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Abstract
Rationale There is a significant interest in the NMDA-
receptor antagonist ketamine due to its efficacy in treating
depressive disorders and its induction of psychotic-like symp-
toms 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 mon-
keys. The effects of ketamine after pretreatment with the an-
tipsychotic drug risperidone were also examined.
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−1 h−1 constant infusion) with and without risper-
idone pretreatment (0.06 mg/kg). A 10-min window of stable
BOLD signal was used to compare FC between baseline and

drug conditions. FC was assessed in specific regions of inter-
est 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 ris-
peridone. 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 psychotomimet-
ic effects of ketamine.
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Depression

Introduction

Ketamine has an extraordinary profile of pharmacological ef-
fects 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 et al. 2000; Krystal
et al. 2013) at identical doses. Thus, ketamine challenge is
currently being used experimentally both as a way to model
schizophrenia and as a treatment for depression and other
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mood disorders. However, the mechanisms by which keta-
mine produces these effects remain incompletely understood.
As a non-competitive N-methyl-D-aspartate glutamate recep-
tor antagonist, ketamine produces widespread effects through-
out 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) tomeasure changes in
brain functional connectivity (FC) networks induced by keta-
mine administration. While ketamine has been shown to in-
crease 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 speci-
ficity may be particularly important because both schizophre-
nia (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, mea-
suring changes to FC with phMRI provides an excellent tool
for examining the effects of ketamine on specific brain circuit-
ry and how it relates to psychiatric disorders. Recently, this
technique has become even more powerful following the suc-
cessful development of an apparatus and methodology
(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 advan-
tages for studying cognitive dysfunction and psychopa-
thology (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 behav-
ioral repertoires are sophisticated and their PFC is closely
aligned with humans (Preuss 1995). We recently reported
that the blood oxygenation level-dependent (BOLD) acti-
vation 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 re-
sponse 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 with find-
ings from the literature in human subjects. The effect of pre-
treatment with risperidone on FC changes induced by keta-
mine was also examined. The findings present important pre-
cursors for future research investigating the mechanisms by
which ketamine produces psychotomimetic and antidepres-
sant effects as well as a potential model for evaluating novel
antipsychotics.

Materials and methods

Animals and surgery

A complete description of the animals, surgery, and habitua-
tion protocol employed in this study has been described in
detail in the companion paper (Maltbie et al. 2016). Briefly,
four adult female rhesus monkeys (Macaca mulatta) were
included in the study. They were all initially naïve to any
experimental drugs underwent in the same experiments.
Animal use procedures were in strict accordance with the
National Institutes of Health’s BGuide 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 envi-
ronment, all subjects were extensively and gradually habitu-
ated 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 is discussed 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 im-
ages were collected utilizing a whole-brain gradient echo
single-shot echo planar imaging (EPI) sequence (TR/TE/
FA = 3000 ms/32 ms/90°; 1.5 × 1.5 × 1.5 mm resolution;
1100 measurements). A low-resolution T1-weighted (T1w)
anatomic scan was acquired with a 3D MPRAGE sequence
(TR /TE /T I / FA = 2300 ms / 2 . 7 ms / 800 ms / 8 ° ;
1.5 × 1.5 × 1.5 mm resolution) to assist in spatial normaliza-
tion. Further for each monkey, a set of seven high-resolution
(0.5 × 0.5 × 0.5 mm) T1w 3DMPRAGE anatomic scans were
acquired in a separate scanning session and averaged together
to yield a final high-quality anatomic image for anatomic ref-
erence and spatial normalization.
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Drug-infusion protocols

The drug-infusion protocol is described in detail in the com-
panion paper (Maltbie et al. 2016). Briefly, each subject
underwent two 55-min pharmacological MRI scans in sepa-
rate scanning sessions. In both sessions (one with and one
without pretreatment with risperidone (0.06 mg/kg, i.v.) ad-
ministered 1 h prior to the MRI session), there was a 1-min
baseline followed by a 1-min bolus i.v. infusion of 0.345 mg/
kg of ketamine followed by 53 min continuous infusion of
0.256 mg kg−1 h−1 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 that 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 pro-
duced 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 min after the onset of drug
infusion (ton) and remained relatively steady until around 18–
20 min 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 to 16 s after ton
was selected to assess functional connectivity networks in the
brain during ketamine infusion with/without pretreatment
with risperidone.

Baseline resting-state fMRI

Apart from the phMRI scans mentioned above, two 10-min
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 dis-
placement. If a given monkey exhibited motion above this
threshold in more than 10 % of the fMRI volumes within
the 10 min of a drug treatment dataset employed to assess
functional connectivity, the scan was repeated in another ses-
sion, and the motion-corrupted dataset was discarded. None of

the scans acquired for these experiments exceeded this thresh-
old and thus no scanning sessions were discarded or repeated.

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
Matlab™ (Natick, MA) scripts. The fMRI time-series images
were first corrected for distortions introduced by magnetic
field inhomogeneities, temporally shifted to account for dif-
ferences in slice acquisition times and registered to a base
volume to account for motion. Each subject’s averaged high-
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) ac-
quired 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 frommotion and other spu-
rious noise sources which exceeded 3.5 times median absolute
deviation from time-series baseline with the 5 timepoint me-
dian 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) = 3 mm isotropic Gaussian
filter. As a quality control step, time-series volumes that ex-
hibited 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 demar-
cated 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 cin-
gulate (SgC), nucleus accumbens (NAcc), and amygdala
(Amyg) and posterior cingulate cortex (PCC) were demarcat-
ed by appropriately aggregating and segregating NeuroMaps-
labeled areas pertaining to each of the ROIs (see Fig. 1). Since
averaging all voxels within large ROIs can lead to enhanced
sensitivity to motion artifacts (Power et al. 2012) and global
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signal (Saad et al. 2012), each ROI was subdivided into
3 × 3 × 3 mm 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 one-sample signed rank test (nonpara-
metric equivalent of one-sample t test) on the individual sub-
ject FC maps for the corresponding ROI. Group-level differ-
ences 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 one-
sample and between condition z-maps were clustered, and the
significance of activations accounting for multiple compari-
sons are derived by means of Monte Carlo simulation of the
process of image generation, spatial correlation of voxels, in-
tensity thresholding, masking and cluster identification
(Forman et al. 1995) through the 3dClustSim program imple-
mented in AFNI software. All the significant reported in the
BResults^ are corrected for multiple comparisons at p < 0.05
unless otherwise indicated.

Results

Blood plasma drug levels

Blood samples taken immediately after scanning were ana-
lyzed 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 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.

Ketamine-induced changes in FC to dlPFC

Ketamine-induced (Supplementary Fig. 1) widespread chang-
es in dlPFC FC with a number of different brain regions.
When compared with the baseline session, ketamine induced
(Fig. 2, Table 1) significantly (p < 0.05) increased dlPFC FC
with areas involved in affective processing and mood regula-
tion: 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 sen-
sorimotor and attention areas: e.g., premotor cortex (PMC),
primary motor (M1) and somatosensory (S1) cortices, supple-
mentary motor area (SMA), cingulate gyrus, and posterior
STG also increased significantly from baseline during keta-
mine infusion.

Pretreatment with risperidone (0.06 mg/kg) an hour prior to
infusion of ketamine (RispKet), significantly attenuated
(Fig. 2; Table 1) the effects of ketamine. During the RispKet
session, dlPFC FC was significantly decreased, when com-
pared with ketamine, to limbic and affective processing areas:
SgC, NAcc, caudate, putamen, amygdala, anterior insula, an-
terior STG, and vlPFC. At the same time, dlPFC FC to supe-
rior parietal lobule (SPL) was increased when compared with
ketamine. However, RispKet still resulted in increased dlPFC
FC compared with baseline (Table 2) with some of the same
affective processing and sensorimotor areas as ketamine, al-
beit with reduced extent.

Ketamine-induced changes in FC to SgC

During ketamine infusion, the SgC exhibited (Supplementary
Fig. 2) significant (p < 0.05) FC with limbic and affective
processing areas, as well as dlPFC, SMA, premotor cortex,

Fig. 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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STG, and supramarginal gyrus (SMG). Ketamine induced
higher SgC FC compared with baseline in a number of these
areas; however, ketamine > baseline effects were significant
(p < 0.05) (Table 1) only in dlPFC, and some sensorimotor
areas: premotor cortex, STG, insula, and cerebellum.

The RispKet session exhibited (Fig. 3; Table 1) significant-
ly 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 ses-
sion exhibited (Fig. 3; Table 1) decreased SgC FCwith limbic
and affective processing areas also compared with baseline.

Ketamine-induced changes in FC to amygdala

During ketamine infusion, the amygdala exhibited
(Supplementary Fig. 3) significant (p < 0.05) FC to limbic
and affective processing areas. Ketamine induced significant-
ly enhanced amygdala FC (Table 1) with SgC, ventral stria-
tum, anterior ventral putamen, caudate, and contralateral
amygdala when compared with baseline. Amygdala FC with
posterior default mode network (DMN) areas (PCC and lateral
parietal cortex) was attenuated compared with baseline during
ketamine infusion (Supplementary Fig. 3), but the effect was
not significant. During the RispKet session, the amygdala
displayed (Fig. 4; Table 1) significantly decreased FC com-
pared with ketamine to areas involved in limbic and affective
processing: NAcc, caudate, putamen, thalamus, amygdala, an-
terior 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 (Fig. 4; Table 1) significantly reduced FC with these
same regions when compared with baseline.

Ketamine-induced changes in FC to nucleus accumbens
(ventral striatum)

Dur ing ke tamine infus ion , the NAcc exh ib i ted
(Supplementary Fig. 4) 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 (Fig. 5; Table 1) significant-
ly 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 (Fig. 4; Table 1) FC compared with ketamine with
all of these above areas and as well as dlPFC, SMA, and ACC.

Ketamine-induced changes in FC to other ROIs

Table 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 signif-
icantly attenuated compared with ketamine in limbic and af-
fective 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 with
baseline.

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 puta-
men; as well as with SMA and cingulate compared with
baseline. Pretreatment with risperidone decreased ketamine-
induced PCC FC to limbic areas. Further, the RispKet session
showed significantly higher PCC FC with anterior DMN re-
gions and retrosplenial cortex compared with baseline while
inducing decreased FC to affective processing regions.

Fig. 2 Group Wilcoxon signed
rank test results showing regions
with significant (cluster-level
p < 0.05) differences in left dlPFC
FC; top, ketamine-induced
FC > baseline session FC (red);
bottom, ketamine-induced
FC > RispKet FC (red). Slice lo-
cations indicate INIA19 NHP at-
las coordinates
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Ketamine-induced interhemispheric asymmetry in FC
networks

Table 2 lists the regions in the brain, for each seed ROI,
which exhibited significant differences in FC between
the seed’s left and right hemisphere homologs, under
each scan condition. At baseline, very few regions ex-
hibited preferential FC to any given hemisphere.

Ketamine induced a breakdown in hemispheric symme-
try in FC in all the seed ROIs examined except NAcc
(Table 2; Fig. 6). Ketamine induced increased FC of left
dlPFC (compared with its right hemisphere homolog)
with areas in sensorimotor, salience, and limbic net-
works. RispKet increased left dlPFC FC with bilateral
nucleus reuniens and increased right dlPFC FC to right
amygdala, compared with their contralateral homologs.

Table 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)

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

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

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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Ketamine induced increased FC of right amygdala (com-
pared with left amygdala) to limbic and salience monitoring
network regions (Table 2; Fig. 6). 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
with the respective seeds’ contralateral homologs.

Discussion

The results described above reveal a number of interesting
changes in brain FC network characteristics induced by keta-
mine, and the modulation of ketamine-induced changes in FC
network by pretreatment with risperidone. Sub-anesthetic ke-
tamine infusion at similar doses is employed in human sub-
jects both as a model for schizophrenia (Frohlich and Van

Table 2 Areas showing signficant (voxel-level p < 0.07; multiple comparison corrected cluster-level α < 0.05) differences based onWilcoxon 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

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

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 > Rrght-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

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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Horn 2014; Krystal et al. 1994) and as a treatment for depres-
sion (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 keta-
mine 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 sen-
sorimotor 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). Pretreatments with the
antipsychotic drug risperidone attenuated ketamine-induced in-
creases 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, amygda-
la, 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-

Fig. 4 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); bottom, RispKet session
FC < baseline FC (blue). Slice
locations indicate INIA19 NHP
atlas coordinates

Fig. 3 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);
bottom, RispKet session
FC < baseline FC (blue). Slice
locations indicate INIA19 NHP
atlas coordinates
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RispKet effects of FC in limbic and affective processing net-
works were much stronger in extent than ketamine-baseline
effects because the RispKet session exhibited reduced FC
within affective processing networks compared with baseline.
This indicates that risperidone is acting to decrease the func-
tional connections in limbic networks, which may be related
to some of the side effects associated with risperidone treat-
ment (Miyamoto et al. 2005).

Ventral striatum (NAcc) plays an important role in motiva-
tion 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 antipsy-
chotic treatment (Sarpal et al. 2015).

Finally, PCC (which is a major hub in the DMN) exhibited
increased FC with NAcc and striatal affective processing re-
gions 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 attenu-
ated 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

Fig. 6 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

Fig. 5 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);
bottom, ketamine-induced
FC > baseline FC (red). Slice lo-
cations indicate INIA19 NHP at-
las coordinates
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regions and reduced PCC FC with affective processing re-
gions 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 ex-
amined in this study. These results are consistent with break-
down in interhemispheric symmetry of FC networks in human
models of schizophrenia and other mood disorders (Guo et al.
2013; Zhang et al. 2015). 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 associat-
ed with emotional regulation, cognitive control, and motiva-
tion. 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 risper-
idone significantly attenuated the effects of ketamine,
which is also consistent with findings in human subjects
(Joules et al. 2015).

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 sig-
nificant but not as strong as the above-mentioned areas. Thus,
the fact that the strongest changes in FC with respect to base-
line during sustained ketamine infusion occurs in brain net-
works 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 spa-
tial heterogeneity between CBF and FC network changes after
ketamine infusion. Indeed, since FC network alterations in-
duced by ketamine administration are consistent with those
caused by schizophrenia (Anticevic et al. 2015; Driesen
et al. 2013a) measures of functional connectivity in brain net-
works may in fact elucidate more pertinent information re-
garding disease mechanisms than pure phMRI BOLD activa-
tion maps regarding the effects of ketamine on brain function.

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 direc-
tion, 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 in-
vestigated 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, render-
ing 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 ad-
ministration was considered in this study. The therapeutic re-
sponse 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 occu-
pancy 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 authors, no
sex differences have been previously reported for the psy-
chotomimetic effects of ketamine in humans. While it is pos-
sible that the endocrine status of the subjects affected the re-
sults, the evidence in the literature suggests that any effects
should beminimal. 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 prepulse inhibition by
ketamine (van den Buuse et al. 2015).

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 multi-
ple brain disorders and could also be used for evaluating novel
antipsychotics. Indeed, measures of FC may provide more infor-
mation regarding the effects of ketamine on brain circuitry than
general ketamine-induced BOLD response changes. The finding
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that the dlPFC exhibits such broad and robust increases in func-
tional connectivity implies that altered processing in this region
may be a critical driver of the behavioral effects of ketamine.
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