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Abstract
Rationale Substance use disorders are characterized by a loss of executive control over reward-based decision-making, and
disruption of fronto-striatal connectivity has been implicated in this process. Sub-anesthetic ketamine has recently been shown to
bolster fronto-striatal connectivity in drug-naïve subjects.
Objectives The influence of ketamine treatment was examined on the disruptive effects of cocaine on functional connectivity
(FC) and on cocaine-seeking behavior in female rhesus monkeys.
Methods Three female rhesus were trained for unanesthetized MRI scanning. Each received three drug-naïve/abstinent pharma-
cological MRI scans with acute injections of saline, cocaine (0.3 mg/kg i.v.), and cocaine (0.3 mg/kg i.v.) 48-h after a ketamine
treatment (low dose = 0.345mg/kg bolus + 0.256mg/kg/h for 1 h; i.v.), and a fourth scanwith saline injection following 2months
of daily cocaine self-administration. A separate cohort of five rhesus (4 female), all with extensive histories of cocaine exposure,
underwent reinstatement testing 48 h after ketamine (or vehicle) treatment. Two sub-anesthetic doses were tested: low dose and
high dose = 0.69 mg/kg + 0.512 mg/kg/h for 1 h.
Results Ketamine treatment attenuated the effects of cocaine on both global and fronto-striatal FC in drug-naïve/abstinent
subjects. Two months of daily cocaine self-administration led to prolonged disruption of both global and fronto-striatal FC.
Cocaine-seeking behavior during reinstatement was reduced following ketamine treatment at the low dose, but not high dose.
Conclusion These findings illustrate the disruptive effects of cocaine on functional connectivity and provide evidence for the
potential efficacy of ketamine as a treatment for stimulant use disorder.
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Introduction

The global burden of psychostimulant abuse is substantial,
with estimates of prevalence numbering in the tens of millions
(Degenhardt et al. 2014). Substance use disorders are chronic
illnesses (McLellan et al. 2000), characterized by repeated
relapse and an inability to control use despite negative conse-
quences (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, in part, to the dysfunc-
tion of the prefrontal cortex (PFC) (Goldstein and Volkow
2011) and fronto-striatal circuitry (Jentsch and Taylor 1999;
Koob and Volkow 2010). The pathways linking prefrontal
regions to the reward processing regions of the striatum are
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well characterized (Haber and Knutson 2010), and aberrant
processing specifically by glutamatergic neurons connecting
the PFC to the nucleus accumbens (NAcc) has been implicat-
ed in substance use disorders (Kalivas 2009; Kalivas et al.
2005).

Translational research in animal models provides further
evidence for the importance of fronto-striatal circuitry in reg-
ulating substance use behaviors. A recent functional magnetic
resonance imaging (fMRI) study in unanesthetized rhesus
monkeys demonstrated that an acute i.v. dose of cocaine ro-
bustly decreased functional connectivity (FC) between the
dorsolateral PFC (dlPFC) and the NAcc (Murnane et al.
2015). Furthermore, cocaine intake during self-
administration was negatively correlated with the baseline
FC between dlPFC and NAcc (Murnane et al. 2015), indicat-
ing dlPFC-NAcc FC as a possible biomarker for vulnerability
to substance use disorders. Behavioral studies in rodents fur-
ther suggest that neuroplasticity within this circuitry plays a
key role in drug dependence, as the transition from initial drug
exposure to compulsive drug seeking is associated with defi-
cits in synaptic plasticity in both the rodent PFC (DePoy and
Gourley 2015; Pitts et al. 2016) and NAcc (Kasanetz et al.
2010; Martin et al. 2006). These findings have led to the
hypothesis that new medications affecting neuroplasticity in
PFC-NAcc circuitry could be beneficial for treating substance
use disorders (Kalivas and Volkow 2011). One potential can-
didate drug is ketamine.

Sub-anesthetic ketamine produces rapid antidepressant ef-
fects in clinical studies (Zarate et al. 2006), and there are
corresponding antidepressant-like effects in rodent behavioral
models that are mediated by neuroplastic changes in the PFC
(Kavalali and Monteggia 2012; Li et al. 2010). Ketamine has
been shown to induce changes in functional brain networks
(Maltbie et al. 2017), including increases to FC between
dlPFC and NAcc in rhesus monkeys (Gopinath et al. 2016).
This effect is in direct opposition to robust decreases to FC
between dlPFC and accumbens observed during acute admin-
istration of cocaine (Murnane et al. 2015). Two recent pilot
studies in cocaine-dependent (human) subjects indicate that
ketamine treatment reduces cue-induced cocaine craving
while increasing motivation to quit (Dakwar et al. 2014) and
also decreases cocaine choice and self-reported cocaine intake
(Dakwar et al. 2016). Thus, further investigation of ketamine
as a potential treatment for cocaine addiction is warranted (see
Ivan Ezquerra-Romano et al. (2018) for further review).

The present study investigates the use of ketamine as a
treatment for cocaine dependence utilizing a combination of
neuroimaging and behavioral pharmacology in a translational
nonhuman primate model. Drug-naïve (or abstinent) rhesus
monkey subjects were extensively trained to undergo unanes-
thetized (awake and unsedated) fMRI, enabling investigation
of the interaction of sub-anesthetic ketamine infusion with the
effects of cocaine on functional brain networks. The effects of

cocaine on FC were examined with and without ketamine
treatment 2 days prior. Following these initial scanning exper-
iments, the subjects were trained to perform cocaine self-
administration to evaluate the effects of chronic cocaine expo-
sure on FC.

The effects of ketamine treatment on cocaine self-
administration behavior were further examined in a separate
cohort of rhesus monkeys, each with an extensive history of
exposure to psychostimulant drugs of abuse. A second-order
schedule of cocaine reinforcement and reinstatement proce-
dures were used to investigate the effects of ketamine on
drug-seeking behavior. The second-order schedule of rein-
forcement was utilized to emphasize drug-associated condi-
tioned stimuli and to produce high behavioral output from a
limited amount of drug reinforcement, minimizing any indi-
rect effects of the drug and ensuring a direct correspondence
between the response rate and the reinforcing effects of the
drug (Howell and Fantegrossi 2009). Reinstatement was used
as a behavioral model for relapse. While the translational va-
lidity 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.

Materials and methods

Neuroimaging experiment

Subjects

The subjects were three adult female rhesus monkeys
(Macaca mulatta). Two of the subjects (Ry7 and Mm7) had
no previous history of exposure to cocaine or sub-anesthetic
ketamine. The third subject (Jz6) had been trained to undergo
daily i.v. cocaine self-administration for a previous study but
had no exposure to cocaine during the 3 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 edi-
tion, revised 2011) (National Research Council (USA).
Committee for the Update of the Guide for the Care and Use
of Laboratory Animals. et al. 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.

Surgery and habituation to MRI

A complete description of the surgery and habituation proto-
col employed in this study has been described in full detail
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previously (Murnane and Howell 2010). Briefly, each subject
was surgically implanted with a 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 the scanning
apparatus, environment, and all procedures necessary for
these experiments over a period of greater than 1 year.

Ketamine treatment

Ketamine treatments were performed 2 days (~ 48 h) 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 experi-
menter. The dosing regimen was identical to what was used
for previously published imaging experiments (Gopinath et al.
2016; Maltbie et al. 2016) and consisted of a 1-min i.v. bolus
of 0.345 mg/kg followed by a 1-h constant i.v. infusion of
0.256 mg/kg/h.

MRI data acquisition

The MRI imaging methods employed were described in full
detail previously (Maltbie et al. 2016). 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 =
2400 ms/27 ms/90°; 1.5 × 1.5 × 1.5 mm; resolution; 1200
measurements). A low-resolution T1-weighted (T1w) ana-
tomic scan was acquired using a 3D MPRAGE sequence
(TR/TE/TI/FA = 2300 ms/2.7 ms/800 ms/8°; 1.5 × 1.5 ×
1.5 mm resolution) to assist in spatial normalization. Further,
for each subject, a high-resolution (0.5 × 0.5 × 0.5 mm) T1w
3D MPRAGE anatomic scan (with 6 averages) was acquired
in a separate scanning session to provide a high-quality ana-
tomic image for anatomic reference and spatial normalization.

Drug infusion protocol

EPI scans were 48 min in duration and consisted of an 8-min
baseline period prior to an i.v. infusion of 0.3 mg/kg of co-
caine (or saline control) and followed by 40-min of continued
scanning. Cocaine scans were performed alone first, then fol-
lowing a sub-anesthetic ketamine treatment 48 h 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-min time-course was chosen because this duration is
sufficient to capture the onset, peak, and offset of the neuro-
pharmacological 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.

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. 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.

fMRI preprocessing and spatial normalization

Methods for fMRI data analysis in nonhuman primates have
been described in depth previously (Gopinath et al. 2016). For
the present study, all 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 corrected for field inhomogeneities, tem-
porally shifted, and registered to a base volume. The fMRI
time-series were then aligned (Gopinath et al. 2016) to the
INIA19 rhesus monkey template atlas (Rohlfing et al. 2012).
After registration to the atlas, sudden large jumps (spikes) in
the voxel fMRI signal time-series were removed using the
AFNI 3dDespike tool. Finally, the denoised EPI time-series
were spatially smoothed with a full-width at half-maximum
(FWHM) = 3 mm isotropic Gaussian filter.

FC analysis

The 48-min fMRI time-series were segmented into 8-min
blocks, consisting of one baseline block and five post-
infusion blocks. Functional connectivity (FC) was then calcu-
lated independently for each block resulting in an FC time-
course for each individual scan. Subject-level data were aver-
aged 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.

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 previous experiments
(Gopinath et al. 2016; Murnane et al. 2015). 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 3 × 3 × 3 mm
non-overlapping sub-regions. The EPI voxel time-series
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within each sub-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.

Cocaine self-administration with imaging subjects

Following the first set of scans, the subjects were exposed to
40 daily sessions of cocaine self-administration (SA) before
undergoing additional saline control scans to test the effects of
chronic cocaine exposure on FC. 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-s
timeout. Each session lasted until 20 infusions were earned or
1 h had elapsed, whichever occurred first. Response rates for
each subject served as a measure of the reinforcing effects of
cocaine.

Neuroimaging group-level analysis

Non-parametric statistics were used for hypothesis testing on
the FC metrics (z-transformed CC or GBC) to minimize as-
sumptions about the underlying distribution. The Friedman
rank sum test was used to test for significant group-level
(N = 3; all female) differences in drug condition (saline, co-
caine, and cocaine after ketamine) across time-blocks (the first
4 blocks post-infusion were used), and Conover’s test was
used for post hoc pairwise comparisons with a false discovery
rate correction for multiple comparisons. Statistical testing
was performed using RStudio (RStudio 2016) with a signifi-
cance threshold of alpha = 0.05. The first four post-infusion
time-blocks (representing 0–32 min) were chosen for compar-
isons as this time period corresponds to the strongest effects of
cocaine (illustrated clearly in Fig. 2c).

Reinstatement and reacquisition experiment

Subjects

Five adult (four female) individually housed rhesus monkeys
(Macaca mulatta) weighing 8–15 kg served as subjects in this
study. All subjects had a history of exposure to
psychostimulants (including cocaine) and were well-trained
at performing cocaine self-administration. The animals 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
7 h; lights off at 19 h). All protocols and animal care and
handling strictly followed the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (8th edi-
tion, 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. Each subject was surgically
implanted with a chronic indwelling venous catheter attached
to a subcutaneous vascular access port as described by Howell
and Fantegrossi (2009).

Cocaine self-administration with a second-order schedule
of reinforcement

Self-administration sessions lasting approximately 1 h were
conducted in an operant test chamber with a controlled envi-
ronment (Wilcox et al. 2005) and consisted of a second-order
schedule of cocaine reinforcement, described previously
(Berro et al. 2017). Briefly, following a 5-min start-delay, a
red light above the lever on the operant panel is illuminated to
act as the discriminative stimulus. The second-order schedule
proceeded such that after a fixed interval of 10 min (FI10)
elapsed, completion of a fixed ratio of 20 lever presses (FR
20) within a 60-s limited hold resulted in delivery of a cocaine
infusion (1 mL over 6 s) and the illumination of white light for
15 s, acting as the conditioned stimulus. A 1-min timeout
followed each component during which no lights were illumi-
nated and responding on the lever had no programmed conse-
quences. Completing 20 lever presses prior to the end of the
FI10 resulted in a brief, 2 s illumination of the conditioned
stimulus light. Each operant session consisted of five compo-
nents, 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 the peak dose-response in three
of the five subjects (Berro et al. 2017). Response rates were
calculated as the total number of lever presses during the ac-
tive period divided by the duration of active time throughout
the session.

Reinstatement procedure

Subjects were initially required to maintain stable cocaine
self-administration behavior, defined as response rates that
varied by < 30% over 3 consecutive days. Following a stable
maintenance period, behavior was extinguished by replacing
cocaine with an infusion of saline. The extinction criterion
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was 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 iden-
tical to the self-administration maintenance sessions except
that the conditioned stimulus (white light) was never illumi-
nated. The day after extinction criteria were met, a baseline
reinstatement test occurred. For the reinstatement test session,
an experimenter-administered intravenous cocaine prime was
delivered 5 min before the start of the session and the condi-
tioned stimulus light was illuminated upon completion of the
FR20, but only saline infusions could be earned. Thus, we
describe these sessions as drug + cue-induced reinstatement
tests. No experiments occurred the day after the baseline rein-
statement test, and the animals were not moved from their
home cage. On the second day following the baseline rein-
statement test, the subjects received a ketamine treatment (ve-
hicle, 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 sessions of cocaine self-administration. A
cocaine-priming dose of 0.1 mg/kg was used for all reinstate-
ment sessions as this dose was previously shown to engender
peak reinstatement response rates in four of the five subjects
(Berro et al. 2017). The combination of drug prime and cue,
rather than drug or cue alone, was utilized to ensure robust
reinstatement responding in all subjects.

Reacquisition procedure

Further experiments were performed to test the effects of ke-
tamine treatment on reacquisition of cocaine self-administra-
tion. Maintenance and extinction sessions were identical to
those for reinstatement (described above). Following a stable
maintenance period (defined above), behavior was
extinguished. Two days after meeting extinction criteria (de-
fined above), subjects received a ketamine treatment (vehicle,
low dose, or high dose). Subjects then underwent a mainte-
nance session of cocaine self-administration to test response
rates during reacquisition. In order to test the effects of repeat-
ed ketamine treatments on reacquisition an extra treatment
was added 3 days after the first. Reacquisition of maintenance
responding was then tested following the repeated treatments.

Ketamine treatment prior to reinstatement and reacquisition

Two sub-anesthetic treatment doses were used in addition to
vehicle (saline) treatment. The low dose consisted of a 1-min
bolus of 0.345 mg/kg followed by a 1-h constant infusion of
0.256 mg/kg/h. The high dose consisted of a 1-min bolus of
0.69 mg/kg followed by a 1-h constant infusion of
0.512 mg/kg/h. The low dose is identical to what was used
in the imaging experiments as well as previous imaging

studies (Gopinath et al. 2016; Maltbie et al. 2016). The high
dose was chosen to further investigate the ketamine dose-
response and produced plasma ketamine levels approximately
twice that of the low dosewhile remaining sub-anesthetic. The
treatments occurred in a separate room from self-
administration and in the presence of the experimenter. The
order of vehic le and low-dose t r ea tments were
counterbalanced across subjects, while all subjects received
the high-dose treatment last. There was a minimum time of
2 weeks between vehicle and low-dose treatments and a min-
imum of 3 weeks between low-dose and high-dose treatments.

Behavioral data analysis

To evaluate the effects of 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 treatment for each individual
subject. Group data indicate the average of the normalized
change in response rate following treatment and are collapsed
across sex (N = 5; one male). One-way repeated-measures
analysis of variance (ANOVA) and post hoc Dunnett’s tests
were used to assess the statistical significance of the effect of
treatment on both reinstatement and reacquisition responding.
Statistical analysis was performed using Prism 5 (GraphPad
Software) with a significance threshold of alpha = 0.05.

Results

Non-parametric statistical analysis of the group-level
effects of acute drug condition on FC

The non-parametric Friedman rank sum test was used to test
for significant effects of drug condition (saline, cocaine, and
cocaine after ketamine treatment) on FC across the first four
post-infusion time-blocks (one block = 8 min; four blocks =
32 min). There was a significant effect of drug condition on
whole-brain GBC (Friedman’s Q = 6.5, df = 2, p = 0.039).
Post hoc analysis indicates that cocaine induced a significant
reduction to GBC compared to saline control (p = 0.01), while
ketamine treatment significantly attenuated the effect of co-
caine (p = 0.023). Following ketamine treatment, cocaine did
not induce a significant reduction to GBC compared to saline
(p = 0.23).

Identical effects were observed on dlPFC-NAcc FC over
the first four post-infusion time-blocks. There was a signifi-
cant effect of drug condition on dlPFC-NAcc FC (Friedman’s
Q = 6.5, df = 2, p = 0.039). Post hoc analysis indicates that
with no ketamine treatment, cocaine significantly (p = 0.01)
reduced dlPFC-NAcc FC compared to saline. However, fol-
lowing ketamine treatment, there was a significant (p = 0.023)
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attenuation of the effect of cocaine, which no longer evoked a
significant difference (p = 0.23) from saline control.

Effects of acute cocaine administration on FC

The acute effects of cocaine on FC prior to the start of self-
administration protocols are illustrated in Fig. 1. Acute admin-
istration of 0.3 mg/kg of cocaine significantly reduced GBC in
graymatter voxels at the whole-brain level. The distribution of
voxel-wise differences in GBC between cocaine and saline
control are shown in Fig. 1a. Compared to saline control,
cocaine administration induced a reduction of − 1.31 standard
deviations in the mean GBC for all gray matter voxels.
Qualitatively, the cocaine-induced reduction in GBC was ev-
ident in nearly every region of the brain, with the notable
exception of the NAcc which exhibited (non-significant) in-
creased GBC compared to saline, as shown overlaid on a
coronal section in Fig. 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 Fig. 1c. Cocaine admin-
istration decreased FC between the dlPFC and NAcc as

plotted over time in Fig. 1d. The cocaine-induced reduction
in dlPFC-NAcc FC follows a BU^-shaped curve characterized
by a nadir of 33 ± 5% of the average baseline connectivity
between 8 and 16 min, and a recovery to baseline levels after
32 min. This time-course (Fig. 1d) closely resembles the time-
course for the effects of cocaine on extracellular dopamine
levels in the striatum (Banks et al. 2009).

Effects of ketamine treatment on cocaine-induced
changes in FC

The effects of cocaine administration 48 h after sub-anesthetic
ketamine infusion (labeled KetCoc) are shown in Fig. 2.
Following ketamine treatment, the effect of cocaine on GBC
at the whole-brain level (Fig. 2a) was significantly attenuated
(p = 0.023). Over 32 min following drug infusion, the mean
GBC among all gray matter voxels was only − 0.02 standard
deviations different from saline control (non-significant) when
acute cocaine administration followed ketamine treatment.
Fig. 2b displays qualitative differences in GBC between
KetCoc and saline control in a coronal section that shows
the anterior striatum. KetCoc induced (non-significant)

Fig. 1 Effects of acute
administration of cocaine on FC.
a Histogram showing the
distribution of voxel-wise con-
trast in z-score of 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 = 0.01). 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. d Plot of normal-
ized group-average dlPFC-NAcc
FC over time during the cocaine
scan. Error bars indicate standard
error of the mean (SEM)
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increases to GBC in the NAcc, but overall, the contrast map
(Fig. 2b) resembles random noise with no consistent global
effect compared to the saline control.

Ketamine treatment also attenuated the effects of acute co-
caine administration on FC between the dlPFC andNAcc. The
time-course of dlPFC-NAcc FC over time for the KetCoc scan
(Fig. 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 16min, qualitatively similar to the
time-course for cocaine without treatment. However, follow-
ing ketamine treatment, the effects of cocaine were attenuated
at every time-block. These results are further summarized in
Fig. 2d, which shows the average dlPFC-NAcc FC from 0 to
32 min post-infusion.

Effects of cocaine on individual subject dlPFC-NAcc FC
and cocaine self-administration

The peak cocaine-induced reduction in dlPFC-NAcc FC (dif-
ference in dlPFC-NAcc FC between the within-session base-
line and time period 8–16 min post-infusion) measured for
individual subjects under each of the drug conditions is
displayed in Fig. 3a. Two of the subjects that underwent these
experiments (Ry7 andMm7) had no prior history of drug self-

administration. The third (Jz6) did have a history of cocaine
self-administration but had not had access to any
psychostimulant drugs for a 3-year period prior to the initia-
tion of the study. Thus, while the present study was not
powered to examine differences caused by differing drug his-
tories, it may be notable that (as shown in Fig. 3a) Jz6 exhib-
ited the largest acute effect of cocaine on dlPFC-NAcc FC and
also exhibited the smallest attenuation of the cocaine effect
following ketamine treatment.

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 2-month period. Details of self-
administration for each subject are provided in Table 1. One
of the three subjects (Jz6) 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 (Ry7) exhibited lower sensitivity to cocaine,
and a unit dose 0.03mg/kg did not maintain responding in that
animal. Even after being switched to a unit dose of 0.1 mg/kg,
Ry7 exhibited 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.

Fig. 2 Effects of acute
administration of cocaine
following ketamine treatment
(KetCoc) on FC. a Histogram
showing the distribution of voxel-
wise contrast in z-score of GBC
values for KetCoc vs. saline for
all gray matter voxels. The nor-
mal distribution indicates not a
significant difference in KetCoc
GBC vs. saline GBC at the
whole-brain level. b Coronal sec-
tion with voxels colored by con-
trast 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 Normalized group-
average dlPFC-NAcc FC over
time is plotted for cocaine and
KetCoc scans (error bars = SEM).
d Chart comparing dlPFC-NAcc
FC averaged over 0–32 min after
drug infusion for saline, cocaine,
and KetCoc scans (error bars =
SEM). FC is reduced for cocaine
compared to both saline (p = 0.01)
and KetCoc (p = 0.023). FC does
not significantly differ between
saline and KetCoc
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As shown in Fig. 3b, the subjects with greater peak reduc-
tions in dlPFC-NAcc FC induced by cocaine exhibited higher
average response rates during cocaine self-administration. The
final ten-session response rate is displayed to reduce the effect
of training that may be present in the earlier sessions and thus
may provide a more direct representation of the reinforcing
effects of the drug than the overall rate. The sample size is
insufficient for a rigorous correlation analysis; however, an
association between dlPFC-NAcc FC and self-administration
has been observed previously (Murnane et al. 2015).

Effects of chronic cocaine self-administration on FC

The effects of chronic cocaine self-administration on FC were
evaluated, and the results are shown in Fig. 4. 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 2-
month period of cocaine self-administration led to a robust
decrease in GBC at the whole-brain level (Fig. 4a) that was
similar to what was observed during the acute effects of Pre-
SA cocaine (Fig. 1a). Compared over the entire 48-min scan-
ning sessions, the mean GBC across all gray matter voxels

was shifted lower (mean = − 1.64 standard deviations) at all
six time-blocks (including the baseline) during the Post-SA
saline scan compared to the Pre-SA saline control scan. This
effect was significant by Friedman rank sum test (Friedman
Q = 6; df = 1; p = 0.014). The Post-SA saline scans exhibited
decreased GBC in nearly all brain regions apart from the
NAcc (Fig. 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 (Fig. 1a, b).

Following the 2-month period of self-administration, there
was also a reduction in FC between the dlPFC and NAcc.
Figure 4c displays the average dlPFC-NAcc FC over the en-
tire 48-min Post-SA saline scan compared to the entire 48-min
Pre-SA saline scan. There was a significant (Friedman Q = 6;
df = 1; p = 0.014) reduction in dlPFC-NAcc FC following co-
caine self-administration. During the Post-SA saline scan, the
average dlPFC-NAcc FCwas 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.

Effects of ketamine treatment on reinstatement
of cocaine self-administration behavior

The second-order schedule of cocaine reinforcement main-
tained high, stable rates of responding in all subjects.
Subjects earned an average of 4.7 infusions per session during
maintenance with a range of 4.3 to 5.0 across the individuals.
Maintenance sessions produced stable within-subject re-
sponse rates, and individuals typically met stable response
criteria after the first three sessions. As shown in Fig. 5a,
maintenance response rates varied considerably across the in-
dividual subjects, ranging from 0.39 to 1.94 responses per

Table 1 Details of cocaine self-administration in neuroimaging subjects

Subject Ry7 Mm7 Jz6

Previous history of 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/s) 0.18 0.69 2.25

Final 10-session response rate (res/s) 0.23 1.02 2.7

Fig. 3 Response to cocaine in individual subjects. a Cocaine-induced
reduction in dlPFC-NAcc FC, with and without ketamine treatment.
The reduction is calculated as the difference between the within-scan
baseline and the time-period when the peak effect of cocaine was ob-
served (8–16 min post-infusion). b Plot of cocaine-induced reduction in

dlPFC-NAcc FC during the peak time-period vs. response rate during
cocaine self-administration (error bars = SEM). Subjects with greater
cocaine-induced reduction in dlPFC-NAcc FC exhibit higher response
rates
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second with a group-average (± standard error) of 1.0 ± 0.3
responses per second. This high variability in individual re-
sponse rates between subjects was also seen during baseline
reinstatement testing (Fig. 5a) and necessitated the within-
subject normalization used throughout the study. During ex-
tinction, 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 well tolerated in all subjects. Treatments uti-
lizing 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 dis-
tinguishable from vehicle treatments.

Each subject underwent three baseline reinstatement test
sessions (one prior to each treatment). Baseline reinstatement
testing produced a wide range of individual average response
rates (Fig. 5a), from 0.17 to 2.15 responses per second. The
response rates exhibited much lower within-subject variability
than between-subject variability, and the order of individuals
(from highest rate to lowest) was the same for the baseline
reinstatement response rates as for the maintenance response
rates (Fig. 5a). The effects of ketamine treatment on reinstate-
ment responding at the group-level are shown in Fig. 5b. The

reinstatement 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 rates were reduced to 79
± 17% of the baseline response rate. The high dose of keta-
mine 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 drug on reinstatement
responding (F = 4.74; df = 2; p = 0.04; by one-way repeated-
measures ANOVA). Compared to the vehicle treatment, rein-
statement responding was significantly attenuated after treat-
ment (p = 0.04, by Dunnett’s test) with the low dose, but not
the high dose of ketamine. Figure 5c 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 treat-
ment, 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 rate. Thus, there

Fig. 4 Effects of chronic cocaine
self-administration on FC. a
Histogram showing the distribu-
tion of voxel-wise contrast in z-
score of 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 =
0.014). 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. cChart comparing
Pre-SA dlPFC-NAcc FC aver-
aged over the full 48-min scan
including both baseline and saline
infusion for both Pre-SA and
Post-SA saline scans (error bars =
SEM). FC is reduced for the Post-
SA saline scan compared to Pre-
SA saline scan (p = 0.014)
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may have been a difference in sensitivity to ketamine in that
subject.

Effects of ketamine treatment on reacquisition
of cocaine self-administration behavior

Four (three female) out of the original five subjects completed
the reacquisition experiments, with a subset of three subjects
(all female) receiving the high-dose ketamine treatment that
was shown to be less effective in the reinstatement experi-
ments. None of the subjects required more than a single ses-
sion 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 Supplemental
Fig. 1a. There were no statistically significant differences in
reacquisition responding following the vehicle, low-dose, or

high-dose treatments. Supplemental Fig. 1b shows the chang-
es to reacquisition response rates in individual subjects fol-
lowing 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 reacquisi-
tion of cocaine-maintained responding are shown in
Supplemental Fig. 2. The group-level effects of two repeated
treatments with either vehicle or low-dose ketamine are
displayed in Supplemental Fig. 2a. Following repeated vehicle
treatments, the reacquisition response rate was 82 ± 7% of the
average response rate over the prior stable maintenance peri-
od. After repeated low-dose ketamine treatments, the reacqui-
sition response rate was 78 ± 13% of the average maintenance
response rate over the prior stable maintenance period and did
not significantly differ from rates after repeated vehicle treat-
ments. Supplemental Fig. 2b shows the effects of repeated
treatments in the individual subjects. While there was not a

Fig. 5 Effects of vehicle, low dose (0.345 mg/kg + 0.256 mg/kg/h), and
high dose (0.69 mg/kg + 0.512 mg/kg/h) ketamine treatment on cocaine
prime (0.1 mg/kg) + cue-induced reinstatement responding. a Individual
subject response rates during maintenance of cocaine-reinforced
responding and baseline reinstatement testing. During maintenance, the
unit dose of cocaine was 0.1 mg/kg/infusion and was paired with a cue-
light. During reinstatement testing subjects earned injections of only the
(saline) vehicle and response rates were maintained by the cue-light and a

non-contingent cocaine-priming injection (0.1 mg/kg; i.v.) at the start of
the session. The error bars (shown only for values ≥ 0.05) indicate stan-
dard error of the mean. Post-treatment reinstatement response rates as a
percentage of baseline reinstatement response rate are shown at, b the
group-level, where the low-dose reduced response rate compared to ve-
hicle (p = 0.04; error bars = SEM) and c the individual subject-level. All
conditions were tested in the same (N = 5) subjects; Yt8 is the only male
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consistent group effect, the same subject (Rh7) that exhibited
the largest reduction in reacquisition responding following the
single ketamine treatment (Supplemental Fig. 1b) also exhib-
ited the largest reduction in responding following repeated
treatment with low-dose ketamine compared to vehicle.

Results summary

Global and region-specific changes to FC were characterized
following acute i.v. administration of cocaine in conjunction
with fMRI in unanesthetized rhesus monkeys. 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 keta-
mine treatment 48 h prior. Following an ensuing 2-month
period of daily cocaine self-administration dlPFC-NAcc FC
and whole-brain GBC were reduced compared to control
scans prior to self-administration. Finally, behavioral testing
in a separate cohort of rhesus monkeys found that ketamine
treatment 48 h prior significantly attenuated drug + cue-in-
duced reinstatement of extinguished behavior previously
maintained by cocaine, while reacquisition of maintenance
responding was not affected by ketamine treatment.

Discussion

These findings support the use of dlPFC-NAcc FC as a bio-
marker for cocaine use disorder. The present study was moti-
vated in large part by prior findings that acute sub-anesthetic
ketamine infusion induced robust increases in whole-brain
GBC (Maltbie et al. 2017) and functional connectivity from
many regions, including the NAcc, to the dlPFC (Gopinath
et al. 2016), in direct opposition to the acute effects of cocaine
(Murnane et al. 2015). The Murnane et al. study (2015) was
performed in a sample of three subjects, all with an extensive
history of psychostimulant self-administration but following a
multi-year period of drug abstinence. 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 pres-
ent study, which showed nearly identical effects of 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, similar to the results
reported by Murnane et al. (2015), an association was ob-
served between the reduction in dlPFC-NAcc FC induced by
acute administration of cocaine and response rates during co-
caine self-administration.

The finding of cocaine-induced decreases to GBC at the
whole-brain level, but not within the NAcc, could be related to
the reductions in glucose utilization observed globally during
acute cocaine administration (London et al. 1990) and
throughout much of the frontal cortex in chronic users
(Volkow et al. 1992). In a cross-sectional FC 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 ventral tegmental area.
The lone exception was the NAcc, which showed no differ-
ence between cocaine users and healthy controls. Indeed, the
network connectivity related to the NAcc may be a particular-
ly 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).

Prolonged cocaine use is known to induce various neuro-
biological changes (DePoy and Gourley 2015; Porrino et al.
2007). While previous longitudinal brain imaging studies in
NHPs have reported changes associated with chronic cocaine
self-administration (Henry et al. 2010; Porrino et al. 2007),
this is the first to examine changes to FC. Chronic cocaine
self-administration reduced both whole-brain GBC and
dlPFC-NAcc FC in a pattern mirroring the effects of acute
administration of cocaine. The loss of FC within fronto-
striatal circuitry could be indicative of the loss of executive
control of reward-based decision-making that is characteristic
of substance use disorders (Volkow and Boyle 2018).
Treatments that strengthen the connectivity of this pathway
may show efficacy for the treatment of substance use
disorders.

The finding of reduced reinstatement responding further
indicates that ketamine may decrease the effectiveness of
reinforcement-associated cues, which is consistent with the
human literature showing that ketamine treatment reduces
cue-induced cravings in cocaine-dependent subjects
(Dakwar et al. 2014) as well as with recent work in rodents
indicating that sub-anesthetic ketamine decreases non-
reinforced Bsign-tracking^ behavior while not altering food-
reinforced behavior (Fitzpatrick and Morrow 2017). The be-
havioral effects of ketamine could potentially be the result of
strengthened fronto-striatal connectivity seen with neuroimag-
ing (Gopinath et al. 2016) leading to increased top-downmod-
ulation of reward processing, which appears to be decreased
by cocaine (Murnane et al. 2015; Volkow et al. 2011). The
attenuation of the effects of acutely administered cocaine on
both whole-brain GBC and dlPFC-NAcc FC following keta-
mine treatment supports this hypothesis. Together, this com-
bination of behavioral and neuroimaging results provides fur-
ther evidence for the potential efficacy of sub-anesthetic keta-
mine as treatment for cocaine use disorder, though further
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testing is needed to establish safety and efficacy as a treatment
strategy.

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).
While the clinical evidence thus far suggests that ketamine
treatments are safe and well tolerated (Perry et al. 2007; Wan
et al. 2015) and efficacy is maintained with repeated treat-
ments (aan het Rot et al. 2010), use of ketamine as a treatment
for substance use disorders is likely to generate concerns giv-
en the abuse liability of ketamine (Morgan et al. 2012). There
is at least one report of ketamine abuse extending from treat-
ment for major depressive disorder (Schak et al. 2016).
However, substance abuse is highly context dependent
(Volkow and Swanson 2003; Volkow et al. 2008) and thus
the medical context of ketamine treatments administered in
the clinic combined with effective monitoring should mitigate
the likelihood of ketamine abuse in this clinical population
(Carter and Griffiths 2009).

Alternatives to ketamine may still be preferable and the
literature indicates several related compounds that provide
good candidates for further investigation as potential treat-
ments 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
samemetabolite has been observed in human responders com-
pared to non-responders after ketamine treatment for both ma-
jor depressive and bipolar disorders (Zarate et al. 2012). Other
NMDA receptor antagonists may also warrant 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).

Limitations

The primary limitation of the present study was the small
sample size consisting of just three subjects in fMRI experi-
ments. The experiments utilized repeated measurements with-
in 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 dif-
ferences in the efficacy of ketamine treatment, but no conclu-
sions could be drawn from the current data. Individual differ-
ences in vulnerability to drug dependence have been

highlighted previously (George and Koob 2010), and future
investigation of the efficacy of ketamine as a treatment for
substance use disorders would benefit from larger samples.

Another significant limitation is that nearly all of the ex-
perimental subjects were female. All three neuroimaging sub-
jects and four out of five subjects in the reinstatement exper-
iment were female. Hence, the results may not be generaliz-
able to male subjects. Sex differences have been observed in
the 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 ob-
served in substance use disorders (Andersen et al. 2012), with
female subjects generally showing greater vulnerability than
males (Anker and Carroll 2011).

Conclusions

Acute i.v. cocaine administration 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 may be associated with the reinforcing effects of
cocaine, as measured by response rates during self-adminis-
tration. Similar to the acute effects of cocaine, chronic cocaine
self-administration reduces FC at the whole-brain level and
between the dlPFC and NAcc specifically.

Sub-anesthetic i.v. ketamine infusion, administered 48 h
prior to fMRI, was shown to attenuate the effects of acute
cocaine administration on FC at the whole-brain level and
between the dlPFC and NAcc regions specifically.
Furthermore, sub-anesthetic ketamine was shown to signifi-
cantly attenuate cocaine-seeking behavior in rhesus monkeys
using a potentially translational model of relapse. Importantly,
these behavioral effects were reported in a cohort of nonhu-
man primate subjects with an extensive, multi-year history of
exposure to cocaine and other psychostimulants.

This combination of neuroimaging and behavioral results
supports the hypothesis that sub-anesthetic ketamine
strengthens executive control networks and may attenuate
the disruptive effects of cocaine on decision-making, provid-
ing evidence that ketamine could potentially have therapeutic
value in the treatment of substance use disorders.
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