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Abstract

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. This review provides an overview of what is known of the neural mechanisms
underlying the effects of ketamine and details what functional magnetic resonance imaging studies
have revealed at a systems level focused on brain circuitry. 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, making it an intriguing candidate for the treatment of drug abuse.
There are still important questions about the mechanism of action and therapeutic potential of
ketamine that can be addressed using appropriate functional neuroimaging techniques.
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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
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ketamine as a dissociative drug of abuse also has a lengthy history (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 several routes, including intramuscular,
intranasal and oral, most investigations have utilized intravenous infusions, owing 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 drug addiction (Dakwar et al.,
2014, 2016).

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
anesthesia (Table 1). However, at sub-anesthetic doses that produce psychotomimetic and
rapid antidepressant effects (Table 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, 2012).
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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, 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.

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 in 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 in regional CBF (Langsjo et al., 2003) remain
coupled with increases in regional glucose metabolic rate (Langsjo et al., 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) utilized measurements of BOLD signal; however, multiple data analysis methods
were employed. Brain activation studies examined regional changes in neuronal firing
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induced by ketamine, while functional connectivity studies examined changes to functional
connections between discrete brain regions.

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 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 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 its
psychotomimetic effects.

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). 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—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.
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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 hence are 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 major
depressive disorder, which were normalized 24hours 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 it difficult to correlate the imaging data with the behavioral effects of
ketamine.

Pharmacological Imaging and the Behavioral Effects of Ketamine

Psychotomimetic effects

Several phMRI studies have investigated associations between the changes in neuronal
signaling and changes in 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 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. When subjects were pretreated with the sodium
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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 with CADSS ratings.

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 of ketamine
(producing a 75 ng/mL ketamine blood serum concentration compared to 50 ng/mL at the
lower dose) 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 inferred 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 at
the low end of what has been used in phMRI studies of ketamine (Table 2). Despite the low
dosing, they still found robust BOLD activation, indicating htat 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 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, the 5-
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HT2A antagonist effects of risperidone are a more likely mechanism 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 the 5-HT2A receptor 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. 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 reported in human subjects. Methods
have also 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
(Maltbie et al., 2016) 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 attest to the validity of using ketamine in animal models of schizophrenia. Indeed,
further preclinical phMRI studies could prove invaluable, particularly when conducted in
awake subjects.

Global brain connectivity—Functional connectivity has been shown reliably to be
disrupted in schizophrenia (Guo et al., 2013; Meyer-Lindenberg et al., 2001, 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) 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
etal., 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. In contrast, they found that stable or reduced GBC
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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 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 have demonstrated that ketamine-induced changes
in functional connectivity are also well conserved across primate species (Gopinath et al.,
2016). GBC analysis (Figure 1; unpublished) 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 induced by ketamine
infusion as different from placebo infusion. This finding demonstrates the robustness of the
effects of ketamine infusion on whole-brain functional connectivity.

Regional 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 (dIPFC). The
dIPFC 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 dIPFC would be associated with impaired performance on a
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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 dIPFC 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 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 /ower 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 dIPFC and hippocampus. They found that acute
ketamine administration increased dIPFC-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, but abnormal dIPFC-hippocampus connectivity has been
observed in schizophrenia (Meyer-Lindenberg et al., 2005) and a similar finding of robust
ketamine-induced increases in dIPFC 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
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 dIPFC. Among
these seed regions, the greatest ketamine-induced changes in functional connectivity were
seen in dIPFC projections. This may be a key finding for explaining both the
psychotomimetic and antidepressant effects of ketamine (see Discussion).
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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). These two
studies used different clinical ratings scales to quantify changes in 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) 24hours 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 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). The latter findings are
consistent with task-based MRI studies showing that aberrant processing in the rACC is
correlated with poorer ketamine treatment outcomes for the alleviation of depression
symptoms (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), 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) but 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.

Regional brain 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 dIPFC, 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 dIPFC and subgenual cingulate seeds, but lower connectivity between more distant
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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 dIPFC induced acutely
by ketamine (Gopinath et al., 2016) may persist following drug clearance and may
contribute to the antidepressant effects of the drug.

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-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 dIPFC, suggest that similar
mechanisms underlie psychotomimetic and therapeutic effects. The dIPFC is a region
strongly implicated in schizophrenia because of its important role in working memory
(Wang et al., 2013). The hyper-connectivity induced by ketamine could be related to
improper processing in the dIPFC, leading to aberrant downstream signaling and resulting
psychotomimetic effects, as hypothesized by Driesen et al. (2013b). Further, the dIPFC 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 dIPFC 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 dIPFC connectivity
may be a key indicator of psychotomimetic 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 in GBC in the caudate were correlated with alleviation of
depression symptoms (MADRS) in MDD patients, Dandash et al. (2015) observed that
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increases in functional connectivity between dorsal caudate and ventrolateral thalamus were
associated with fower 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 dIPFC 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.

Future Directions

phMRI and ketamine mechanism of action

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 dIPFC 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 regarding the
pharmacology of ketamine. 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).

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
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effects (Yang et al., 2015). Further,one report 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.

phMRI and translational models

Nonhuman primate models offer translational advantages in behavioral and pharmacological
research (Phillips et al., 2014; Preuss, 1995; Wang and Arnsten, 2015). 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 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 in functional connectivity
24 hours post-infusion. However, very different analysis methods were used than in
Abdallah et al. (2016) and the use of anesthesia represents a potential confound (Hodkinson
etal., 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
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 dIPFC
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 dIPFC (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 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 dIPFC and nucleus accumbens in awake nonhuman primates, and the
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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 despite the abuse
liability of ketamine.

Conclusion

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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Figure 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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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.

Table 1

Common active sub-anesthetic ketamine
doses
(plasma concentration)

Anesthetic ketamine dose
(plasma concentration)

~0.5 mg/kg 1.V. over 40 minutes ~1-2 mg/kg I.V.
Human
(50-250 ng/mL) @2 (>1,080 ng/mL)“
~1 mg/kg .M.
Rhesus Monkey ~10 mg/kg 1.M.
(100-200 ng/mL) ¢
~10 mg/kg I.P. ~100 mg/kg I.P.
Rat
(100-300 ng/mL)¢ (>2,000 ng/mL)€

aDe Simoni et al. (2013)
b

Krystal et al. (1994)
CShaffer et al. (2014)
a. .

Domino et al. (1984)

eVeiIIeux-Lemieux etal. (2013)
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