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CHAPTER 4: 

Effects of NMDAR antagonists on neurophysiology 

INTRODUCTION 

 Abnormal activity patterns in cortical networks are likely to result in the cognitive 

symptoms observed in schizophrenia and restoring normal capacity to these cortical 

networks is likely to ameliorate these symptoms.  In order to restore normal cortical 

processing, one must first understand the nature of the deficit in information processing at 

the neurobiological level.  The basis for the underlying pathophysiology for the cognitive 

deficits in schizophrenia has not been well characterized at the level of the activity of 

single neurons where cortical computation takes place. As there are currently poor 

pharmaceutical interventions to improve cognitive functioning in the schizophrenia 

population (Mortimer, 1997; Stip et al, 2005), further research into the nature of altered 

neuronal processing underlying cognitive dysfunction in schizophrenia is likely to help 

discovery of new pharmaceuticals to restore normal cortical function.  Examining 

cognitive dysfunction at the neurobiological level of single neurons can only be 

practically done in animal models of schizophrenia.  The focus of this chapter is to 

characterize cognitive dysfunction at the single cell level in PFC networks using a 

pharmacological model for schizophrenia, NMDAR antagonists.  

NMDAR antagonists have been shown to generate the same pattern of positive, 

negative, and cognitive symptoms in human controls as schizophrenia patients (Krystal et 

al, 1994).  As I showed in Chapter 2, NMDAR antagonists have the ability to 

behaviorally induce a deficit on a task that involves cognitive control and working 
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memory in monkeys that mirrors schizophrenia patient performance on the same task, the 

DPX task.   The specific deficit demonstrated by the DPX task (an AX-CPT variant) is a 

deficit in context processing, which is the ability to use prior context information to 

flexibly control later behavior (Barch et al, 2003; Jones et al, 2010; MacDonald, 2008). 

The fact that I have been able to demonstrate that NMDAR antagonists replicate in 

monkeys essentially the same pattern of errors seen in schizophrenia patients on the DPX 

task lays the necessary foundation to explore the change in neuronal and network 

function responsible for context processing dysfunction.   

The effect of NMDAR antagonists on frontal cortical activity has been previously 

examined in animals to a limited extent.  Increases in frontal cortex activity have been 

observed after NMDAR administration in rodents (Homayoun and Moghaddam, 2007; 

Jackson et al, 2004).  However, the cognitive deficits observed in schizophrenia may be 

more realistically modeled in monkeys as both the cortical organization and cognitive 

ability of monkeys are closer to humans than rodents (Preuss, 1995; Seamans et al, 

2008).  Thus, in order to best study neurophysiological dysfunction as it relates to the 

cognitive deficits observed in the disease state, examining activity in monkeys affords a 

better comparison to the human condition.   

Prior monkey studies have demonstrated changes in PFC in task selectivity and 

delay period activity following NMDAR antagonist administration (Skoblenick and 

Everling, 2012; Wang et al, 2013).  Increased as well as diminished activity in PFC after 

NMDAR antagonist administration have both been observed (Skoblenick et al, 2012; 

Wang et al, 2013), leading to a need to further characterize information processing 
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dysfunction following NMDAR antagonists to better resolve discrepancies in these 

findings.  In addition, these prior single cell monkey studies with NMDAR antagonists 

only examined activity changes in PFC.  Cognitive processing, especially higher order 

cognitive processing, is not likely to be mediated by neural activity restricted to one 

cortical area.  As schizophrenia is thought to be a disconnection syndrome critically 

involving reduced interactions between cortical areas in prefrontal networks (Stephan et 

al, 2006), understanding the nature of changes in PFC network function is likely to be 

important to obtaining a complete understanding of the pathophysiology of the disease 

state.  Prefrontal networks such as the prefrontal-parietal network are known to be 

important for executive control processing (Goodwin et al, 2012).  Further, schizophrenia 

patients have impaired functional connectivity between PFC and PAR on spatial working 

memory and context processing tasks (Kang et al, 2011; Yoon et al, 2008).  In the 

previous chapter, I established there was task-relevant activity in PFC and PAR cortex of 

monkeys performing the DPX task.  Therefore, in the current chapter I examined how 

these neural signals were altered after NMDAR antagonist administration as a proxy to 

the disease state.  As reduced activation in PFC to context signals has been observed in 

schizophrenia patients performing context processing tasks in imaging studies 

(MacDonald et al, 2005a; Perlstein et al, 2003), I expected to observe reduced activity 

after NMDAR antagonist administration. In the current study, as predicted, I observed a 

reduced level of information being carried in working memory in regards to context in 

PFC under PCP providing evidence for context processing dysfunction at the single cell 

level.  Reduced context maintenance was observed preferentially in PFC over PAR 
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indicating that global changes in synaptic function from an NMDAR antagonist 

administered systematically can produce regionally specific effects on brain function.  In 

addition, the current study provides evidence that neural activity in both PFC and PAR 

can be used to predict future behavioral outcome, showing that changes in activity in both 

areas relate to errors made in the task.  Developing ways to reverse the 

neurophysiological impact of PCP on context representation as characterized in the 

current chapter may lead to new therapeutic interventions for schizophrenia patients that 

specifically are able to restore cognitive functioning in patients. 

MATERIALS AND METHODS  

Subjects 

The same two male (8.0-10.4 kg) rhesus macaques (Macaca mulatta) were used 

to collect the data in this chapter that were used in Chapters 2 and 3.  All experimental 

procedures conformed to NIH guidelines and protocols approved by the University of 

Minnesota and Minneapolis VAMC Animal Care and Use Committees. 

Experimental Conditions 

Experimental conditions were similar to those described in the previous chapters, 

with the following modifications.  Monkeys performed the DPX task after injections of 

saline or PCP.  Phencyclidine’s longer duration of action than ketamine allowed for the 

possibility to evaluate changes in the activation of prefrontal and parietal neurons through 

the duration of each neural recording session.  During task performance, monkeys were 

seated in a dimly illuminated, sound attenuated room in primate chairs with their head 

position fixed.  The stimuli (2.7-4.4° dot patterns) were presented on a projection screen 
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77.5 cm in front of the monkeys using back-projection with an LCD projector (Dell Inc.).  

Monkeys were required to maintain visual fixation of a 0.4° fixation cross presented at 

the center of the video screen during the duration of the trial until the monkeys made their 

response.  Monkeys responded to the stimuli presented during the trial with use of a 

joystick.  Visual fixation was monitored using an infra-red eye tracking system (ISCAN 

Inc., Woburn, MA).  If monkeys failed to fixate within a 3.3° fixation window, the trial 

was aborted.  Prior to PCP exposure (during approximately the first half of neural 

recordings), Monkey 1 did not have difficulty initiating fixation.  However, after repeated 

phencyclidine administration, Monkey 1 had difficulty initiating fixation on some trials.  

To overcome this difficulty, as needed on a per trial basis, the fixation window was 

relaxed for Monkey 1 until the monkey fixated (after which the size of the fixation 

window was reduced).  Overall by the onset of the first stimulus each trial, Monkey 1’s 

mean eye position was <=3.5° from the fixation target, and fixation position did not vary 

as a function of the identity of the cue stimulus (two tailed t-test, p>0.6; so that 

differences in eye position were not likely to contribute to differences in neural activity as 

a function of the cue).  Monkey 2 did not have difficulty initiating fixation.   

Task 

 Monkeys were trained to perform the DPX task (Figure 2.1) as described in 

Chapter 2.  Each trial consisted of the presentation of two dot patterns (the same dot 

pattern configurations as used in the Jones et al. (2010) study), separated by an 

intervening delay period (the interstimulus interval).  The first stimulus (orange) 

presentation in each trial was the cue (which provided the contextual information for the 
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trial).  Trials began with the appearance of a fixation cross at the screen center.  After 0.5 

s, the cue was presented for 1.0 s, followed by a 1.0 s delay. After the delay, the probe 

was then presented for 0.5 s.  Monkeys had 1.5 s from the onset of the probe in which to 

respond each trial, and were rewarded with sweetened water for each correctly performed 

trial.  The ITI was 1.86 s, making the total trial length 4.36 s.  A valid cue (‘A’) followed 

by a valid probe (‘X’) was considered the ‘target’ sequence.  Leftward movement of the 

joystick was required for these ‘target’ trials (i.e. ‘AX’).  Invalid cues were designated 

‘B’ and invalid probes were designated ‘Y’.  For ‘nontarget’ trials having any stimulus 

sequence other than ‘AX’ (i.e. ‘AY’, ‘BX’, and ‘BY’), rightward movement of the 

joystick was required.  Each day, monkeys performed prepotency and balanced sets 

(prepotency: 301 or 400, balanced: 80-300).  The difference between these DPX sets was 

the distribution of trial types.  The distribution of trial types for the prepotency sets was 

the same as used in human DPX studies, 69% AX, 12.5% AY, 12.5% BX, and 6% BY 

(Jones et al, 2010).  There was an equal distribution of trial types presented under the 

balanced condition (25% AX, 25% AY, 25% BX, and 25% BY).  Data from the balanced 

set was used for the classification of neurons as the equivalent trial type distribution 

allowed for the dissociation of cue and probe validity.  All other analyses of the neural 

data were performed on the prepotency sets as this condition is what is used in 

neuropsychological testing of schizophrenia patients.  In addition, behavioral results were 

based on the prepotency sets.  Regardless of trial type distribution, trials were presented 

at random in each set.   

Neural Recordings 
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 Monkeys were prepared for surgery once they achieved ≥80% accuracy on each 

trial type reliably during task performance.  During an aseptic surgery, two craniotomies 

were made on the left side, one over the DLPFC (area 9, 46) and one over the posterior 

PAR cortex (area 7a) (Figure 4.1).  Recording chambers of 13 mm inner diameter were 

implanted over these craniotomies to allow access to the cortical areas of interest during 

neural recordings.  The areas of interest were identified using structural MRIs of the 

monkeys’ cortex to aid in the placement of the recording chambers.  During the surgical 

procedure, titanium screws and posts were also implanted on the surface of the skull.  

The posts were used to later secure a halo to the monkeys’ implant to allow for the ability 

to secure the monkeys’ head ensuring stable head position during neural recordings.  

Isoflurane (1-2%) was used as anesthesia during the surgery.  Postoperatively, the 

monkeys received Buprenex (0.05 mg/kg BID) administered IM for several days for 

analgesia.  After collecting sufficient neural data prior to exposure to the NMDAR 

antagonist phencyclidine to characterize the baseline pattern of neural activation 

(described in Chapter 3), neurophysiological recordings for the experiment contained in 

this chapter commenced. 

Sixteen electrode Eckhorn microdrives (Thomas Recoring, Giessan, Germany) 

were used over each recording chamber during the neural recordings so that 

neurophysiological activity from each cortical area (PFC and PAR) could be recorded 

simultaneously as the monkeys performed the DPX task.  The glass-coated platinum 

iridium fiber electrodes used in each of these microdrives were 70 m in outer diameter 

with an impedance of 1-2 .  The electrodes were lowered through the dura mater into 



   127 

 

the cortex under computer control and were able to be moved independently.  The 

electrical activity from single neurons was isolated online using waveform discriminators 

(in PFC and PAR, Alpha Omega Engineering, Nazareth, Israel) and time-amplitude 

window discriminators (in PAR only, Bak Electronics, Mount Airy, MD).  Prior to 

isolation, the electrical activity was amplified (gain: 2,500) and bandpass filtered (2-5 

kHz).  It was possible to isolate the electrical activity of from one to three individual 

neurons on each electrode.  Typically, I recorded the activity of ensembles containing 

~25-30 individually isolated neurons in each cortical area simultaneously.  The timing of 

action potentials of each neuron were stored to disk with 40 s resolution (DAP 5200a 

Data Acquisition Processor; Microstar Laboratories, Bellevue, WA).  

Injection Regimen  

Prior to neural recordings each day, the monkeys received an injection IM in their 

hindlimb of either saline or phencyclidine (Sigma-Aldrich Co. LLC).  The dose of PCP 

was titrated to each monkeys’ behavioral performance such that behavioral deficits were 

observed each day during the duration of task performance for at least one prepotency 

and balanced set (80-175 min post-PCP injection) and were comparable between 

monkeys.  In Monkey 1, 0.25 mg/kg of PCP was used and in Monkey 2 the dose of 0.30 

mg/kg was used.  Saline data from this experiment were also used in the experiment 

conducted in Chapter 3.  

Data Analyses 

Monkeys completed a minimum of 200 trials in the prepotency set in order for the 

behavioral and neural data to be included in the data analyses.  On average, for the data 
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included in the analyses, the monkeys performed 73 and 76 trials in the balanced set and 

279 and 269 trials in the prepotency set each day (Monkey 1 and Monkey 2 respectively).  

For Monkey 1 and 2 respectively, early response (Balanced: 0.8%, 0.9%; Prepotency: 

0.6%, 0.6 %), no response (Balanced: 1.4%, 2.2%; Prepotency: 1.0 %, 1.0 %), and 

fixation errors (Balanced: 39.6%, 48.9%; Prepotency: 36.6%, 33.9 %) were excluded 

from data analysis.  Statistical significance was set at a level of p<0.05 for all data 

analyses.  For neural data analyses, data were collapsed across monkeys and only correct 

trials were used unless otherwise specified. 

Behavioral analyses:  In order to examine the effect of phencyclidine on 

behavioral performance on prepotency sets, I examined error data for each monkey at the 

trial level using a logistic regression.  In the logistic regression, trial outcome 

(success/failure) was the dependent variable and trial type (‘AX’, ‘BX’, ‘AY’, or ‘BY’), 

drug condition, and their interaction were independent variables (eq. 4.1).   

   

(eq. 4.1) 

where ‘Condition’ refers to the drug condition (i.e. saline or phencyclidine) and ‘Type’ 

refers to the trial type.  As in Chapter 2, error rate data were further examined in order to 

test for the effects of NMDAR antagonists on context processing.  To this end, d’context 

[Z(proportion of correct ‘AX’ trials)-Z(proportion of ‘BX’ errors)] was computed as 

described by (Servan-Schreiber et al, 1996) and in Chapter 2 in order to measure 

sensitivity to the cue.    
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 RT data were analyzed using correct trials only.  Using the anovan function in 

Matlab (Natick, MA), RT data was examined at the trial level to characterize the effect of 

trial type, drug condition (i.e. saline or phencyclidine), and their interaction.  Post-hoc 

analysis of trial type was performed using a Tukey-Kramer analysis. 

Neuron classification:  For neural data analysis, neurons were collapsed across 

monkeys.  In order to identify task-relevant neurons, ANCOVAs were performed on PFC 

and PAR neurons that met the minimum rate requirement of 0.1 Hz.  The firing rate 

during the period from fixation cross onset until cue onset was used as the covariate in 

the ANCOVAs.  I applied a one-way ANCOVA to firing rates during the cue period with 

cue type (‘A’ vs. ‘B’) as the single factor.  Neurons that displayed differential activity to 

the cue identity as determined by this analysis (p < 0.05) were designated early cue 

neurons.  To identify neurons with differential activity to the cue, probe, and their 

interaction late in the trial, I applied an ANCOVA to firing rates during the probe 

presentation through the response period.  The factors in this analysis were cue identity 

(‘A’ vs. ‘B’), probe identity (‘X’ vs. ‘Y’) and their interaction. Neurons with differential 

firing as a function of the cue identity determined by this analysis were designated late 

cue neurons, while neurons with differential firing as a function of probe identity were 

designated probe neurons.  Finally, a one-way ANCOVA to determine neurons with 

differential activity as a function of trial validity (i.e. ‘target’ vs. ‘nontarget’ trials) during 

the probe through response periods was performed. 

 To compare the distribution of neurons for task-relevant signal between the saline 

and PCP conditions, a 2 X 4 contingency table (drug condition by task-relevant category; 
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early cue, late cue, probe and trial validity neurons) was generated and a chi-squared 

analysis of contingency tables was performed for each cortical area.  To examine if the 

biases in neuron preference within each category of neural response (e.g. whether more 

early cue neurons preferred ‘A’ vs. ‘B’ cue stimuli) was altered by PCP treatment, a 2 X 

2 contingency table (drug condition by neuron preference) was generated and a chi-

squared analysis of contingency tables was performed for each task-relevant population 

in each cortical area. 

Comparison of population activity under saline and PCP conditions:  I compared 

the temporal profile of activation of different functionally defined classes of neurons 

during the DPX task following injections of saline and PCP by constructing population 

spike density functions.  SDFs were generated using the ksdensity function in Matlab, 

using a kernel with a width of 40 ms.   

Decoding Analysis:  Pattern classification analyses (Goodwin et al, 2012; Johnson 

et al, 1998; Klecka, 1980) were performed on the firing rates of the early cue, late cue, 

probe, and trial validity neural populations for the prepotency sets under the saline and 

PCP conditions in order to quantitatively measure the strength with which population 

activity encoded each task variable as well as changes in the strength of representation 

attributable to the drug.  Neurons were included in the populations used for each 

decoding analysis if their activity varied significantly (p < 0.05) as a function of the 

variable of interest in the corresponding ANCOVA.   These neurons were aggregated 

across ensembles such that each trial represented a vector of activity from all the neurons 

in the population.  In order to be included in the decoding analyses a minimum of 185 
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repetitions of the valid condition for the behavioral variable or interest and 30 repetitions 

of the invalid condition had to be present for a neuron’s firing to be included in the 

decoding analysis.  Trials for neurons recorded with more repetitions than the minimums 

described were truncated to the minimums by taking the first 185 valid repetitions and 30 

invalid repetitions performed (this allowed construction of vectors of population activity 

with a constant number of neurons across trials).  These repetition requirements were set 

to maximize the amount of power in the analysis by having a good number of trials 

without losing too many neurons.  Decoding was performed in a time-resolved manner 

such that the analysis was performed every 50 ms (with a 150 ms sliding window of 

activity consisting of 3 consecutive 50 ms time bins where the leading edge of the sliding 

window was  represented by each point in the resulting decoding time course).  As used 

in the last chapter, a leave-one-out cross validation method was used for my decoding 

analysis (i.e. each trial was tested separately in an iterative manner using the remaining 

trials to train the classifier).  The classify function in the Matlab Statistical Toolbox was 

used to perform the classification in the decoding analyses (with an empirical assumption 

of prior probabilities based on the distribution of trial types included in the training data).  

To classify each test trial as belonging to a particular cue (‘A’ vs. ‘B’), probe (‘X’ vs. 

‘Y’) or trial validity (‘target’ vs. ‘nontarget’) class, the analysis computed the posterior 

probabilities associated with each class based on the pattern of neural firing rates 

observed in the training data at a given time point.  The proportion of trials classified 

correctly (based on the actual stimuli displayed) quantified the strength with which each 

variable was coded by population activity.  As there were more valid trials put into the 
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classifier than invalid trials, decoding accuracy was ~80-85% in both cortical areas prior 

to task-relevant stimulus presentation (baseline).  For example, using early cue neurons’ 

activity, the classifier was able to decode the cue condition prior to the onset of the cue 

well since there were more ‘A’ trials than ‘B’ trials in the training data.   

To compare percent correct decoding of each variable under saline and PCP 

conditions, I applied the z-test of proportions to the counts of decoding hits and misses 

under the saline and PCP conditions in each time bin.  As significant bins may occur by 

chance (according to the predicted Type I error rate), I computed the likelihood that the 

number of significant bins for each behavioral variable occurred with a frequency 

significantly greater than chance using a binomial test.  The binomial test was computed 

using the binopdf function in the Matlab Statistical Toolbox. 

In order to examine if PCP produced a differential effect on decoding accuracy in 

PAR and PFC, I performed a two-way ANOVA on the posterior probabilities obtained in 

the decoding analysis for each variable, using cortical area, and drug condition as factors, 

along with their interaction. To increase the independence of successive measures of 

decoding strength, I performed the decoding analysis generating the posterior 

probabilities from 50 ms time bins without a sliding window, so that successive 

measurements of firing rates input to the analysis did not overlap.  As posterior 

probabilities are bounded between 0 and 1 and are not normally distributed, they were 

transformed using an arcsine transformation prior to being used in the ANOVA.  For 

early cue neurons, posterior probabilities from the cue onset through the probe period 

were used in the ANOVA as the dependent variable (as decoding accuracy for the cue 
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was generally maintained throughout this period).  For late cue, probe, and trial validity 

neurons, posterior probabilities from the probe onset through the response period were 

used as the dependent variable in the ANOVA.  I evaluated the ANOVAs using the 

anovan function in the Matlab Statistical Toolbox. 

Error Analysis:  The previous analyses described were performed for correct 

trials only.  However, I also examined neural activity under trials that were performed 

incorrectly.  As there were not enough error trials committed under the saline condition, 

error trial activity was only characterized under the PCP condition.  SDFs for each task-

relevant population of neurons were created as described above except using error trials 

only.  Preferred trials versus nonpreferred trials for each neuron were based on that 

neuron’s preference on correct trials.  Finally, as I was interested in the neural basis for 

‘BX’ errors as a potential marker for context processing dysfunction in schizophrenia, I 

examined the ability to predict ‘BX’ errors in each task-relevant neural population using 

a decoding analysis similar to what was described above, except that rather than decoding 

cue or probe identity (for example), I used patterns of population activity to decode the 

behavioral outcome of each trial (success/failure). I restricted this analysis to ‘BX’ trials, 

and ensembles recorded while the monkey made at least 15 ‘BX’ errors.  A total of 30 

‘BX’ trials were included in this decoding analysis, consisting of 15 error and 15 

randomly selected correct trials (including neurons meeting the minimum requirement of 

15 errors retained a sufficient number of neurons in the decoding analysis).  Following 

the decoding analyses, z-test of proportions and binomial tests were performed as 

described above. 
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RESULTS 

1. PCP produces a selective increase in ‘BX’ errors 

As the ‘BX’ trial type was the trial type that was specifically impaired under 

ketamine in the experiment contained in Chapter 2 and is the trial type most sensitive to 

patients’ context processing impairments (Cohen et al, 1999; Jones et al, 2010; 

MacDonald et al, 2005b), performance as a function of DPX trial type was examined 

under the saline and PCP conditions in each monkey.  After PCP administration, like 

under ketamine as described in Chapter 2, both monkeys displayed specifically more 

errors on ‘BX’ trials (Table 4.1, Figure 4.2).  A logistic model examining error data that 

included drug condition, trial type and their interaction was significant for each factor in 

Monkey 1 (Drug Condition: Wald1=5.726, p=0.017; Trial Type: Wald3=776.706, 

p<0.001; Drug Condition X Trial Type: Wald3=44.777, p<0.001).  In Monkey 2, only 

trial type and the drug condition X trial type interaction were significant using the same 

logistic model (Trial Type: Wald3=567.592, p<0.001; Drug Condition X Trial Type: 

Wald3=115.646, p<0.01).  When the interaction term was removed from the logistic 

model, drug condition was significant in Monkey 2 (Drug Condition: Wald1=89.735, 

p<0.001).  Further, specificity to context as measured by d’context was diminished with 

PCP administration in both monkeys (Monkey 1: F1,32=67.60, p<0.001; Monkey 2: 

F1,24=36.16, p<0.001) (Table 4.1).  

 Reaction time results were similar to those observed in Chapter 2 for ketamine 

(Table 2.1) and schizophrenia patients performing the DPX task (Jones et al, 2010).  

Specifically, monkeys in the current experiment were slowest to respond on ‘AY’ trials 
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relative to the other trial types (Tukey-Kramer test; p < 0.05) (Table 4.1).  In Monkey 1, 

both main effects of trial type (F3=3841.67, p<0.001), and drug condition (F1=3084.50, 

p<0.001) were significant in an ANOVA of the RT data, as was the trial type X drug 

condition interaction (F3=499.93, p<0.001).  Similarly in Monkey 2, significant effects of 

trial type (F3=70.35, p<0.001), drug condition (F1=2044.84, p<0.001) and trial type 

interaction X drug condition (F3=99.31, p<0.001) were observed.   

2. PCP has a minimal effect on the distribution of neuronal response types 

Under the saline condition, 920 PFC and 669 PAR neurons were recorded; and 

under the PCP condition, 896 PFC and 770 PAR neurons were recorded.  Within these 

populations, the distribution of task-relevant signaling was identified by the ANCOVAs 

described in the methods section of this chapter.  I found that the distribution of task-

relevant signals (early cue, late cue, probe, and trial validity) did not vary as a function of 

drug condition (i.e. saline or PCP) either in PFC (X
2

3=0.80, p>0.75) or in PAR 

(X
2

3=1.79, p>0.50) (Figure 4.3). This provides evidence that PCP did not globally 

interfere with the ability of cortical neurons to represent task-relevant information. 

Within each task-relevant population, the bias in stimulus identity or trial validity 

preference (e.g. greater early cue ‘B’ preferring neurons than ‘A’) were mostly not 

affected by PCP (PFC: early cue: X
2

1=0.17,  p>0.75, late cue: X
2

1=3.21, p>0.05, trial 

validity: X
2
1=0.02, p>0.90; PAR: early cue: X

2
1=0.52, p>0.25, late cue: X

2
1=0.05, 

p>0.75, probe: X
2

1=2.15, p>0.10) (Figure 4.4).  However, I observed in PFC that the ‘Y’ 

preferring bias was significantly diminished under the PCP condition (X
2

1=4.61, p<0.05) 

(Figure 4.4E).  In addition, the bias in preferences for trial validity in PAR switched from 
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a slightly higher proportion of nontarget preferring neurons identified in the saline 

condition to a relatively higher proportion of target preferring neurons in the PCP 

condition (X
2

1=4.92, p<0.05) (Figure 4.4H).   

3. PCP interferes with context processing in the PFC more than PAR 

Early Cue Population Activity:  The cue stimulus represents the context for the 

DPX task.  Therefore, I examined neural activity representing cue identity as a neural 

correlate of context processing dysfunction under the PCP condition.  As described in 

Chapter 3, the early cue population of neurons preferentially carries a ‘No-go’ signal (as 

most cue-selective neurons were found to be preferentially activated for the ‘B’ cue type).  

This result was replicated in the current study (Figure 4.4 & 4.5; note the greater number 

of ‘B’ than ‘A’-preferring neurons).  I predicted that under the PCP condition there would 

be a failure in maintenance of cue-related signaling in PFC, especially in relation to ‘No-

go’ activity.  For early cue neurons in PFC, I observed a slight reduction in population 

activity on correct trials for not just ‘B’ preferring neurons on correct trials but also ‘A’ 

preferring neurons (Figure 4.5A-D) as well.  As a consequence of this weakened context 

representation under PCP, decoding accuracy for the cue (‘A’ vs. ‘B’) in the PFC was 

significantly diminished under the PCP condition such that less information about the cue 

identity was maintained over the delay through the probe period (Figure 4.6A, ~80-85% 

baseline decoding accuracy prior to the onset of the cue stimulus was due to the greater 

number of ‘A’ trials going into the classifier for the decoding than ‘B’ trials in the 

training data).  Dots in Figure 4.6A indicate time bins in which decoding accuracy in PFC 

was significantly greater under saline that PCP conditions (z-test of proportions).  The 
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number of significant bins (38, p < 0.05) was greater than expected by chance as 

determined the binomial test, p < 0.001).  A lag in the emergence of cue-selective activity 

was also observed for the PCP condition such that decoding accuracy was slower to rise 

in response to the presentation of the cue stimulus (Figure 4.6A).  When examining the 

decoding accuracy for PFC early cue neurons on ‘B’ trials (separated from ‘A’ trials), a 

reduction in the level and a delay in the onset of elevated decoding accuracy was 

observed after the cue was presented under the PCP condition (Figure 4.6B), suggesting 

diminished ‘No-go’ information was encoded by PFC activity under PCP.  The number 

of significant bins observed for the ‘B’ trials was not likely due to chance (38 significant 

bins p<0.05, binomial test: p<0.001). 

PCP changed early cue signaling in PAR as well (Figure 4.5E-H).  However, the 

effects of the drug on population activity were different in PAR relative to those observed 

in PFC in certain respects.  During the delay period (between the cue and probe), PCP 

appeared to have a smaller effect on the activity of ‘A’ preferring neurons in PAR (Fig. 

4.5E&F) compared to PFC (Fig. 4.5A&B) perhaps due to the relative weakness of this 

signal in PAR to begin with.  Whereas PCP consistently reduced cue decoding accuracy 

during the delay period in PFC both overall (Fig. 4.6A) and when considering ‘B’ cue 

trials separately (Fig. 4.6B), PCP had less consistent effects on cue decoding accuracy in 

PAR.  Specifically, decoding accuracy time courses more nearly overlapped in PAR 

under saline and PCP conditions, and relatively few time bins revealed significant 

differences in decoding accuracy as a function of the drug (Fig. 4.6C).  During the delay 

period, unlike in the PFC, decoding accuracy was significantly increased under the PCP 
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condition (relative to saline) in PAR (Fig. 4.6C&D).  Thus overall, PCP appeared to have 

a stronger negative effect on cue-selective delay period activity in PFC in comparison to 

PAR.  Although reflecting more mixed drug effects (both enhancing and suppressive), the 

number of time bins in the decoding results in PAR were not likely due to chance (Figure 

4.6C: 8 significant bins p<0.05, binomial test: p=0.024; Figure 4.6D: 17 significant ‘B’ 

trial bins p<0.05, binomial test: p<0.001).   

This area-selective effect was confirmed by a ANOVA performed on the 

transformed posterior probabilities obtained in the above analyses decoding cue identity 

(‘A’ vs. ‘B’) using the activity of early cue neurons (examining posterior probabilities 

from the cue onset through the probe period in the trial).  In this analysis, the main effect 

of drug condition (saline or PCP; F1=88.75, p<0.001) and cortical area (PFC or PAR; 

F1=47.60, p<0.001) as well as the interaction between drug condition and cortical area 

(F1=64.70, p<0.001) were all significant.   

In addition to the above changes in delay period activity (important as they reflect 

working memory for context in the task), I also observed changes in more transient 

population activation during the cue and probe periods.  For example, as I observed in the 

PFC (Fig. 4.5C&D), the transient increase in the activity of ‘B’ preferring neurons during 

the cue period was reduced under the PCP condition compared to the saline condition in 

PAR (Figure 4.5G&H).  In addition, the transient increase in the activity of early cue 

neurons in PAR that occurred late in the trial during and after the probe period in the 

saline condition (Fig. 4.5E), was essentially absent in the PCP condition (Fig. 4.5F).  
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Also, while PCP appeared to delay the onset of cue-selective activity in PFC (Fig. 4.6A), 

it did not have this effect in PAR (Fig. 4.6C).   

Late Cue Population Activity:  In order to examine how populations of neurons 

selective for cue identity were affected by PCP during the time in the trial that the 

sequence of cue and probe dot patterns had been presented and the relationship between 

them could be ascertained, activity coding the identity of the cue was examined during 

the probe through the response periods.  During this interval the cue was no longer 

visually present and cue-selective activity at this time could be used as a marker for how 

well contextual information had been maintained in working memory to flexibly control 

behavior to the incoming probe stimulus.  As described in Chapter 3, the late cue 

population of neurons preferentially carries a ‘Go’ signal (in the sense that the majority of 

late-cue neurons are ‘A’ preferring).  This result was replicated in the current study 

(Figure 4.4 & 4.7).  Overall, late cue population activity was diminished slightly in PFC 

and PAR after PCP during portions of the probe and response periods (Figure 4.7).  

Further, information about the cue’s identity was diminished during the probe period in 

PFC and PAR as observed in the reduction in cue decoding accuracy over this interval 

(Figure 4.8).  The number of time bins in which cue decoding accuracy differed 

significantly as a function of drug condition (saline vs. PCP) was significantly greater 

than predicted by chance (Figure 4.8A: 10 significant bins p<0.05, binomial test: 

p=0.003; B: 14 ‘B’ trial bins, p<0.001; C: 17 bins, p<0.001; D: 24 ‘B’ trial bins, 

p<0.001).  The results of an ANOVA applied to the transformed posterior probabilities 

from the probe onset through the response period provided by the decoding analysis 
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demonstrated a significant effect of drug condition (F1=63.58, p<0.001), cortical area 

(PFC or PAR; F1=234.74, p<0.001), and their interaction (F1=4.58, p=0.032).  

Interestingly, while differential activity was not very apparent during the probe 

period in the PAR late ‘B’ cue population, differential activity was observed during the 

cue and ISI periods in the PCP condition (Figure 4.7H).  In addition, decoding accuracy 

in PAR was better during the latter half of the ISI under the PCP condition (Figure 4.8C) 

as well as when just ‘B’ trials were considered (Figure 4.8D).   

Probe Population Activity:  When considering probe related signals, I found that 

population activity coding the identity of the probe (‘X’ vs. ‘Y’) was delayed under PCP, 

in the sense that differential probe-selective activity was observed to extend further into 

the response following PCP in comparison to saline injections (Figure 4.9).  This result 

was supported by the delayed time to the peak probe decoding accuracy observed during 

the response period under the PCP condition relative to the saline condition (Figure 4.10).  

Decoding results of the number of significant bins were unlikely to have occurred by 

chance as demonstrated by the binomial test (Figure 4.10A: 8 significant bins p<0.05, 

binomial test: p=0.024; B: 23 ‘Y’ trial bins, p<0.001; C: 11 bins, p=0.001; D: 30 ‘Y’ trial 

bins, p<0.001).  An ANOVA of the posterior probabilities provided by the probe 

decoding analysis was significant for the drug condition by cortical area interaction 

(F1=12.08, p<0.001), as well as main effect of cortical area (F1=97.73, p<0.001).  

However, the main effect of drug condition alone was not significant (F1=0.11, p=0.739). 

Trial Validity Population Activity:  The DPX task requires a ‘target’ versus 

‘nontarget’ judgment corresponding to a left or right response.  In order to characterize 
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the coding of this information by populations of neurons, I analyzed neural activity which 

was selective for trial validity (differential activity between ‘target’ and ‘nontarget’ 

trials).  Diminished differential population activity selective for trial validity was 

observed in the PCP condition in the PFC (Figure 4.11A-D).  Further, decoding accuracy 

was reduced after PCP in PFC from the cue onset through the probe period (Figure 

4.12A).  Similarly, decoding accuracy was reduced when ‘nontarget’ trials were 

considered separately over the same interval (Figure 4.12B).  Given the ability to 

determine that a trial is a nontarget’ trial when ‘B’ cues are presented, diminished 

information about the trial validity during the cue and the ISI suggests diminished 

processing of cue information over these intervals.  The number of significant bins 

observed in PFC when comparing decoding accuracy on saline and PCP conditions was 

greater than expected by chance (Figure 4.12A: 28 significant bins p<0.05, binomial test: 

p<0.001; B: 35 ‘nontarget’ trial bins, p<0.001). 

In PAR, the peak in population activity for target-preferring trial validity neurons 

was enhanced and delayed in the PCP condition compared to the saline condition (Figure 

4.11E&F).  Under the saline condition, two peaks in decoding accuracy for decoding 

accuracy were observed in PAR, one during the cue period and one during the probe 

period, when considering all trials (Figure 4.12C) or only ‘nontarget’ trials (Figure 

4.12D).  The first peak (i.e. during the cue presentation) was not observed in the PCP 

condition, while the second peak was slightly delayed (Figure 4.12C&D).  PCP 

significantly affected decoding accuracy for trial validity in PAR, as the number of  time 

bins in which decoding accuracy differed significantly between drug conditions was 
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greater than predicted by chance (Figure 4.12C: 8 significant bins p<0.05, binomial test: 

p=0.024; D: 28 ‘nontarget’ trial bins, p<0.001).  In an ANOVA applied to the posterior 

probabilities associated with trial validity decoding, the main effects of drug condition 

(F1=25.91, p<0.001) and cortical area (F1=293.15, p<0.001) as well as their interaction 

(F1=9.96, p=0.002) were all significant. 

4. Neural activity can be used to predict ‘BX’ errors 

While the previous results described in this chapter were restricted to neural data 

collected on trials that were performed correctly, here I will compare the neural activity 

observed on both correct and error trials under PCP.  Overall, task-relevant population 

activity (i.e. early cue, late cue, probe, and trial validity) was different on error trials 

compared correct trials under the PCP condition (Figure 4.13-4.16).  In the case of the 

errors, there appeared to be an overall failure to encode task-related information as 

indicated by negligible or no differential activity observed for each task-relevant 

population (Figure 4.13-4.16).  However, this did not involve neurons going ‘offline’ on 

error trials under the drug condition altogether as in many cases task-related neuronal 

populations exhibited equal or in some cases greater activity during the probe and/or 

response periods under the PCP condition in comparison to the saline condition (Figure 

4.13-4.16), although in many cases this activity was no longer selective for specific task 

conditions. 

As the strongest and specific cognitive deficit observed on the DPX (and AX-

CPT) task is greater ‘BX’ errors in the schizophrenia population, I evaluated the degree 

to which the activity of early cue, late cue, probe and trial validity selective neuronal 
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populations could be used to accurately predict whether monkeys would eventually make 

an erroneous or correct response at the end of each trial. Most notably, during the cue 

period for early cue neurons in PFC and PAR carried information about the monkeys’ 

future performance (i.e. whether monkeys would commit a ‘BX’ error or not), with the 

accuracy of decoding trial success/failure peaking near 90% correct during this period 

(Figure 4.17A).  Although noisy, performance could be decoded successfully in both 

cortical areas, peaking at ~75-90% after the probe onset, using the late trial task-relevant 

populations of neurons (i.e. late cue, probe, trial validity) (Figure 4.17B-D).   

DISCUSSION 

In this chapter, I show that the NMDAR antagonist PCP reduces the ability to use 

contextual information behaviorally and that PCP selectivity disrupts the maintenance of 

contextual information particularly in PFC for monkeys performing the DPX task.  My 

study provides the first window into the change in neural information processing in the 

brain that could explain context processing deficits in schizophrenia at a neural level.  

Characterization of how information is altered by single neurons in prefrontal networks is 

the first step to understanding how to restore normal cortical processing in the disease 

state.  Overall, my study was able to characterize context processing dysfunction using a 

NMDAR antagonist in the following ways. 

First, context processing dysfunction was characterized at the behavioral level.  

The impact of PCP on the monkeys’ behavior was a specific deficit on the ‘BX’ trial 

type, demonstrating a specific deficit in context processing (Table 4.1, Figure 4.2).  This 

result replicates the results for the shorter acting NMDAR antagonist used in Chapter 2 
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(ketamine) in monkeys (Figure 2.3) and human controls (Umbricht et al, 2000) as well as 

schizophrenia patients performing context processing tasks (e.g. DPX and AX-CPT) 

(Barch et al, 2003; Chung et al, 2011; Cohen et al, 1999; Henderson et al, 2012; Jones et 

al, 2010; Lopez-Garcia et al, 2012; MacDonald et al, 2005a; MacDonald et al, 2005b; 

MacDonald et al, 2003b; Richard et al, 2013; Servan-Schreiber et al, 1996; Stratta et al, 

1998; Zhang et al, 2012).  In sum, the current study validates the use of PCP to replicate 

a schizophrenia-like behavioral pattern of context processing dysfunction making it 

possible to address the question what is the neural basis for the behavioral deficit 

observed.  I was able to provide an important part of the answer to that question by 

characterizing the neurophysiological changes following PCP administration as outlined 

below. 

Second, while the distributions of cells did not vary much under the PCP 

condition compared to the saline condition, PCP had a significant effect on context-

related signaling.  After PCP, the information related to the cue (the context) was not well 

maintained in PFC as indicated by the reduction in early cue signaling and decoding 

accuracy over the delay interval (Figure 4.5 & 4.6).  In addition, a lag of the initial 

encoding of the context was observed in PFC in the early cue population of neurons as 

demonstrated by the rightward shift in the initial peak in decoding accuracy after the cue 

onset which was evident in the PCP condition (Figure 4.6).  Similar effects for decoding 

accuracy in early cue populations in PFC were also observed when ‘B’ (‘No-go’) trials 

were considered separately (Figure 4.6).  For late cue signaling during the probe period, 

when the trial sequence could be computed, the population of late cue neurons carried 
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less information about the cue under the PCP condition as indicated by the reduced 

decoding accuracy observed during this time period in both PFC and PAR (Figure 4.8).  

These data suggest diminished context information remained in order to differentially 

activate late cue neurons under the PCP condition to the same extent as observed under 

the saline condition.   PCP reduced information about trial validity coded by activity in 

PFC and PAR early in the trial, during the cue and following delay periods (Figure 4.12).  

This may be another reflection of weakened context processing as ‘nontarget’ trials can 

be identified as such if the cue is ‘B’, whereas ‘A’ cues are most likely to represent 

‘target’ trials due to the nature of the prepotency inherent from the distribution of trial 

types.  Therefore, reduction in trial validity information early on in the trial before the 

sequence has fully been presented represented a failure in processing the context given 

the nature of the DPX task. 

While cue related processing appeared to be diminished as a result of PCP 

administration as described above, probe processing did not appear to be diminished in 

PFC and PAR (Figure 4.9 & 4.10).  In fact, the populations of probe neurons exhibited a 

more protracted peak for decoding accuracy (Figure 4.10).  These results may be due to 

the greater processing time as a result of the PCP or perhaps a compensatory reliance on 

the probe stimulus in the setting of diminished cue information.  Regardless of the 

meaning of the changes in probe information, these results demonstrate that PCP 

selectively reduces the ability to process the cue but not the probe suggesting a selective 

deficit at the single cell level versus a global deficit in all stimulus processing. In sum, 
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these data support context processing dysfunction under PCP at the single cell level given 

the disruption observed in cue-related processing. 

Third, PCP had a preferential effect on PFC in regards to early cue context 

signaling.  As described above, reduced maintenance of cue information was observed in 

the PFC under PCP for population of early cue neurons (Figure 4.6).  This reduction in 

maintenance activity was not observed in PAR early cue neurons.  Instead, a brief 

interval of better decoding was observed in PAR under the PCP condition for early cue 

and late cue neurons (Figure 4.6 & 4.8).  The significance of this slight increase in cue 

information in PAR during the ISI in the PCP condition is unclear and may reflect a 

compensatory mechanism during an interval when reduced information is being 

maintained in PFC in the PCP condition.  However, what is clear is that there appears to 

be differential effects of PCP on the maintenance of context information between the two 

cortical areas examined in this study demonstrating that a systemic drug can produce 

regionally specific effects.  In sum, PFC function appears to be more vulnerable to 

disruption of NMDAR function than PAR for contextual information. 

Finally, errors performed under a condition of reduced NMDAR function can be 

predicted based on neural activity before they occur.  For the early cue populations of 

neurons in both PFC and PAR, I observed a reduction in both the ‘A’ and ‘B’ early cue 

signals during the cue period and subsequent delay (Figure 4.13).  This result on error 

trials is a neural correlate of reduced context encoding and maintenance.  Generally, this 

failure of context encoding was more severe on error trials than on correct trials under the 

PCP condition (as predicted if reduced context encoding contributed to errors) (Figure 
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4.13).  Together these results suggest an overall attenuation of cue encoding and 

maintenance in the PCP condition compared to the saline condition, with a stochastic 

failure of early cue related signaling leading to errors.  However, it should be noted that 

the failure state observed under the PCP condition for error trials was not a failure to 

activate altogether as activation later in the trial was relatively spared (Figure 4.13).  

Overall, the results observed for early cue populations of neurons in the PCP condition 

for error trials support modeling work that has shown that reduction in NMDA currents 

can cause delay period activity in artificial networks to collapse (Wang et al, 2013).  

Changes in the representation of task-relevant information on error trials under PCP was 

not restricted to the early cue population, and reduced, or in some cases inverted, 

selectivity for different trial conditions was observed in late cue, probe, and trial validity 

populations of neuron as well (Figure 4.14-4.16).  To establish a link between changes in 

neural activity and behavioral performance that were both observed under PCP, I 

examined the ability to decode the behavioral outcome of the trial (success/failure) based 

on the activity of neurons coding task-relevant information.  On ‘BX’ trials, I was able to 

predict that monkeys would make errors based on the activity of each of the task related 

populations in PAR and PFC (Figure 4.17).  For example, error decoding accuracy 

reached 90% correct based on the activity of early cue neurons (Figure 4.17).  This 

provides a neural correlate linking a change in neural information processing to the 

primary behavioral symptom observed in schizophrenia patients performing this task, 

namely the disproportionate increase in ‘BX’ errors they commit. 
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Overall, the results of the current study extend greatly the information available to 

describe how cortical information processing is changed as a consequence of reduced 

NMDAR function in animal models of schizophrenia.  Prior studies have not 

characterized dysfunctional cortical processing on context processing tasks (e.g. DPX or 

AX-CPT) at the single cell level.  However, my results are broadly consistent with fMRI 

and ERP studies of altered cortical activation in schizophrenia during context processing 

tasks in several respects.  Most notably, prior functional imaging studies have 

consistently reported that schizophrenia patients exhibit reduced PFC activation in 

response to the presentation to ‘B’ cues in context processing tasks (MacDonald et al, 

2003a; MacDonald et al, 2005a; Perlstein et al, 2003), providing a direct parallel in 

human patients to the reduced context encoding I observed in monkey PFC after PCP 

administration.  This validates the monkey model while at the same time serving to 

extend physiological data obtained in functional imaging studies in patients to the single 

neuron level. 

In addition, the data in this chapter provide a view of PFC dysfunction at the 

network level, showing alterations in information processing that take place in PFC and 

PAR concurrently.  This aspect of the results could relate functionally to prior findings 

that interactions between PFC and PAR are reduced in schizophrenia patients performing 

the AX-CPT (Yoon et al, 2008).  Thus, by identifying parallel changes in cortical and 

cognitive function, overall my results support the validity of the NMDAR antagonist 

model in monkeys of cognitive and cortical dysfunction in schizophrenia.  However, my 

study has been able to greatly enhance our knowledge of the pathophysiology behind 
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context processing dysfunction given the greater spatial and temporal resolution afforded 

by single cell recordings, which has allowed me to relate altered cognitive processing in 

the animal model to altered activation in specific populations of PFC and PAR neurons.  

For example, I was able to parse neuronal populations (e.g. separate neurons selective for 

‘A’ versus ‘B’ cues) to better characterize how the coding and maintenance of contextual 

information is disrupted when NMDAR function is reduced.  Further, I was able to use 

neural activity for the first time to predict errors on a context processing task.  

While my study is the first to examine the effect of NMDAR blockade on 

information processing in a context processing task simultaneously at the single cell and 

network levels, two prior monkey studies have examined the effect of NMDAR 

antagonists on PFC function during task performance.  In the first of these studies, 

monkeys were trained to perform an oculomotor delayed response (ODR) spatial working 

memory task, and the authors demonstrated that iontophoretic or systemic administration 

of NMDAR antagonists reduced the strength of working memory related neural activity 

in PFC (Wang et al, 2013).   The results of my study are generally consistent with this 

prior study demonstrating reduced PFC activity for maintenance of information.  

However, in their investigation of the effects of systemic NMDAR antagonists (most 

relevant to my results), their conclusions were based on an analysis of the activity of 6 

prefrontal delay neurons (Wang et al, 2013), in comparison to the much larger neural 

sample including 111 early cue neurons, which I characterized under PCP in the current 

study.  The larger sample in this study enabled quantification of changes in the strength 

of delay signals at the population level which were not readily feasible in that prior study.  
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In addition, although their iontophoretic data demonstrated changes in the delay activity 

of single PFC neurons before and after focal application of NMDAR antagonists, these 

changes in neuronal processing were observed in the absence of any change in behavioral 

performance (Wang et al, 2013).  This was an expected result given that only a few 

neurons in the vicinity of the injection electrode were affected.   In addition, while overall 

ODR performance was worse following systemic NMDAR antagonist administration, 

there was no behavioral evidence provided that the deficit observed was specific (versus 

a generalized deficit).  Unlike the ODR task, in which NMDAR antagonists were shown 

to produce global decrease in percent correct performance, the DPX task incorporates a 

component of executive control and has four trial types, with NMDAR antagonists 

impairing performance on only one of these trial types.  This provides evidence that the 

cognitive impairment on the DPX task produced by NMDAR antagonists is specific and 

not generalized.  Finally, the DPX task and its AX-CPT variants have been more 

frequently used in neuropsychological testing of schizophrenia patients than has the ODR 

task, providing a stronger basis for a comparison of cognitive deficits between the animal 

model and human patients.   

The second study investigating the influence of NMDAR antagonists on PFC 

activity characterized changes in neural activity observed in monkeys performing a 

prosaccade/antisaccade task (Skoblenick et al, 2012).  This study reported that 

administration of an NMDAR antagonist produced a generalized increased in neural 

activity in PFC which was coupled with a loss of task selectivity, manifest by the loss of 

directional selectivity in populations of neurons activated around the time of the saccadic 
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response (Skoblenick and Everling, 2012).  Thus, the effect of NMDAR antagonists on 

PFC activity were investigated in relation to neural signals that reflected primarily the 

direction of the pending motor response.  However in the present study, I was able to 

identify changes in neuronal information processing related more directly to cognitive 

processing (namely changes in the maintenance of neural signals reflecting context 

independent of the motor response).  In my study, neural signals reflecting trial validity 

on correct trials were most directly analogous to the response-related activity 

characterized and reported in the prosaccade/antisaccade study (Skoblenick et al, 2012).  

However, I did not observe a total loss of differential activity in these neurons under PCP 

condition, a result differing from the prosaccade/antisaccade study (Skoblenick et al, 

2012).   The tasks used in each of the studies were different and that may account for the 

differences observed.  Further, I was able to dissociate actions of NMDAR antagonists on 

distinct neural populations differentiated on the basis of their task-related preferences 

while in the prosaccade/antisaccade study it was unclear whether changes in PFC 

function after drug were attributable to changes in the activity of prosaccade or anti-

saccade preferring neurons (or an equal representation of both).   I found that NMDAR 

antagonists produced differential effects on different populations of neurons based on 

their activity patterns and thus was able to better characterize changes in neural 

information processing caused by reduced NMDAR function.  In addition, I was able to 

use these changes in neuronal processing to predict errors in the task on a trial-by-trial 

basis which was not done previously.  Finally, for both of the prior monkey NMDAR 

antagonist single neuron studies, only PFC activity was examined.  I expand the 



   152 

 

knowledge of what is known about cognitive dysfunction at the single cell level 

following NMDAR antagonist administration to prefrontal networks including PAR as 

well. 

Several pharmacological and genetic models of schizophrenia have been 

developed in rodents, and these have been used to characterize changes in 

neurophysiological function of cortical neurons, focusing on changes in neural synchrony 

(particularly in the gamma frequency) as an index of network function.  These studies 

have reported an increase in basal gamma oscillations and reduced gamma oscillations 

during task performance, paralleling changes in gamma synchrony that have been 

reported in schizophrenia (Uhlhaas and Singer, 2010).  While these changes in gamma 

oscillations are certainly an important aspect of the human disease, they do not directly 

address how the brain codes task specific information (such as the identity of a cue 

stimulus for example).  In addition, by themselves, changes in synchrony do not show 

how the brain codes task-specific information differently to potentially explain errors on 

behavioral paradigms.  Oscillations provide insight into the network dynamic that 

controls the flow of information between cortical areas, but does not provide direct 

insight into the information content of the synchronized signals to account for specific 

changes in cognitive performance.  My study was able characterize how information 

representation in neurons was disrupted by NMDAR antagonists.  Future studies of 

monkeys performing context processing tasks are needed to characterize how NMDAR 

antagonists disrupt oscillatory flow of contextual information.   
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In the light of prior work understanding the pathophysiological basis for 

schizophrenia, my study advances this field of research in several key respects.  The data 

in my study provide one of the best behavioral models in animals for the cognitive 

deficits that schizophrenia patients have demonstrated, while also providing one of the 

most detailed descriptions of how cognitive deficits in the disease relate to disrupted 

information processing in PFC networks at a cellular level to-date.  In addition, my study 

provides one of the best links between changes in neural function and errors committed 

on cognitive tasks, achieving one of the fundamental goals of translational models of 

cognitive dysfunction in the disease.  Together, my study provides a foundation for 

further analyses of network dynamics under NMDAR antagonists and for development of 

novel ways to restore neural function.
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TABLES and FIGURES 

 

  Mean (SD)  

Monkey Trial Type Saline PCP 

1 AX error 0.8 (8.9) 2.7 (16.1) 

 AY error 2.0 (14.0) 7.8 (26.8) 

 BX error 3.1 (17.4) 46.1 (49.9) 

 BY error 0.3 (5.7) 3.8 (19.2) 

 d’context 5.0 (1.0) 2.4 (0.8) 

 AX rt 357.2 (27.3) 426.9 (90.4) 

 AY rt 546.5 (4.7) 805.1 (152.4) 

 BX rt 406.8 (57.5) 464.8 (157.4) 

 BY rt 418.7 (56.5) 628.3 (233.4) 

    
2 AX error 5.1 (22.1) 4.4 (20.6) 

 AY error 1.2 (10.9) 11.3 (31.7) 

 BX error 8.8 (28.3) 47.0 (50.0) 

 BY error 0.0 (0.0) 4.3 (22.2) 

 d’context 3.2 (0.7) 1.9 (0.5) 

 AX rt 433.4 (92.4) 562.1 (127.3) 

 AY rt 435.6 (116.9) 604.7 (191.6) 

 BX rt 306.2 (168.0) 553.7 (168.0) 

 BY rt 302.4 (151.6) 625.2 (195.2) 

 

TABLE 4.1.  The monkeys’ performances on the DPX task post-injection (saline or 

phencyclidine administered).  SD=one standard deviation.  error=% error; rt=reaction 

time (ms). 
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FIGURE 4.1.  Locations of neural recordings in the prefrontal (PFC) and parietal (PAR) 

cortex for Monkey 1 (A) and Monkey 2 (B).  The perspective is a top-down view of the 

monkeys’ cerebral hemispheres reconstructed from MRI images.  The larger circles 
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indicate the PFC and PAR chamber locations while the smaller filled circles indicate the 

areas within the chamber that were sampled during neural recordings on saline and 

phencyclidine (PCP) days.  PS: principal sulcus, AS: arcuate sulcus, IPS: intraparietal 

sulcus, STS: superior temporal sulcus. 
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FIGURE 4.2.  Effect of phencyclidine on performance accuracy separated by trial type 

for Monkey 1 (A) and Monkey 2 (B).  Error bars=SEM.
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FIGURE 4.3.  Depicted are the proportions of neurons collected on balanced sets that 

had differential firing patterns (p<0.05) for early cue, late cue, probe, and/or trial validity 

under the saline (white) and PCP (black) conditions.  Counts of neurons in each category 

are listed above each bar for PFC (A) and PAR (B) neurons. 
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FIGURE 4.4.  Population preference for each task-relevant category for the saline 

(white) and PCP (black) conditions. Counts of neurons in each category are listed above 

each bar.  A&B.) Proportion of early cue neurons that had greater activity to the ‘A’ cue 

compared with neurons with greater activity to ‘B’ cues in PFC (A) and PAR (B) cortex.  

C&D.) Proportion of late cue neurons that had greater activity to the ‘A’ cue compared 

with neurons with greater activity to ‘B’ cues in PFC (C) and PAR (D) cortex.  E&F.) 

Proportion of probe neurons that had greater activity to the ‘X’ probe compared with 

neurons with greater activity to ‘Y’ probe in PFC (E) and PAR (F) cortex.  G&H.) 

Proportion of trial validity neurons that had greater activity to ‘target’ trials compared 

with neurons with greater activity to ‘nontarget’ trials in PFC (G) and PAR (H) cortex.  

*=Significant difference (p<0.05) between saline and PCP conditions for population 

biases as determined by a chi-squared analysis. 
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FIGURE 4.5.  Early cue population activity for saline (A, C, E, G) and PCP (B, D, F, H).  

Averaged normalized population spike density functions ( =40 ms) of the activity time 

course for the prepotency sets of the population of neurons that were significant for the 

cue identity early in the trial during the cue period as determined by an ANCOVA 

(p<0.05) in PFC (A-D) and PAR (E-H) cortex.  Activity on trials when the preferred trial 

was presented is represented by the solid lines.  Activity on trials when the nonpreferred 

trial was presented is represented by the dashed lines.  N’s represent the number of 

neurons used to construct each spike density function.  A, B, E, F.)  Plots illustrate the 

activity pattern of early ‘A’ cue preferring neurons only.  C, D, G, H.)  Plots illustrate the 

activity pattern of early ‘B’ cue preferring neurons only.  
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FIGURE 4.6.  Decoding accuracy over time for the saline and PCP early cue populations 

of PFC (A&B) and PAR (C&D) neurons measured at 50 ms intervals (150 ms of 

neuronal data included at each time bin).  Neurons were excluded from the decoding 

analysis if there were less than 185 ‘A’ trials and 30 ‘B’ trials performed on the 

prepotency set.  N’s represent the number of neurons used in decoding analysis under 
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each condition.  Filled circles at the 0.9 level on the plots represent bins that were 

significant (p<0.05) for drug condition in the z-test of proportions (outlined circles 

represent PCP>saline while non-outlined circles represent the reverse).  A&C.)  

Decoding accuracy overall for PFC (A) and PAR (C) for early cue neurons.  B&D.)  

Decoding accuracy on ‘A’ trials (solid lines) and ‘B’ trials (dashed lines).  Significant 

bins represent differences in accuracy between cortical areas on ‘B’ trials only. 
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FIGURE 4.7.  Late cue population activity for saline (A, C, E, G) and PCP (B, D, F, H).  

Averaged normalized population spike density functions ( =40 ms) of the activity time 

course for the prepotency sets of the population of neurons that were significant for the 

cue identity late in the trial during the probe through the response period as determined 

by an ANCOVA (p<0.05) in PFC (A-D) and PAR (E-H) cortex.  Activity on trials when 

the preferred trial was presented is represented by the solid lines.  Activity on trials when 

the nonpreferred trial was presented is represented by the dashed lines.  N’s represent the 

number of neurons used to construct each spike density function.  A, B, E, F.)  Plots 

illustrate the activity pattern of late ‘A’ cue preferring neurons only.  C, D, G, H.)  Plots 

illustrate the activity pattern of late ‘B’ cue preferring neurons only.   
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FIGURE 4.8.  Decoding accuracy over time for the saline and PCP late cue populations 

of PFC (A&B) and PAR (C&D) neurons measured at 50 ms intervals (150 ms of 

neuronal data included at each time bin).  Neurons were excluded from the decoding 

analysis if there were less than 185 ‘A’ trials and 30 ‘B’ trials performed on the 

prepotency set.  N’s represent the number of neurons used in decoding analysis under 

each condition.  Filled circles at the 0.9 level on the plots represent bins that were 
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significant (p<0.05) for drug condition in the z-test of proportions (outlined circles 

represent PCP>saline while non-outlined circles represent the reverse).  A&C.)  

Decoding accuracy overall for PFC (A) and PAR (C) for late cue neurons.  B&D.)  

Decoding accuracy on ‘A’ trials (solid lines) and ‘B’ trials (dashed lines).  Significant 

bins represent differences in accuracy between cortical areas on ‘B’ trials only. 
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FIGURE 4.9.  Probe population activity for saline (A, C, E, G) and PCP (B, D, F, H).  

Averaged normalized population spike density functions ( =40 ms) of the activity time 

course for the prepotency sets of the population of neurons that were significant for the 

probe identity during the probe through the response period as determined by an 

ANCOVA (p<0.05) in PFC (A-D) and PAR (E-H) cortex.  Activity on trials when the 

preferred trial was presented is represented by the solid lines.  Activity on trials when the 

nonpreferred trial was presented is represented by the dashed lines.  N’s represent the 

number of neurons used to construct each spike density function.  A, B, E, F.)  Plots 

illustrate the activity pattern of ‘X’ probe preferring neurons only.  C, D, G, H.)  Plots 

illustrate the activity pattern of ‘Y’ probe preferring neurons only.   
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FIGURE 4.10.  Decoding accuracy over time for the saline and PCP probe populations 

of PFC (A&B) and PAR (C&D) neurons measured at 50 ms intervals (150 ms of 

neuronal data included at each time bin).  Neurons were excluded from the decoding 

analysis if there were less than 185 ‘X’ trials and 30 ‘Y’ trials performed on the 

prepotency set.  N’s represent the number of neurons used in decoding analysis under 

each condition.  Filled circles at the 0.9 level on the plots represent bins that were 
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significant (p<0.05) for drug condition in the z-test of proportions (outlined circles 

represent PCP>saline while non-outlined circles represent the reverse).  A&C.)  

Decoding accuracy overall for PFC (A) and PAR (C) for probe neurons.  B&D.)  

Decoding accuracy on ‘X’ trials (solid lines) and ‘Y’ trials (dashed lines).  Significant 

bins represent differences in accuracy between cortical areas on ‘Y’ trials only. 
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FIGURE 4.11.  Trial validity population activity for saline (A, C, E, G) and PCP (B, D, 

F, H).  Averaged normalized population spike density functions ( =40 ms) of the activity 

time course for the prepotency sets of the population of neurons that were significant for 

the validity of the trial (i.e. ‘target’ or ‘nontarget’) during the probe through the response 

period as determined by an ANCOVA (p<0.05) in PFC (A-D) and PAR (E-H) cortex.  

Activity on trials when the preferred trial was presented is represented by the solid lines.  

Activity on trials when the nonpreferred trial was presented is represented by the dashed 

lines.  N’s represent the number of neurons used to construct each spike density function.  

A, B, E, F.)  Plots illustrate the activity pattern of ‘target’ trial preferring neurons only.  

C, D, G, H.)  Plots illustrate the activity pattern of ‘nontarget’ trial preferring neurons 

only.   
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FIGURE 4.12.  Decoding accuracy over time for the saline and PCP trial validity 

populations of PFC (A&B) and PAR (C&D) neurons measured at 50 ms intervals (150 

ms of neuronal data included at each time bin).  Neurons were excluded from the 

decoding analysis if there were less than 185 ‘target’ trials and 30 ‘nontarget’ trials 

performed on the prepotency set.  N’s represent the number of neurons used in decoding 

analysis under each condition.  Filled circles at the 0.9 level on the plots represent bins 
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that were significant (p<0.05) for drug condition in the z-test of proportions (outlined 

circles represent PCP>saline while non-outlined circles represent the reverse).  A&C.)  

Decoding accuracy overall for PFC (A) and PAR (C) for trial validity neurons.  B&D.)  

Decoding accuracy on ‘target’ trials (solid lines) and ‘nontarget’ trials (dashed lines).  

Significant bins represent differences in accuracy between cortical areas on ‘nontarget’ 

trials only. 
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FIGURE 4.13.  Early cue population activity for correct (A, C, E, G) and error (B, D, F, 

H) trials after PCP administration.  Averaged normalized population spike density 

functions ( =40 ms) of the activity time course for the prepotency sets of the population 

of neurons that were significant for the cue identity early in the trial during the cue period 

as determined by an ANCOVA (p<0.05) in PFC (A-D) and PAR (E-H) cortex.  Activity 

on trials when the preferred trial was presented is represented by the solid lines.  Activity 

on trials when the nonpreferred trial was presented is represented by the dashed lines.  

N’s represent the number of neurons used to construct each spike density function.  A, B, 

E, F.)  Plots illustrate the activity pattern of early ‘A’ cue preferring neurons only.  C, D, 

G, H.)  Plots illustrate the activity pattern of early ‘B’ cue preferring neurons only.  
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FIGURE 4.14.  Late cue population activity for correct (A, C, E, G) and error (B, D, F, 

H) trials after PCP administration.  Averaged normalized population spike density 

functions ( =40 ms) of the activity time course for the prepotency sets of the population 

of neurons that were significant for the cue identity late in the trial during the probe 

through the response period as determined by an ANCOVA (p<0.05) in PFC (A-D) and 

PAR (E-H) cortex.  Activity on trials when the preferred trial was presented is 

represented by the solid lines.  Activity on trials when the nonpreferred trial was 

presented is represented by the dashed lines.  N’s represent the number of neurons used to 

construct each spike density function.  A, B, E, F.)  Plots illustrate the activity pattern of 

late ‘A’ cue preferring neurons only.  C, D, G, H.)  Plots illustrate the activity pattern of 

late ‘B’ cue preferring neurons only.   
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FIGURE 4.15.  Probe population activity for correct (A, C, E, G) and error (B, D, F, H) 

trials after PCP administration.  Averaged normalized population spike density functions 

( =40 ms) of the activity time course for the prepotency sets of the population of neurons 

that were significant for the probe identity during the probe through the response period 

as determined by an ANCOVA (p<0.05) in PFC (A-D) and PAR (E-H) cortex.  Activity 

on trials when the preferred trial was presented is represented by the solid lines.  Activity 

on trials when the nonpreferred trial was presented is represented by the dashed lines.  

N’s represent the number of neurons used to construct each spike density function.  A, B, 

E, F.)  Plots illustrate the activity pattern of ‘X’ probe preferring neurons only.  C, D, G, 

H.)  Plots illustrate the activity pattern of ‘Y’ probe preferring neurons only.   
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FIGURE 4.16.  Trial validity population activity for correct (A, C, E, G) and error (B, D, 

F, H) trials after PCP administration.  Averaged normalized population spike density 

functions ( =40 ms) of the activity time course for the prepotency sets of the population 

of neurons that were significant for the validity of the trial during the probe through the 

response period as determined by an ANCOVA (p<0.05) in PFC (A-D) and PAR (E-H) 

cortex.  Activity on trials when the preferred trial was presented is represented by the 

solid lines.  Activity on trials when the nonpreferred trial was presented is represented by 

the dashed lines.  N’s represent the number of neurons used to construct each spike 

density function.  A, B, E, F.)  Plots illustrate the activity pattern of ‘target’ trial 

preferring neurons only.  C, D, G, H.)  Plots illustrate the activity pattern of ‘nontarget’ 

trial preferring neurons only.   
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FIGURE 4.17.  Decoding accuracy over time for ‘BX’ trial performance (i.e. correct or 

error trial) for the saline and PCP task-relevant populations of PFC (black) and PAR 

(gray) neurons measured at 50 ms intervals (150 ms of neuronal data included at each 

time bin).  Neurons were excluded from the decoding analysis if there were less than 15 

correct ‘BX’ trials and 15 incorrect ‘BX’ trials performed on the prepotency set.  N’s 
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represent number of neurons used in decoding analysis under each condition.  Filled 

circles at the 0.9 level on the plots represent bins that were significant (p<0.05) for 

cortical area in the z-test of proportions (outlined circles represent PFC>PAR while non-

outlined circles represent the reverse).  A.) Decoding accuracy for the populations of 

early cue neurons.  B.)  Decoding accuracy for the populations of late cue neurons.  C.) 

Decoding accuracy for the populations of probe neurons.  D.) Decoding accuracy for the 

populations of trial validity neurons.   
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CHAPTER 5: 

Conclusion 

Every day we are bombarded by a vast array of sensory information that must be 

processed and filtered so that we may function in the world.  Often our behavior is a great 

deal more complex than simple stimulus response behaviors.  In many cases, we are able 

to rapidly select and implement different responses to the same stimulus, depending on an 

internal representation of behavioral state or context, a process which is referred to as 

context processing.  Prefrontal cortical networks have been implicated in context 

processing and are known to be functionally disrupted in the schizophrenia population 

(MacDonald, 2008; Yoon et al, 2008).  Further, context processing deficits have been 

negatively correlated with general levels of functioning in schizophrenia patients (Gold et 

al, 2012).  However, the pathophysiology underlying this cognitive dysfunction is not 

well characterized.  Here, for the first time, I have characterized context processing 

dysfunction at the single cell level in PFC and PAR. 

Summary of Findings:  My dissertation provides the first description of neuronal 

changes in information processing that could explain context processing deficits that have 

been repeatedly documented in the schizophrenia population  (Barch et al, 2003; Chung 

et al, 2011; Cohen et al, 1999; Henderson et al, 2012; Jones et al, 2010; Lopez-Garcia et 

al, 2012; MacDonald et al, 2005a; MacDonald et al, 2005b; MacDonald et al, 2003b; 

Richard et al, 2013; Servan-Schreiber et al, 1996; Stratta et al, 1998; Zhang et al, 2012).  

First, I provided evidence that monkeys given NMDAR antagonists demonstrate the same 

behavioral pattern of context processing errors as schizophrenia patients, substantiating 
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the validity of using NMDAR antagonists to study context processing dysfunction in 

animal models of the disease.  Next, I characterized normal context processing signals in 

PFC and PAR cortex.  The main findings from this experiment were that context-related 

cue signaling was preferentially coded as a ‘No-go’ signal prior to the probe onset and a 

‘Go’ signal once the probe was presented, and that all task related signals associated with 

DPX performance were found to be thoroughly distributed in the PFC-PAR network.  

Finally, I characterized how context processing signals were disrupted following 

NMDAR antagonist administration.  The main findings from this experiment were that 

maintenance of contextual information was preferentially reduced in PFC and that errors 

under the drug condition could be predicted based on the neural activity of task-relevant 

neurons.  My data suggest that the neural mechanism maintaining contextual information 

in working memory may be particularly vulnerable to loss of normal NMDA function, 

particularly within prefrontal cortex. 

This work is the first to depict changes in information processing in monkeys 

given NMDAR antagonists simultaneously at the single neuron and at the network levels.  

In addition, it is the first to link to changes in neural activity to behavioral errors 

indicative of a cognitive deficit on a trial-by-trial basis. Overall, I have been able to 

characterize the neural correlate of context processing dysfunction in monkeys given 

NMDAR antagonists in PFC and PAR.   

Limitations:  The limitations of the animal model and techniques I used to 

examine schizophrenia cognitive dysfunction are as follows: 
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There is a trade-off between examining the pathophysiology underlying 

schizophrenia in rodent models of the disease and monkey models.  Rodents allow for the 

manipulation of genes and a greater number of subjects per experiment.  However, while 

it is clear there is a genetic component to schizophrenia, there have been a great number 

of genes identified each of which confers a small amount of risk for the development of 

schizophrenia. Most genetic rodent models manipulate one or a few of the risks genes 

that have been identified for schizophrenia.  Further, modeling the abnormal cortical 

activity in schizophrenia may be entered by several routes (e.g. genetic manipulation or 

pharmacological), however the route may be less important and may be less informative 

than trying to understand final disease state itself.  Since many of the genetic models 

focus on the NMDA synapse, the NMDAR antagonist model used in my work may be 

producing a similar functional outcome as the genetic models by impairing NMDAR 

function.  In addition, while the number of subjects in my experiment was small, as is the 

standard for monkey neurophysiology experiments, monkeys have closer anatomical 

homology to humans as well as greater overlap in cognitive capacity.  This increases the 

likelihood that an animal model based on monkeys will replicate neural dynamics 

associated with cognitive deficits in the human disease.  Therefore, given that I was 

interested in studying cognitive deficits at the single cell level in prefrontal networks, 

these factors argued in favor of adopting a monkey model of the disease.   

Single neuron recordings have excellent temporal and spatial resolution, 

providing the best insight into the physiological processes in cortex that underlie 

computation and the representation of information.  However, one is limited to examining 
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a restricted number of cortical areas.  In my experiments, I characterized activity in PFC 

and PAR from neurons recorded from these cortical areas simultaneously.  However, 

neural activity from other cortical areas are likely to be involved in context processing 

function, and disturbance of cortical and subcortical systems in schizophrenia is likely to 

extend beyond the network I studied.  In addition, in my experiments, I did not record the 

same populations of neurons before and after administration of NMDAR antagonists.  I 

adopted large scale recordings (~50-60 neurons simultaneously in PFC and PAR 

combined), and movement of the animal during the injection procedure was likely to 

result in the loss of a large number of these isolated neurons justifying this approach to 

data collection. 

Future Directions:  My dissertation work sets the stage for further investigation 

into prefrontal network dysfunction as it relates to context processing dysfunction in 

schizophrenia.  Further studies may include investigating how reduced NMDA function 

changes the timing and strength of task related signals in PFC and PAR cortex.  Such 

studies may also investigate transmission of task related information between different 

neural populations and cortical areas, while quantifying the effect of NMDAR 

antagonists on these neural dynamics.  In addition, it may be possible to separate the 

neuronal populations I recorded in PAR and PFC into ‘regular spiking’ pyramidal 

neurons and ‘fast spiking’ interneurons based on the characteristics of recorded action 

potential waveforms (Constantinidis and Goldman-Rakic, 2002; Homayoun et al, 2007) 

to examine if there are varying effects of the NMDAR antagonists on these two 

populations.  This would test key features of current models proposing that changes in 
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cortical inhibition play a central role in schizophrenia (Lisman et al, 2008).  Further, 

comparing neural data (after injections of PCP) early and later in the period of recording,  

may be informative in revealing more chronic effects of NMDAR antagonist exposure 

that accumulate after repeated exposure (particularly in comparison to neural data after 

saline injections, collected over the same time frame and controlling for the effects of 

repeated neural recordings).  However, as the context processing deficits observed in 

schizophrenia are apparent regardless of the duration of the illness, chronicity may not be 

a factor in altered cortical changes in relation to context processing dysfunction (Richard 

et al, 2013).   

Finally, my dissertation has focused single neuron spiking.  However, LFPs were 

recorded along with the single neuron data in these experiments, and analyzing LFPs 

should enable investigating how NMDA antagonists alter the synchrony of oscillations 

(including gamma oscillations) between PFC and PAR.  Analysis of the LFP data may be 

able to provide a bridge between altered cortical dynamics in human patients and the 

monkey model. 

Ultimately, further development of the monkey model advanced here can be used 

to assess new treatment methods focused on the alleviation of cognitive dysfunction in 

schizophrenia.  It is reasonable to anticipate that those treatment interventions that best 

restore normal function to PFC neurons and networks will be the most clinically effective 

in reversing the cognitive symptoms of schizophrenia, and as a consequence optimize 

behavioral outcomes.  Treatment interventions that have the potential to be examined in 

monkeys include pharmacological and non-pharmacological (e.g. direct cortical or 
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transcranial magnetic stimulation) interventions.  Discovering ways to boost contextual 

information maintenance in PFC of monkeys given NMDAR antagonists pre-clinically 

may ultimately lead to clinical applications that positively affect patient outcome.   
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