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Abstract 

The effects of ketamine on functional brain networks in awake nonhuman 

primates and the therapeutic potential for treatment of substance abuse 

By Eric Maltbie 

 At present, there is considerable interest in improving the understanding of the 

unique effects of the N-methyl-D-aspartate (NMDA) glutamate receptor antagonist, 

ketamine. Sub-anesthetic infusions of ketamine induce acute psychotomimetic effects, 

but also produce prolonged neurobiological changes with therapeutic efficacy for treating 

depression in human subjects. However, the underlying mechanisms mediating these 

effects remain poorly understood. Building on the recent development of methodology 

allowing for the collection of quality pharmacological MRI (phMRI) data in awake 

nonhuman primates (NHPs), this dissertation examines the neural circuitry underlying 

both the psychotomimetic and therapeutic effects of ketamine. Ketamine induced robust 

and extensive brain activation and strengthened functional connectivity (FC) in several 

brain networks, including fronto-striatal circuitry known to be disrupted by cocaine. 

Subsequently, the efficacy of ketamine for the treatment of cocaine abuse was 

investigated. Ketamine pretreatment attenuated both the effects of cocaine on fronto-

striatal (and whole-brain) FC and cocaine-seeking behavior. In conclusion, phMRI in 

awake NHPs enables valuable, behaviorally relevant translational imaging models. 

Ketamine increases FC in fronto-striatal circuits responsible for executive control over 

reward-based decision making and attenuates the effects of cocaine on both FC and 

behavior. These findings support the therapeutic potential of ketamine in the treatment 

of substance use disorders. 
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Chapter 1: Ketamine and pharmacological imaging: use of functional 

magnetic resonance imaging to evaluate mechanisms of action 
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1.1 Context, Author’s Contribution, and Acknowledgement of Reproduction 

The following introductory chapter provides background on ketamine and the 

pharmacological imaging methods used in this dissertation, and reviews the current 

literature on the study of ketamine using pharmacological imaging methods. The review 

highlights the studies that provide the rationale for investigating the therapeutic potential 

of ketamine as a treatment for cocaine abuse. Under the guidance of Dr. Leonard Howell 

and with the help of substantive advice from Dr. Kaundinya Gopinath, the dissertation 

author designed, researched, and wrote this, now published, review. The chapter is 

reproduced with minor edits from:   

Maltbie E, Gopinath K, Howell L (2017). Ketamine and pharmacological imaging: use of 

functional magnetic resonance imaging to evaluate mechanisms of action. Behavioural 

Pharmacology. Epub ahead of print. 

1.2 Abstract 

Rationale: Ketamine has been used as a pharmacological model for schizophrenia as 

sub-anesthetic infusions have been shown to produce temporary schizophrenia-like 

symptoms in healthy humans. More recently, ketamine has emerged as a potential 

treatment for multiple psychiatric disorders, including treatment-resistant depression 

and suicidal ideation. However, the mechanisms underlying both the psychotomimetic 

and therapeutic effects of ketamine remain poorly understood.  

Objective: This review provides an overview of what is known of the neural mechanisms 

underlying the effects of ketamine and details what pharmacological magnetic resonance 

imaging studies have revealed at a systems-level focused on brain circuitry. 
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Results: Multiple analytic approaches show that ketamine produces robust and 

consistent effects at the whole-brain level. These effects are highly conserved across 

human and nonhuman primates, validating the use of nonhuman primate models for 

further investigations with ketamine. Regional analysis of brain functional connectivity 

suggests that the therapeutic potential of ketamine may be derived from a strengthening 

of executive control circuitry.  

Conclusions: There are still important questions about ketamine’s mechanism of action 

and therapeutic potential that can be addressed using appropriate pharmacological 

neuroimaging techniques. The unique effects of ketamine make it an intriguing candidate 

for the treatment of drug abuse. 

1.3 Introduction 

Ketamine is a non-competitive N-methyl-D-aspartate (NMDA) glutamate receptor 

antagonist with a complex profile of pharmacological effects that has made it an 

important target in biomedical and neuroscience research. High doses of ketamine have 

long been used medically to produce anesthesia (Haas and Harper, 1992) and the 

recreational use of ketamine as a dissociative drug of abuse has a lengthy history as well 

(Lodge and Mercier, 2015). For the past two and a half decades, ketamine has been used 

as a pharmacological model for schizophrenia as sub-anesthetic doses have been shown 

to produce temporary schizophrenia-like symptoms in healthy humans (Krystal et al., 

1994; Olney and Farber, 1995). In rodents and nonhuman primates, sub-anesthetic doses 

of ketamine induce deficits in the startle response and working memory that have 

translational relevance to schizophrenia (Skoblenick and Everling, 2012; Verma and 

Moghaddam, 1996; Yang et al., 2010). While ketamine can be administered through 
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several routes, including intramuscular, intranasal and oral, most investigations have 

utilized intravenous infusions due to the precise dosing and ability to adjust rapidly if 

unwanted side effects occur. The strength of these models has helped lead to new 

hypotheses of glutamatergic system dysfunction in schizophrenia (Frohlich and Van 

Horn, 2014). 

In addition to its utility for modeling schizophrenia, ketamine has emerged as a potential 

treatment for multiple psychiatric disorders. Sub-anesthetic doses of ketamine in the 

same range as those used for modeling schizophrenia have shown efficacy for treating 

postoperative pain (Schmid et al., 1999), neuropathic pain (Schwartzman et al., 2009), 

treatment-resistant depression (Berman et al., 2000; Krystal et al., 2013), and suicidal 

ideation (Ballard et al., 2014; Price and Mathew, 2015). Indeed, the rapid onset of 

improvement in suicidal ideation induced by ketamine, reported to emerge as quickly as 

40 minutes post-infusion (DiazGranados et al., 2010), provides a major advantage for 

treating this psychiatric emergency as other effective treatments are slower acting 

(Reinstatler and Youssef, 2015). Ketamine also exerts rapid antidepressant effects in 

treatment resistant depression with peak response reported within 24 hours after a single 

sub-anesthetic dose (Murrough et al., 2013; Zarate et al., 2006). Additionally, recent 

studies have begun to investigate the potential use of ketamine as a treatment for 

psychostimulant abuse (Dakwar et al., 2016; Dakwar et al., 2014). 

1.3.1 Neural Mechanisms 

The discovery of the remarkable behavioral effects of sub-anesthetic ketamine has led to 

a great deal of research investigating its underlying neural mechanisms. High doses of 

ketamine result in general suppression of the central nervous system and produce general 



5 
 

 
 

anesthesia (Table 1-1). However, at sub-anesthetic doses that produce psychotomimetic 

and rapid antidepressant effects (Table 1-1), ketamine administration leads to 

enhancement of excitatory glutamatergic transmission (Duncan et al., 1998; Moghaddam 

et al., 1997). There is growing evidence that sub-anesthetic doses of ketamine 

predominantly block the NMDA receptors on inhibitory interneurons (Homayoun and 

Moghaddam, 2007; Wang et al., 2013), resulting in a disinhibition of excitatory projection 

neurons (Maeng et al., 2008). The reason for ketamine to primarily inhibit interneurons 

remains unknown. It has been proposed that the tonic firing pattern displayed by many 

cortical interneurons likely removes the magnesium block from NMDA receptors, 

allowing ketamine to block the channel. Meanwhile, burst firing pyramidal neurons likely 

spend more time in magnesium block, reducing the probability that ketamine will block 

NMDA receptor channels on these excitatory neurons (Wang and Gao, 2009; Wang and 

Gao, 2012). 

Ketamine-induced enhancement of glutamatergic function can have significant 

downstream effects on mesocortical and mesolimbic dopamine pathways (Adams and 

Moghaddam, 1998; Lorrain et al., 2003; Moghaddam et al., 1997; Vollenweider et al., 

2000). Specifically, there is evidence that disinhibition of pyramidal projection neurons 

in the prefrontal cortex leads to downstream activation of dopaminergic neurons (Carr 

and Sesack, 2000; Del Arco et al., 2008; Takahata and Moghaddam, 2003). Moreover, 

sub-anesthetic ketamine infusions increase blood flow and metabolic activity in the 

prefrontal cortex, striatum and thalamus (Holcomb et al., 2001; Vollenweider et al., 1997) 

and these effects correlate with the emergence of dissociative and schizophrenia-like 

symptoms (Driesen et al., 2013a; Holcomb et al., 2001; Vollenweider et al., 1997). Thus, 
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while sub-anesthetic ketamine induces excitation in many brain areas, its effects on 

prefrontal circuitry may be of particular importance for the induction of psychotomimetic 

and antidepressant effects (Arnsten et al., 2012; Del Arco and Mora, 2009; Opler et al., 

2016). In this regard, the homology of the human prefrontal cortex to that of other 

primates (Phillips et al., 2014) might add significant translational value to the use of 

nonhuman primate models for investigating the effects of ketamine. Indeed, even the 

micro-circuitry within the prefrontal cortex appears to be well conserved across human 

and nonhuman primates with NMDA receptors playing an important role in local 

processing that may not be present in rodents (Wang and Arnsten, 2015). Accordingly, 

the current review focuses on pharmacological imaging and ketamine effects on brain 

circuitry with an emphasis on human and nonhuman primate studies. 

1.4 Pharmacological Imaging Methods 

The neuronal signaling changes induced by administration of sub-anesthetic ketamine 

can be measured using pharmacological magnetic resonance imaging (phMRI). Increases 

in neuronal signaling lead to increases in metabolic rate as well as cerebral blood flow 

(CBF) to deliver more oxygen and glucose to meet the increased demand. The increases 

to CBF and anaerobic glucose metabolism are greater than the increase in oxidative 

metabolic rate (Fox et al., 1988), leading to a higher blood oxygen concentration and 

resultant changes in the blood-oxygenation-level dependent (BOLD) signal (Simon and 

Buxton, 2015). Measurement of the BOLD signal is utilized in phMRI to quantify the 

effects of drugs on neuronal signaling (Leslie and James, 2000). Previous work has shown 

that during sub-anesthetic infusion of ketamine, increases to regional CBF (Langsjo et al., 

2003) remain coupled with increases to regional glucose metabolic rate (Langsjo et al., 
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2004). This provides strong evidence that ketamine-induced changes to the BOLD signal 

accurately reflect underlying changes to neuronal signaling, making phMRI an effective 

tool for measuring the effects of ketamine on neural networks in the brain. Indeed, phMRI 

is particularly well-suited for investigating the effects of ketamine at the regional and 

network level given its high spatial and temporal resolution compared to other whole-

brain imaging modalities such as positron emission tomography (PET) and single-photon 

emission computed tomography (SPECT) (Buxton, 2002). This review will discuss key 

findings from phMRI studies that have contributed to understanding the effects of 

ketamine on brain function at the whole-brain, regional, and network levels. All of the 

phMRI studies reviewed (Table 2-1) utilized measurements of BOLD signal, however, 

multiple data analysis methods were employed. Brain activation studies examined 

regional changes in neuronal firing induced by ketamine, while functional connectivity 

studies examined changes to functional connections between discrete brain regions. 

1.4.1 Brain activation 

Several studies have used phMRI to characterize regional changes in neuronal activity 

induced by sub-anesthetic ketamine infusion by measuring the BOLD activation 

response. Data acquisition begins prior to the administration of ketamine to establish a 

baseline signal and continues for at least several minutes beyond the start of ketamine 

infusion. Various ketamine infusion protocols have been used (Table 1-2) in human 

(Deakin et al., 2008), nonhuman primate (Maltbie et al., 2016), and rat (Chin et al., 2011) 

studies with each showing a significant ketamine-induced BOLD-response that appears 

to be proportional to the ketamine dose (De Simoni et al., 2013) and highly robust across 

species (Maltbie et al., 2016). Sub-anesthetic ketamine induces a reliable pattern of 
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regional increases in BOLD signal indicative of neuronal excitation, which is consistent 

with the ketamine-induced increases observed in regional glucose metabolism (Duncan 

et al., 1998; Langsjo et al., 2004). This acute regional BOLD-response to sub-anesthetic 

ketamine may be linked to ketamine’s psychotomimetic effects. 

1.4.2 Functional connectivity 

The BOLD signal exhibits spontaneous fluctuations associated with temporal patterns of 

neuronal network activity during rest. Correlations in these spontaneous signal 

fluctuations between discrete regions are termed functional connectivity and are thought 

to underlie communication within brain networks (Fox et al., 2005). Functional 

connectivity has been used in many different clinical applications (Fox and Greicius, 

2010), including studies to evaluate the effects of sub-anesthetic ketamine. Functional 

connectivity analysis can offer some advantages compared to brain activation studies. 

Meaningful dynamic alterations in the strength of coupling between discrete regions may 

be independent from any corresponding increases in overall signal strength (Buckner et 

al., 2013), and network connectivity patterns within individual subjects are highly 

consistent across scanning sessions (Braga and Buckner, 2017). This allows for 

quantitative resting-state comparisons between different scanning sessions that are not 

possible using BOLD activation, such as the investigation of sub-anesthetic ketamine 

treatment for major depressive disorder (Abdallah et al., 2016). Although there are many 

different ways to perform functional connectivity analysis, the two types of functional 

connectivity analysis that have been most commonly used to study the effects of ketamine 

infusion are seed-based analysis and global brain connectivity (GBC). 

Seed-based functional connectivity  
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Seed-based functional connectivity analysis utilizes a region-of-interest approach to 

calculate functional connectivity between specific regions. This technique compares the 

average time course of the BOLD signal within a specified seed region with the BOLD time 

course of every brain voxel outside of the seed region (or within a specified target region) 

usually by means of the cross-correlation coefficient  (CC) between respective time 

courses (Fox and Raichle, 2007). This is the most common type of functional connectivity 

analysis used for determining brain networks. Changes to seed-based functional 

connectivity observed during acute ketamine administration (Dandash et al., 2015; 

Gopinath et al., 2016) may be related to psychotomimetic effects, while persistent changes 

observed 24-hours post-infusion (Abdallah et al., 2016; Lv et al., 2016) may be more 

closely related to antidepressant effects.  

Global brain connectivity 

GBC is a measure of how connected a given brain area is to every other area in the brain. 

High values of GBC (at rest) occur in brain areas that are involved in many different brain 

functions, and are hence connected with multiple brain networks or are strongly 

connected to most of the other brain regions within one network. GBC is calculated by 

taking the average correlation between the BOLD time course in a given voxel and the 

BOLD time course of every other voxel in the brain (Cole et al., 2010). GBC can also be 

compartmentalized to global connectivity within large brain areas (e.g. frontal cortex) as 

done by Anticevic et al. (2015). Alterations in GBC have been associated with both 

schizophrenia (Cole et al., 2011) and acute ketamine administration (Driesen et al., 2013a) 

and have been investigated in relation to the psychotomimetic effects of ketamine 

infusion. Further, Abdallah et al. (2016) observed alterations in GBC in subjects with 
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major depressive disorder that were normalized 24-hours after ketamine infusion in 

responders.  

Other functional connectivity analysis methods 

Independent component analysis and graph network analysis (Joules et al., 2015; Lv et 

al., 2016) have also been used to investigate the effects of sub-anesthetic ketamine. These 

analysis methods use algorithms to automatically segment the brain into intrinsic, 

functionally connected networks (Braga and Buckner, 2017). This allows for data-driven 

investigation of functional brain networks, which has both advantages and disadvantages 

compared to more directly hypothesis driven methods (Buckner et al., 2013). At present, 

there is smaller body of literature utilizing these methods, making them more difficult to 

correlate with the behavioral effects of ketamine. 

1.5 Pharmacological Imaging and the Behavioral Effects of Ketamine 

1.5.1 Psychotomimetic effects 

Several phMRI studies have investigated associations between the changes to neuronal 

signaling and changes to subjective ratings of behavior induced by ketamine. Various 

subjective ratings scales have been utilized for this purpose. In order to measure 

psychosis-like symptoms, the Brief Psychiatric Rating Scale (BPRS) (Kopelowicz et al., 

2008), Rating Scale for Psychotic Symptoms (RSPS) (Chouinard and Miller, 1999), 

Psychotomimetic States Inventory (PSI) (Mason et al., 2008), and positive dimension of 

the Positive and Negative Syndrome Scale (PANSS) (Kay et al., 1987) have been 

employed. Meanwhile, the negative dimension of PANSS (Kay et al., 1987) has been used 

to measure the schizophrenia-like blunted affect and social withdrawal, and the Clinician 
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Administered Dissociative States Scale (CADSS) (Bremner et al., 1998) has been used to 

assess the dissociative symptoms evoked by ketamine. 

Brain activation  

Deakin et al. (2008) were the first to examine the effects of sub-anesthetic ketamine 

infusion on BOLD activation (in healthy control subjects). They found an extensive 

cortical BOLD signal response with peak signal changes occurring 3-5 minutes after the 

start of infusion in all regions. This timing corresponds very well with the peak ketamine 

concentration in the blood, and with the onset of behavioral effects (see below). BOLD 

activation was quite extensive, with multiple frontal, parietal, temporal, and limbic 

regions showing increased signal. However, when subjects were pretreated with the 

sodium channel blocker lamotrigine to reduce enhancement of glutamate release, there 

was significant attenuation of ketamine-induced BOLD activation throughout the brain. 

This provides evidence that enhancement of glutamatergic signaling is involved in the 

BOLD-response to ketamine and agrees with previous work showing that the behavioral 

effects of ketamine can also be attenuated by lamotrigine (Anand et al., 2000). 

Deakin et al. (2008) further found several regions in which changes in BOLD were 

correlated with ratings of dissociative state (CADSS) or psychotic symptoms (BPRS), thus 

establishing the relevance of BOLD activation to the psychotomimetic effects of ketamine. 

Deactivation in the subgenual cingulate and medial orbitofrontal cortex (OFC) was 

correlated with increased CADSS ratings in the subjects, while deactivation in the medial 

OFC also correlated with increases in both CADSS ratings and BPRS ratings for psychosis. 

Activation of the posterior cingulate cortex and frontal pole (BA10) were also correlated 

with increased BPRS ratings, but not CADSS ratings. 
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The test-retest reliability of ketamine-induced BOLD activation was later established by 

De Simoni et al. (2013). They found the BOLD response to ketamine to be very robust, 

featuring a consistent magnitude and time course across different sessions, and both 

within and across healthy control subjects. Further, De Simoni et al. (2013) investigated 

the dose dependence of ketamine-induced BOLD activation and found that a higher dose 

(producing a 75 ng/mL ketamine blood serum concentration compared to 50 ng/mL at 

the lower dose) of ketamine corresponded to greater changes in BOLD signal and greater 

effect sizes. However, a full ketamine dose-response function has yet to be established 

with BOLD activation. While De Simoni et al. (2013) also collected behavioral ratings for 

psychotomimetic (PSI) and dissociative states (CADSS), they did not find any correlations 

with BOLD activation. They infer that the lack of correlation with behavior may be due to 

the low doses they were using for the ketamine infusion. Indeed, the higher of their two 

doses only produced an average plasma concentration of 73 ng/mL, a concentration that 

is on the low end of what has been used in phMRI studies of ketamine (Table 1-2). 

Despite the low dosing, they still found robust BOLD activation, indicating phMRI is 

highly sensitive to the effects of ketamine. 

Doyle et al. (2013) were the first to test the interaction of an antipsychotic drug with the 

ketamine-induced BOLD response. They evaluated pretreatment with risperidone or 

lamotrigine on ketamine-induced brain activation in healthy control subjects. Clinically, 

risperidone is one of the most commonly prescribed antipsychotics, featuring similar 

efficacy and tolerability to other second-generation (“atypical”) antipsychotics used for 

the treatment of schizophrenia (Komossa et al., 2011). Risperidone is an antagonist at 

both dopamine D2 and serotonin 5-HT2A receptors, but with no affinity for any 
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glutamate receptor (Muly et al., 2012). Doyle et al. (2013) showed that risperidone 

attenuated the BOLD response to ketamine globally, blunting signal changes in frontal, 

insular, striatal, and thalamic regions. Despite this attenuation, ketamine still induced 

significant BOLD activation compared to saline in each of these areas following 

risperidone pretreatment. The magnitude of the activation was simply reduced. This 

indicates that glutamatergic signaling is not the only pathway involved in the BOLD 

response to ketamine and that dopamine D2 and serotonin 5-HT2A receptors may also 

be involved. Among these alternatives, 5-HT2A receptors are a more likely candidate in 

attenuating the effects of ketamine, given that the dopamine D2 antagonist haloperidol 

was ineffective in preventing the psychotomimetic effects of ketamine (Krystal et al., 

1999). Note that neurons expressing 5-HT2A in the prefrontal cortex project to the ventral 

tegmental area and local antagonism of these receptors blocks dopamine overflow in the 

prefrontal cortex (Bortolozzi et al., 2005). Hence, 5-HT2A receptors are well positioned 

anatomically to modulate the psychotomimetic effects of ketamine. 

Preclinical animal studies have also used phMRI to characterize the effects of ketamine 

on brain activation. Careful consideration is required for designing phMRI studies in 

animals (Steward et al., 2005). In particular, drugs used to anesthetize the animals may 

interact with the compound of interest (Haensel et al., 2015), as seen with both ketamine 

(Hodkinson et al., 2012) and phenylcyclidine (Gozzi et al., 2008). These complications 

can make studies in anesthetized animals difficult to interpret. However, methods have 

been developed for performing phMRI in awake rodents (King et al., 2005). Chin et al. 

(2011) studied ketamine-evoked BOLD activation in awake rats and found extensive 

activation in the cortex and hippocampus. This result aligns well with observations 
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reported in human subjects, indicating ketamine-induced BOLD activation is well 

conserved across species. Indeed, further preclinical phMRI studies could prove 

invaluable, particularly when conducted in awake subjects. 

Given the homology of the human prefrontal cortex to that of other primates (Preuss, 

1995; Wang and Arnsten, 2015), nonhuman primates provide a more translational model 

for studying the BOLD response to ketamine. Importantly, methods have been developed 

that enable rhesus monkeys to undergo MRI scanning without the use of anesthesia and 

with minimal restraint stress (Murnane and Howell, 2010). A recent study has shown that 

awake rhesus monkeys display ketamine-induced BOLD activation (Maltbie et al., 2016) 

that corresponds closely in both magnitude and extent to what has been reported in 

humans (De Simoni et al., 2013; Deakin et al., 2008; Doyle et al., 2013). Moreover, 

pretreatment with risperidone attenuated the ketamine-induced changes in BOLD in 

rhesus monkeys (Maltbie et al., 2016), again to a similar extent as reported in humans 

(Doyle et al., 2013). These data suggest that the pharmacological effects of ketamine are 

well conserved across species and attests to the validity of using ketamine in nonhuman 

primates as an animal model for schizophrenia, and as a potential model for evaluating 

novel antipsychotics. 

Global brain connectivity 

Functional connectivity has been shown reliably to be disrupted in schizophrenia (Guo et 

al., 2013; Meyer-Lindenberg et al., 2001; Meyer-Lindenberg et al., 2005; Rotarska-

Jagiela et al., 2010; Woodward et al., 2011). Further, there is evidence that functional 

connectivity may predict response to treatment with antipsychotics (Sarpal et al., 2016) 



15 
 

 
 

and that functional connectivity changes are correlated with alleviation of symptoms 

following successful treatment (Sarpal et al., 2015). 

The first paper to use functional connectivity analysis to study ketamine infusion was 

published by Driesen et al. (2013a). They examined the effects of ketamine on GBC in 

healthy control subjects. Ketamine infusion increased the GBC of voxels throughout the 

brain, illustrating a global increase in functional connectivity. This finding is consistent 

with coherent neural activity across the brain seen during psychosis (Hakami et al., 2009; 

Wood et al., 2012). Additionally, Driesen et al. (2013a) found many brain regions (they 

reported several significant clusters including one extending from the OFC to the 

cerebellum) in which increased GBC correlated with increased positive schizophrenia 

symptom scores (PANSS), implying that increased connectivity in many brain networks 

is associated with the psychotomimetic effects of ketamine. However, they found that 

stable or reduced GBC in the dorsal and medial anterior striatum was correlated with 

increased negative psychotomimetic symptoms (PANSS). 

Anticevic et al. (2015) compared the effects of ketamine in healthy control subjects to 

baseline measures from schizophrenic patients at different stages of treatment. They 

utilized a variant of GBC in which only voxels within the prefrontal cortex were 

considered. The restricted GBC was shown to increase after ketamine administration and 

this prefrontal-specific GBC was also significantly elevated in patients who were within 

one-year of the onset of schizophrenia symptoms. This finding may suggest that elevated 

functional connectivity in the prefrontal cortex could be a biomarker for schizophrenia. 

However, other than benefitting from decreased processing time, it is unclear why GBC 

should be restricted to prefrontal regions. Even if prefrontal regions are of primary 
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interest, these areas receive inputs from many other brain areas outside the prefrontal 

cortex and are part of highly integrative brain circuits (Arnsten et al., 2012; Del Arco and 

Mora, 2009). Furthermore, Anticevic et al. (2015) performed global signal regression to 

remove the average brain signal from every voxel in the brain. Given that ketamine 

increases global signal, as reported previously, the effects of this regression will be 

different for ketamine than for baseline or vehicle conditions and could confound any 

between-condition comparisons (Saad et al., 2012). Thus, while the results of this study 

are intriguing, they are somewhat difficult to interpret. 

Recent studies in awake rhesus monkeys has demonstrated that ketamine-induced 

changes in functional connectivity are also well conserved across primate species 

(Gopinath et al., 2016). GBC analysis (Figure 1-1) shows that ketamine causes global 

hyperconnectivity in rhesus monkeys that is similar in both magnitude and regional 

pattern to what Driesen et al. (2013a) observed in human subjects. Thus, there are data 

from multiple imaging modalities documenting that nonhuman primates provide a highly 

translational model for evaluating the effects of ketamine on brain function. 

Joules et al. (2015) investigated the effects of sub-anesthetic ketamine infusion on whole-

brain functional connectivity in healthy control subjects using a graph theory analysis. 

The measures of whole-brain connectedness they considered are similar to GBC but, 

rather than being calculated on every voxel, they are calculated between anatomical 

regions within a whole-brain parcellation map. Joules et al. (2015) found a shift in whole-

brain functional connectivity with ketamine infusion that is consistent with the reported 

increase in GBC (Driesen et al., 2013a). They further showed that a pattern recognition 

algorithm could be used consistently to classify the pattern of functional connectivity 
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induced by ketamine infusion as different than placebo infusion. This finding 

demonstrates the robustness of the effects of ketamine infusion on whole-brain functional 

connectivity. 

Seed-based functional connectivity 

In addition to their GBC study, Driesen et al. (2013b) conducted an investigation in 

healthy control subjects of the effects of ketamine on functional connectivity to a seed 

region in the dorsolateral prefrontal cortex (dlPFC).  The dlPFC is a region strongly 

implicated in schizophrenia because of its important role in working memory (Wang et 

al., 2013) and the group hypothesized that ketamine-induced changes in connectivity to 

the dlPFC would be associated with impaired performance on a working memory task. 

Unfortunately, they used a global signal regression that may have confounded their 

results for the reasons mentioned previously. Accordingly, while they found that ketamine 

reduced connectivity to the dlPFC seed, this possibly resulted from a greater impact of 

global signal regression under the ketamine condition than the control condition. 

Dandash et al. (2015) used a regional seed-based analysis with seeds placed in the dorsal 

and ventral putamen, dorsal caudate, and nucleus accumbens. They reported that 

functional connectivity to the striatum was enhanced in healthy control subjects. While 

they did not find differences in connectivity to the putamen, they found increased 

connectivity from the midbrain and thalamus to the dorsal caudate and from the 

ventromedial prefrontal cortex to the nucleus accumbens. These results may have been 

limited by relatively low and highly variable ketamine plasma levels (68.6±43.6 ng/ml) 

producing less robust drug effects. Nevertheless, they found that increases in connectivity 

between the medial prefrontal cortex and ventral striatum were correlated with ratings of 
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both psychosis-like behavior (RSPS) and dissociative state (CADSS). Further, they found 

that increases in connectivity between the midbrain and dorsal caudate were associated 

with increases in ratings of positive schizophrenia symptoms (BPRS) while the observed 

increases in connectivity between the ventrolateral thalamus and dorsal caudate were 

associated with lower ratings of psychosis (RSPS) and dissociative state (CADSS). The 

latter negative association could be important for differentiating the mechanisms 

underlying the psychotomimetic effects from the therapeutic effects of ketamine. Their 

finding of increased connectivity between the medial prefrontal cortex and ventral 

striatum may also inform the study of ketamine as a potential treatment for drug 

addiction, a condition in which fronto-striatal connectivity has been found to be impaired 

(Hu et al., 2015; Murnane et al., 2015). 

Another study by Grimm et al. (2015) investigated ketamine-induced changes in 

functional connectivity specifically between the dlPFC and hippocampus. They found that 

acute ketamine administration increased dlPFC-hippocampus connectivity in both 

healthy human subjects and in rats. The generality of their results is limited, given that 

only a single connection was examined. However, abnormal dlPFC-hippocampus 

connectivity has been observed in schizophrenia (Meyer-Lindenberg et al., 2005) and a 

similar finding of robust ketamine-induced increases in dlPFC functional connectivity has 

been observed in awake rhesus monkeys (Gopinath et al., 2016). Overall, these data 

provide strong evidence that the effects of ketamine on functional connectivity are well 

conserved across species. 

A recent study employed a regional seed-based analysis of changes in functional 

connectivity induced by ketamine in awake rhesus monkeys (Gopinath et al., 2016). As 
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reported previously in humans (Dandash et al., 2015), ketamine increased connectivity to 

a seed region in the nucleus accumbens, although the increases observed were 

considerably more extensive. In addition to the accumbens seed, the analysis also 

featured seed regions in the amygdala, posterior and subgenual cingulate, orbitofrontal 

cortex, and dlPFC. Among these seed regions, the greatest ketamine-induced changes in 

functional connectivity were seen in dlPFC projections. This may be a key finding for 

explaining both the psychotomimetic and antidepressant effects of ketamine (see 

Discussion).  

1.5.2 Antidepressant effects 

In addition to healthy control subjects, two phMRI studies have investigated the neuronal 

effects of ketamine infusion in patients with major depressive disorder (MDD). Each of 

these two studies used a different clinical ratings scale for quantifying changes to 

symptoms of depression following ketamine infusion. The Beck Depression Inventory 

(BDI) (Beck et al., 1961) was utilized by Downey et al. (2016), while Abdallah et al. (2016) 

employed the Montgomery–Asberg Depression Rating Scale (MADRS) (Montgomery and 

Asberg, 1979). 

Brain Activation 

Downey et al. (2016) used phMRI to investigate the acute effects of ketamine infusion in 

patients with MDD. They performed the phMRI scans during ketamine treatment and 

correlated the acute effects of ketamine with the alleviation of depression symptoms 

(BDI) 24-hours post infusion. They found a similar pattern of acute ketamine-evoked 

BOLD activation in subjects with MDD to what has been shown previously in healthy 

control subjects (De Simoni et al., 2013; Deakin et al., 2008; Doyle et al., 2013) as well as 
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in nonhuman primates (Maltbie et al., 2016). Further, they found that ketamine-induced 

BOLD activation in the rostral anterior cingulate cortex (rACC) correlated strongly 

(r=0.61) with alleviation of depression symptoms (measured by BDI). While, to the 

author’s knowledge, this is the only published phMRI paper to examine the effects of 

ketamine infusion on BOLD activation in subjects with MDD findings in task-based MRI 

suggest aberrant processing in the rACC may predict ketamine treatment outcomes 

(Salvadore et al., 2009; Salvadore et al., 2010). 

Global brain connectivity 

Abdallah et al. (2016) investigated the prolonged effects of ketamine treatment on GBC 

in major depression. Prior to treatment, patients with MDD displayed reduced GBC 

within the prefrontal cortex (responders and non-responders) compared to healthy 

controls. Following sub-anesthetic ketamine treatment (24 hours post-infusion), 

responders displayed normalized prefrontal GBC, while non-responders maintained 

significantly reduced prefrontal GBC. The increase in GBC in lateral PFC and in the 

caudate correlated with the alleviation of symptoms (MADRS). The data correspond very 

well with the acute effects of ketamine on GBC observed in healthy control subjects 

(Driesen et al., 2013a) and awake nonhuman primates (Figure 1-1), including increased 

GBC throughout the brain with the most prominent increases seen in the prefrontal 

cortex. The study by Abdallah et al. (2016), featured a relatively small sample (N=18 MDD 

patients, with 10 responders), however the results provide evidence that MDD may 

feature prefrontal dysconnectivity as measured by GBC and that the increased GBC 

reliably induced acutely by ketamine could be related to its antidepressant effects. Further 

investigation is certainly warranted. 
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 Seed-based functional connectivity 

In the same study that examined GBC after ketamine treatment in major depression, 

Abdallah et al. (2016) investigated the prolonged effects of ketamine (24 hours after 

infusion) on seed regions in the dlPFC, subgenual cingulate, and posterior cingulate 

cortex. These regions play an important role in cortico-limbic networks (Mayberg, 2003) 

responsible for affective processing and may be important for the antidepressant effects 

of ketamine (Johansen-Berg et al., 2008).  Abdallah et al. (2016) reported that subjects 

with MDD displayed higher connectivity between prefrontal regions and the dlPFC and 

subgenual cingulate seeds, but lower connectivity between more distant cortical and 

subcortical regions. They further reported these regional connectivity differences to be 

normalized following ketamine treatment. They speculate that in MDD, within-region 

connectivity over short distances may be increased, while between-region connectivity 

over longer distances may be disrupted and that ketamine normalizes connectivity within 

and between brain regions. While further work is needed to establish better the prolonged 

effects of ketamine on functional connectivity, these initial results imply that the extensive 

increases in cortical and subcortical connectivity to dlPFC induced acutely by ketamine 

(Gopinath et al., 2016) may persist following drug clearance and may contribute to the 

antidepressant effects of the drug. 

1.6 Discussion 

Whether or not the dissociative and psychotomimetic effects of ketamine are separable 

from the therapeutic effects remains an open question. Ratings for ketamine-induced 

CADSS have been correlated with improvement in depression symptoms following 

treatment (Luckenbaugh et al., 2014). However, the same study found the schizophrenia-
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like symptoms (BPRS) induced by ketamine were not correlated with treatment outcome. 

phMRI studies of ketamine indicate that the psychotomimetic effects may not be entirely 

distinguishable from the therapeutic effects. Abdallah et al. (2016) found that increases 

in prefrontal and striatal GBC 24 hours post-ketamine treatment were correlated with 

antidepressant efficacy, while Driesen et al. (2013a) found extensive increases in GBC 

(including a cluster in OFC) induced acutely by ketamine infusion that correlated with 

positive psychotomimetic symptoms (PANSS). Thus, these phMRI studies indicate that 

the same neurocircuitry involved in the acute psychotomimetic effects of ketamine is also 

important for the therapeutic effects. 

The effects of ketamine on specific brain regions, particularly the dlPFC, suggest that 

similar mechanisms underlie psychotomimetic and therapeutic effects. The dlPFC is a 

region strongly implicated in schizophrenia because of its important role in working 

memory (Wang et al., 2013). The hyperconnectivity induced by ketamine could be related 

to improper processing in the dlPFC leading to aberrant downstream signaling and 

resulting psychotomimetic effects, as hypothesized by Driesen et al. (2013b). Further, the 

dlPFC plays an essential role in the executive control of emotion (Ochsner and Gross, 

2005), which has been shown to be dysfunctional in major depression (Fales et al., 2008). 

Direct activation of the dlPFC using repeated transcranial magnetic stimulation is an 

effective treatment for depression (Concerto et al., 2015), speculatively because of a 

resultant strengthening of network connections responsible for executive control of 

emotion (Fox et al., 2012; Koenigs and Grafman, 2009; Ma, 2015). Thus, the ketamine-

induced increases in dlPFC connectivity may be a key indicator of psychotomimetic 
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effects present during ketamine infusion as well as the neuroplastic changes thought to 

underlie the delayed antidepressant effects that follow ketamine administration. 

There is also evidence from phMRI studies to suggest differences in the mechanisms 

underlying the psychotomimetic and therapeutic effects. While Abdallah et al. (2016) 

found that ketamine-induced increases to GBC in the caudate were correlated with 

alleviation of depression symptoms (MADRS) in MDD patients, Dandash et al. (2015) 

observed that increases in functional connectivity between dorsal caudate and 

ventrolateral thalamus were associated with lower ratings of psychosis (RSPS) and 

dissociative state (CADSS) induced by ketamine in healthy control subjects. Driesen et al. 

(2013a) likewise found that healthy controls exhibiting greater increases to GBC in both 

dorsal caudate and ventrolateral thalamus displayed fewer increases in negative 

schizophrenia symptom scores (PANSS). Hence, while the psychotomimetic and 

therapeutic effects of ketamine may have convergent mechanisms within the prefrontal 

cortex (and dlPFC in particular) there appear to be differences in effects on striatal 

processing that influence the behavioral effects. 

While these phMRI studies have provided significant insight into the brain circuitry 

mediating the behavioral effects of ketamine, the extent to which the therapeutic effects 

of ketamine can be isolated from the psychotomimetic and dissociative effects remains an 

open question that requires further investigation. 

1.7 Future Directions  

1.7.1 phMRI and ketamine mechanism of action 
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While ketamine-induced BOLD activation has been a useful first step for studying the 

whole-brain effects of ketamine, functional connectivity may prove to be more 

informative for understanding the mechanism of action of ketamine in the brain. It is 

important to note that when neural activity increases, metabolic activity (and therefore 

BOLD signal) is primarily enhanced at the synapses and not at the cell bodies (Buxton, 

2002). Thus, in the case of localized disinhibition of pyramidal neurons, as presumed with 

ketamine, the downstream areas receiving projections from the disinhibited region(s) 

may show the greatest enhancement of BOLD signal. On the other hand, a region that 

becomes disinhibited may increase its functional coupling to downstream areas and 

hence may show increased functional connectivity even when it does not show a strong 

enhancement in BOLD signal (Gusnard et al., 2001). This may explain why the dlPFC 

shows the most extensive increases in functional connectivity (Gopinath et al., 2016) but 

only moderate increases in BOLD signal during ketamine infusion (De Simoni et al., 2013; 

Maltbie et al., 2016). 

Future studies should use phMRI to address several additional questions ketamine’s 

pharmacology. The dose-response relationship for ketamine remains poorly understood. 

This is true both for the efficacy of ketamine as an antidepressant and for the acute effects 

of ketamine on brain activity. De Simoni et al. (2013) reported that BOLD activation 

increased with increasing dose, however no peak dose has been established and no 

investigation of dose dependency with functional connectivity has been conducted. 

Further, no phMRI studies have investigated the effects of repeated ketamine treatments 

despite the potential relevance of chronic administration to the use of ketamine for the 

treatment of depression (aan het Rot et al., 2010; Papp et al., 2017). 
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The independent contributions of the individual pharmacological components of 

ketamine remain largely unknown. Ketamine is a chiral compound consisting of a pair of 

(R,S) enantiomers and there is some evidence suggesting that R-ketamine may have 

greater antidepressant efficacy (Zhang et al., 2014) while also producing fewer 

psychotomimetic effects (Yang et al., 2015). Further, there is one report that found a 

specific metabolite of ketamine to be sufficient for producing antidepressant effects 

(Zanos et al., 2016). phMRI with these independent components of ketamine may lead to 

important new insights into mechanism of action and therapeutic utilty. Such 

experiments may also help to determine whether the psychotomimetic effects of ketamine 

can be truly segregated from the antidepressant effects. 

1.7.2 phMRI and translational models 

 Nonhuman primate models offer translational advantages in behavioral and 

pharmacological research (Phillips et al., 2014). The introduction of techniques for 

performing phMRI experiments in awake nonhuman primates provides even greater 

translational relevance. As detailed in this review, phMRI coupled with sub-anesthetic 

ketamine infusion has been used to create a promising translational pharmacological 

model of schizophrenia in nonhuman primates (Gopinath et al., 2016; Maltbie et al., 

2016). Indeed, awake nonhuman primate phMRI can provide important insights into the 

therapeutic mechanisms of ketamine. 

There are limitations to traditional animal models of major depression (Berton et al., 

2012), with treatment-resistant depression proving to be particularly challenging 

(Willner and Belzung, 2015). While nonhuman primate models have been underutilized 

in studies of depression (Shively and Willard, 2012), the use of phMRI in conscious 
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animals could be particularly important for investigating the mechanisms underlying the 

rapid antidepressant effects of ketamine. The only study to investigate the sustained 

effects of ketamine in nonhuman primates (Lv et al., 2016) reported significant changes 

to functional connectivity 24 hours post-infusion. However, very different analysis 

methods were used than Abdallah et al. (2016) and the use of anesthesia represents a 

potential confound (Hodkinson et al., 2012; Hudetz, 2012). Replicating this study in 

awake animals should be informative. 

Further investigation of sub-anesthetic ketamine as a treatment for drug addiction in 

humans, as proposed above, could benefit significantly from the use of nonhuman 

primate models. Nonhuman primate self-administration represents the gold standard for 

modeling the abuse-related effects of drugs in animals, and phMRI studies provide strong 

evidence that ketamine induces highly translational effects on BOLD signal and 

functional connectivity in nonhuman primates. Thus, nonhuman primates may provide a 

valid animal model for investigating the efficacy of ketamine for reducing drug self-

administration, as well as the predictive value of dlPFC functional connectivity as a 

biomarker for abuse-related behavior. 

Ketamine has already shown tremendous therapeutic value in the treatment of major 

depression, and the results from functional imaging experiments provide important 

neurocircuitry-level evidence for additional therapeutic uses for ketamine. The finding 

that ketamine enhances connectivity to the dlPFC (Gopinath et al., 2016), and potentially 

causes neuroplastic changes that strengthen executive control, has major implications for 

the potential use of ketamine in treating other psychiatric disorders. Impaired executive 

control has been associated with multiple disorders and is a particularly common finding 
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in drug addiction (Goldstein and Volkow, 2011; Jentsch and Taylor, 1999; Volkow et al., 

2011). Indeed, acute administration of cocaine has been shown to significantly reduce 

functional connectivity between dlPFC and nucleus accumbens in awake nonhuman 

primates, and the connectivity between these regions is negatively correlated with cocaine 

intake during self-administration (Murnane et al., 2015). There is already some evidence 

to indicate that sub-anesthetic ketamine infusion may be an effective treatment for 

cocaine abuse (Dakwar et al., 2016; Dakwar et al., 2014). Given the lack of FDA approved 

medications for the treatment of psychostimulant abuse, further investigation is certainly 

warranted.  

1.8 Conclusions 

Pharmacological imaging has proven extremely useful for studying the effects of ketamine 

in the brain. Acute administration of sub-anesthetic ketamine produces a robust, global 

increase in BOLD signal that is correlated with the psychotomimetic effects of ketamine. 

Functional connectivity also undergoes robust, global increases during acute ketamine 

administration that correlate with the psychotomimetic effects of ketamine. These effects 

are very well conserved across primate species and could be used to create a translational 

pharmacological model of schizophrenia in nonhuman primates. Ketamine shows 

exciting potential as a therapeutic and the results from phMRI experiments suggest it may 

strengthen executive control circuits, making it a particularly good candidate for 

investigation in the treatment of drug abuse. Future phMRI studies may be able to 

elucidate many of the questions that remain unanswered about the mechanisms 

mediating the effects of ketamine. 
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1.9 Dissertation overview 

Given the extensive interest in ketamine and importance of understanding the neural 

mechanisms underlying its effects, this dissertation starts out in Chapters 2 and 3 by 

examining the effects of ketamine using phMRI in awake rhesus monkeys. This 

methodology is possible because of the development of a scanning apparatus and animal 

training procedures that allow for the collection of quality phMRI data without the need 

for anesthesia and with minimal stress for the animals (Murnane and Howell, 2010). 

These techniques were recently used to collect phMRI data characterizing the effects of 

acute administration of cocaine in awake rhesus monkeys (Murnane et al., 2015).  

Building on these successful studies, this dissertation begins in Chapter 2 by investigating 

the effects of sub-anesthetic ketamine infusion (i.v.) on BOLD activation in awake rhesus 

monkeys. As described in the introduction above, the effects of ketamine infusion on 

BOLD activation in human subjects are well characterized in the literature (De Simoni et 

al., 2013; Deakin et al., 2008). Chapter 2 demonstrates ketamine-induced BOLD 

activation in awake rhesus monkeys similar to that in humans, lending validity to the 

translational model. Chapter 2 further shows that pretreatment with the antipsychotic 

drug risperidone attenuates the BOLD activation induced by ketamine, again 

corroborating published data in human subjects (Doyle et al., 2013). 

Expanding on these phMRI results, Chapter 3 uses different analysis methods on the 

same data as Chapter 2 to examine the effects of ketamine on FC to six cortico-limbic seed 

regions. Similar studies in human subjects show a pattern of ketamine-induced hyper-

connectivity (Dandash et al., 2015; Driesen et al., 2013a) as well as an attenuation of the 

effects of ketamine on FC after pretreatment with risperidone (Joules et al., 2015). In 
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Chapter 3, ketamine is shown to induce hyper-connectivity in rhesus monkey cortico-

limbic circuits with every seed region displaying increased FC to other cortico-limbic 

brain areas. These ketamine-induced changes to FC are also shown to be attenuated by 

pretreatment with risperidone in the rhesus, lending further validity to the translational 

model. Chapter 3 further presents the key finding of extensive ketamine-induced 

increases in FC to the dlPFC, including increases in dlPFC-NAcc FC. Murnane et al. (2015) 

showed dlPFC-NAcc FC to be negatively correlated with cocaine intake during self-

administration and to be reduced during acute administration of cocaine. Together, these 

findings of opposing effects of ketamine and cocaine on this important circuitry – thought 

to be related to executive control over reward-based decision making – provided the core 

rationale for the experiments in Chapters 4 and 5 investigating the interaction of 

ketamine treatment with the effects of cocaine. 

Loss of executive control over reward-based decision making is commonly described as a 

characteristic of substance use disorders (Koob and Volkow, 2010) and may be caused by 

deficits in glutamatergic projections between prefrontal cortex and NAcc (Kalivas, 2009). 

These observations have led to glutamatergic medications being proposed for the 

treatment of substance use disorders (Kalivas and Volkow, 2011). Chapter 4 examines the 

interaction of sub-anesthetic ketamine with the effects of cocaine on FC using phMRI in 

awake rhesus monkeys. Pretreatment with ketamine, 48h prior to scanning, is shown to 

attenuate the effects of cocaine on FC at the whole-brain level and dlPFC-NAcc FC 

specifically, when evaluated in subjects with no recent drug history.  

Chronic exposure to cocaine has been shown to alter brain function (Henry et al., 2010; 

Porrino et al., 2007), motivating the further investigation into the effects of chronic 
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cocaine self-administration on FC in Chapter 4. Chronic cocaine self-administration is 

demonstrated to reduce FC in a pattern mirroring the effects of acute administration of 

cocaine. Subsequently, the interaction of sub-anesthetic ketamine with the acute effects 

of cocaine on FC is examined following the period of chronic self-administration. 

However, no interaction of ketamine with cocaine is observed following chronic self-

administration. 

In a pair of pilot-studies in cocaine-dependent human subjects, ketamine pretreatment 

has been shown to decrease cocaine craving (Dakwar et al., 2014) and reduce cocaine 

choice behavior (Dakwar et al., 2016). Chapter 5 investigates the effects of sub-anesthetic 

ketamine infusion on reinstatement and reacquisition of cocaine self-administration in 

rhesus monkeys. Ketamine pretreatment, administered 48h prior, is shown to attenuate 

response rates during reinstatement testing. However, ketamine does not alter 

reacquisition of cocaine self-administration, even following repeated ketamine 

treatments. Overall, the results of Chapter 5 suggest that ketamine pretreatment 

decreases cocaine-seeking, but does not alter the reinforcing effects of cocaine. 

The dissertation concludes in Chapter 6 with a discussion of limitations and future 

directions for the use of phMRI in awake rhesus monkeys, particularly for the continued 

study of substance use disorders. Finally, given that the evidence presented in Chapters 4 

and 5 supports the potential efficacy of ketamine in the treatment of cocaine use disorder, 

the present use of ketamine as a therapeutic and whether ketamine or analogous 

compounds may be effective in the treatment of substance use disorders are discussed. 
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Table 1-1 Translational comparison of sub-anesthetic ketamine doses shown to produce 

psychotomimetic effects, antidepressant effects, and BOLD activation. Typical ketamine doses 

used for anesthesia are also shown. 

 Common active sub-anesthetic 

ketamine doses 

(plasma concentration) 

Anesthetic ketamine dose 

(plasma concentration) 

Human 
~0.5 mg/kg I.V. over 40 minutes 

(50-250 ng/mL) a,b 

~1-2 mg/kg I.V. 

(>1,080 ng/mL)d 

Rhesus 

Monkey 

~1 mg/kg I.M. 

(100-200 ng/mL) c 
~10 mg/kg I.M. 

Rat 
~10 mg/kg I.P. 

(100-300 ng/mL) c 

~100 mg/kg I.P. 

(>2,000 ng/mL)e 

a De Simoni et al. (2013); b Krystal et al. (1994); c Shaffer et al. (2014); d Domino et al. 

(1984); e Veilleux-Lemieux et al. (2013) 
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Table 1-2 Dosing procedures for ketamine phMRI studies. 

Study 

Sub-anesthetic 

ketamine dose 

(plasma concentration, 

if available) 

Duration 

of 

infusion 

Duration 

of scan 

N 

Subjects 

(Condition) 

Analysis 

Methods 

(De Simoni 

et al., 

2013) 

Low: 0.08 mg/kg + 0.23 

mg/kg/hr I.V. 

(target of 50 ng/mL) 

High: 0.12 mg/kg bolus + 

0.31 mg/kg/hr I.V. 

(73 ng/mL) 

75 min 15 min 

10 

Human 

(Healthy 

Control) 

BOLD 

activation 

Doyle et al. 

(2013) 

0.12 mg/kg bolus + 0.31 

mg/kg/hr I.V. 

(63 ng/mL) 

75 min 15 min 

16 

Human 

(Healthy 

Control) 

BOLD 

activation 

Deakin et 

al. (2008) 

0.26 mg/kg bolus + 0.25 

mg/kg/hr I.V. 
8 min 16 min 

33 

Human 

(Healthy 

Control) 

BOLD 

activation 

Downey et 

al. (2016) 

0.5 mg/kg constant infusion 

I.V. 
60 min 45 min 

19 

Human 

(Major 

Depressive 

Disorder) 

BOLD 

Activation 

Driesen et 

al. 

(2013a); 

(Driesen et 

al., 2013b) 

0.23 mg/kg bolus + 0.58 

mg/kg/hr I.V. 

(162 ng/mL) 

45 min 2 hr 

Human 

(Healthy 

Control) 

(a) GBC 

(b) Seed-

based 

functional 

connectivity 

(Abdallah 

et al., 

2016) 

0.5 mg/kg constant infusion 

I.V. 
40 min 

4 min 

(before, 

and 24 hrs 

after, 

infusion) 

Human 

(N=18 Major 

Depressive 

Disorder) 

(N=25 

Healthy 

Control) 

GBC and 

Seed-based 

functional 

connectivity 

(Anticevic 

et al., 

2015) 

0.23 mg/kg bolus + 0.58 

mg/kg/hr I.V. 

(121 ng/mL) 

1 hr 4.15 min 

96 

Human 

(Healthy 

Control) 

GBC 

(Joules et 

al., 2015) 

0.12 mg/kg bolus + 0.31 

mg/kg/hr 

(63 ng/mL) 

75 min 

15 min 

(5 min pre-

infusion) 

16 

Human 

(Healthy 

Control) 

Graph 

network 

analysis 

(Dandash 

et al., 

2015) 

Bolus + automated I.V. 

infusion targeting 100 

ng/mL 

(69 ng/mL) 

15 min 10 min 

19 

Human 

(Healthy 

Control) 

Seed-based 

functional 

connectivity 

(Grimm et 

al., 2015) 

Humans: 0.5 mg/kg I.V. 

(365 ng/mL) 

Rats: 25 mg/kg S.C. 

Single 

bolus 

Humans: 

10 min 

 

Humans: 

N=24 

Seed-based 

functional 

connectivity 
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(1700 ng/mL) Rats:  

8.5 min 

(Healthy 

Control) 

Rats: N=9 

Gopinath 

et al. 

(2016) 

0.345 mg/kg bolus + 0.256 

mg/kg/hr I.V. 

(104 ng/mL) 

53 min 55 min 

4 

Nonhuman 

primate 

Seed-based 

functional 

connectivity 

Maltbie et 

al. (2016) 

0.345 mg/kg bolus + 0.256 

mg/kg/hr I.V. 

(104 ng/mL) 

53 min 55 min 

4 

Nonhuman 

primate 

BOLD 

activation 

(Chin et 

al., 2011) 
30 mg/kg I.P. 

Single 

bolus 
40 min 

5 

Rat 

BOLD 

activation 
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Figure 1-1 Sub-anesthetic ketamine increases global brain connectivity (GBC) in the awake 

rhesus brain (N=4). GBC for each voxel is expressed as the effective average cross-correlation 

(constructed by averaging z-transformed cross-correlations with all other voxel time courses and 

expressing the result in the form of effective cross-correlation): (a) Histogram showing the 

distribution of GBC in all gray matter voxels during baseline; (b) Histogram showing the 

distribution of GBC in all gray matter voxels during ketamine infusion. The noticeable rightward 

shift in B compared to A indicates increased connectivity between brain regions during ketamine 

infusion; (c) Voxel-wise GBC maps during baseline. Voxels with GBC > 0.1 are highlighted; (d) 

Voxel-wise GBC maps during ketamine infusion. Voxels with GBC > 0.15 are highlighted. 

Ketamine-induced increases in GBC are noticeable throughout the brain and appear particularly 

intense in frontal and subcortical regions. 
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Chapter 2:  Ketamine-induced effects on brain activation in conscious 

nonhuman primates 
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2.1 Context, Author’s Contribution, and Acknowledgement of Reproduction 

The following chapter examines the effects of sub-anesthetic ketamine infusion on brain 

activation in conscious nonhuman primates. The dissertation author contributed by 

training the nonhuman primate subjects along with Marisa Olsen, collaboratively 

designing the experiments, analyzing the data, and writing the first of two companion 

manuscripts (now published) with equal contribution from Dr. Kaundinya Gopinath, 

under the guidance of Dr. Leonard Howell. The chapter is reproduced with minor edits 

from:  

 Maltbie E, Gopinath K, Urushino N, Kempf D, Howell L (2016) Ketamine-induced brain 

activation in awake female nonhuman primates: a translational functional imaging 

model. Psychopharmacology (Berl). 233: 961-972. 

2.2 Abstract 

Rationale: There is significant interest in the NMDA-receptor antagonist ketamine due 

to its efficacy in treating depressive disorders and its induction of psychotic-like 

symptoms that make it a useful tool for modeling psychosis.  

Objective: The present study extends the successful development of an apparatus and 

methodology to conduct pharmacological MRI studies in awake rhesus monkeys in order 

to evaluate the CNS effects of ketamine. 

Methods: Functional MRI scans were conducted in four awake adult female rhesus 

monkeys during sub-anesthetic i.v. infusions of ketamine (0.345 mg/kg bolus followed by 

0.256 mg/kg/hr constant infusion) with and without risperidone pretreatment 

(0.06mg/kg).  Statistical parametric maps of ketamine-induced BOLD activation were 
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obtained with appropriate GLM models incorporating motion and hemodynamics of 

ketamine infusion. 

Results: Ketamine infusion induced and sustained robust BOLD activation in a number 

of cortical and subcortical regions, including the thalamus, cingulate gyrus, and 

supplementary motor area. Pretreatment with the antipsychotic drug risperidone 

markedly blunted ketamine-induced activation in many brain areas. 

Conclusions: The results are remarkably similar to human imaging studies showing 

ketamine-induced BOLD activation in many of the same brain areas, and pretreatment 

with risperidone or another antipsychotic blunting the ketamine response to a similar 

extent. The strong concordance of the functional imaging data in humans with these 

results from nonhuman primates highlights the translational value of the model and 

provides an excellent avenue for future research examining the CNS effects of ketamine. 

This model may also be a useful tool for evaluating the efficacy of novel antipsychotic 

drugs. 

2.3 Introduction 

Ketamine is a non-competitive N-methyl-D-aspartate glutamate receptor (NMDAR) 

antagonist that has become the focus of a great deal of recent research in disparate fields 

of psychiatry because of a number of remarkable properties. While commonly used 

medically as a general anesthetic (Rowland, 2005), sub-anesthetic ketamine infusion 

produces schizophrenia-like symptoms in healthy humans (Krystal et al., 1994), 

generates a rapid antidepressant response in patients with treatment resistant depression 

(Berman et al., 2000), and shows efficacy in treating neuropathic pain (Schwartzman et 
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al., 2009). This extraordinary profile of effects makes ketamine a key research target for 

improving the scientific understanding of schizophrenia and depression. 

Interest in glutamatergic agents as potential treatments for schizophrenia is based 

primarily on the effects of NMDAR antagonists, and ketamine in particular, which acutely 

mimic the positive, negative, and cognitive symptoms of schizophrenia in healthy humans 

(Krystal et al., 2013; Olney and Farber, 1995). All antipsychotic medications in current 

clinical use act primarily on the dopamine system (most are D2 antagonists) and are only 

efficacious for positive symptoms with little efficacy for alleviating the negative or 

cognitive symptoms (Miyamoto et al., 2005). Recently, research has shifted increasingly 

towards glutamatergic compounds (Stone, 2011), however, thus far large clinical trials 

have been unsuccessful (Weiser et al., 2012). PET imaging has shown that acute 

administration of ketamine increases dopamine release in the striatum, and the extent of 

dopamine elevation in the ventral striatum correlates strongly with onset of positive 

symptoms (Vollenweider et al., 2000). Thus, acute ketamine challenge as a model for 

schizophrenia is consistent with evidence for the involvement of both the dopaminergic 

and glutamatergic systems (Frohlich and Van Horn, 2014). 

Pharmacological MRI (phMRI) has been used to identify the pattern of activation induced 

by sub-anesthetic doses of ketamine in human volunteers by measuring changes in blood 

oxygenation level dependent (BOLD) signal (De Simoni et al., 2013; Deakin et al., 2008; 

Doyle et al., 2013). These changes in BOLD signal correlate with the subjective effects of 

ketamine (Deakin et al., 2008) and this technique also has shown very good test-retest 

reliability (De Simoni et al., 2013). Thus, phMRI provides a reliable, in vivo imaging 

methodology for studying the whole-brain pharmacological effects of ketamine. Of 
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particular relevance to schizophrenia, pretreatment with the antipsychotic risperidone 

has been shown to attenuate the subjective effects (Schmechtig et al., 2013), BOLD 

activation (Doyle et al., 2013), and functional changes (Joules et al., 2015) induced by 

ketamine. This is particularly interesting because while risperidone acts as an antagonist 

with high affinity for dopamine D2 , 5-HT2a, and a number of other receptors (Meltzer 

and McGurk, 1999), like other clinical antipsychotic compounds it does not interact 

directly with NMDARs. Risperidone may provide a good benchmark for comparison of 

the effectiveness of novel antipsychotics to attenuate or reverse the CNS effects of 

ketamine, and evidence suggests that phMRI provides a unique tool for making this 

comparison. 

Nonhuman primate (NHP) models offer distinct advantages for studying cognitive 

dysfunction and psychopathology (Phillips et al., 2014). Both schizophrenia (Lewis and 

Lieberman, 2000) and depression (Mayberg, 2003) are characterized in part by altered 

processing in prefrontal cortex (PFC) and limbic circuits and NHPs represent an excellent 

animal model because their behavioral repertoires are sophisticated and their PFC is 

closely aligned with humans (Preuss, 1995).The present study extends the successful 

development of an apparatus and methodology to conduct phMRI studies in conscious 

rhesus monkeys (Murnane et al., 2015; Murnane and Howell, 2010) in order to evaluate 

the CNS effects of antipsychotics. The first aim of this study was to validate NHPs as a 

model for studying the CNS effects of ketamine by using phMRI in awake rhesus monkeys 

to examine BOLD activation/deactivation profile of ketamine against time. To evaluate 

the translational utility of this model the whole brain profile is presented along with in 

depth analysis of particular regions that are known to be involved in the psychopathology 
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of both schizophrenia and depression. A second aim of the study was to evaluate the 

interaction of ketamine with the clinical antipsychotic drug risperidone. The results 

obtained provide a sound metric for evaluating novel antipsychotics. 

2.4 Materials and Methods 

2.4.1 Subjects: 

The subjects were four adult female rhesus monkeys (Macaca mulatta) weighing 5.4-7.7 

kg. All subjects were initially naïve to any experimental drugs and all underwent the same 

experiments and served as their own controls to increase statistical power and reduce the 

number of subjects necessary to complete the scientific objectives of the study. Clinical 

veterinarians at the Yerkes Center use ketamine for chemical restraint during animal 

surveys so all subjects had previous exposure to the drug. The endocrine status of the 

female subjects was not monitored. Animal use procedures were in strict accordance with 

the National Institutes of Health’s “Guide for the Care and Use of Laboratory Animals” 

and were approved by the Institutional Animal Care and Use Committee of Emory 

University. 

Surgery 

Subjects were surgically implanted with chronic indwelling venous catheters as described 

previously (Howell and Fantegrossi, 2009). Briefly, under isoflurane anesthesia, a 

silicone catheter was implanted in the femoral vein and was passed to the level of the vena 

cava. The distal end was attached to a titanium port located subcutaneously in the mid-

scapular region. 

Animal habituation protocol 
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In order to minimize motion and stress, all subjects were extensively and gradually 

habituated to all procedures necessary for these experiments over a period of several 

months. Subjects were first acclimated to transportation within the frame of the custom 

apparatus and being brought to the laboratory for 30-minute sessions three times per 

week. Gradually an increasing number of the pieces of the apparatus were added from 

session to session until the subject was finally placed in the entire setup for several 

sessions. Sessions were then reduced to one per week and the duration of immobilization 

within a session was gradually increased from 30 minutes to 2 hours. Audio recordings of 

several MR pulse sequences were played during these sessions to acclimate the subjects 

to the noises produced by the MR scanner. Finally, several full mock scanning sessions 

were undertaken where the subjects were immobilized in the apparatus and placed within 

the bore of the Yerkes Imaging Center MRI scanner to expose the subject to the scanner 

environment prior to the collection of experimental data. 

2.4.2 MRI data acquisition: 

The apparatus and animal habituation protocol have been described in detail previously 

(Murnane and Howell, 2010). Scans were conducted in a Siemens (Siemens Healthcare, 

Erlangen, Germany) Trio 3 Tesla magnet. The monkeys lay prone in a custom-built 

restraint cradle optimized for acquiring phMRI data from fully-conscious rhesus monkeys 

(Murnane and Howell, 2010) and attached to a NHP head coil (RAPID MR International, 

LLC). Heart rate, oxygen saturation and expired gases were continuously monitored to 

ensure the safety of the animals inside the scanner. In each scanning session, BOLD 

sensitive phMRI images were collected utilizing a whole-brain gradient echo single-shot 

echo planar imaging (EPI) sequence. The scan parameters for this sequence were 
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Repetition Time (TR) = 3000ms; Echo Time (TE) = 32ms; Flip Angle (FA) = 90°; Field of 

View (FOV) = 96cm, 1.5mm X 1.5mm in-plane resolution with 42 coronal slices covering 

the whole-brain; slice thickness = 1.5mm; 1100 measurements).  Field inhomogeneities 

were mapped using a standard Siemens dual gradient echo based field mapping sequence 

for later correction of any EPI image distortions. A T1-weighted (T1w) a 3-dimensional 

(3D) magnetization prepared rapid gradient echo (MPRAGE) sequence (TR = 2300 ms; 

TE = 2.7ms; Inversion Time (TI)=800 ms; FA = 8°; FOV = 96cm; 1.5mm X 1.5mm  X 

1.5mm resolution) was also acquired to assist in co-registration of the EPI time-series to 

the high-resolution T1w anatomic acquired in a different session.  For each monkey, a set 

of 7 high resolution T1w anatomic scans were acquired in a separate scanning session with 

a 3D MPRAGE sequence with scan parameters: TR = TR = 2300 ms; TE = 3.4ms; TI = 

800ms; FA = 8°; FOV = 128cm; 0.5mm X0.5mm X 0.5mm resolution. The 7 high-

resolution anatomic images were averaged together to yield a final 3D T1w anatomic 

image with high SNR and resolution for anatomic reference. 

2.4.3 Drug infusion protocols: 

Each subject underwent two 55-min pharmacological MRI scans in separate scanning 

sessions: 

1) One minute baseline followed by a 1 minute bolus i.v. infusion of 0.345 mg/kg of 

ketamine followed by 53 minute continuous infusion of 0.256 mg/kg/hr ketamine; 

2) Same as (1) but with risperidone (0.06 mg/kg, i.v.) administered 1 hour prior to 

the MRI session;  

Note the infusion and dosing parameters were determined empirically from 

pharmacokinetic evaluations in order to achieve steady-state plasma levels of 
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ketamine at approximately 100 ng/mL. Further, in order to ensure that expected drug 

levels were achieved during scanning, blood samples were acquired immediately 

following each scan. Drug levels were determined from heparinized plasma by 

Tandem Labs using gas chromatography and mass spectrometry. 

The effects of ketamine under dosing conditions identical to those employed during MRI 

scans were evaluated while subjects were seated in a standard primate chair in the 

behavioral laboratory. Subjects were fully conscious and responsive to auditory and tactile 

stimulation. 

2.4.4 Pharmacological MRI data analysis: 

Preprocessing and spatial normalization 

MRI data analysis was conducted with AFNI (Cox, 1996) and FSL (Smith et al., 2004) 

software packages. The phMRI time-series images were first corrected for distortions 

introduced by magnetic field inhomogeneities (estimated by the gradient echo field map). 

Voxel time-series in the phMRI dataset were temporally shifted to account for differences 

in slice acquisition times.  The 3D scan volumes were then registered to a base volume to 

account for motion.   

 

The skull-stripped averaged high-resolution T1w anatomic structural image of subject 

RNE13 was chosen as the template brain for the four-subject dataset. RNE13’s brain was 

chosen due to its image quality and symmetry being the best among the four subjects 

scanned.  Each subject’s averaged high-resolution high SNR T1w anatomic was registered 

to this template T1w dataset.  For each subject, the low-resolution T1w anatomic acquired 
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during the drug–infusion scan session was aligned to the template brain via the averaged 

high-resolution high SNR T1w anatomic acquired in a separate scanning session through 

image registration tools available in FSL. The motion-corrected EPI drug-infusion phMRI 

time-series was aligned to the low-resolution T1w anatomic acquired in the same session 

with a rigid registration algorithm and then aligned to the template brain through the 

warp calculated during the low-resolution T1w anatomic to template brain registration 

described above. The resultant EPI time-series were spatially smoothed with a full-width 

at half-maximum (FWHM) = 3mm isotropic Gaussian filter.  The brain activation to each 

drug paradigm was assessed using this preprocessed phMRI time-series as described 

below. 

 Pharmacological MRI data quality control 

The phMRI image time-series data were examined for large motions defined as more than 

2mm displacement. Due to large motion exhibited by the NHPs during the end of a 

number of drug infusion scans, all the phMRI time-series were curtailed to 40 minutes.  

More than 2mm motion in more than 10% of the phMRI volumes within the first 40 

minutes of a dataset was considered unusable. None of the scans acquired for these 

experiments exceeded this threshold and thus no scanning sessions were discarded or 

repeated. 

Activation mapping 

For each subject, brain activation to ketamine was estimated by adapting a ketamine 

phMRI model described in the literature (De Simoni et al., 2013) to observed region of 

interest (ROI) averaged ketamine infusion phMRI time-series in a priori ROIs (see 

below) across subjects. These drug infusion ROI-averaged phMRI responses were 
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sustained (see Figure 4) throughout the duration of the drug infusion (after an initial 

ramp-up period of 2-3 minutes) in a number of ROIs (as opposed to the transient 

response shown in (De Simoni et al., 2013)). To maintain a degree of translatability with 

human ketamine infusion studies and as well as to maintain consistency with observed 

sustained a priori  ROI-averaged drug infusion responses, we employed the signal model 

in De Simoni et al. 2013 as a gamma-variate kernel (with parameters adjusted to achieve 

a time to peak of 2 minutes) with which we convolved the drug infusion time-course to 

obtain a reference phMRI signal time series, S (normalized to a peak value = 1) for our 

general linear model.  
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where S(t) is the modeled phMRI BOLD signal, D(t) is the drug infusion protocol, b is a 

shape parameter with value b = 0.01 and tmax is the time-to-peak amplitude. We set tmax 

=120 sec (as opposed to 240 sec in humans estimated by De Simoni et al.) due to the 

smaller brain size of NHPs compared with humans, as well as to maintain consistency 

with the observed signal in a priori brain ROIs. The reference vector S(t) (normalized to 

a peak value = 1), better represented the observed phMRI signal  observed in this study. 

The voxel phMRI time-series was modeled as  
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        Eq. (2), 

where yi = is the voxel intensity at ith  time-point, Si is the ith  time-point of the reference 

signal time-course,  Mki is the value of the kth motion parameter (k = 1 to 6 corresponding 

to 6 degrees of rigid body motion) for the ith volume. β is the amplitude of phMRI signal 
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(Eq. (1)) and ak denotes the proportion of voxel phMRI time-series that is related to the 

Mkth motion parameter.  β and ak are obtained from Eq. (2) through least squares linear 

regression. Volumes exhibiting more than 2mm motion were discarded from analysis. 

Accounting for variations in durations of drug response in different brain regions 

The drug infusion model employed assumes that the brain activation assessed by the 

phMRI BOLD response is persistent throughout the drug infusion periods. In order to 

account for brain regions which (unlike the a priori ROIs) may lose responsiveness to 

drug infusion after varying time durations, the general linear regression model (GLM) 

described in Eq. (2) was fitted for 22 different periods of drug infusion: 6 min to 40 min 

(in steps of 2 min) as well as odd multiples of 5 from 5 min to 35 min.  This procedure 

captures the complete drug response profile of all voxels in the brain.  It is an adaptation 

of a well-established unconstrained BOLD response estimation technique in long block 

fMRI paradigms (Cato et al., 2004; McGregor et al., 2015; Moffett et al., 2015) to the 

constrained phMRI BOLD response estimation employed in this study. The only 

difference being instead of simultaneously estimating the amplitude of the BOLD 

response at 22 different time points after the start of infusion in one GLM, 22 separate 

GLMs were run and the amplitude of the BOLD response and its associated t-statistic 

were computed for each of the 22 infusion periods. This amplitude t-statistic is a 

standardized quantity that accounts for both the intensity of estimated amplitude as well 

as the error in the estimate. It was expected that voxels exhibiting sustained phMRI 

response throughout the 40 minute duration of the drug infusion modeled would exhibit 

strong and significant GLM-estimate amplitude t-statistic in GLM analyses 

corresponding to all 22 infusion periods, and voxels with transient phMRI signal 
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responses will exhibit loss of significance in the GLMs corresponding to the infusion 

periods where the voxel signal departs from the modeled sustained response. The 

summary statistics combining all the GLM-estimate amplitude t-statistics described 

below will express the strength of activation across the 40 minute drug infusion duration. 

Group-level drug treatment-induced whole brain activation maps 

The dose response profile for each voxel using the above procedure is a 22-point time 

course comprised of amplitudes (expressed in standardized t-scores) of phMRI BOLD 

response at each of 22 different modeled periods of drug infusion.  For each voxel, the 

area under the curve (AUC) of the dose response curve (Cato et al., 2004; McGregor et 

al., 2015; Moffett et al., 2015), expressed as the mean of the 22-point GLM-estimate 

amplitude t-statistic time-course was employed to assess brain activation to each drug 

treatment paradigm (ketamine and ketamine after risperidone pretreatment). Group-

level activation maps for ketamine and ketamine after risperidone pretreatment were 

obtained through 1-sample t-test on the individual subject whole-brain voxel-wise AUC 

maps.   

Between-treatment differences in whole brain activation 

The group-level differences in brain activation between different drug treatment 

conditions were obtained through a paired 2-sample t-test between the individual subject 

AUC maps of the two conditions. The drug treatment related brain activation and 

between-treatment t-test maps were clustered and the significance of activations 

accounting for multiple comparisons were derived by means of Monte Carlo simulation 

of the process of image generation, spatial correlation of voxels, intensity thresholding, 

masking  and cluster identification (Forman et al., 1995) through the 3dClustSim program 
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implemented in AFNI software. Specifically, all the p-values reported in the Results 

section pertaining to whole-brain activation maps are reported at a multiple-comparisons 

corrected significance of p < 0.05. To achieve this significance, the activation and contrast 

maps were masked with a whole-brain EPI mask, and activation intensity thresholded at 

individual voxel-level test-statistic threshold of p < 0.05, and clustered with a minimum 

volume threshold of 94 voxels arrived at by performing the Monte-Carlo simulation 

mentioned above through the 3dClustSim program.   

Non-parametric analysis 

Finally, due to the small sample size (N= 4), voxelwise Wilcoxon signed rank test was also 

performed to assess between-treatment differences in brain activation, as a non-

parametric equivalent of the paired t-test. Multiple comparison corrected significance 

was obtained through the method described above (Forman et al., 1995). 

Analysis of activation in specific a priori brain ROIs 

In order to examine the temporal evolution of the drug response in selected a priori   brain 

ROIs pre-defined ROIs were manually delineated by a single highly experienced rater (Dr. 

Urushino) in direct reference to the  Paxinos rhesus monkey brain atlas (Paxinos et al., 

2000). ROIs were drawn on the high resolution anatomical images to include every voxel 

fully contained within the following brain areas: anterior, mid, and posterior cingulate 

cortex (ACC, MCC, and PCC), dorsolateral prefrontal cortex (dlPFC), medial prefrontal 

cortex (mPFC), orbital frontal cortex (OFC), supplementary motor area (SMA), superior 

frontal cortex, superior temporal gyrus (STG), caudate, putamen, thalamus, and 

amygdala. These areas have been shown to activate during ketamine infusion (De Simoni 

et al., 2013; Deakin et al., 2008) or be involved in cortico-limbic processing (Haber, 2003; 
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Johansen-Berg et al., 2008). All ROIs were drawn bilaterally, however amygdala, caudate, 

and STG were later separated into left and right hemispheres because significant clusters 

of ketamine activation or attenuation of ketamine activation by risperidone were seen in 

only one hemisphere. For each ROI, significant ketamine-induced brain activation and 

differences between drug treatment conditions were assessed by masking the group-level 

activation and t-contrast maps by each ROI. These masked statistical parametric maps 

were thresholded at individual voxel-level p < 0.05 and clustered with a minimum volume 

threshold corresponding to the extant needed to be significant at a multiple comparisons 

(incorporating both voxels in each ROI and the number of ROIs) corrected significance 

level of p < 0.05 obtained through Monte Carlo simulations (Forman et al., 1995) 

implemented with the 3dClustSim program. Multiple comparisons correction for the 

number of ROIs was conducted with the bonferroni method. Since the number of ROIs 

were N = 16 this amounted to setting the cluster-volume threshold for clusters within each 

ROI at the level needed to obtain a cluster-level p < 0.003. 

phMRI BOLD drug response time-course in specific a priori brain ROIs 

ROI-average BOLD dose response curves were obtained for each subject for each ROI by 

averaging the voxel time-series (after regressing out signal proportion  to motion 

parameters (Bullmore et al., 1999)). The individual subject BOLD dose response curves 

for each ROI were averaged together to form group-averaged BOLD drug response time-

course for that ROI. 

2.4.5 Clinical Ratings of Behavior: 

The effects of risperidone (0.06 mg/kg) on clinical ratings of behavior (Casey et al., 2001) 

were evaluated while subjects were seated in a standard primate chair in the behavioral 
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laboratory. Behaviors were scored before and 15, 30, 45, 60, 75, 90, 105, 120 min after 

risperidone (0.06 mg/kg) administration. Behaviors rated included: eye blinking 

(number/30 s), tongue protrusions (number/30 s), oral facial dyskinesias ( involuntary 

repetitive movements of the mouth and face, number/30 s), chewing (number/30 s), 

sedation (0-3), stereotypy 

(constant repetition of certain meaningless gestures or movements, 0-3), dystonia of the 

head and neck (impairment of muscle tone, 0-3), trunk (0-3), upper limbs (0-3), and 

lower limbs (0-3); bradykinesia (0-3), tremor (involuntary trembling movement, 0-3), 

salivation (0-3), locomotor activity (-3-0, 0-3), and reactivity (-3-0,0-3). The absolute 

value of the score corresponds to 0 = normal behavior or symptoms not present; 1 = mild 

(behavior occasionally present); 2 = moderate (behavior regularly present but 

interrupted); and 3 = significant (behavior continuously present). Eye blinking, tongue 

protrusions, oral facial dyskinesias, and chewing scores are the average number per 30 s 

of three consecutive 30-s rating periods. Reactivity responses to external stimuli and 

locomotor activity were scored with a scale range of –3 to +3. Reactivity responses were 

assessed as the reaction to the observer standing approximately 3 feet from the animal 

and moving one hand toward the animal over a 15-inch distance as if to touch the animal. 

This hand movement should evoke a consistent threat display toward the observer (0 = 

subject is alert, exhibits normal vigilance and responsiveness to the stimulus; –1 = slight 

decrease in responsiveness; –2 = moderate decrease in responsiveness to the stimulus; –

3 = no response to stimulus at all, +1 = slight increase in responsiveness to the stimulus, 

+2 = moderate increase in reaction to the stimulus, +3 = marked exaggerated response to 

the stimulus). Locomotor responses were assessed as follows: 0 = subject is alert, exhibits 

normal amount of activity, -1 = slight decrease in activity, -2 = moderate decrease in 
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activity, -3 = significant decrease in activity, +1 – slight increase in activity, +2 = moderate 

increase in activity, +3 = significant increase in activity. 

2.5 Results 

2.5.1 Blood plasma drug levels 

Blood samples taken immediately after scanning were analyzed for plasma levels of 

ketamine and risperidone (Table 2-1).  Measurements indicate a mean plasma ketamine 

concentration of 104 ± 8 ng/mL following the ketamine infusion phMRI scan (Scan 1 in 

Table 1) and 96 ± 24 ng/mL following the ketamine infusion phMRI scan conducted after 

risperidone pretreatment (Scan 2 in Table 1). The mean plasma risperidone concentration 

following Scan 2 was 1.7 ± 0.4 ng/mL. All plasma drug levels were within the expected 

range and ketamine dosage was sufficient to produce a significant drug effect in every 

scan. 

2.5.2 Ketamine-induced BOLD activation 

Ketamine infusion induced significant (p < 0.05) activation in an extensive number of 

brain areas as shown in Figure 2-1 and summarized in Table 2-2.  Areas of significant 

activation include the superior frontal gyrus, supplementary motor area (SMA), anterior 

cingulate cortex (ACC), insula, superior temporal gyrus (STG), precuneus, primary 

somatosensory cortex (S1), thalamus and basal ganglia, and cerebellum.  The strongest 

activation to ketamine was observed in the cingulate gyrus, SMA, and thalamus.  There 

were no areas where significant deactivation was observed. 
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2.5.3 Reduction in Ketamine-induced Activation by Risperidone pretreatment 

Pretreatment with risperidone (0.06 mg/kg) an hour prior to infusion of ketamine 

reduced both the magnitude and extent of ketamine-induced brain activation. However, 

significant (p<0.05) residual brain activation to ketamine infusion remained in a number 

of areas (shown in Figure 2-2 and summarized in Table 2-2). This decrease in 

activation is clearly seen by comparing Figure 2-2 with Figure 2-1 (which use the same 

activation color scale, and slices to map ketamine activation) and is highlighted further 

by Figure 2-3 which shows areas where risperidone pretreatment caused a significant 

(p<0.05) change in ketamine-induced brain activation. Risperidone pretreatment 

significantly reduced (shown in blue in Figure 2-3) ketamine-induced brain activation 

in the SMA, cingulate gyrus, superior frontal gyrus and left hemisphere thalamus, caudate 

and putamen. No brain areas exhibited a significantly greater response to ketamine 

following risperidone pretreatment. 

2.5.4 Ketamine-induced effects within a priori ROIs 

Specific effects of ketamine infusion within a priori ROIs that contained clusters of 

significant ketamine-induced activation following bonferroni correction for multiple 

comparisons are shown in Table 2-3. These a priori ROIs were selected either because 

they showed a strong response to ketamine in the literature or because of the importance 

of the region within the cortico-limbic circuit. As seen in the table, within these specific 

ROIs the strongest ketamine-induced activation occurred in the ACC, MCC, thalamus, 

caudate, putamen, and precuneus. Risperidone pretreatment reduced the response to 

ketamine in both magnitude and extent in almost every ROI with the largest effects seen 

in the ACC, anterior STG, thalamus, caudate, and putamen. All ROIs are bilateral except 
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for amygdala, caudate, and STG where left and right hemispheres are considered 

separately because significant clusters of ketamine activation or attenuation of ketamine 

activation by risperidone were seen in only one hemisphere. 

2.5.5 ROI-averaged Group-mean Time Courses 

Figure 2-4 shows the ROI-average group-mean drug time-course plots for the anterior 

cingulate cortex (ACC), thalamus, orbitofrontal cortex (OFC), and the left caudate 

nucleus. The percentage change in BOLD signal during ketamine infusion is plotted over 

time. Each of the selected areas exhibit robust activation to ketamine infusion. The drug 

time-course curves indicate that ketamine-induced activation in these areas becomes 

evident within five minutes of the initial bolus and remains constant through the duration 

of the infusion. Pretreatment with risperidone blunts the ketamine response over the full 

time-course in each of these regions. The low between-subject variation (indicated by the 

relatively small error bars) suggests that both ketamine-induced activation and the 

blunting of the ketamine response by risperidone are highly consistent across subjects 

over the full course of the infusion. 

2.5.6 Clinical Ratings of Behavior 

Behavioral ethograms were evaluated in all 4 subjects at baseline and following acute 

risperidone challenge. Risperidone (0.06 mg/kg, i.v.) induced marked effects on sedation, 

motor activity and reactivity as shown in the ethograms reported in Table 2-4. 

2.6 Discussion 

The results of this phMRI study in fully-conscious NHPs show robust BOLD activation 

induced by a sub-anesthetic ketamine dosing regimen. These data are in excellent 
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agreement with human phMRI imaging studies (De Simoni et al., 2013; Deakin et al., 

2008; Doyle et al., 2013) which consistently show a pattern of brain activation following 

ketamine administration that is strikingly similar to the NHP data presented here. De 

Simoni et al. (2013) reported the most robust ketamine response in midline regions 

including the ACC, PCC, paracingulate gyrus, SMA, precuneus, cerebellum, thalamus, and 

brainstem. The ketamine response in the NHPs exhibited a nearly identical profile with 

each of those regions becoming significantly activated and the cingulate, SMA, and 

thalamus showing the greatest response. The excellent concordance between the human 

and NHP data suggests that phMRI in conscious NHPs provides a reliable and 

translational animal model for investigating the CNS effects of subanesthetic ketamine. 

Interestingly, the subgenual cingulate was one brain region in which the NHP data did 

not replicate the human results. This region is of particular interest because it appears to 

be located at a critical juncture of the cortico-limbic pathway (Mayberg, 2003) and could 

play an important role in mediating the antidepressant effects of ketamine (Mayberg et 

al., 2005). No significant response to ketamine was detected in this region despite 

previous studies showing a significant ketamine-induced deactivation in humans. 

However, De Simoni et al. (2013) found that the reduction of BOLD signal with ketamine 

in the subgenual cingulate had a relatively low effect size and was much less reliable than 

BOLD increases observed in other regions such as the ACC, PCC, and thalamus. Indeed, 

with only four subjects, the present study may have been underpowered for detecting a 

deactivation in the subgenual cingulate. Thus, the lack of an observed deactivation in the 

subgenual cingulate does not necessarily represent a meaningful difference between the 

human ketamine response profile and that of NHPs. 
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Further evidence for the utility of this NHP ketamine model for evaluating antipsychotic 

drugs is provided by the results of pretreatment with the standard clinical antipsychotic 

risperidone. While risperidone pretreatment significantly attenuated the ketamine 

response, strong residual ketamine-induced activation was still observed. This result is in 

excellent agreement with the human data and closely mirrors the findings from Doyle et 

al. (2013). Overall the similarity observed between human and NHP data in the results of 

risperidone pretreatment on the ketamine response lends further validity to the use of the 

NHP model and also provides both a proof of concept and a sound benchmark for using 

this model to test novel antipsychotics. 

A number of sex differences have been associated with both schizophrenia (Abel et al., 

2010) and depression (Young and Korszun, 2010), so it should be noted that all four 

subjects in this study were female. This may be considered an advantage of the present 

study as all of the human ketamine phMRI data in previous studies were collected only in 

men. Given that males have been shown to be more vulnerable to the cognitive effects of 

ketamine than females (Morgan et al., 2006), it is critical to evaluate drug effects in both 

sexes. 

Limitations 

One limitation of the present study is that the menstrual cycles of the female subjects were 

not monitored. While it is possible that the endocrine status of the subjects affected our 

results, most of the evidence in the literature suggests that any effects should be minimal 

at most. A review of the effects of ovariectomy on NMDARs found no effects in brain 

regions with the exception of the hippocampus (Cyr et al., 2001). Further, a recent study 
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found no effect of ovariectomy on the disruption of pre-pulse inhibition by ketamine in 

rats (van den Buuse et al., 2015). 

Another limitation which is general to all awake NHP MRI studies is potential for motion 

artifacts to influence the results. In this study, the NHPs were trained extensively to 

tolerate the MRI scanner environment. In terms of data analysis, we regressed out phMRI 

signal proportional to movement parameters and furthered censored volumes of the 

phMRI signal time course during which the NHPs exhibited more than 2 mm motion. 

However residual motion artifacts may in part contribute to the increased variability seen 

in ROI-averaged ketamine infusion-induced phMRI response time-courses seen in Figure 

4 when compared to those from the ketamine infusion scans conducted after pre-

treatment with risperidone. Interestingly, the results from blood samples showed that 

between-subject variance in plasma ketamine levels was greater in risperidone 

pretreatment condition than ketamine-alone scans. These seemingly contradictory 

results can be explained in part by the observation that while all subjects remained awake 

and alert during the risperidone pretreatment scans, they exhibited significantly less 

motion compared to the ketamine-alone scans presumably due to the sedative effects of 

risperidone seen at clinical doses of the kind administered in this study. The reduction in 

amount of movement may explain the reduced variability in risperidone pretreatment 

ROI-averaged time courses seen in Figure 2-4. However, it must be noted that even 

given the increased variability in the ketamine-alone condition significant widespread 

activation in expected brain regions was observed, and statistically significant attenuation 

in phMRI response to ketamine was observed after pre-treatment with risperidone as 

expected. 
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No experiments were done to test the BOLD response to risperidone alone. While this 

may be an interesting future direction, to our knowledge no phMRI testing has examined 

the effects of risperidone (or other antipsychotic) alone, only the interaction with a task 

(Bolstad et al., 2015) or a psychotomimetic such as ketamine (Doyle et al., 2013). 

Paliperidone, the 9-OH metabolite of risperidone, produces similar antipsychotic effects 

to the parent compound and was likely present in significant concentrations during this 

study, however only measurements of the risperidone concentration were taken. Previous 

literature (Muly et al., 2012) has indicated the half-life of risperidone in rhesus monkeys 

to be approximately three hours and the blood samples in this study were taken 2-hours 

post injection. Hence, we expected risperidone to be the predominant compound. 

Further, Muly et al. (2012) found that serum levels of risperidone and paliperidone were 

highly correlated in rhesus monkeys following i.v. risperidone. 

As discussed previously, unlike previous experiments in humans, the NHP data shows no 

deactivation was observed in the subgenual cingulate in response to ketamine. This may 

represent a true species difference and could be a limitation to the translational validity 

of the model. However, data for this study was collected in only 4 subjects. While the 

effects shown are robust and appear to be highly consistent with previous studies in 

humans in the remainder of the brain, the small sample size limits the conclusions that 

can be drawn from these results. 

Future directions 

Pharmacological MRI in NHPs shows great promise as a translational model for the CNS 

effects of ketamine. Future studies should employ this model to examine drug 

interactions with the ketamine response as a method to further the understanding of the 
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effects of this remarkable compound on the CNS. As a model for schizophrenia, phMRI 

in NHPs may be particularly effective for evaluating novel antipsychotics. The 

antipsychotic drugs currently in clinical use tend to feature moderate to severe side effects 

(Kim et al., 2007) and have shown little efficacy for treating the negative and cognitive 

symptoms of schizophrenia (Strous et al., 2003). Novel compounds that show similar 

efficacy to current antipsychotics could potentially be superior therapeutics if they simply 

exhibit a reduced side effect profile or provide effective treatment for the negative 

symptoms of schizophrenia.  

Important questions regarding the efficacy of ketamine for treating depression remain 

unanswered. Randomized controlled trials have shown that a single I.V. infusion of 

ketamine can reliably generate a rapid antidepressant response in patients with treatment 

resistant depression (Aan Het Rot et al., 2012), yet the mechanisms underlying the 

antidepressant effects of ketamine remain incompletely understood. Increased excitatory 

glutamatergic signaling may be necessary for the antidepressant effects of ketamine 

(Maeng et al., 2008) as well as synaptic strengthening in prefrontal (Li et al., 2010) and 

limbic (Autry et al., 2011) regions. Indeed, the increased neural plasticity induced by 

ketamine in cortico-limbic circuits may be a critical factor underlying its efficacy for 

treating both depression (Thompson et al., 2015) and neuropathic pain (Doan et al., 

2015). As a highly translational model, phMRI in awake NHPs provides a valuable tool 

for studying the broad CNS effects induced by ketamine. 
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Table 2-1 Blood plasma levels for ketamine and risperidone in each of the 4 subjects. Acquisition 

of blood samples occurred immediately after scanning. Drug levels were determined from 

heparinized plasma by Tandem Labs using gas chromatography and mass spectrometry. 

 

Subject Scan 1: 
Ketamine 

Scan 2: Ketamine after Risperidone 
Pretreatment 

 
Plasma ketamine 

(ng/mL) 
Plasma ketamine 

(ng/mL) 
Plasma risperidone 

(ng/mL) 

RIc13 114 129 1.51 

RRb13 95 89 1.93 

RZo13 103 72 1.23 

RNe13 106 94 2.09 
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Table 2-2 Summary of brain areas activated in whole-brain, group-level analysis during 

ketamine infusion, and ketamine infusion after risperidone pretreatment. Multiple comparison 

corrected cluster-level p < 0.05 

Drug 
Treatment 

Brain Areas Activated at corrected p < 0.05 

Ketamine Bilateral: superior frontal gyrus, middle frontal gyrus, 
supplementary motor area (SMA), anterior cingulate cortex (ACC), 
cingulate gyrus, insula, superior temporal gyrus (STG), middle  
temporal cortex, hippocampus, parahippocampal cortex, 
precuneus, posterior parietal cortex,  paracentral lobule (PCL), 
primary somatosensory cortex (S1), primary motor cortex (M1), 
thalamus , caudate, putamen, cerebellum and brainstem 

Risperidone + 
Ketamine 

Bilateral: superior frontal gyrus, SMA, M1, parahippocampal cortex, 
hippocampus, brainstem, cerebellum 

Left hemisphere:  cingulate gyrus, insula, STG, middle  temporal 
cortex 
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Table 2-3 Group-level brain activation in a priori  areas of interest (ROIs) during ketamine 

infusion, ketamine infusion following pretreatment with risperidone, and the difference between 

the two conditions. The table reports median t-stat and number of voxels for clusters of significant 

(multiple comparisons-corrected p<0.05) activation within each ROI. Only ROIs with significant 

clusters are shown, NS = no significant cluster. 

ROI 

Ketamine 

median t-stat 
(voxels) 

Risperidone+Ketamine 
median t-stat (voxels) 

Risperidone 
Subtraction 

median t-stat 
(voxels) 

Anterior 
cingulate 
cortex 

5.14 (148) NS 4.79 (132) 

 

Mid-cingulate 
cortex 

5.78 (95) NS 4.11 (40) 

 

Left anterior 
superior 
temporal gyrus 

4.28 (75) NS 4.37 (53) 

 

Right anterior 
superior 
temporal gyrus 

5.01 (78) 4.47 (75) NS 

Supplementary 
motor area 4.47 (49) 4.65 (44) 5.24 (30) 

 

Thalamus 
5.27 (151) 4.43 (92) NS 

 

Left caudate 
3.71 (91) NS 4.46 (81) 

 

Right caudate 
4.21 (108) NS NS 

 4.13 (15) NS NS 
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Left amygdala 

 

Precuneus 
4.46 (231) 5.32 (45) 4.29 (52) 

 

Putamen 
4.07 (219) 4.63 (93) 4.29 (106) 
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Table 2-4 Behavioral ethogram indicating clinical ratings of behavior at baseline and following 

acute risperidone challenge (0.06 mg/kg, i.v.). Mean and standard deviation of behavioral ratings 

across subjects are presented for baseline and at 15-minute intervals post-injection. 

Ethogram 

Time post-injection 

(Mean ± standard deviation) 

 
Baseline  15 min 30 min 45 min 60 min 75 min 90 min 105 min 120 min 

Eye blinking 

(#/30s) 

7.92 ± 

2.06 

2.08 ± 

0.96 

0.92 ± 

1.07 

1.75 ± 

0.32 

3.67 ± 

3.28 

2.52 ± 

2.32 

1.67 ± 

0.27 
2.5 ± 1.69 

2.41 ± 

0.99 

Tongue 

protrusions 

(#/30s) 

         

Oral facial 

dyskinesias 

(#/30s) 

         

Chewing 

(#/30s) 

0.08 ± 

0.17 
0 

       

Sedation (0-

3)   

2.75 ± 

0.50 
2.5 ± 1 

2.75 ± 

0.5 
2.5 ± 0.5 

2.5 ± 

0.58 

2.75 ± 

0.5 

2.5 ± 

0.58 

2.75 ± 

0.5 

Stereotypy 

(0-3)          

Dystonia 

head and 

neck (0-3) 

         

Dystonia 

trunk (0-3)    

0.25 ± 

0.5      
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Dystonia 

upper limbs 

(0-3) 

 
0.50 ± 1 0.5 ± 1 0.5 ± 1 

0.25 ± 

0.43 

0.25 ± 

0.5    

Dystonia 

lower limbs 

(0-3) 

  

0.25 ± 

0.5 

0.25 ± 

0.5      

Bradykinesi

a (0-3)  

0.25 ± 

0.50 

0.25 ± 

0.5       

Tremor (0-

3)  

0.25 ± 

0.50 

0.25 ± 

0.5       

Salivation 

(0-3)    

0.25 ± 

0.5      

Locomotor 

activity (-3 

to 3) 

 

-2.0 ± 

2.0 

-2.25 ± 

1.5 
-2 ± 2 

-2.25 ± 

1.3 

-2.75 ± 

0.5 
-2.5 ± 1 

-2.75 ± 

0.5 
-2.5 ± 1 

Reactivity (-

3 to 3)  

-2.5 ± 

1.0 

-2.25 ± 

0.96 

-2.25 ± 

1.5 

-1.75 ± 

1.09 

-1.5 ± 

1.3 

-0.75 ± 

0.5 

-0.75 ± 

0.5 

-0.75 ± 

0.5 
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Figure 2-1 Group-level brain activation to ketamine: Map of 1-sample group t-test on individual 

subject dose-response AUC (see text) shows areas of significant brain activation during ketamine 

infusion. Ketamine induces extensive activation throughout the brain. Cluster-level multiple 

comparison corrected p < 0.05. Slices progress from posterior (top-left) to anterior (bottom-

right). 
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Figure 2-2 Group-level brain activation to ketamine after risperidone pretreatment: Map of 1-

sample group t-test on individual subject dose-response AUC (see text) shows areas of significant 

brain activation during ketamine infusion. Ketamine induced brain activation is still evident, but 

is considerably less extensive following risperidone pretreatment. Cluster-level multiple 

comparison corrected p < 0.05. Slices progress from posterior (top-left) to anterior (bottom-

right). 
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Figure 2-3 Group-level difference in brain activation to ketamine after pretreatment with the 

anti-psychotic risperidone. Map of between-condition paired t-test shows areas where 

risperidone pretreatment significantly reduced brain activation to ketamine. Cluster-level 

multiple comparison corrected p < 0.05. Slices progress from posterior (top-left) to anterior 

(bottom-right). 
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Figure 2-4 ROI-average group-mean drug time-course curves during ketamine infusion are 

plotted for anterior cingulate cortex (ACC), thalamus, orbitofrontal cortex (OFC), and the left 

caudate nucleus. The percentage change in BOLD signal during ketamine infusion is plotted over 

time. Error bars indicate standard error of the mean. Risp+Ket = Ketamine activation after 

risperidone pretreatment. 
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Chapter 3:  Ketamine-induced changes in connectivity of functional brain 

networks in awake female nonhuman primates: a translational functional 

imaging model. 
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3.1 Context, Author’s Contribution, and Acknowledgement of Reproduction 

The following chapter examines the effects of sub-anesthetic ketamine infusion on 

functional connectivity in awake nonhuman primates. The dissertation author 

contributed by training the nonhuman primate subjects along with Marisa Olsen, 

collaboratively designing the experiments, analyzing the data, and writing the published 

manuscript (along with its companion) with equal contribution from Dr. Kaundinya 

Gopinath, under the guidance of Dr. Leonard Howell. The chapter is reproduced with 

minor edits from:   

Gopinath K, Maltbie E, Urushino N, Kempf D,Howell L (2016). Ketamine-induced 

changes in connectivity of functional brain networks in awake female nonhuman 

primates: a translational functional imaging model. Psychopharmacology (Berl) 233: 

3673-3684. 

3.2 Abstract 

Rationale: There is significant interest in the NMDA-receptor antagonist ketamine due 

to its efficacy in treating depressive disorders and its induction of psychotic-like 

symptoms that make it a useful tool for modeling psychosis. Pharmacological MRI in 

awake nonhuman primates provides a highly translational model for studying the brain 

network dynamics involved in producing these drug effects. 

Objective: The present study evaluated ketamine-induced changes in functional 

connectivity (FC) in awake rhesus monkeys. The effects of ketamine after pretreatment 

with the antipsychotic drug risperidone were also examined. 



71 
 

 
 

Methods: Functional MRI scans were conducted in four awake adult female rhesus 

monkeys during sub-anesthetic i.v. infusions of ketamine (0.345 mg/kg bolus followed by 

0.256 mg/kg/hr constant infusion) with and without risperidone pretreatment 

(0.06mg/kg).  A 10-minute window of stable BOLD signal was used to compare FC 

between baseline and drug conditions. FC was assessed in specific regions of interest 

using seed-based cross-correlation analysis. 

Results: Ketamine infusion induced extensive changes in FC. In particular, FC to the 

dorsolateral prefrontal cortex (dlPFC) was increased in several cortical and subcortical 

regions. Pretreatment with risperidone largely attenuated ketamine-induced changes in 

FC. 

Conclusions: The results are highly consistent with similar human imaging studies 

showing ketamine-induced changes in FC, as well as a significant attenuation of these 

changes when ketamine infusion is preceded by pretreatment with risperidone. The 

extensive increases shown in FC to the dlPFC are consistent with the idea that 

disinhibition of the dlPFC may be a key driver of the antidepressant and psychotomimetic 

effects of ketamine. 

3.3 Introduction 

Ketamine has an extraordinary profile of pharmacological effects which make it a key 

research target for advancing the understanding and treatment of several psychiatric 

disorders, including schizophrenia and mood disorders. Sub-anesthetic infusions of 

ketamine have been shown to produce schizophrenia-like symptoms in healthy human 

volunteers (Frohlich and Van Horn, 2014; Krystal et al., 1994) while also generating a 

rapid antidepressant response in patients with treatment-resistant depression (Berman 
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et al., 2000; Krystal et al., 2013) at identical doses. Thus, ketamine challenge is currently 

being used experimentally both as way to model schizophrenia and as a treatment for 

depression and other mood disorders. However, the mechanisms by which ketamine 

produces these effects remain incompletely understood. As a non-competitive N-methyl-

D-aspartate glutamate receptor antagonist, ketamine produces widespread effects 

throughout the brain (De Simoni et al., 2013; Deakin et al., 2008). The global scope of the 

ketamine-response poses a challenge to the identification of the specific brain circuitry 

responsible for producing the psychotomimetic and antidepressant effects of ketamine. 

One way to probe specific brain circuitry underlying the psychotomimetic and 

antidepressant effects of ketamine is to employ pharmacological MRI (phMRI) to 

measure changes in brain functional connectivity (FC) networks induced by ketamine 

administration. While ketamine has been shown to increase FC globally (Driesen et al., 

2013a; Joules et al., 2015), changes in FC between specific regions have been found to 

correlate with the subjective effects of ketamine (Dandash et al., 2015; Driesen et al., 

2013a). Indeed, this regional specificity may be particularly important because both 

schizophrenia (Meyer-Lindenberg, 2010; Woodward et al., 2011) and mood disorders 

(Anand et al., 2009; Greicius et al., 2007; Wessa et al., 2014) have been associated with 

alterations in resting-state FC networks albeit in distinct regional patterns (Chai et al., 

2011; Goya-Maldonado et al., 2016). Thus, measuring changes to FC with phMRI provides 

an excellent tool for examining the effects of ketamine on specific brain circuitry and how 

it relates to psychiatric disorders. Recently, this technique has become even more 

powerful following the successful development of an apparatus and methodology 
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(Murnane and Howell, 2010) to conduct phMRI studies in conscious rhesus monkeys 

(Maltbie et al., 2016; Murnane et al., 2015; Murnane and Howell, 2010). 

Nonhuman primate (NHP) models offer distinct advantages for studying cognitive 

dysfunction and psychopathology (Phillips et al., 2014). Both schizophrenia (Lewis and 

Lieberman, 2000) and mood disorders (Mayberg, 2003) are characterized in part by 

altered processing in prefrontal cortex (PFC) and limbic circuits, and NHPs represent an 

excellent animal model because their behavioral repertoires are sophisticated and their 

PFC is closely aligned with humans (Preuss, 1995). We recently reported that the blood 

oxygenation level-dependent (BOLD) activation to ketamine infusion produced a 

response pattern in conscious NHPs (Maltbie et al., 2016) that was highly concordant with 

effects observed in human studies (De Simoni et al., 2013; Deakin et al., 2008). Further, 

we also reported (Maltbie et al., 2016) that pretreatment with the antipsychotic drug 

risperidone attenuated the ketamine response to a similar magnitude and extent as 

observed in humans (Doyle et al., 2013). This indicates that NHPs may provide a highly 

translational animal model for studying the effects of ketamine as well as the 

pharmacological interaction between ketamine and other compounds.  

The present study evaluated further the validity of the NHP model by investigating the 

effects of ketamine on resting-state FC in conscious rhesus monkeys. The effects of 

ketamine on FC in brain networks known to be affected by schizophrenia and mood 

disorders were examined and compared to findings from the literature in human subjects. 

The effect of pretreatment with risperidone on FC changes induced by ketamine was also 

examined. The findings present important precursors for future research investigating 
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the mechanisms by which ketamine produces psychotomimetic and antidepressant 

effects as well as a potential model for evaluating novel antipsychotics. 

3.4 Materials and Methods 

3.4.1 Subjects: 

A complete description of the animals, surgery, and habituation protocol employed in this 

study has been described in detail in chapter 2 (2.4.1). Briefly four adult female rhesus 

monkeys (Macaca mulatta) were included in the study. They were all initially naïve to any 

experimental drugs underwent the same experiments. Animal use procedures were in 

strict accordance with the National Institutes of Health’s “Guide for the Care and Use of 

Laboratory Animals” and were approved by the Institutional Animal Care and Use 

Committee of Emory University. In order to habituate the animals to the MRI 

environment all subjects were extensively and gradually habituated to all procedures 

necessary for these experiments over a period of several months. 

MRI data acquisition 

 A complete description of the MRI imaging methods employed in the companion paper 

(Maltbie et al., 2016). Briefly the monkeys lay prone in a custom-built restraint cradle 

(Murnane and Howell, 2010) attached to a NHP head coil. In each scanning session, 

BOLD MRI images were collected utilizing a whole-brain gradient echo single-shot echo 

planar imaging (EPI) sequence (TR/TE/FA = 3000ms/32ms/90°; 1.5x1.5x1.5 mm; 

resolution; 1100 measurements).  A low-resolution T1-weighted (T1w) anatomic scan was 

acquired with a 3D MPRAGE sequence (TR/TE/TI/FA = 2300ms/2.7ms/800ms/8°; 

1.5x1.5x1.5mm resolution) to assist in spatial normalization. Further for each monkey, a 
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set of seven high (0.5x0.5x0.5mm ) resolution T1w 3D MPRAGE anatomic scans were 

acquired in a separate scanning session and averaged together to yield a final high quality 

anatomic image for anatomic reference and spatial normalization. 

3.4.2 Drug infusion protocols 

The drug infusion protocol is described in detail in the companion paper (Maltbie et al., 

2016). Briefly, each subject underwent two 55-min pharmacological MRI scans in 

separate scanning sessions. In both sessions (one with and one without pretreatment with 

risperidone (0.06 mg/kg, i.v.) administered 1 hour prior to the MRI session) there was a 

1 minute baseline followed by a 1 minute bolus i.v. infusion of 0.345 mg/kg of ketamine 

followed by 53-minute continuous infusion of 0.256 mg/kg/hr ketamine. This ketamine 

dosing regimen was chosen to target a plasma concentration of 100 ng/mL, which has 

been used in a previous FC study (Dandash et al., 2015). The literature (Muly et al., 2012) 

suggested a dose of 0.1 mg/kg of risperidone would correspond closely to a clinical 

maintenance dose, however, this dose induced sleep in two of the animals. Administration 

of a dose one half-log unit lower (0.03 mg/kg) was found to be well tolerated in all four 

animals, as was an intermediate dose of 0.06 mg/kg. The intermediate dose of 0.06 

mg/kg of risperidone produced the expected behavioral response, as detailed in (Maltbie 

et al., 2016), and was selected for use in the imaging experiments. 

 The results from the phMRI study (Maltbie et al., 2016) showed that the ketamine-

induced phMRI signal increase across the brain peaked around 4-5 minutes after the 

onset of drug infusion (ton) and remained relatively steady until around 18-20 minutes 

after the onset of drug infusion.  Also, all the monkeys exhibited the least motion during 

this time window. Hence a steady state block of phMRI time-series from 7-16 sec after ton 
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was selected to assess functional connectivity networks in the brain during ketamine 

infusion with/without pre-treatment with risperidone. 

Baseline Resting State fMRI 

Apart from the phMRI scans mentioned above, two 10-minute resting state fMRI 

(rsFMRI) scans were acquired in a separate session. The second rsFMRI scan was 

employed to assess FC during resting baseline for all the monkeys, to ensure that monkeys 

were relaxed and maximally acclimatized to the scanning environment. 

fMRI Data Quality Control 

The fMRI image time-series data were examined for large motions defined as more than 

0.5 mm frame-to-frame displacement.  If a given monkey exhibited motion above this 

threshold in more than 10% of the fMRI volumes within the 10 minutes of a drug 

treatment dataset employed to assess functional connectivity, the scan was repeated in 

another session, and the motion corrupted dataset was discarded. None of the scans 

acquired for these experiments exceeded this threshold and thus no scanning sessions 

were discarded or repeated. 

3.4.3 fMRI Data Analysis: 

Preprocessing and spatial normalization 

MRI data analysis was conducted with AFNI (Cox, 1996) and FSL (Smith et al., 2004) 

software packages as well as in-house MatlabTM (Natick, MA) scripts. The fMRI time-

series images were first corrected for distortions introduced by magnetic field 

inhomogeneities, temporally shifted to account for differences in slice acquisition times 

and registered to a base volume to account for motion. Each subject’s averaged high-
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resolution high SNR T1w anatomic was registered to the INIA19 NHP template atlas 

(Rohlfing et al., 2012) using an affine image registration algorithm.  For each subject, the 

motion-corrected EPI drug-infusion fMRI time-series was aligned to the low-resolution 

T1w anatomic (lores-anat) acquired in the same session with a rigid registration 

algorithm and then aligned to INIA19 template brain through the warp calculated in the 

alignment of the lores-anat to the high resolution T1w anatomic in INIA19 co-ordinate 

space. The resultant EPI time-series were further denoised by replacing spikes in signal 

intensity resulting from motion and other spurious noise sources which exceeded 3.5 

times median absolute deviation from time-series baseline with the 5 timepoint median 

of the EPI time-series centered at each spike. Finally, the denoised EPI time-series were 

spatially smoothed with a full-width at half-maximum (FWHM) = 3mm isotropic 

Gaussian filter.  As a quality control step, time-series volumes that exhibited more than 

0.5 mm frame-to-frame displacement were censored from functional connectivity 

analysis. 

Functional Connectivity Analysis 

Seed based cross-correlation analysis (CCA) was employed to assess the strength of 

functional connectivity networks during each of the drug treatment conditions and 

baseline. A priori seed regions of interest (ROIs) of areas implicated in schizhophrenia 

(Frangou, 2014; Meyer-Lindenberg, 2010; Minzenberg et al., 2009) and mood disorders 

(Anand et al., 2009; Mayberg, 2003; Phillips and Swartz, 2014) were demarcated on the 

INIA19 NHP atlas based on associated NeuroMaps labels (Rohlfing et al., 2012).  Left (as 

well as right) hemisphere ROIs of the entire dorsolateral prefrontal cortex (dlPFC), orbital 

frontal cortex (OFC), subgenual cingulate (SgC), nucleus accumbens (NAcc), and 
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amygdala (Amyg) and posterior cingulate cortex (PCC) were demarcated by appropriately 

aggregating and segregating NeuroMaps labeled areas pertaining to each of the ROIs (see 

Figure 3-1).  Since averaging all voxels within large ROIs can lead to enhanced sensitivity 

to motion artifacts (Power et al., 2012) and global signal (Saad et al., 2012), each ROI was 

subdivided into 3x3x3mm non-overlapping sub-ROIs and  all EPI voxel time-series 

within each sub-ROI were averaged to construct sub-ROI reference vectors. The z-

transformed cross-correlation coefficient (CC) maps of all constituent sub-ROIs of a given 

ROI (e.g. dlPFC) were averaged to construct subject-level functional connectivity (FC) 

maps for that ROI. Due to the small sample-size (N = 4) nonparametric statistical analysis 

was employed to assess brain FC. Group-level FC maps for each ROI, for each session 

were constructed with appropriate Wilcoxon 1-sample signed rank test (nonparametric 

equivalent of 1-sample t-test) on the individual subject FC maps for the corresponding 

ROI. Group level differences in FC between ketamine, baseline and ketamine after 

pretreatment with risperidone (RispKet) for each ROI were assessed with the Wilcoxon 

signed rank test (nonparametric equivalent of paired t-test) on the individual subject FC 

maps for the corresponding ROI. The Wilcoxon signed rank 1-sample and between 

condition z-maps were clustered and the significance of activations accounting for 

multiple comparisons are derived by means of Monte Carlo simulation of the process of 

image generation, spatial correlation of voxels, intensity thresholding, masking and 

cluster identification (Forman et al., 1995) through the 3dClustSim program 

implemented in AFNI software. All the significant reported in the Results section are 

corrected for multiple comparisons at p < 0.05 unless otherwise indicated.  
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3.5 Results 

3.5.1 Blood plasma drug levels 

Blood samples taken immediately after scanning were analyzed for plasma levels of 

ketamine and risperidone.  Blood plasma results have been published in the companion 

paper (Maltbie et al., 2016). Plasma ketamine ranged from 72 ng/mL to 129 ng/mL in all 

scans and averaged 104 ng/mL in scans with ketamine alone and 96 ng/mL in scans 

where ketamine followed risperidone pretreatment. This ketamine dosage was sufficient 

to produce a significant drug effect in every scan.  

3.5.2 Ketamine-induced changes in FC to dlPFC 

Ketamine induced (Figure 3-2) widespread changes in dlPFC FC with a number of 

different brain regions. When compared with the baseline session, ketamine induced 

(Figure 3-3, Table 3-1) significantly (p < 0.05) increased dlPFC FC with areas involved 

in affective processing and mood regulation: e.g., ventral anterior cingulate (vACC), SgC, 

amygdala, NAcc, anterior insula, anterior superior temporal gyrus (STG), caudate, 

putamen and dlPFC. In addition, dlPFC FC to sensorimotor and attention areas: e.g. 

premotor cortex (PMC), primary motor (M1) and somatosensory (S1) cortices, 

supplementary motor area (SMA), cingulate gyrus and posterior STG also increased 

significantly from baseline during ketamine infusion. 

Pretreatment with risperidone (0.06 mg/kg) an hour prior to infusion of ketamine 

(RispKet), significantly attenuated (Figure 3-3; Table 3-1) the effects of ketamine.  

During the RispKet session dlPFC FC was significantly decreased, when compared with 

ketamine, to limbic and affective processing areas: SgC, NAcc, caudate, putamen, 
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amygdala, anterior insula, anterior STG and vlPFC. At the same time dlPFC FC to superior 

parietal lobule (SPL) was increased when compared with ketamine. However, RispKet 

still resulted in increased dlPFC FC compared to baseline (Table 2) with some of the same 

affective processing and sensorimotor areas as ketamine, albeit with reduced extent. 

3.5.3 Ketamine-induced changes in FC to SgC 

During ketamine infusion, the SgC exhibited (Figure 3-4) significant (p < 0.05) FC with 

limbic and affective processing areas, as well as dlPFC, SMA, premotor cortex, STG and 

supramarginal gyrus (SMG). Ketamine induced higher SgC FC compared to baseline in a 

number of these areas; however, ketamine > baseline effects were significant (p < 0.05) 

(Table 3-1) only in dlPFC, and some sensorimotor areas: premotor cortex, STG, insula 

and cerebellum.  

The RispKet session exhibited (Figure 3-5; Table 3-1) significantly decreased SgC FC 

when compared with ketamine to limbic and affective processing areas: vACC, OFC, SgC, 

amygdala, NAcc, caudate, putamen, and anterior insula, in addition to dlPFC and 

sensorimotor areas. Interestingly, the RispKet session exhibited (Figure 3-5; Table 3-

1) decreased SgC FC with limbic and affective processing areas also compared to baseline. 

3.5.4 Ketamine-induced changes in FC to Amygdala 

During ketamine infusion, the amygdala exhibited (Figure 3-6) significant (p < 0.05) FC 

to limbic and affective processing areas. Ketamine induced significantly enhanced 

amygdala FC (Table 3-1) with SgC, ventral striatum, anterior ventral putamen, caudate 

and contralateral amygdala when compared to baseline. Amygdala FC with posterior 

default mode network (DMN) areas (PCC and lateral parietal cortex) was attenuated 
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compared to baseline during ketamine infusion (Figure 3-6), but the effect was not 

significant.  During the RispKet session, the amygdala displayed (Figure 3-7; Table 3-

1) significantly decreased FC compared with ketamine to areas involved in limbic and 

affective processing: NAcc, caudate, putamen, thalamus, amygdala, anterior insula, and 

STG, apart from dlPFC and sensorimotor and associative/DMN areas: premotor cortex, 

insula, STG, secondary somatosensory cortex, SFC, parietal SMG and SPL. Further, 

during the RispKet session the amygdala showed (Figure 3-7; Table 3-1) significantly 

reduced FC with these same regions when compared to baseline. 

3.5.5 Ketamine-induced changes in FC to Nucleus Accumbens 

During ketamine infusion, the NAcc exhibited (Figure 3-8) significant (p < 0.05) FC to 

striatal and temporal limbic and affective processing areas as well as dlPFC, attention, 

sensorimotor and DMN areas. Ketamine induced NAcc FC was (Figure 3-9; Table 3-1) 

significantly increased compared with baseline to limbic and affective processing areas: 

caudate, putamen, amygdala, anterior insula and anterior STG, in addition to PCC, 

cingulate and SFC.  During the RispKet session the NAcc displayed significantly 

decreased (Figure 3-9; Table 1) FC compared to ketamine with all of these above areas 

and as well as dlPFC, SMA, and ACC.  

3.5.6 Ketamine-induced changes in FC to other ROIs 

Table 3-1 lists the between-session differences in FC to the two other ROIs described in 

the methods. RispKet session FC of OFC (like those of dlPFC, NAcc, SgC, amygdala) was 

significantly attenuated compared to ketamine in limbic and affective processing areas.  

Also, RispKet session FC of OFC (like the FCs of SgC and amygdala) with limbic and 

affective processing areas was significantly reduced compared to baseline.  
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Finally, during ketamine infusion the PCC (which is a hub of the DMN) exhibited 

increased FC with striatal limbic and affective processing areas: NAcc, anterior caudate 

and putamen; as well as with SMA and cingulate compared to baseline. Pretreatment with 

risperidone decreased ketamine induced PCC FC to limbic areas. Further, the RispKet 

session showed significantly higher PCC FC with anterior DMN regions and retrosplenial 

cortex compared to baseline while inducing decreased FC to affective processing regions. 

3.5.7 Ketamine-induced inter-hemispheric asymmetry in FC networks 

Table 3-2 lists the regions in the brain, for each seed ROI, that exhibited significant 

differences in FC between the seed’s left and right hemisphere homologs, under each scan 

condition. At baseline, very few regions exhibited preferential FC to any given 

hemisphere. Ketamine induced a breakdown in hemispheric symmetry in FC in all the 

seed ROIs examined except NAcc (Table 3-2; Figure 3-10). Ketamine induced 

increased FC of left dlPFC (compared with its right hemisphere homolog) with areas in 

sensorimotor, salience and limbic networks. Pre-treatment with risperidone (RispKet) 

increased left dlPFC FC with bilateral nucleus reuniens and increased right dlPFC FC to 

right amygdala, compared to their contralateral homologs.  

Ketamine induced increased FC of right amygdala (compared with left amygdala) to 

limbic and salience monitoring network regions (Table 3-2; Figure 3-10). RispKet 

exhibited increased right amygdala FC with posterior default mode network as well as 

cingulate and hippocampus. Both ketamine and RispKet sessions exhibited increased left 

OFC FC, left PCC FC and right SgC FC with a number of brain areas compared to the 

respective seeds’ contralateral homologs. 
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3.6 Discussion 

The results described above reveal a number of interesting changes in brain FC network 

characteristics induced by ketamine, and the modulation of ketamine-induced changes in 

FC network by pretreatment with risperidone. Sub-anesthetic ketamine infusion at 

similar doses is employed in human subjects both as a model for schizophrenia (Frohlich 

and Van Horn, 2014; Krystal et al., 1994) and as a treatment for depression (Berman et 

al., 2000; Krystal et al., 2013). While previous studies have shown ketamine-induced 

changes to FC, each has employed either a global analysis (Anticevic et al., 2015; Driesen 

et al., 2013a; Joules et al., 2015) or examined FC changes to seeds in a single region 

(Dandash et al., 2015; Driesen et al., 2013b; Grimm et al., 2015). The present study 

provides a more extensive analysis of the effects of ketamine on cortico-limbic 

connectivity than has been previously published. 

The strongest brain FC network changes induced by ketamine were in connection with 

the dlPFC, a region strongly implicated in schizophrenia (Arnsten et al., 2012; Meyer-

Lindenberg, 2010; Meyer-Lindenberg et al., 2005; Minzenberg et al., 2009), bipolar 

disorder (Anticevic et al., 2013; Frangou et al., 2008), and major depression (Concerto et 

al., 2015; Dutta et al., 2014). Ketamine induced significant increases in dlPFC FC with 

frontal, striatal and temporal areas of limbic and affective processing networks in addition 

to sensorimotor and attention networks. Increases in FC between dlPFC and 

hippocampus have been reported in both humans and rats (Grimm et al., 2015), and the 

widespread increase in FC from baseline observed in this study could be related to the 

disinhibition of dlPFC after ketamine administration that has been reported by many 

systems neuroscience studies (Arnsten et al., 2012; Wang and Arnsten, 2015). 
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Pretreatments with the anti-psychotic drug risperidone attenuated ketamine-induced 

increases in FC to dlPFC from a number of regions, especially limbic and affective 

processing areas. This indicates that one mechanism of risperidone action is to counteract 

the effects of dlPFC disinhibition. 

Ketamine infusion also increased the FC of SgC, amygdala, and OFC to limbic and 

affective processing networks. Disruptions in FC within these cortico-limbic networks has 

been shown repeatedly in mood disorders (Anand et al., 2009; Mayberg, 2003; Phillips 

and Swartz, 2014) and the ketamine-induced increases in connectivity in these networks 

may be related to its efficacy as an antidepressant. Risperidone pretreatment 

substantially attenuated ketamine-induced FC within affective processing network. In 

fact, ketamine-RispKet effects of FC in limbic and affective processing networks were 

much stronger in extent than ketamine-baseline effects because the RispKet session 

exhibited reduced FC within affective processing networks compared to baseline. This 

indicates that risperidone is acting to decrease the functional connections in limbic 

networks, which may be related to some of the side effects associated with risperidone 

treatment (Miyamoto et al., 2005).  

Ventral striatum (NAcc) plays an important role in motivation and mood regulation. The 

results of this study showed that ketamine induced increased FC of ventral striatum with 

amygdala and temporal affective processing regions as well as the default mode network. 

These effects were counteracted by pretreatment with risperidone, and in fact, reductions 

in FC between striatum and parietal regions of the DMN have been associated with 

alleviation in symptoms following antipsychotic treatment (Sarpal et al., 2015). 
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Finally, PCC (which is a major hub in the DMN) exhibited increased FC with NAcc and 

striatal affective processing regions after ketamine infusion. The DMN shows abnormal 

FC in both mood disorders (Greicius et al., 2007; Ongur et al., 2010) and schizophrenia 

(Rotarska-Jagiela et al., 2010; Woodward et al., 2011). Pretreatment with risperidone 

attenuated these effects while increasing PCC FC to anterior DMN regions.  This result 

was reinforced by the RispKet-baseline comparison which revealed increased PCC FC to 

DMN regions and reduced PCC FC with affective processing regions during RispKet. 

Rhesus macaque resting state FC networks are known to show little difference between 

contralateral and ipsilateral FC (Adachi et al., 2012; Hutchison et al., 2012). The FC 

networks examined in the baseline session in this study were consistent with prior studies 

exhibiting little hemispheric asymmetry. However, ketamine infusion resulted in 

significant departures from hemispheric symmetry in most of the FC networks examined 

in this study. These results are consistent with breakdown in interhemispheric symmetry 

of FC networks in human models of schizophrenia and other mood disorders (Guo et al., 

2013; Zhang et al., 2015). Pre-treatment with risperidone (RispKet) reduced the 

hemispheric asymmetry in FC networks induced by ketamine for the dlPFC and amygdala 

seeds. 

Overall, these results indicate that ketamine induces hyperconnectivity in NHP functional 

brain networks associated with emotional regulation, cognitive control, and motivation. 

These findings are highly consistent with similar studies of the effects of ketamine on FC 

in concordant human brain networks (Anticevic et al., 2015; Dandash et al., 2015; Driesen 

et al., 2013a). Further, pretreatment with risperidone significantly attenuated the effects 

of ketamine, which is also consistent with findings in human subjects (Joules et al., 2015).  
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3.6.1 Insights into the results of the ketamine drug infusion phMRI study  

In the recently published companion paper (Maltbie et al., 2016) we reported sustained 

robust BOLD phMRI response to ketamine infusion in a number of cortical and 

subcortical regions including anterior and mid-cingulate cortex, anterior STG, SMA and 

thalamus, which were consistent with results of human studies on BOLD response to 

ketamine-infusion induced (De Simoni et al., 2013; Doyle et al., 2013). Ketamine induced 

BOLD phMRI response to dlPFC was significant but not as strong as the areas mentioned 

above. Thus, the fact that the strongest changes in FC with respect to baseline during 

sustained ketamine infusion occurs in brain networks connected to dlPFC indicates that 

FC is sensitive to brain mechanisms distinct from mere blood flow response to ketamine 

infusion. This result is consistent with studies in human subjects (Khalili-Mahani et al., 

2015) which report spatial heterogeneity between CBF and FC network changes after 

ketamine infusion. Indeed, since FC network alterations induced by ketamine 

administration are consistent with those caused by schizophrenia (Anticevic et al., 2015; 

Driesen et al., 2013a)  measures of functional connectivity in brain networks may in fact 

elucidate more pertinent information regarding disease mechanisms than pure phMRI 

BOLD activation maps regarding the effects of ketamine on brain function. 

3.6.2 Limitations 

Ketamine challenge is not an exact model of schizophrenia (Cohen et al., 2015). One 

recent paper suggests that this may be due to changes over the time course of disease 

pathology, and the ketamine model may be consistent with early-but not chronic-

schizophrenia (Anticevic et al., 2015). No experiments were done to test the effects of 

risperidone alone on FC of brain networks. While this may be an interesting future 
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direction, to our knowledge no studies have examined the effects of risperidone challenge 

(or other acute second-generation antipsychotic) alone on FC, though several studies have 

investigated the effects of chronic antipsychotic treatment (Hadley et al., 2014; Kraguljac 

et al., 2016). Finally, the small sample size (N = 4) is another limitation of this study, 

rendering it not amenable to more sophisticated statistical analyses which may lend more 

accurate and quantitative estimates of the effects of ketamine on brain function networks. 

 While antipsychotics, such as risperidone, are administered chronically in the 

treatment of schizophrenia, only acute administration was considered in this study. The 

therapeutic response occurs gradually, with symptoms decreasing over a period of days 

and weeks (Agid et al., 2003). However, the effects of risperidone are mediated primarily 

via D2 and 5-HT2 receptor antagonism with high occupancy levels being achieved within 

hours of acute administration (Nyberg et al., 1993) and there is evidence suggesting that 

D2 receptor occupancy on the second day of treatment is predictive of the eventual clinical 

response (Catafau et al., 2006). Thus, the acute effects of risperidone should provide 

important insights into the validity of our translational model. 

 The endocrine status of the female subjects featured in this study was not 

monitored. To the knowledge of the author, no sex differences have been previously 

reported for the psychotomimetic effects of ketamine in humans. While it is possible that 

the endocrine status of the subjects affected the results, the evidence in the literature 

suggests that any effects should be minimal. A review (Cyr et al., 2001) found no effects 

of ovariectomy on NMDARs in brain regions other than the hippocampus. Further, a 

recent study in rats showed no effect of ovariectomy on the disruption of pre-pulse 

inhibition by ketamine (van den Buuse et al. 2015). 
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3.7 Conclusion 

In conclusion, this study adds to previous evidence that phMRI in NHPs can provide a 

highly translational model for studying the effects of ketamine, which may provide new 

insights into multiple brain disorders and could also be used for evaluating novel 

antipsychotics. Indeed, measures of FC may provide more information regarding the 

effects of ketamine on brain circuitry than general ketamine-induced BOLD response 

changes. The finding that the dlPFC exhibits such broad and robust increases in 

functional connectivity implies that altered processing in this region may be a critical 

driver of the behavioral effects of ketamine. 
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Table 3-1 Areas showing signficant (voxel-level p < 0.07; multiple comparison corrected cluster-

level α < 0.05) differences based on Wilcoxon signed rank-test z-scores in seed-FC between 

different drug-infusion conditions as well as between these drug-infusion conditions and 

baseline; for all seed ROIs selected for cross-correlation analysis. 

Dorsolateral Prefrontal Cortex 

Ketamine > Baseline 

 

Ventral anterior cingulate (vACC), orbitofrontal cortex (OFC), 

subgenual cingulate (SgC), dorsal anterior cingulate (dACC), 

ventrolateral prefrontal cortex (vlPFC), dlPFC, superior frontal 

cortex (SFC), nucleus accumbens (NAcc), caudate, putamen, 

anterior insula, amygdala, inferior frontal gyrus (IFG), insula, 

anterior superior temporal gyrus (STG), STG, posterior STG, 

anterior inferior temporal gyrus (ITG), anterior middle 

temporal gyrus (MTG), supplementary motor area (SMA), 

cingulate, premotor cortex (PMC), primary motor cortex (M1), 

primary somatosensory cortex (S1), cerebellum 

Ketamine > RispKet 

 

SgC, NAcc, caudate, putamen, globus pallidus, thalamus, 

amygdala, anterior insula, anterior STG, vlPFC, SFC, STG, MTG, 

cerebellum 

RispKet > Ketamine 

 

Superior aspects of SMG, superior parietal lobule (SPL) 
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RispKet > Baseline 

 

SgC, dACC, NAcc, ventral caudate and putamen, SFC, dlPFC, 

SMA, cingulate, PCC, posterior parahippocampal cortex (PHC), 

precuneus 

Baseline > RispKet 

 

Thalamus, MTG 

 

Orbitofrontal Cortex 

Ketamine > Baseline 

 

SFC, dlPFC, ventral tegmental area (VTA), retrosplenial cortex , 

posterior PHC, cerebellum 

Ketamine > RispKet 

 

SgC, ACC, OFC,  caudate, NAcc, amygdala, anterior STG, STG, 

insula, MTG, cerebellum 

RispKet > Ketamine 

 

Lateral parietal cortex, precuneus 

RispKet > Baseline 

 

SFC, dlPFC, dACC, retrosplenial cortex and cerebellum 

Baseline > RispKet  Ventral ACC, ventromedial PFC, OFC, anterior caudate and 

putamen, NAcc, amygdala 
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Subgenual Cingulate 

Ketamine > Baseline 

 

SFC, dlPFC, STG, insula, premotor cortex, SMA, cingulate, IFG, 

cerebellum 

Ketamine > RispKet 

 

vACC, OFC, SgC, dACC, vlPFC, dlPFC, SFC, NAcc, caudate, 

putamen, anterior insula, amygdala, anterior STG, IFG, insula, 

SMA, cingulate, STG, MTG, SMG 

Baseline > RispKet  

 

caudate, putamen, NAcc, anterior insula, amygdala, vlPFC, OFC, 

SgC, anterior STG, anterior insula, IFG, insula, MTG, STG 

 

Nucleus Accumbens (VS) 

Ketamine > Baseline 

 

caudate, putamen, thalamus, amygdala, anterior insula, anterior 

STG, PCC, SMA, SFC, lateral SMG, posterior STG, MTG 

Ketamine > RispKet 

 

NAcc, caudate, putamen, amygdala, thalamus, dlPFC, SFC, 

anterior insula, anterior STG, vlPFC, SMA, PCC, STG, SMG, 

MTG 

 

Amygdala 

Ketamine > Baseline 

 

SgC, NAcc, anterior caudate and putamen, amygdala 
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Ketamine > RispKet 

 

NAcc, caudate, putamen, thalamus, amygdala, anterior insula, 

anterior STG, IFG, insula, STG 

Baseline > RispKet  

 

SgC, vACC, vlPFC, OFC, NAcc, caudate, putamen, thalamus, 

amygdala, anterior insula, anterior STG, dlPFC, SFC, IFG, 

insula, STG, secondary somatosensory cortex, SPL  

  

Posterior Cingulate 

Ketamine > Baseline 

 

NAcc, anterior caudate and putamen , SMA, cingulate, posterior 

PHC, cerebellum, 

Ketamine > RispKet 

 

NAcc, anterior caudate and putamen, anterior STG 

RispKet > Ketamine 

 

Medial PFC, ACC 

RispKet > Baseline 

 

SFC, dlPFC, cingulate, SMA, dACC, PCC, retrosplenial cortex, 

posterior PHC, cerebellum 

Baseline > RispKet  

 

NAcc, caudate, putamen, globus pallidus, thalamus, amygdala 
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Table 3-2 Areas showing signficant (voxel-level p < 0.07; multiple comparison corrected 

cluster-level α < 0.05) differences based on Wilcoxon signed rank-test z-scores in FC between left 

and right hemsphere seeds, during different scan conditions. 

Dorsolateral Prefrontal Cortex 

Ketamine 

Left seed-FC > Right 

seed-FC  

Left: SFC, FEF, PMC, M1, S1, insula, SMG, amygdala 

Bilateral: caudate, NAcc, putamen, amygdala, IFG, OFC, ACC, 

SgC, STG 

RispKet 

Left seed-FC > Right 

seed-FC; 

Bilateral thalamus: nucleus reuniens 

Right seed-FC > Left 

seed-FC 

 

Left amygdala 

Baseline 

Left seed-FC > Right 

seed-FC 

 

Right amygdala  

Right seed-FC > Left 

seed-FC 

Right  caudate 
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Amygdala 

Ketamine 

Right seed-FC > Left 

seed-FC 

 

Right: IFG, thalamus, anterior temporal lobe 

Bilateral: SMA, cingulate gyrus, precuneus, PMC, STG, MTG, 

anterior insula, putamen, caudate, NAcc, SgC, OFC 

RispKet 

Right seed-FC > Left 

seed-FC 

 

Bilateral: PCC, cingulate, hippocampus, posterior  PHC 

Left: SPL, SMG 

 

Orbitofrontal Cortex 

Ketamine 

Left seed-FC > Right 

seed-FC 

 

Bilateral: ACC, SgC, SFC, dlPFC, cingulate, PCC, SMG, posterior 

MTG, STG, anterior insula, caudate, putamen, amygdala, 

thalamus 

RispKet 
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Left seed-FC > Right 

seed-FC 

 

Bilateral: ACC, SgC, SFC, dlPFC, IFG, cingulate, PCC, insula, 

putamen, PHC; Right lateral parietal cortex 

Baseline 

Left seed-FC > Right 

seed-FC 

 

Bilateral: putamen, insula 

Left STG; Right: SPL, SMG 

 

Subgenual Cingulate 

Ketamine 

Right seed-FC > Left 

seed-FC 

Bilateral: OFC, ACC, SFC, dlPFC, insula, STG, MTG, thalamus, 

caudate, amygdala, hippocampus 

RispKet 

Right seed-FC > Left 

seed-FC 

 

Bilateral: dlPFC, SgC, cingulate, SMA, PCC, insula, STG, MTG, 

thalamus, PHC; Right: caudate, putamen 

Baseline 

Right seed-FC > Left 

seed-FC 

Right ventral striatum 
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Posterior Cingulate  Cortex 

Ketamine 

Left seed-FC > Right 

seed-FC 

Bilateral: cingulate gyrus, thalamus, PHC 

Left: putamen, globus pallidus, insula, STG 

Right: dlPFC, SFC 

RispKet 

Left seed-FC > Right 

seed-FC 

Bilateral: cingulate gyrus, thalamus, dlPFC, SFC, STG, SMG 

Right: insula, IFG 

Baseline 

Left seed-FC > Right 

seed-FC 

Left: putamen, globus pallidus 
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Figure 3-1 A priori seed ROI masks drawn based on INIA19 NHP atlas: Red = dorsolateral 

prefrontal cortex; violet = orbitofrontal cortex; blue = subgenual cingulate cortex; yellow = 

nucleus accumbens; green = posterior cingulate cortex. Slice locations indicate INIA19 NHP atlas 

coordinates. Only left hemishphere seed ROIs are highlighted for clarity. 
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Figure 3-2 Map of group median z-transformed CC expressing functional connectivity of 

left dorsolateral prefrontal cortex (left) induced by sustained ketamine infusion and (right) 

at baseline. All the voxels shown are significant at cluster-level p < 0.05 based on the Wilcoxon 1-

sample signed rank test (see Methods). Coronal slices in the montages proceed from A19 to P23 

in INIA19 NHP space in steps of 3mm. 
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Figure 3-3 Group Wilcoxon signed rank test results showing regions with significant (cluster-

level p < 0.05) differences in left dlPFC FC; (top) ketamine induced FC > RispKet session FC (red); 

and (bottom) ketamine induced FC > baseline FC (red). Slice locations indicate INIA19 NHP atlas 

coordinates. 
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Figure 3-4 Map of group median z-transformed CC expressing functional connectivity of 

left subgenual cingulate (left) induced by sustained ketamine infusion and (right) at baseline. 

All the voxels shown are significant at cluster-level p < 0.05 based on the Wilcoxon 1-sample 

signed rank test (see Methods). Coronal slices in the montages proceed from A19 to P23 in INIA19 

NHP space in steps of 3mm. 
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Figure 3-5 Group Wilcoxon signed rank test results showing regions with significant (cluster-

level p < 0.05) differences in left SgC FC; (top) ketamine induced FC > RispKet session FC (red); 

and (bottom) RispKet session FC < baseline FC (blue). Slice locations indicate INIA19 NHP atlas 

coordinates. 
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Figure 3-6 Map of group median z-transformed CC expressing functional connectivity of 

left amygdala (left) induced by sustained ketamine infusion and (right) at baseline. All the 

voxels shown are significant at cluster-level p < 0.05 based on the Wilcoxon 1-sample signed rank 

test (see Methods). Coronal slices in the montages proceed from A19 to P23 in INIA19 NHP space 

in steps of 3mm. 

 



103 
 

 
 

 

Figure 3-7 Group Wilcoxon signed rank test results showing regions with significant (cluster-

level p < 0.05) differences in left amygdala FC; (top) ketamine induced FC > RispKet session FC 

(red); and (bottom) RispKet session FC < baseline FC (blue). Slice locations indicate INIA19 NHP 

atlas coordinates. 
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Figure 3-8 Map of group median z-transformed CC expressing functional connectivity of 

left nucleus accumbens (ventral striatum) (left) induced by sustained ketamine infusion 

and (right) at baseline. All the voxels shown are significant at cluster-level p < 0.05 based on the 

Wilcoxon 1-sample signed rank test (see Methods). Coronal slices in the montages proceed from 

A19 to P23 in INIA19 NHP space in steps of 3mm. 
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Figure 3-9 Group Wilcoxon signed rank test results showing regions with significant (cluster-

level p < 0.05) differences in left NAcc FC; (top) ketamine induced FC > RispKet session FC (red); 

and (bottom) ketamine induced FC > baseline FC (red). Slice locations indicate INIA19 NHP atlas 

coordinates. 
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Figure 3-10 Group Wilcoxon signed rank test results showing regions with significant (cluster-

level p < 0.05) differences between FC to left and right hemisphere dlPFC (left) and amygdala 

(right) seed ROIs during ketamine and RispKet session. Left dlPFC/amygdala FC > right 

dlPFC/amygdala FC (red); right dlPFC/amygdala FC > Left dlPFC/amygdala FC (blue). Slice 

locations indicate INIA19 NHP atlas coordinates. 
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Chapter 4: The interaction of ketamine pretreatment with the disruptive 

effects of cocaine on functional connectivity in awake rhesus monkeys 
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4.1 Context, Author’s Contribution, and Acknowledgement of Reproduction 

The following chapter examines the interaction of sub-anesthetic ketamine with the acute 

effects of cocaine on FC using pharmacological MRI (phMRI) in awake rhesus monkeys. 

Surgeries were performed by Juliet Brown, animal training and scanning procedures were 

performed by the author with the help of Marisa Olsen, and MRI data acquisition 

protocols were designed by the author with the help of Dr. Kaundinya Gopinath, who also 

contributed valuable data analysis advice. The following unpublished manuscript was 

written in its entirety, and all experiments were designed, performed, and analyzed by the 

dissertation author under the guidance of Dr. Leonard Howell. 

4.2 Abstract 

Rationale: Substance use disorders are characterized by a loss of executive control over 

reward-based decision making. Deficits in glutamatergic projections between the 

dorsolateral prefrontal cortex (dlPFC) and nucleus accumbens (NAcc) have been 

implicated in this process. Acute administration of cocaine decreases functional 

connectivity (FC) between the dlPFC and NAcc. Ketamine evokes the direct opposite 

effect on dlPFC-NAcc FC, however the interaction of ketamine and cocaine on FC has not 

previously been evaluated. Further, while chronic exposure to cocaine has been shown to 

alter brain function, the effects of drug history on FC remain unknown. 

Objective: The present study examines the interaction of sub-anesthetic ketamine, given 

as a pretreatment, with the acute effects of cocaine on FC using pharmacological MRI 

(phMRI) in awake rhesus monkeys. Further, to evaluate the effects of drug history on FC 

and the interaction of ketamine with cocaine, scanning is initially performed in drug 
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naïve/abstinent subjects and subsequently repeated following chronic cocaine self-

administration. 

Methods: One saline and two cocaine (0.3 mg/kg; i.v.) phMRI scans were conducted in 

three awake adult female rhesus monkeys with no recent drug history. Cocaine scans 

occurred with and without sub-anesthetic i.v. infusions of ketamine (0.345 mg/kg bolus 

followed by 0.256 mg/kg/h constant infusion over 1h) 48h prior. These scans were 

repeated following a two-month period of daily cocaine self-administration. Global brain 

connectivity (GBC) and dlPFC-NAcc FC were assessed for each scanning session. 

Results: Pretreatment with ketamine attenuated the effects of cocaine on GBC at the 

whole-brain level as well as dlPFC-NAcc FC. The reduction in dlPFC-NAcc FC induced by 

acute cocaine infusion was correlated with response rates during cocaine self-

administration. Following chronic cocaine self-administration, whole brain GBC and 

dlPFC-NAcc FC were reduced. No interaction effect of ketamine pretreatment with acute 

cocaine infusion was observed following chronic self-administration. 

Conclusions: These findings have broad implications for the treatment of stimulant use 

disorder, providing evidence for the potential efficacy of ketamine as a treatment and the 

important relationship between the connectivity of functional brain networks and 

substance use disorders. 

4.3 Introduction 

The global burden of psychostimulant abuse and dependence is substantial, with 

estimates of prevalence numbering in the tens of millions (Degenhardt et al., 2014). 

Stimulant use disorder is characterized by an inability to control use despite negative 
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consequences (Hasin et al., 2013). There is thought to be a loss of executive control over 

reward-based decision making that leads to compulsive drug use (Everitt and Robbins, 

2005). Regions of the prefrontal cortex responsible for executive functions have 

consistently shown dysfunction associated with substance use disorders in human 

imaging studies (Goldstein and Volkow, 2011; Koob and Volkow, 2010). The pathways 

linking prefrontal regions to the reward processing regions of the striatum are well 

characterized (Haber and Knutson, 2010), and the dysfunction of this fronto-striatal 

circuitry has also been implicated in substance use disorders (Jentsch and Taylor, 1999; 

Kalivas, 2009; Kalivas et al., 2005). 

Further evidence in the literature specifically implicates aberrant processing by 

glutamatergic neurons connecting the prefrontal cortex (PFC) to the nucleus accumbens 

(NAcc) in substance use disorders (Kalivas, 2009), and this pathway has been 

hypothesized as a potential target for novel treatments (Kalivas and Volkow, 2011). A 

recent neuroimaging study using functional magnetic resonance imaging (fMRI) in awake 

rhesus monkeys (Murnane et al., 2015), demonstrated that an acute i.v. dose of cocaine 

robustly decreased functional connectivity (FC) between the dorsolateral PFC (dlPFC) 

and the NAcc, indicating a direct effect of the drug on processing within this neural 

circuitry. Furthermore, the same study found that baseline FC between those same 

regions (dlPFC-NAcc) was negatively correlated with cocaine intake during self-

administration, providing evidence for the behavioral relevance of FC within this 

circuitry. These findings implicate dlPFC-NAcc FC as a possible biomarker for 

vulnerability to substance use disorders and clearly warrant further investigation. 
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One of the few interventions that has been shown to directly affect dlPFC-NAcc FC is sub-

anesthetic infusion of the NMDA receptor antagonist, ketamine. As detailed in Chapter 3, 

ketamine significantly increases FC to the dlPFC from many brain regions, including the 

NAcc, in rhesus monkeys. While these effects were measured during acute ketamine 

administration, there is ample evidence (detailed in Chapter 1) for sub-anesthetic 

ketamine causing neuroplasticity that leads to prolonged behavioral changes. Indeed, 

sub-anesthetic ketamine treatment has recently been shown to reduce cocaine craving 

while increasing motivation to quit (Dakwar et al., 2014) and to decrease cocaine choice 

(versus money) and self-reported cocaine intake (Dakwar et al., 2016) in cocaine 

dependent human subjects. 

Drug history plays an important role in substance use disorders and a distinct advantage 

of nonhuman primate models is allowing for the use of longitudinal designs that can be 

utilized to assess within-subject changes caused by chronic drug exposure. Chronic 

exposure to cocaine has been shown to cause neuroplasticity (Kalivas, 2009) that has 

been demonstrated to alter both brain structure (DePoy and Gourley, 2015) and function 

(Porrino et al., 2007). Indeed, the acute effects of cocaine on brain show changes 

associated with drug history, generating greater metabolic activation following chronic 

cocaine self-administration (Henry et al., 2010). However, the effects of chronic cocaine 

exposure on FC remain unknown and could influence baseline FC, the effects of acute 

cocaine administration, or treatment effects. 

The present study used fMRI in awake rhesus monkeys to investigate the interaction of 

exposure to sub-anesthetic ketamine infusion and cocaine on FC. The acute effects of 

cocaine on FC, at both the whole-brain level and between the dlPFC and NAcc specifically, 
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were examined with and without ketamine pretreatment two days prior. The experiments 

were conducted initially in naïve/abstinent subjects and then repeated following a period 

of cocaine self-administration to evaluate the effects of chronic cocaine exposure on FC 

and evaluate whether drug history influences the treatment effects of ketamine. 

4.4 Methods 

4.4.1 Subjects 

The subjects were three adult female rhesus monkeys (Macaca mulatta).  Two of the 

subjects (RRy7 and RMm7) had no previous history of exposure to cocaine or sub-

anesthetic ketamine. The third subject (RJz6) had been trained to undergo daily i.v. 

cocaine self-administration for a previous study, but had no exposure to cocaine during 

the three years prior to the start of the present study and no prior history of exposure to 

sub-anesthetic ketamine infusion. All protocols and animal care and handling strictly 

followed the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals (8th edition, revised 2011) and the recommendations of the American 

Association for Accreditation of Laboratory Animal Care, and were approved by the 

Institutional Animal Care and Use Committee of Emory University. 

4.4.2 Surgery and habituation to MRI 

A complete description of the surgery and habituation protocol employed in this study 

has been described in Chapter 2 (2.4.1) and in greater detail previously (Murnane and 

Howell, 2010). Briefly, each subject was surgically implanted with chronic indwelling 

venous catheter attached to a subcutaneous vascular access port prior to being habituated 

to MRI for the present study. Following surgery, all subjects were gradually habituated to 
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the scanning apparatus, environment, and all procedures necessary for these experiments 

over a period of greater than one year. 

4.4.3 MRI data acquisition 

The MRI imaging methods employed were described previously in Chapter 2. Briefly, the 

monkeys lay prone in a custom-built restraint cradle (Murnane and Howell, 2010) 

attached to a head coil designed specifically for rhesus monkeys. In each scanning session, 

BOLD MRI images were collected utilizing a whole-brain gradient echo single-shot echo 

planar imaging (EPI) sequence (TR/TE/FA = 2400ms/27ms/90°; 1.5x1.5x1.5 mm; 

resolution; 1200 measurements).  Field inhomogeneities were mapped using a standard 

Siemens dual gradient echo based field mapping sequence for later correction of any EPI 

image distortions. A low-resolution T1-weighted (T1w) anatomic scan was acquired using 

a 3D MPRAGE sequence (TR/TE/TI/FA = 2300ms/2.7ms/800ms/8°; 1.5x1.5x1.5mm 

resolution) to assist in spatial normalization. Further, for each subject a high resolution 

(0.5x0.5x0.5mm) T1w 3D MPRAGE anatomic scan was acquired in a separate scanning 

session to provide a high quality anatomic image for anatomic reference and spatial 

normalization. 

4.4.4 Drug infusion protocol 

EPI scans were 48-minutes in duration and consisted of an 8-minute baseline period 

prior to an i.v. infusion of 0.3 mg/kg of cocaine (or saline control) and followed by 40-

minutes of continued scanning. Cocaine scans were performed alone first, then following 

a sub-anesthetic ketamine pretreatment 48h prior to the cocaine scans. The dose of 

cocaine has been shown to produce significant effects on FC previously (Murnane et al., 

2015) and the 40-minute time-course was chosen because this duration is sufficient to 
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capture the onset, peak, and offset of the neuropharmacological effects of cocaine in 

rhesus monkeys (Banks et al., 2009). Cocaine hydrochloride was supplied by the National 

Institute on Drug Abuse (Bethesda, MD, USA) and dissolved in physiological saline. 

4.4.5 fMRI Data Quality Control 

The fMRI image time-series data were examined for large motions defined as more than 

0.5 mm frame-to-frame displacement.  Exclusion criteria were defined as motion above 

this threshold in more than 10% of the fMRI volumes. None of the scans acquired for 

these experiments exceeded this threshold and thus no scanning sessions were discarded 

or repeated. 

4.4.6 Ketamine treatment 

Ketamine treatments were performed two days (~48h) prior to MRI scanning and 

occurred with each subject seated in a standard primate chair (primate products) while 

in an open laboratory environment under the supervision of the experimenter. The dosing 

regimen was identical to what was used for experiments in Chapters 2-3 and consisted of 

a one-minute i.v. bolus of 0.345 mg/kg followed by a one-hour constant i.v. infusion of 

0.256 mg/kg/h. 

4.4.7 fMRI preprocessing and spatial normalization 

The fMRI data analysis was described previously in Chapter 3. In brief, all analysis was 

conducted with AFNI (Cox, 1996) and FSL (Smith et al., 2004) software packages as well 

as in-house MatlabTM (Natick, MA) scripts. The fMRI time-series images were corrected 

for field inhomogeneities, temporally shifted, and registered to a base volume. The fMRI 

time-series were then aligned to the INIA19 rhesus monkey template atlas (Rohlfing et 
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al., 2012) using the procedure described in Chapter 3. After registration to the atlas, 

excessive noise was removed from the EPI time-series using the AFNI 3dDespike tool. 

Finally, the denoised EPI time-series were spatially smoothed with a full-width at half-

maximum (FWHM) = 3mm isotropic Gaussian filter. 

4.4.8 FC Analysis 

The 48-minute fMRI time-series were segmented into 8-minute blocks, consisting of one 

baseline block and five post-infusion blocks. Functional connectivity (FC) was then 

calculated independently for each block resulting in an FC time-course for each individual 

scan. To control for variability across subjects, individual subject data were normalized to 

the average within-subject baseline prior to self-administration. Normalized subject-level 

data were averaged together at each separate block to generate group-level FC time-

course data. 

Global brain connectivity (GBC) was used to examine drug effects on FC at the whole-

brain level (Cole et al., 2010). GBC was calculated for each voxel by averaging z-

transformed cross-correlations with all other voxel time-courses and expressing the result 

in the form of effective cross-correlation. 

Seed-based cross-correlation analysis (CCA) was employed to assess the strength of FC 

between the dlPFC seed region and NAcc target region (bilateral). The left hemisphere 

dlPFC was chosen to be consistent with Chapter 3 and (Murnane et al., 2015). As in 

Chapter 3, the regions were demarcated on the INIA19 NHP atlas based on associated 

NeuroMaps labels (Rohlfing et al., 2012). To reduce sensitivity to motion artifacts (Power 

et al., 2012) and global signal (Saad et al., 2012), the left dlPFC was subdivided into 

3x3x3mm non-overlapping sub-regions. The EPI voxel time-series within each sub-
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region was averaged to construct sub-region reference vectors. Within each voxel of the 

NAcc, the z-transformed cross-correlation coefficients of all constituent sub-regions of 

the left dlPFC were averaged to construct subject-level dlPFC-NAcc FC. 

4.4.9 Data analysis 

One-way analysis of variance (ANOVA) was used to test for statistical significance. In the 

event of an overall effect of drug treatment condition, post-hoc Tukey tests were used to 

establish statistical significance for differences between each drug treatment condition. 

The standard significance threshold of p < 0.05 was used. 

4.4.10 Cocaine Self-administration 

To investigate the relationship between cocaine exposure, FC, and behavior, following the 

first set of scans the subjects were exposed to 40 daily sessions of self-administration 

(SA). Subjects were trained to self-administer cocaine on a fixed ratio (FR) 20 response 

schedule of i.v. drug administration in an operant test chamber (Wilcox et al., 2005) using 

a computer controlled operant panel equipped with stimulus lights and a response lever 

(MedPC, MedAssociates, St Albans, VT, USA). Drug infusions of 0.03 mg/kg were 

delivered by an automated pump and paired with the brief illumination of a red light and 

followed by a 30-second timeout. Each session lasted until 20 infusions were earned or 

one hour had elapsed, whichever occurred first. Response rates for each subject served as 

a measure of the reinforcing effects of cocaine. 

4.4.11 Experimental timeline 

The experimental timeline is detailed in Table 4-1. The initial scans consisted of a saline 

scan, then a cocaine scan with no pretreatment, then a cocaine scan following ketamine 
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pretreatment (KetCoc scan) in each subject. Following the initial scans, each subject self-

administered cocaine daily for 8-10 weeks. The scanning procedures were then repeated 

with a three-day abstinence period (no SA) preceding a saline scan, then three days of SA 

and three days of abstinence followed by a cocaine scan, and finally three days of SA and 

a ketamine treatment on the second of three abstinence days prior to the final KetCoc 

scan. 

4.5 Results 

4.5.1 Acute cocaine administration robustly decreased FC 

The acute effects of cocaine on FC prior to the start of self-administration protocols are 

illustrated in Figure 4-1. Acute administration of 0.3 mg/kg of cocaine significantly 

reduced GBC in gray matter voxels at the whole-brain level. The distribution of voxel-wise 

differences in GBC between cocaine and saline control are shown in Figure 4-1a. 

Compared to saline control, cocaine administration induced a significant (p<0.05) 

reduction of -1.31 standard deviations in the mean GBC across 16,048 gray matter voxels. 

Qualitatively, the cocaine-induced reduction in GBC was evident in nearly every region of 

the brain, with the notable exception of the nucleus accumbens (NAcc) which exhibited 

(non-significant) increased GBC compared to saline, as shown overlaid on a coronal 

section in Figure 4-1b. 

The delineation of dlPFC and NAcc by NeuroMaps labels (Rohlfing et al., 2012) that was 

used for regional analysis of the effects of cocaine on FC is shown in Figure 4-1c. Cocaine 

administration induced decreased FC between the dlPFC and NAcc as plotted over time 

in Figure 4-1d. The cocaine-induced reduction in dlPFC-NAcc FC follows a ‘U’-shaped 
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curve characterized by a nadir of 33 ± 5% of the average baseline connectivity between 8 

and 16 minutes, and a recovery to baseline levels after 32-minutes. 

4.5.2 Ketamine pretreatment attenuated cocaine-induced changes in FC 

The effects of cocaine administration 48h after sub-anesthetic ketamine infusion (labeled 

KetCoc) are shown in Figure 4-2. Following ketamine pretreatment, there was no effect 

of cocaine on GBC at the whole-brain level (Figure 4-2a). The mean difference in GBC 

among all gray matter voxels was only -0.02 standard deviations (non-significant) when 

acute cocaine followed ketamine pretreatment. Figure 4-2b displays qualitative 

differences in GBC between KetCoc and saline control in a coronal section that shows the 

anterior striatum. KetCoc induced (non-significant) increases to GBC in the NAcc, but 

overall the contrast map (Figure 4-2b) resembles random noise with no consistent 

global effect compared to the saline control. 

Ketamine pretreatment also attenuated the effects of acute cocaine on FC between the 

dlPFC and NAcc. The time-course of dlPFC-NAcc FC over time for the KetCoc scan 

(Figure 4-2c) reveals a cocaine-induced reduction leading to a ‘U’-shaped curve with a 

nadir of 49 ± 21% of the average baseline connectivity between 8 and 16 minutes, 

qualitatively similar to the time-course for acute cocaine alone. However, following 

ketamine pretreatment, the effects of cocaine were attenuated at every timepoint, leading 

to a significant (p < 0.05) attenuation of the drug effect when averaged over 32-minutes 

(Figure 4-2d). Indeed, over 32-minutes with no pretreatment, cocaine significantly (p < 

0.05) reduced dlPFC-NAcc FC to 46 ± 5% of the average baseline level. However, 

following ketamine pretreatment, there was not a significant effect of cocaine, with 
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dlPFC-NAcc FC falling to 84 ± 13% of the average baseline compared to 96 ± 13% for 

saline control (Figure 4-2d). 

4.5.3 The effects of cocaine on FC predicted response rates during self-administration 

Following the initial fMRI experiments, each subject was trained to self-administer 

cocaine and given daily access to up to 0.6 mg/kg for a two-month period. Details of self-

administration for each subject are provided in Table 4-2. As noted in the methods, one 

of the three subjects (RJz6) had a prior history of self-administration and the familiarity 

with the behavior likely influenced the high response rate in that individual.  One of the 

other subjects (RRy7) exhibited lower sensitivity to cocaine, and a unit dose 0.03 mg/kg 

did not maintain responding in that animal. Even after being switched to a unit dose of 

0.1 mg/kg RRy7 had a considerably lower response rate than the other two subjects. 

Response rates increased over time for all subjects, as evidenced by the average response 

rate over the final 10 sessions being higher than the overall average response rate in each 

subject. 

As shown in Figure 4-3, the peak reduction (difference from within-session baseline to 

12-minute timepoint) in dlPFC-NAcc FC induced by cocaine (prior to self-

administration), was significantly correlated (R2 = 0.9992) with the average response rate 

over the final ten sessions. The final ten-session response rate was used to reduce the 

effect of training that may be present in the earlier sessions, and may provide a more 

direct representation of the reinforcing effects of the drug than the overall rate. 

4.5.4 Chronic cocaine self-administration robustly decreased FC 
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The effects of chronic cocaine self-administration on FC were evaluated and the results 

are shown in Figure 4-4 (see Table 4-1 for experimental timeline). Saline scans 

obtained after self-administration (Post-SA saline) were contrasted with saline control 

scans performed prior to the initiation of self-administration protocols (Pre-SA). The two-

month period of cocaine self-administration led to a robust decrease in GBC at the whole-

brain level (Figure 4-4a) that was similar to what was observed during the acute effects 

of Pre-SA cocaine (Figure 4-1a). During the Post-SA saline scan, the mean GBC across 

all gray matter voxels was shifted -1.64 standard deviations compared to the Pre-SA saline 

control scan. The Post-SA saline scans exhibited decreased GBC in nearly all brain regions 

apart from the NAcc (Figure 4-4b), where there were (non-significant) increases in GBC 

compared to Pre-SA saline control. These effects of chronic cocaine self-administration 

on GBC followed the same pattern observed for the acute effects of cocaine prior to the 

initiation of self-administration protocols (Figure 4-1a-b). 

Following the two-month period of self-administration, there was also a reduction in FC 

between the dlPFC and NAcc. Figure 4-4c displays the average dlPFC-NAcc FC over the 

full 48-minute Post-SA saline scan compared to the full 48-minute Pre-SA saline scan. 

There was a significant (p < 0.05) reduction in dlPFC-NAcc FC following cocaine self-

administration. During the Post-SA saline scan, the average dlPFC-NAcc FC was 49 ± 8% 

of the Pre-SA baseline. For comparison, during the Pre-SA saline scan, the average dlPFC-

NAcc FC was 105 ± 13% of the Pre-SA baseline. 

4.5.5 Acute effects of cocaine on FC following chronic self-administration 

Following the two-month self-administration period and subsequent saline scans (see 

Table 4-1 for experimental timeline), further scans occurred during which cocaine was 
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acutely administered (Post-SA cocaine). The results of the Post-SA cocaine scan are 

displayed in Figure 4-5. In contrast to the robust effect of acute cocaine on GBC prior to 

self-administration (shown in Figure 4-1a), Post-SA cocaine did not induce a significant 

effect on GBC (Figure 4-5a). During the Post-SA cocaine scan, the mean GBC in all gray 

matter voxels differed by -0.40 standard deviations (non-significant) compared to the 

Pre-SA saline control. There was also an interesting qualitative contrast in the effects of 

acute cocaine during the Post-SA and Pre-SA cocaine scans. Unlike the pattern observed 

for Pre-SA cocaine (Figure 4-1b), the NAcc did not show elevated GBC relative to other 

brain regions during the Post-SA cocaine scan (Figure 4-5b). 

The effects of acute cocaine on dlPFC-NAcc FC were qualitatively similar during the Post-

SA cocaine scan compared to the Pre-SA cocaine scan, following a ‘U’-shaped curve as 

illustrated in Figure 4-5c. However, during the Post-SA cocaine scan, dlPFC-NAcc FC 

exhibited a nadir of 45 ± 17% of the average (Pre-SA) baseline connectivity during the first 

8 minutes after cocaine administration, before recovering to 62 ± 25% of the average Pre-

SA baseline during the 8 to 16-minute block and remaining just above 60% before 

recovering to over 80% of (Pre-SA) baseline levels after 32-minutes. 

4.5.6 Effects of ketamine pretreatment on FC after self-administration 

Figure 4-6 shows the Post-SA effects of acute cocaine on FC following ketamine 

pretreatment 48h prior (labeled as Post-SA KetCoc). At the whole-brain level, the Post-

SA KetCoc scan closely resembled Post-SA cocaine. The mean GBC in all gray matter 

voxels was -0.44 standard deviations different (non-significant) from the Pre-SA saline 

control during Post-SA KetCoc (distribution shown in Figure 4-6a). The qualitative 

pattern of Post-SA KetCoc effects on GBC is displayed in Figure 4-6b and closely 
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resembles the pattern observed for Post-SA cocaine shown in Figure 4-5b. Unlike the 

Pre-SA cocaine and KetCoc scans, there was no evidence of elevated GBC in the NAcc 

relative to other brain regions during Post-SA KetCoc. 

The time-course of dlPFC-NAcc FC during the Post-SA KetCoc scan (shown in Figure 4-

6c) initially mirrors that of Post-SA cocaine, decreasing to a nadir of 52 ± 7% of the 

average (Pre-SA) baseline connectivity over the 8 to 16-minute time block. After the 16-

minute mark of the Post-SA KetCoc scan, the dlPFC-NAcc FC displays a high degree of 

variability resulting from a combination of both large within-subject fluctuations and high 

variability between the individual subjects. When averaged over the 32-minutes following 

cocaine infusion, there was not a significant difference in dlPFC-NAcc FC between Post-

SA cocaine (58 ± 5% of Pre-SA baseline) and Post-SA KetCoc (68 ± 11%) as shown in 

Figure 4-6d. 

4.5.7 Individual subject results for dlPFC-NAcc FC 

The average dlPFC-NAcc FC measured for individual subjects under each of the drug 

conditions is displayed in Figure 4-7. Two of the subjects that underwent these 

experiments had no prior history of drug self-administration. The third (RJz6) did have 

a history of cocaine self-administration, but had not had access to any psychostimulant 

drugs for a three-year period prior to the initiation of the study. Thus, while the present 

study was not powered to examine differences caused by differing drug histories, it may 

be notable that (as shown in Figure 4-7a) RJz6 exhibited the largest acute effect of 

cocaine (Pre-SA) on dlPFC-NAcc FC and also exhibited the smallest attenuation of the 

cocaine effect following ketamine pretreatment (Pre-SA). 
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Following the two-month period of self-administration, RJz6 further exhibited the lowest 

dlPFC-NAcc FC during the Post-SA saline scan, as illustrated in Figure 4-7b. In contrast 

to the Pre-SA results showing that ketamine pretreatment increased dlPFC-NAcc FC 

during acute cocaine in all 3 subjects, the Post-SA results showed a substantial effect of 

ketamine pretreatment for RMm7, but very little effect for the other two subjects (Figure 

4-7b). Compared to Pre-SA cocaine, there was a larger effect of Post-SA cocaine in RRy7, 

but a smaller effect of cocaine in the other two subjects. 

4.6 Discussion 

Global and region-specific changes to FC were characterized following acute i.v. 

administration of cocaine in conjunction with fMRI in awake rhesus monkeys. A series of 

repeated scans was performed to examine the effects of pretreatment with sub-anesthetic 

ketamine and a two-month period of cocaine self-administration on the changes to 

functional connectivity induced by acute cocaine. The results demonstrate that acute 

administration of cocaine induces a pronounced reduction in voxel-wise GBC at the 

whole-brain level as well as in FC between the dlPFC and NAcc regions specifically. Both 

the reduction in whole-brain GBC and the reduction in dlPFC-NAcc FC were attenuated 

following ketamine pretreatment 48h prior. During an ensuing period of cocaine self-

administration, response rates were correlated with the size of the reduction in dlPFC-

NAcc FC induced by cocaine during the prior scans. Following the two-month period of 

self-administration, both whole-brain GBC and dlPFC-NAcc FC showed robust decreases 

during a saline control scan. The Post-SA response to cocaine was attenuated for both 

whole-brain GBC and dlPFC-NAcc FC compared to Pre-SA cocaine. In addition, ketamine 
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pretreatment did not alter the Post-SA response to acute administration of cocaine at 

either the whole-brain level or between the dlPFC and NAcc. 

Acute administration of cocaine has previously been found to induce reductions in 

measures of whole brain FC and dlPFC-NAcc FC in awake female rhesus monkeys 

(Murnane et al., 2015). The study was performed in a sample of three subjects, all with an 

extensive history of psychostimulant self-administration but following a multi-year 

period with no access to psychostimulants. The results showed a significant correlation 

between baseline dlPFC-NAcc FC and cocaine intake during ensuing self-administration. 

Those findings were strongly corroborated by the results of the present study, which 

showed nearly identical effects of acute cocaine on whole-brain connectivity and dlPFC-

NAcc FC. The design of the present study was intended to maintain a consistent level of 

cocaine intake across subjects during self-administration. Hence, the correlation of 

baseline dlPFC-NAcc FC to cocaine intake could not be tested. However, a similar 

correlation was found between the reduction in dlPFC-NAcc FC induced by acute 

administration of cocaine and response rates during cocaine self-administration. While 

cocaine intake was limited in the present design, response rate was allowed to vary and 

provides a quantitative measure of the reinforcing effects of cocaine (Howell and 

Fantegrossi, 2009). Notably, the single subject (RJz6) with a previous history of self-

administration displayed the highest reduction in dlPFC-NAcc FC during the pre-SA 

cocaine sessions and also had the highest response rate during self-administration. The 

prior drug history for this subject may have been related to these findings and may have 

been important for driving the observed correlation. 
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The present study is the first to investigate the effects of pretreatment with sub-anesthetic 

ketamine on cocaine-induced changes in FC. The findings of a significant attenuation of 

the reductions to whole-brain GBC and dlPFC-NAcc FC induced by acute administration 

of cocaine, provide evidence for the potential efficacy of ketamine infusion as a 

pharmacotherapy for psychostimulant use disorders and warrant additional 

investigation. Moreover, these findings further support the use of FC as a biomarker. The 

present study was motivated in large part by prior findings that acute sub-anesthetic 

ketamine infusion induced robust increases in whole-brain GBC (Chapter 1) and 

functional connectivity from many regions, including the NAcc, to the dlPFC (Chapter 3), 

in direct opposition to the acute effects of cocaine (Murnane et al., 2015). Future 

investigation of interventions known to affect FC for the potential treatment of drug abuse 

is warranted. One such intervention is transcranial magnetic stimulation (Fox et al., 

2012), which is already being investigated in conjunction with FC measurements for the 

treatment of cocaine use disorder (Hanlon et al., 2015a; Hanlon et al., 2015b; Hanlon et 

al., 2016). Specifically targeting interventions that increase dlPFC-NAcc FC may prove 

particularly efficacious given the associations of this connection with self-administration 

behavior described above. 

The present finding of decreased GBC at the whole-brain level, but not within the NAcc, 

following a period of self-administration, agrees with the results of brain imaging studies 

performed in humans. In a cross-sectional study comparing active cocaine users to 

matched healthy control subjects, Gu et al. (2010) found cocaine users to have decreased 

resting-state FC to five of six mesocorticolimbic seeds tested. These included the 

amygdala, hippocampus, mediodorsal thalamus, rostral anterior cingulate cortex, and 
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ventral tegmental area. The lone exception was the NAcc, which showed no difference 

between cocaine users and healthy controls. Indeed, the network connectivity related to 

the NAcc may be a particularly important biomarker for cocaine abuse, as two human 

brain imaging studies in abstinent cocaine users found high resting-state FC to NAcc to 

be associated with relapse (Camchong et al., 2014; Contreras-Rodriguez et al., 2015). 

Future longitudinal imaging studies should be conducted in translational animal models, 

such as awake rhesus monkeys, to further characterize the effects of cocaine use on FC. 

The blunting of the acute effects of cocaine on FC following a two-month period of self-

administration was unexpected, however there are a few possible explanations that may 

explain this result. Prolonged cocaine use is known to induce various neurobiological 

changes (DePoy and Gourley, 2015; Porrino et al., 2007), including decreased availability 

of striatal dopamine receptors (Nader et al., 2002; Volkow et al., 1990) as well as 

diminished extracellular accumulation of striatal dopamine induced by acute cocaine 

(Kirkland Henry et al., 2009). The latter effect has even been observed in rhesus monkeys 

following a limited access period of cocaine self-administration very similar to that 

employed in the present study (Kirkland Henry et al., 2009). Further, cocaine dependence 

is a chronic, relapsing disorder (McLellan et al., 2000) and the present study was 

designed to model a pattern of abstinence and repeated use. Thus, the acute cocaine scans 

following self-administration were preceded by a two-week block that included a one-

week abstinence period followed by three consecutive days of self-administration, 

followed three more days of abstinence prior to the scan. This procedural schedule (Table 

1) may have more closely modeled withdrawal than active use. The brain metabolic 

response to acute cocaine has been shown to be blunted in rhesus monkeys following a 4-
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month period of withdrawal from cocaine self-administration as compared to the drug-

naïve state (Henry et al., 2010). 

4.6.1 Limitations 

The primary limitation of the present study was the small sample size consisting of just 

three subjects. The experiments utilized repeated measurements within each subject to 

maximize statistical power, however there was not sufficient power to broaden the 

number of regions of interest or to investigate differences between subjects. Indeed, the 

subject-level results suggest there may be individual differences in the efficacy of 

ketamine treatment, but no conclusions could be drawn from the current data. Individual 

differences in vulnerability to drug dependence have been hypothesized previously 

(George and Koob, 2010) and future investigation of the efficacy of ketamine as a 

treatment for substance use disorders would likely benefit from larger samples. 

Unfortunately, due to the blunted acute effects of acute cocaine following self-

administration, the effects of ketamine pretreatment could not be conclusively evaluated. 

While no effect of ketamine pretreatment on cocaine-induced changes to FC was observed 

following the self-administration period, it is not possible from the present data to 

determine what impact ketamine may have had given a more potent effect of cocaine. 

Further investigation is warranted given the robust attenuation of the effects of acute 

cocaine following ketamine pretreatment when tested prior to the period of self-

administration. 

4.7 Conclusions 
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Acute i.v. cocaine infusion robustly decreases FC at the whole-brain level and between the 

dlPFC and NAcc regions specifically. The impact of cocaine on connectivity between those 

regions is correlated with the reinforcing effects of cocaine, as measured by response rates 

during self-administration. Chronic cocaine self-administration and acute administration 

of cocaine both reduce FC at the whole-brain level and between the dlPFC and NAcc 

specifically. 

While the results following self-administration were inconclusive, pretreatment with sub-

anesthetic ketamine was found to robustly attenuate the neural effects of cocaine in the 

initial scans, suggesting that ketamine may be efficacious as a treatment for cocaine use 

disorder. 
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 Table 4-1  Experimental timeline of scanning and drug administration. 

Initial 

scans 

Two-month 

period of SA, 

then three 

days of 

abstinence 

Saline 

scan 

One week of 

abstinence, 

then three 

consecutive 

days of SA, 

then three 

days of 

abstinence 

Cocaine 

scan  

One week of 

abstinence, 

then three 

consecutive 

days of SA, 

then one day 

of 

abstinence 

Ketamine 

infusion day, 

then one 

more day of 

abstinence 

KetCoc 

scan 
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Table 4-2  Details of cocaine self-administration. 

Subject RRy7 RMm7 RJz6 

Previous cocaine self-administration no no yes 

Age (years) 17 17 18 

Unit dose of cocaine (mg/kg/inj) 0.1 0.03 0.03 

Total cocaine intake (mg/kg) 23.38 20.55 27.38 

Overall response rate (res/sec) 0.18 0.69 2.25 

Final 10-session response rates (res/sec) 0.23 1.02 2.7 
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a)         b) 

 

 

c)        d)  

 

 

Figure 4-1 Pre-SA effects of acute administration of cocaine on FC: (a) Histogram showing the 

distribution of voxel-wise contrast in GBC values for cocaine vs. saline for all gray matter voxels. 

The leftward shift indicates cocaine GBC < saline GBC for most gray matter voxels (p<0.05); (b) 

Coronal section with voxels colored by contrast in z-score of GBC values for cocaine vs. saline. 

Voxels with cocaine GBC < saline GBC are blue, while voxels with cocaine GBC > saline GBC are 

orange-yellow; (c) Same coronal section shown in (b), but with regions of interest highlighted. 

Yellow = NAcc; Red = dlPFC; Blue = Amygdala (d) Plot of Pre-SA normalized group-average 

dlPFC-NAcc FC over time during cocaine scan. 
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a)               b)  

 

c)               d) 

 

Figure 4-2 Pre-SA effects of acute administration of cocaine following ketamine pretreatment 

(KetCoc) on FC: (a) Histogram showing the distribution of voxel-wise contrast in GBC values for 

KetCoc vs. saline for all gray matter voxels. The normal distribution indicates not a significant 

difference in KetCoc GBC vs. saline GBC at the whole-brain level; (b) Coronal section with voxels 

colored by contrast in z-score of GBC values for KetCoc vs. saline. Voxels with KetCoc GBC < saline 

GBC are blue, while voxels with KetCoc GBC > saline GBC are orange-yellow; (c) Pre-SA 

normalized group-average dlPFC-NAcc FC over time is plotted for cocaine and KetCoc scans; (d) 

Chart comparing Pre-SA dlPFC-NAcc FC averaged over 0-32 minutes after drug infusion for 

saline, cocaine, and KetCoc scans. FC is reduced for cocaine compared to both saline (p<0.05) 

and KetCoc (p<0.05). FC does not significantly differ between saline and KetCoc. 
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Figure 4-3 Plot of cocaine-induced reduction in dlPFC-NAcc FC during Pre-SA cocaine scan vs. 

response rate during cocaine self-administration. A significant (p<0.05) linear relationship is 

demonstrated. Cocaine-induced reduction in FC is calculated as the difference in FC between the 

within-scan baseline and the time period 8-16 minutes after infusion when the peak effects of 

cocaine were observed. 
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a)         b) 

 

c)  

 

 

 

 

 

 

 

 

 

 

Figure 4-4 Effects of chronic cocaine self-administration on FC: (a) Histogram showing the 

distribution of voxel-wise contrast in GBC values for Post-SA vs. Pre-SA saline scans for all gray 

matter voxels. The leftward shift indicates Post-SA saline GBC < Pre-SA saline GBC for most gray 

matter voxels (p<0.05); (b) Coronal section with voxels colored by contrast in z-score of GBC 

values for Post-SA vs. Pre-SA saline scans. Voxels with Post-SA saline GBC < Pre-SA saline GBC 

are blue, while voxels with Post-SA saline GBC < Pre-SA saline GBC are orange-yellow; (c) Chart 

comparing Pre-SA dlPFC-NAcc FC averaged over the full 48-minute scan including both baseline 

and saline infusion for both Pre-SA and Post-SA saline scans. FC is reduced for the Post-SA saline 

scan compared to Pre-SA saline scan (p<0.05). 
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a)            b)  

 

c) 

 

 

 

 

 

 

 

 

 

 

Figure 4-5 Post-SA effects of acute administration of cocaine on FC: (a) Histogram showing 

the distribution of voxel-wise contrast in GBC values for Post-SA cocaine vs. Pre-SA saline for all 

gray matter voxels. There is a non-significant leftward shift indicating Post-SA cocaine GBC < Pre-

SA saline GBC for some gray matter voxels; (b) Coronal section with voxels colored by contrast 

in z-score of GBC values for Post-SA cocaine vs. Pre-SA saline. Voxels with Post-SA cocaine GBC 

< Pre-SA saline GBC are blue, while voxels with Post-SA cocaine GBC < Pre-SA saline GBC are 

orange-yellow; (c) Normalized group-average dlPFC-NAcc FC over time is plotted for Pre-SA and 

Post-SA cocaine scans. 
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a)        b)  

c)       d) 

Figure 4-6 Post-SA effects of acute administration of cocaine following ketamine pretreatment 

(KetCoc) on FC: (a) Histogram showing the distribution of voxel-wise contrast in GBC values for 

Post-SA KetCoc vs. Pre-SA saline for all gray matter voxels. There is a non-significant leftward 

shift indicating Post-SA KetCoc GBC < Pre-SA saline GBC for some gray matter voxels; (b) 

Coronal section with voxels colored by contrast in z-score of GBC values for Post-SA KetCoc vs. 

Pre-SA saline. Voxels with Post-SA KetCoc GBC < Pre-SA saline GBC are blue, while voxels with 

Post-SA KetCoc GBC > Pre-SA saline GBC are orange-yellow; (c) Post-SA normalized group-

average dlPFC-NAcc FC over time is plotted for cocaine and KetCoc scans; (d) Chart comparing 

Pre-SA and Post-SA dlPFC-NAcc FC averaged over 0-32 minutes after drug infusion for cocaine 

and KetCoc. FC does not significantly differ between Post-SA cocaine and Post-SA KetCoc. 
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a)  

 

 

 

 

 

 

 

 

 

b) 

 

Figure 4-7 Effects of cocaine on dlPFC-NAcc FC in individual subjects: (a) Chart comparing 

dlPFC-NAcc FC averaged over 0-32 minutes after drug infusion for Pre-SA cocaine and Pre-SA 

KetCoc in individual subjects. The effects of cocaine are similar across subjects, while effects of 

ketamine pretreatment are larger for the two previously drug-naïve subjects, RRY7 and RMM7, 

than for the subject with a history of cocaine self-administration, RJZ6; (b) Chart comparing 

dlPFC-NAcc FC averaged over the full 48-minute Post-SA saline scan and averaged over the 0-32 

minutes after drug infusion for Post-SA cocaine and Post-SA KetCoc. Following chronic self-

administration, dlPFC-NAcc FC is reduced in all subjects, while ketamine pretreatment is only 

effective in one of three subjects, RMM7. 
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Chapter 5:  Investigating the effects of ketamine treatment on 

reinstatement and reacquisition of cocaine self-administration in rhesus 

monkeys 
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5.1 Context, Author’s Contribution, and Acknowledgement of Reproduction 

The following chapter investigates the behavioral relevance of imaging findings presented 

in the previous chapters by evaluating the efficacy of ketamine treatment for modulating 

drug-seeking behavior. All surgeries were performed by Juliet Brown. The dissertation 

author received methods training from Drs. Lais Berro and Maylen Perez-Diaz before 

performing the behavioral experiments presented. The following unpublished 

manuscript was written in its entirety, and all experiments were designed, performed, and 

analyzed by the dissertation author under the guidance of Dr. Leonard Howell. 

5.2 Abstract 

Rationale: The functional imaging studies presented in the previous chapters 

indicated that sub-anesthetic ketamine infusion attenuates the effects of cocaine on 

brain functional networks.  

Objective: The current study was designed to test the behavioral relevance of these 

imaging findings by evaluating the efficacy of ketamine treatment for modulating drug-

seeking behavior.  

Methods: Five adult rhesus macaques (4 female) were trained to self-administer 

cocaine (0.1 mg/kg; i.v.) on a second-order schedule of reinforcement during daily one-

hour sessions. Subsequently, cocaine was replaced with saline until responding was 

extinguished. Cocaine-prime + cue-induced reinstatement tests were then performed 

48-hours before, and 48-hours after, treatment with either ketamine or vehicle. 

Ketamine treatment consisted of a bolus injection (i.v.) followed by a one-hour constant 

infusion (i.v.). Two doses were tested: 0.345 mg/kg bolus + 0.256 mg/kg/hr and 0.69 
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mg/kg + 0.512 mg/kg/hr. In addition to reinstatement, the effect of ketamine treatment 

on reacquisition of cocaine self-administration was examined.  

Results: Treatment with the low, but not the high, dose of ketamine significantly 

attenuated reinstatement responding relative to vehicle treatment (p<0.05). No 

significant difference was observed between the two ketamine doses. There was no effect 

of ketamine treatment on reacquisition of cocaine reinforced responding, even after 

repeated treatments.  

Conclusions: The results indicate that sub-anesthetic ketamine infusion produces 

lasting effects that reduce drug-seeking behavior up to 48-hours after treatment. 

However, the lack of an effect on reacquisition of cocaine self-administration may 

indicate that ketamine does not modulate the reinforcing properties of cocaine. 

5.3 Introduction 

Psychostimulant dependence presents a substantial burden to global public health 

(Degenhardt et al., 2014). However, despite a clear need, no pharmacotherapies are 

currently approved by the FDA for treating dependence to cocaine or other abused 

psychostimulants. 

Substance use disorders are chronic illnesses (McLellan et al., 2000), characterized by 

repeated relapse and an inability to control use despite negative consequences (Hasin et 

al., 2013). The transition from initial use to compulsive use (Everitt and Robbins, 2005; 

Kalivas and O'Brien, 2008) is related to a loss of control over drug seeking and intake 

(George and Koob, 2010; Jentsch and Taylor, 1999) that has been attributed by imaging 

studies to the dysfunction of the prefrontal cortex (Goldstein and Volkow, 2011; Koob 
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and Volkow, 2010). Likewise, behavioral studies in rodents have shown a corresponding 

transition to compulsive drug seeking to be associated with deficits in synaptic plasticity 

in both the prefrontal cortex (DePoy and Gourley, 2015; Pitts et al., 2016) and the 

nucleus accumbens (NAcc) (Kasanetz et al., 2010; Martin et al., 2006). These findings 

have led to the hypothesis that new medications affecting neuroplasticity in prefrontal-

accumbens circuitry could be beneficial for treating substance use disorders (Kalivas 

and Volkow, 2011). One such drug is ketamine. 

Sub-anesthetic ketamine is now well known for producing rapid antidepressant effects 

in clinical studies (Zarate et al., 2006) and ketamine induces corresponding 

antidepressant-like effects in behavioral models that are mediated by neuroplastic 

changes in the prefrontal cortex (Kavalali and Monteggia, 2012; Li et al., 2010). 

Ketamine has also been shown to increase functional connectivity (FC) between 

dorsolateral prefrontal cortex (dlPFC) and the NAcc (Chapter 3). Further, as shown in 

Chapter 4, treatment with ketamine 48-hrs prior to cocaine administration attenuates 

the acute effects of cocaine on FC between dlPFC and NAcc. Thus, there is strong 

rationale to investigate ketamine as a potential treatment for cocaine addiction. 

Two recent pilot-studies in humans have studied the use of ketamine treatment in 

cocaine dependent subjects. Compared to active benzodiazepine control, ketamine 

treatment reduced cocaine craving while increasing motivation to quit (Dakwar et al., 

2014) and also decreases cocaine choice (versus money) and self-reported cocaine 

intake (Dakwar et al., 2016). The present study further investigated the use of ketamine 

as a treatment for cocaine dependence. The effects of ketamine on reinstatement and 
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reacquisition of cocaine self-administration were examined in a translational nonhuman 

primate model utilizing a second-order schedule of drug reinforcement.  

5.4 Methods 

5.4.1 Subjects 

Five adult (four female) individually housed rhesus monkeys (macaca mullata) weighing 

8-15 kg served as subjects. All subjects had a history of exposure to psychostimulants 

and were well trained with cocaine self-administration protocols. The subjects were fed 

Purina monkey chow (Ralston Purina, St. Louis, MO), supplemented with fruit and 

vegetables daily and water was continuously available. Housing consisted of stainless 

steel home cages with environmental enrichment provided on a regular basis. An 

ambient temperature of 22±2°C at 45–50% humidity was maintained throughout the 

colony, and the lights were set to a 12-h light/dark cycle (lights on at 7h; lights off at 

19h). All protocols and animal care and handling strictly followed the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals (8th edition, revised 2011) 

and the recommendations of the American Association for Accreditation of Laboratory 

Animal Care, and were approved by the Institutional Animal Care and Use Committee of 

Emory University. 

5.4.2 Surgery 

Each Subject was surgically implanted with chronic indwelling venous catheter attached 

to a subcutaneous vascular access port as described briefly in Chapter 2 and in detail by 

Howell and Fantegrossi (2009). 
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5.4.3 Cocaine Self-administration 

Cocaine hydrochloride (National Institute on Drug Abuse, Bethesda, MD, USA) was 

dissolved in physiological saline and administered intravenously. Self-administration 

sessions lasting approximately one-hour were conducted in an operant test chamber 

with a controlled environment (Wilcox et al., 2005) and consisted of a second-order 

schedule of cocaine reinforcement, described previously (Berro et al., 2017). Briefly, 

following a 5-minute start-delay, a red light above the lever on the operant panel was 

illuminated and functioned as the discriminative stimulus. In the presence of the 

discriminative stimulus, after a fixed interval of 10-minutes (FI10) elapsed, completion 

of a fixed ratio of 20 lever presses (FR 20) within a 60s limited hold resulted in delivery 

of a cocaine infusion (1mL over 6s) and the illumination of a white light for 15s, and 

functioned as the conditioned stimulus. A 1-min timeout followed each component 

during which no lights were illuminated and responding on the lever had no 

programmed consequences. Completing 20 lever presses prior to the end of the FI10 

resulted in a brief, 2s illumination of the conditioned stimulus light. Each operant 

session consisted of five components, and thus a maximum of five infusions could be 

earned during a single session. A unit dose of 0.1 mg/kg of cocaine was used for each 

infusion, allowing for a maximum cocaine intake of 0.5 mg/kg per session. This dose 

was chosen because it maintained high rates of responding in all subjects and was 

previously shown to produce peak rates of responding over a full dose-response in the 

majority of subjects (Berro et al., 2017). Response rates were calculated as the total 

number of lever presses in the presence if the discriminative stimulus divided by the 

duration of active time throughout the session. 
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5.4.4 Ketamine treatment 

Ketamine treatments were performed as described previously (Chapter 4). Two sub-

anesthetic treatment doses were used in addition to vehicle (saline) treatment. The low 

dose consisted of a one-minute bolus of 0.345 mg/kg followed by a one-hour constant 

infusion of 0.256 mg/kg/hr. The high dose consisted of a one-minute bolus of 0.69 

mg/kg followed by a one-hour constant infusion of 0.512 mg/kg/hr. The low dose is 

identical to what was used for experiments reported in Chapters 2-4. The high dose was 

chosen to further investigate the ketamine dose-response and produced plasma 

ketamine levels approximately twice that of the low dose, while remaining sub-

anesthetic. The treatments occurred in a separate room from self-administration and in 

the presence of the experimenter. The order of vehicle and low dose treatments were 

counterbalanced across subjects, while all subjects received the high dose treatment last. 

5.4.5 Reinstatement 

The reinstatement experiments followed the procedural schedule presented in Table 5-

1. Subjects were initially required to maintain stable cocaine self-administration, 

defined as response rates that varied by <30% over 3 consecutive days. Following a 

stable maintenance period, behavior was extinguished by replacing cocaine with saline. 

The extinction criteria were operationally defined as two consecutive sessions with 

response rates <20% of the 3-day mean response rate for the prior maintenance period. 

The extinction sessions were identical to the self-administration maintenance sessions 

except that the conditioned stimulus (white light) was never illuminated. The day after 

extinction criteria were met, a baseline reinstatement test occurred. For the 

reinstatement test session, an experimenter-administered cocaine prime was delivered 
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i.v. 5-min before the start of the session and the conditioned stimulus light was 

illuminated upon completion of the FR20, but only saline infusions could be earned. 

Thus, these sessions are described as drug+ cue-induced reinstatement tests. No 

experiments occurred the day after the baseline reinstatement test. On the second day 

following the baseline reinstatement test, the subjects received a ketamine treatment 

(vehicle, low dose, or high dose). Two days later, a post-treatment reinstatement test 

session occurred that was identical to the baseline reinstatement session. Two days after 

the post-treatment reinstatement session the subjects were returned to maintenance 

conditions of cocaine self-administration. A cocaine priming dose of 0.1 mg/kg was used 

for all reinstatement sessions as this dose was previously shown to engender peak 

reinstatement response rates in the majority of the subjects (Berro 2017). 

5.4.6 Reacquisition 

Experiments following the procedural schedule presented in Table 5-2a were 

performed to evaluate the effects of ketamine treatment on reacquisition of cocaine self-

administration. Maintenance and extinction sessions were identical to those for 

reinstatement (described above). Following stable maintenance of cocaine self-

administration, behavior was extinguished. Two days after meeting extinction criteria, 

subjects received a ketamine treatment (vehicle, low dose, or high dose). Subjects then 

underwent a maintenance session of cocaine self-administration to test response rates 

during reacquisition. In order to test the effects of repeated ketamine treatments on 

reacquisition, an extra ketamine treatment was added three days after the first 

treatment. Reacquisition of cocaine self-administration was then evaluated following 

the repeated treatments as shown in Table 5-2b.  
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5.4.7 Data analysis 

To evaluate the effects of ketamine treatment on reinstatement responding, the post-

treatment response rates are presented as a percentage of the response rate measured 

for the baseline reinstatement session prior to ketamine treatment for individual 

subjects. Group data indicate the average of the normalized change in response rate 

following treatment. To examine the effects of ketamine treatment on reacquisition 

responding, the reacquisition response rates are presented as a percentage of the 

average response rate over the prior stable maintenance period. One-way repeated 

measures analysis of variance (ANOVA) and post-hoc Dunnett tests were used to assess 

the statistical significance of the effect of ketamine treatment on both reinstatement and 

reacquisition responding. 

5.5 Results 

5.5.1 Self-administration 

The second order schedule of cocaine reinforcement maintained high, consistent rates 

of responding in all subjects. Subjects earned an average of 4.7 infusions per session 

during maintenance conditions with a range of 4.3 to 5.0 across individual subjects. 

Individual subjects typically met stable response criteria after the first 3 sessions. 

Maintenance response rates varied considerably across subjects, ranging from 0.39 to 

2.15 responses per second with a group-average (± standard error) of 1.0 ± 0.3 

responses per second. This high variability in individual response rates necessitated the 

within-subject normalization used throughout the study. During extinction, response 

rates declined to below 20% of the mean maintenance rate within 1-3 sessions, with no 

more than 4 sessions required to achieve extinction criteria. Ketamine treatments were 
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well tolerated in all subjects. Treatments utilizing the high dose of ketamine elicited an 

appearance of mild sedation, drooping of the eyelids, and noticeable salivation, while 

low dose ketamine treatments were not obviously distinguishable from vehicle 

treatments. 

5.5.2Reinstatement 

The effects of ketamine treatment on reinstatement responding for the group are shown 

in Figure 5-1a. Response rate following vehicle treatment was marginally increased to 

an average (± standard error) of 116 ± 14% of the baseline response rate. Following 

treatment with the low dose of ketamine, reinstatement response rate was reduced to 79 

± 17% of the baseline response rate. The high dose of ketamine was less effective than 

the low dose, leading to a group-average response rate of 88 ± 9% of baseline levels. 

Overall there was a significant effect of ketamine on reinstatement responding (F = 4.74 

by one-way repeated measures ANOVA). Compared to the vehicle treatment, 

reinstatement responding was significantly attenuated after treatment (p < 0.05, by 

Dunnett’s test) with the low dose, but not the high dose of ketamine. Figure 1b shows 

the effects of vehicle and low dose ketamine treatment on reinstatement responding in 

the individual subjects. While there was high variability in individual response rates 

following vehicle treatment, reinstatement responding was reduced by a consistent 

fraction following treatment with the low dose of ketamine compared to vehicle in four 

of the five subjects. The single subject (Rh7) that did not display lower responding after 

low dose ketamine than after vehicle, exhibited the second largest decrease in 

responding after the high dose of ketamine, dropping to 76% of the baseline response 
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rate. Thus, Rh7 appears to have been less sensitive to ketamine compared to the other 

subjects. 

5.5.3 Reacquisition 

Four out of five subjects completed the reacquisition experiments, with a subset of three 

subjects receiving both the low dose and the high dose ketamine treatments. Subject 

attrition occurred due to degradation of the indwelling catheters in two of the subjects. 

None of the subjects required more than a single session to reacquire response rates that 

were at least 70% of previous maintenance levels after any single treatment. Thus, only 

the first reacquisition session following treatment was used to determine the 

reacquisition response rate. The group-level effects of ketamine treatment on 

reacquisition of cocaine maintained responding are shown in Figure 5-2a. There were 

no statistically significant differences in reacquisition responding following the vehicle, 

low dose, or high dose treatments. Figure 5-2b shows the changes to reacquisition 

response rates in individual subjects following each treatment. Only a single subject 

(Rh7) showed a reduction in reacquisition responding following ketamine treatment at 

the low dose. Of the three subjects receiving the high dose treatment, Rh7 again showed 

the largest effect. 

The effects of repeated ketamine treatments on reacquisition of cocaine maintained 

responding are shown in Figure 5-3. The group-level effects of two repeated 

treatments with either vehicle or low dose ketamine are displayed in Figure 5-3a. 

Following repeated vehicle treatments, the reacquisition response rate was 82 ± 7% of 

the average response rate over the prior stable maintenance period. After repeated low 

dose ketamine treatments, the reacquisition response rate was 78 ± 13% of the average 
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maintenance response rate for the previous stable maintenance period, and did not 

significantly differ from rates after repeated vehicle treatments. Figure 5-3b shows the 

effects of repeated treatments in the individual subjects. Two of the four subjects 

exhibited reductions in reacquisition responding following repeated treatment with low 

dose ketamine compared to vehicle with Rh7 again showing the largest effect. 

5.6 Discussion 

The major finding of the present study was that infusion of sub-anesthetic ketamine 

48h-prior to reinstatement sessions attenuates drug+ cue-induced reinstatement of 

extinguished behavior previously maintained by cocaine. In contrast, ketamine had no 

effect on reacquisition of cocaine-maintained self-administration behavior, even after 

repeated dosing with ketamine. Together, the results indicate that effects present at 

least 48h post-infusion of sub-anesthetic ketamine attenuate the reinstating effects of 

cocaine, while not modulating the reinforcing effects of cocaine. These findings agree 

with the human literature (albeit limited) showing behaviorally significant effects of 

ketamine treatment in cocaine dependent subjects (Dakwar et al., 2016; Dakwar et al., 

2014). 

The results of the present study are especially significant when considered in 

combination with the results presented in the previous chapters. Chapter 4 showed that 

ketamine attenuated the connectivity deficits in functional brain networks induced by 

acute cocaine administration in drug naïve/abstinent subjects. However, as shown in 

Chapter 4 and supported by the literature, chronic cocaine exposure causes changes to 

brain function (Henry et al., 2010; Porrino et al., 2007). When ketamine treatment was 

subsequently evaluated following chronic exposure to cocaine, the results were 
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inconclusive (Chapter 4). Therefore, it is important to note that for the present study, 

the behavioral effects of ketamine were evaluated in a cohort of nonhuman primates 

with an extensive, multi-year history of exposure to cocaine and other psychostimulants. 

These results clearly demonstrate that ketamine treatment produces behaviorally 

relevant effects in a cohort with an extensive cocaine history. 

Chapter 3 demonstrated ketamine to evoke robust increases in FC to the dlPFC from 

many brain regions, including the NAcc. Chapter 4 showed cocaine-induced decreases 

in dlPFC-NAcc FC, but this effect was attenuated following ketamine pretreatment. This 

fronto-striatal circuitry that was shown to be strengthened by ketamine, is known to be 

involved in executive control over reward-based decision making (Koob and Volkow, 

2010). Behavioral studies in rodents have shown that prefrontal glutamatergic 

projections to the striatum are critical for reinstatement, but not maintenance, of 

cocaine self-administration (Kalivas, 2009). Thus, the behavioral results presented in 

the present chapter match expectations for the effect of strengthening fronto-striatal 

connections. This evidence strongly supports the mechanism of action for ketamine 

proposed in the previous chapters. 

Ketamine is not unique in causing an attenuation of drug+ cue-induced reinstatement 

without altering the reinforcing effects of cocaine. Serotonin 2A (5-HT2A) receptors are 

highly expressed in the prefrontal cortex of nonhuman primates (Sawyer et al., 2012) 

and previous studies demonstrated a similar pattern of effects for a 5-HT2A receptor 

antagonist. The highly selective 5-HT2A receptor antagonist M100907 attenuated both 

drug-primed (Fletcher et al., 2002) and cue-induced (Nic Dhonnchadha et al., 2009) 

reinstatement, but not cocaine self-administration (Fletcher et al., 2002; Nic 
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Dhonnchadha et al., 2009) in rats, and also in rhesus monkeys (Murnane et al., 2013). 

Due in part to these behavioral effects, selective 5-HT2A receptor antagonists have been 

proposed as good candidates for clinical testing as potential treatments for relapse to 

psychostimulant use (Howell and Cunningham, 2015). The results of the present study 

provide evidence that ketamine may also be a good candidate for clinical evaluation as a 

treatment for relapse based on these criteria. 

Another useful future direction for the study of ketamine as a potential treatment for 

substance use disorders could be the use of in vivo microdialysis to investigate the 

effects of sub-anesthetic ketamine infusion on cocaine-induced dopamine overflow in 

the striatum. Occupancy of the dopamine transporter in the striatum is tightly coupled 

with the subjective effects of cocaine (Volkow et al., 1997). The 5-HT2A receptor 

antagonist M100907 has been shown to attenuate cocaine-induced dopamine overflow 

in the caudate, but not nucleus accumbens of rhesus monkeys (Murnane et al., 2013). 

Given that M100907 and ketamine target separate neurotransmitter systems, but have 

similar effects on cocaine self-administration and reinstatement, it would be of interest 

to determine whether there is a convergence of the neurochemical effects in the 

striatum. 

A second-order schedule of cocaine reinforcement and reinstatement procedures were 

utilized to investigate the effects of ketamine on drug-seeking behavior. Second-order 

schedules of reinforcement emphasize drug-associated conditioned stimuli to produce 

high behavioral output maintained by a limited amount of drug reinforcement, which 

minimizes any nonspecific disrupting effects of the drug and ensures a direct 

correspondence between response rate and the reinforcing effects of the drug (Howell 
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and Fantegrossi, 2009). Reinstatement procedures are often used as a behavioral model 

for relapse. While the translational validity as a model for drug relapse in humans has 

yet to be firmly established (Epstein et al., 2006; Katz and Higgins, 2003), 

reinstatement procedures are useful for measuring drug-seeking behaviors in the 

absence of active drug reinforcement. One limitation of the methods used in the present 

study is that response rates can vary markedly with little effect on cocaine intake. Future 

experiments under a fixed-ratio schedule of reinforcement may be useful for 

establishing whether ketamine treatment might reduce drug-taking. 

In conclusion, sub-anesthetic ketamine infusion was shown to significantly attenuate 

cocaine-seeking behavior in rhesus monkeys using a potentially translational model of 

relapse. The neuroimaging results presented in Chapters 3 and 4 suggested ketamine 

may strengthen executive control and attenuate the disruptive effects of cocaine on 

decision making. The behavioral results shown here strongly support that hypothesis, 

indicating that ketamine may have therapeutic value in the treatment of substance use 

disorders, and relapse in particular. 
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Table 5-1  Reinstatement procedure 

Maintenance Extinction 
Baseline 

reinstatement 

Off 

day 
Treatment 

Off 

day 

Reinstatement 

test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



154 
 

 
 

Table 5-2 

a)  Reacquisition procedure with single treatment 

Maintenance Extinction 
Off 

day 
Treatment 

Off 

day 
Reacquisition 

 

b)  Reacquisition procedure with repeated treatment 

Maintenance Extinction 
Off 

day 
Treatment 

Off 

day 

Off 

day 
Treatment 

Off 

day 
Reacquisition 
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Figure 5-1 Effects of vehicle, low dose (0.345 mg/kg+0.256 mg/kg/hr), and high dose (0.69 

mg/kg + 0.512 mg/kg/hr) ketamine treatment on cocaine-prime (0.1 mg/kg) + cue-induced 

reinstatement responding; post-treatment reinstatement response rates as a percentage of 

baseline reinstatement response rate are shown for the (a) group average; and (b) individual 

subjects. 
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Figure 5-2 Effects of vehicle, low dose (0.345 mg/kg+0.256 mg/kg/hr), and high dose (0.69 

mg/kg + 0.512 mg/kg/hr) ketamine treatment on reacquisition of cocaine self-administration 

under a second-order schedule of reinforcement; response rates on the first day of reacquisition 

as a percentage of pre-extinction stable maintenance rate are shown for the (a) the group 

average; and (b) individual subjects. 
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Figure 5-3 Effects of two repeated treatments, 3-days apart, with vehicle or low dose (0.345 

mg/kg+0.256 mg/kg/hr) ketamine on reacquisition of cocaine self-administration under a 

second-order schedule of reinforcement; response rates on the first day of reacquisition as a 

percentage of pre-extinction stable maintenance rate are shown for the a) group average; and b) 

individual subjects. 
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Chapter 6: Clinical use of ketamine, future directions, and limitations 
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6.1 Results summary 

The previous chapters described the effects of sub-anesthetic ketamine on brain function 

using phMRI in awake rhesus monkeys, demonstrating that ketamine induces robust 

brain activation and extensive changes to functional connectivity. Further experiments 

explored the use of sub-anesthetic ketamine infusion as a potential treatment for 

psychostimulant abuse, finding an attenuation of the acute effects of cocaine on FC and 

reduced responding during reinstatement of cocaine self-administration. Below is a 

summary of the key findings from each chapter. 

Chapter 1 provided background on the effects of sub-anesthetic ketamine infusion. An 

introduction to the current literature examining the underlying neural mechanisms was 

provided and the contributions made by phMRI to understanding those mechanisms at 

the systems level were detailed. Further, studies correlating both the rapid antidepressant 

and psychotomimetic effects of ketamine with phMRI measurements were reviewed, 

highlighting the behavioral relevance of phMRI. Finally, the published results described 

in Chapters 2 and 3 were integrated to establish the basis for the investigation of sub-

anesthetic ketamine as a treatment for cocaine abuse that was detailed in Chapters 4 and 

5. 

Chapter 2 presented data on brain activation induced by sub-anesthetic ketamine 

infusion in awake rhesus monkeys using phMRI. The results showed a robust and 

extensive BOLD response to ketamine with the greatest activation evident in the cingulate 

gyrus, thalamus, and SMA. Further, pretreatment with the antipsychotic drug risperidone 

produced a significant attenuation of the ketamine-induced BOLD activation. These 

findings strongly resemble those of previous studies of sub-anesthetic ketamine using 
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phMRI in human subjects. The latter studies found ketamine-induced BOLD activation 

similar in both magnitude and extent (De Simoni et al., 2013; Deakin et al., 2008), as well 

as a corresponding attenuation of the BOLD-response to ketamine following 

pretreatment with risperidone (Doyle et al., 2013). The strong concordance between the 

results of phMRI studies of ketamine in rhesus monkeys and humans lends validity to the 

use of NHPs as a translational model for studying the CNS effects of ketamine and for 

investigating the effects of antipsychotics in studies using ketamine as a model for 

psychosis. 

Chapter 3 examined the effects of sub-anesthetic ketamine on FC in awake rhesus 

monkeys. Ketamine infusion was shown to induce extensive changes in FC, with the 

greatest changes occurring in FC to the dlPFC. During ketamine infusion, FC to the dlPFC 

was shown to increase in several cortical and subcortical regions, including the NAcc. 

Pretreatment with risperidone significantly attenuated the ketamine-induced changes to 

FC, including the increases in FC to the dlPFC.  

These findings are important for several reasons. First, a strong concordance was shown 

to the results of FC studies in human subjects that have found ketamine-induced changes 

to FC at the whole-brain level (Driesen et al., 2013a) as well as to dlPFC (Grimm et al., 

2015) and striatal (Dandash et al., 2015) regions specifically. Further, pretreatment with 

risperidone has also been shown to attenuate ketamine-induced changes to FC in human 

subjects (Joules et al., 2015). This lends additional validity to the use of NHP models in 

translational studies of ketamine and antipsychotics. Second, the dlPFC is implicated in 

both schizophrenia (Arnsten et al., 2012; Meyer-Lindenberg et al., 2005) and depression 

(Concerto et al., 2015; Dutta et al., 2014). Hence, changes to dlPFC FC could be related to 
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both the psychotomimetic and antidepressant effects of ketamine. Finally, the ketamine-

induced increases in FC between dlPFC and NAcc were directly opposed to the decreases 

in dlPFC-NAcc FC shown during acute administration of cocaine (Murnane et al., 2015). 

This finding was an important part of the rational motivating the investigation of 

ketamine as a treatment for cocaine dependence detailed in Chapters 4 and 5. 

Chapter 4 provided a longitudinal investigation of the effects of cocaine on FC in awake 

rhesus monkeys at different stages of drug history and was the first to evaluate how sub-

anesthetic ketamine infusion modulates the effects of cocaine on FC. The results 

replicated the previous findings (Murnane et al., 2015) that acute administration of 

cocaine robustly decreases FC at the whole-brain level and specifically between dlPFC and 

NAcc. Further, the reduction in dlPFC-NAcc FC induced by cocaine was correlated with 

response rates during cocaine self-administration. Murnane et al. (2015) previously found 

a similar association between baseline dlPFC-NAcc FC and cocaine intake using a slightly 

different self-administration procedure. 

Further, ketamine pretreatment was shown to significantly attenuate the effects of 

cocaine on both whole-brain GBC and dlPFC-NAcc FC. These findings have broad 

implications for the treatment of stimulant use disorders, providing evidence for the 

potential efficacy of ketamine as a treatment and the possible use of FC as a biomarker. 

Chapter 4 also showed the longitudinal effects of chronic cocaine self-administration on 

FC. After two-months of self-administration both whole-brain GBC and dlPFC-NAcc FC 

were significantly reduced. While previous longitudinal brain imaging studies in NHPs 

have demonstrated functional changes associated with chronic cocaine self-
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administration (Henry et al., 2010; Porrino et al., 2007), this was the first to investigate 

changes to FC. 

Chapter 5 examined the effects of ketamine pretreatment on cocaine self-administration 

behavior in rhesus monkeys. The data demonstrated reduced responding during cocaine-

induced reinstatement occurring 48h after infusion of sub-anesthetic ketamine 

(compared to vehicle control). These results, indicating reduced drug-seeking behavior 

following ketamine pretreatment, corroborated previous findings showing ketamine 

treatment to reduce cocaine craving while increasing motivation to quit (Dakwar et al., 

2014) and to decrease cocaine-choice and self-reported cocaine intake (Dakwar et al., 

2016) in cocaine dependent human subjects. Furthermore, behavioral studies in rodents 

have shown that prefrontal glutamatergic projections to the striatum are critical for 

reinstatement, but not maintenance, of cocaine self-administration (Kalivas, 2009). 

Thus, the results of the behavioral experiments in Chapter 5 support the findings in the 

previous imaging chapters of strengthened dlPFC-NAcc FC as the mechanism of action 

for ketamine treatment. 

Indeed, taken together the results presented in this dissertation strongly support the 

validity of translational models using phMRI in awake NHPs, and provide considerable 

evidence for the efficacy of sub-anesthetic ketamine as a treatment for substance use 

disorders. The remainder of this discussion will cover the clinical utility of sub-anesthetic 

ketamine as a treatment for drug dependence, future directions for the use of phMRI in 

awake NHPs as a translational model, and some of the limitations of the findings 

presented in this dissertation. 
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6.2 Clinical use of sub-anesthetic ketamine treatment 

Ever since the rapid antidepressant efficacy of sub-anesthetic ketamine was first reported 

by Berman et al. (2000), the clinical use of ketamine as an off-label treatment for mood 

disorders has been increasing (Sanacora et al., 2017). However, further investigation is 

required to better establish the dose-response relationship of ketamine treatment. In 

Chapter 5, the lower of two ketamine doses evaluated showed greater efficacy for reducing 

drug-seeking behavior. Indeed, the optimal dose, infusion duration, and route of 

administration remain unknown. Interestingly, in a study of the optimal frequency of 

repeated ketamine treatments, two infusions per week showed equal efficacy to three 

infusions per week for treating depression (Singh et al., 2016). While ketamine treatment 

is typically administered i.v. in clinical settings, other routes of administration may prove 

more feasible for broad implementation, including intranasal ketamine for example, 

which has already demonstrated therapeutic efficacy (Opler et al., 2016). A systematic 

study of ketamine dosing regimens and routes of administration could be beneficial for 

optimizing the therapeutic potential of ketamine. 

While the clinical evidence thus far suggests that ketamine treatments are safe and well 

tolerated (Perry et al., 2007; Wan et al., 2015), use of ketamine as a treatment for 

substance use disorders is likely to generate concerns given the abuse liability of ketamine 

(Morgan et al., 2012). There is at least one report of ketamine abuse extending from 

treatment for major depressive disorder (Schak et al., 2016). However, substance abuse 

is highly context dependent (Volkow and Swanson, 2003; Volkow et al., 2008b) and thus 

the medical context of ketamine treatments administered in the clinic combined with 

effective monitoring should mitigate the abuse liability (Carter and Griffiths, 2009). 
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Alternatives to ketamine may still be desirable and the literature indicates several related 

compounds that provide good candidates for further investigation as potential treatments 

for drug dependence. Ketamine is a chiral compound consisting of a pair of (R,S) 

enantiomers. While the racemic mixture is typically administered for ketamine 

treatments there is some evidence suggesting that R-ketamine may have greater 

antidepressant efficacy (Zhang et al., 2014) while also producing fewer psychotomimetic 

effects (Yang et al., 2015). Further, there is evidence that a specific metabolite of R-

ketamine is sufficient for producing rapid antidepressant-like effects in mice without 

several of the side effects of racemic ketamine (Zanos et al., 2016). A higher concentration 

of the same metabolite has been observed in human responders compared to non-

responders after ketamine treatment for both major depressive and bipolar disorders 

(Zarate et al., 2012). Other NMDA receptor antagonists may also warrant further 

examination, such as the NR2B sub-unit selective compound CP-101,606 that has been 

shown to produce rapid antidepressant effects with a reduced side effect profile (Preskorn 

et al., 2008). 

6.3 Future directions for translational models using phMRI in awake NHPs 

The translational relevance of phMRI experiments in awake NHPs provides a powerful 

preclinical screening tool. Future studies should take advantage of this methodology for 

evaluating novel compounds, including new antipsychotic drugs and candidate 

treatments for drug dependence. As detailed above, several compounds that may exhibit 

fewer side effects and lower abuse liability have demonstrated rapid antidepressant 

effects analogous to ketamine. Examining each of these novel compounds using phMRI 



165 
 

 
 

in awake NHPs could prove a quick and effective method for determining whether any of 

these drugs may have efficacy for the treatment of drug dependence. 

Likewise, a similar procedure may be useful for evaluating novel antipsychotic 

compounds. Current clinical antipsychotics typically exhibit moderate to severe side 

effects (Kim et al., 2007) and show limited efficacy for treating the negative and cognitive 

symptoms of schizophrenia (Strous et al., 2003). Identifying novel antipsychotics that 

feature a reduced side effect profile and successfully treat the negative or cognitive 

symptoms of schizophrenia should be a priority of future research and the use of phMRI 

in awake NHPs could provide a valuable tool for this search. 

Further investigation of FC as a biomarker for cocaine dependence should be pursued. 

The results presented in Chapter 4 corroborate the previous finding from Murnane et al. 

(2015) of a correlation between dlPFC-NAcc FC and behavior during cocaine self-

administration. However, both studies were underpowered for examining individual 

differences with each featuring a 3-subject sample size. A larger study to determine 

associations between FC and the behavioral response to treatment could prove valuable. 

Such a study could also compare the effects of ketamine to other treatments known to 

affect FC, such as transcranial magnetic stimulation (Hanlon et al., 2015a). 

6.4 Limitations 

In addition to using small sizes, another significant limitation of the data presented in 

this dissertation is that nearly all of the experimental subjects were female. All of the 

subjects of the imaging experiments performed in chapters 2-4 were female and four out 

of five subjects of the behavioral experiments in Chapter 5 were female. Hence, the results 

may not be generalizable to male subjects. Sex differences have been observed in the 
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sensitivity to ketamine treatment both clinically (Saland et al., 2017) and in preclinical 

models (Franceschelli et al., 2015). Further, notable sex differences have also been 

observed in substance use disorders (Andersen et al., 2012), with female subjects 

generally showing greater vulnerability than males (Anker and Carroll, 2011). 

The therapeutic-like effects of ketamine were only demonstrated for acute treatments 

occurring 48h prior to experimental evaluation. While the rapid antidepressant effects of 

a single ketamine treatment have in some cases been shown to last more than one month 

(Murrough et al., 2013) and subjects have been shown to continue to respond following 

repeated dosing (aan het Rot et al., 2010), the time-course of the therapeutic-like effects 

of ketamine in the context of substance abuse remains unknown. Given the chronic, 

relapsing nature of substance use disorders (McLellan et al., 2000), the duration of 

treatment effects becomes a critical consideration.  

While the findings from chapters 4 and 5 demonstrate therapeutic-like effects of ketamine 

treatment when evaluated in the context of cocaine use, the results may not be 

generalizable to other drugs of abuse. However, there is evidence from neuroimaging 

studies suggesting that disruption of the fronto-striatal circuits responsible for executive 

control over reward-based decision making leads to a general vulnerability to a wide range 

of substance use disorders (Volkow et al., 2012). There is even evidence to suggest a 

common pathology in these the neurobiological systems may be also be involved in 

obesity (Volkow et al., 2008a). This data from the literature implies that the therapeutic 

effects of ketamine may indeed be highly generalizable, given that ketamine has now been 

shown to bolster fronto-striatal circuitry and to attenuate the disruptive effects of cocaine. 

Indeed, while ketamine has not yet been evaluated for therapeutic potential in treating 
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the abuse of substances other than cocaine, there may be great value in doing so in the 

future.  

6.5 Conclusions 

The results presented in this dissertation highlight the use of phMRI in awake NHPs as 

an innovative methodology for creating translational brain imaging models. The chapters 

above utilized this methodology to provide translational models for studying the effects 

of ketamine, evaluating novel antipsychotics, and examining the impact of cocaine use on 

the brain. A strong concordance with the human literature is demonstrated for each of 

these models, lending them translational validity. Sub-anesthetic ketamine infusion was 

shown to enhance FC in brain networks associated with executive control over decision 

making, in direct opposition to the effects of cocaine. Ketamine pretreatment was further 

shown to attenuate both the effects of cocaine on FC in these same fronto-striatal 

connections. Further, ketamine pretreatment reduced cocaine-seeking behavior in a 

pattern consistent with strengthened executive control. Thus, this dissertation has 

established the behavioral relevance of FC, produced consistent findings in support of a 

therapeutic mechanism for sub-anesthetic ketamine as a treatment of psychostimulant 

abuse. 
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during his graduate training 
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changes in connectivity of functional brain networks in awake female nonhuman 
primates: a translational functional imaging model. Psychopharmacology (Berl) 233: 
3673-3684. 
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