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ABSTRACT

Ketamine acts as an N-methyl-D-aspartate receptor antago-
nist and evokes psychotomimetic symptoms resembling
schizophrenia in healthy humans. Imaging markers of acute
ketamine challenge have the potential to provide a powerful
assay of novel therapies for psychiatric illness, although to
date this assay has not been fully validated in humans.
Pharmacological magnetic resonance imaging (phMRI) was
conducted in a randomized, placebo-controlled crossover
design in healthy volunteers. The study comprised a control
and three ketamine infusion sessions, two of which included
pretreatment with lamotrigine or risperidone, compounds hy-
pothesized to reduce ketamine-induced glutamate release.
The modulation of the ketamine phMRI response was in-
vestigated using univariate analysis of prespecified regions
and a novel application of multivariate analysis across the
whole-brain response. Lamotrigine and risperidone resulted

in widespread attenuation of the ketamine-induced increases
in signal, including the frontal and thalamic regions. A con-
trasting effect across both pretreatments was observed only
in the subgenual prefrontal cortex, in which ketamine pro-
duced a reduction in signal. Multivariate techniques proved
successful in both classifying ketamine from placebo (100%)
and identifying the probability of scans belonging to the
ketamine class (ketamine pretreated with placebo: 0.89).
Following pretreatment, these predictive probabilities were
reduced to 0.58 and 0.49 for lamotrigine and risperidone,
respectively. We have provided clear demonstration of a ketamine
phMRI response and its attenuation with both lamotrigine and
risperidone. The analytical methodology used could be readily
applied to investigate the mechanistic action of novel compounds
relevant for psychiatric disorders such as schizophrenia and
depression.

Introduction

N-Methyl-D-aspartate (NMDA) antagonists induce symp-
toms resembling schizophrenia in healthy humans, support-
ing their use as a model to study the role of the glutamate
system in psychoses (Farber et al., 1995; Duncan et al., 2000).
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Ketamine, in particular, has been widely used to investigate
the role of glutamatergic dysfunction in humans, with acute
challenge at subanesthetic doses inducing positive and nega-
tive symptoms and impairing cognition (Krystal et al., 1994;
Morgan et al., 2004). Across different species and modalities,
neuroimaging markers also show robust ketamine-induced
changes (Vollenweider et al., 1997; Duncan et al., 1998b;
Langsjo et al., 2004; Deakin et al., 2008; Chin et al., 2011;
Stone et al., 2012; De Simoni et al., 2013).

Imaging markers of acute ketamine challenge are sensitive
to modulation by pretreatment with antipsychotics and
compounds that reduce glutamate transmission. In animals,
the antipsychotics clozapine and olanzapine, the anticonvul-
sant lamotrigine, and metabotropic glutamate 2/3 receptor
agonists or potentiators all attenuate the effects of ketamine
or another NMDA antagonist, phencyclidine (PCP), on markers
of brain activity (Duncan et al., 1998a, 2000; Lorrain et al.,

ABBREVIATIONS: AUC, area under the curve; BOLD, blood oxygen level dependent; g-map, multivariate map; GPC, Gaussian process
classification; 5-HT»a, serotonin 2A; LAM-KET, lamotrigine followed by ketamine infusion; MRI, magnetic resonance imaging; NMDA, N-methyl-D-
aspartate; PCP, phencyclidine; phMRI, pharmacological MRI; PLA-SAL, placebo followed by saline infusion; PLA-KET, placebo followed by
ketamine infusion; RIS-KET, risperidone followed by ketamine infusion; ROI, regions of interest; T4,», period of time over which the concentration of

a drug decreases by half from a reference concentration.
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2003; Gozzi et al., 2008; Hackler et al., 2010; Chin et al., 2011).
In humans, one study to date has demonstrated modulation of
the central response to ketamine challenge using neuroimag-
ing (Deakin et al., 2008). Specifically, ketamine was infused
intravenously during a resting-state pharmacological mag-
netic resonance imaging (phMRI) time series to directly
measure the compound’s effects on the regional blood oxygen
level-dependent (BOLD) signal. The BOLD phMRI response
to ketamine was attenuated by pretreatment with a single dose
of lamotrigine (Deakin et al., 2008). Ketamine-induced increases
in the clinician-administered dissociative states scales and brief
psychosis rating scales were also reduced by lamotrigine, a find-
ing consistent with a previous behavioral study (Anand et al.,
2000). Given that lamotrigine inhibits the release of glutamate,
it was concluded that the ketamine-induced change in both
symptoms and BOLD signal (attenuated by lamotrigine) was
due to an increase in glutamate release. This is consistent with
rodent studies showing increased glutamate efflux in the pre-
frontal cortex upon acute administration of PCP (Moghaddam
et al., 1997) and ketamine (Lorrain et al., 2003); interestingly,
both of these studies also demonstrated reversal of this
glutamate efflux by pretreatment with metabotropic glutamate
2/3 agonists, presumed to attenuate synaptic glutamate re-
lease. Additionally, in humans, the link between ketamine
administration and cortical glutamate levels has recently
been confirmed using magnetic resonance spectroscopy of the
anterior cingulate gyrus (Stone et al., 2012).

In an open-label study, we recently replicated the BOLD
phMRI response to ketamine in healthy humans using
a subanesthetic dose demonstrating both group-level re-
producibility and within-subject reliability (De Simoni et al.,
2013). The aims of the present study were to 1) replicate the
attenuation of the ketamine-induced BOLD phMRI signal
changes using lamotrigine in a placebo-controlled, repeated-
measures design in which all subjects receive treatments; 2)
further validate the modulation of the ketamine-induced
BOLD signal changes using an existing antipsychotic with
a mechanism likely to modulate glutamate release; and 3)
develop an analysis framework to benchmark the degree of
attenuation of ketamine-induced BOLD signal changes. For
the second aim, we selected the atypical antipsychotic ris-
peridone, which has high affinities for dopamine Dy and
serotonin 2A (5-HT5,) receptors. Risperidone achieves dopa-
mine D, receptor occupancy in the range of clinical efficacy
(>50%), while being well tolerated, after a single dose in
healthy volunteers (Tauscher et al., 2004), and consistently
achieves higher cortical occupancy of 5-HT 5 receptors (Farde
et al., 1995; Nyberg et al., 1999). 5-HTy4 receptor antagonists
are hypothesized to contribute to reductions in glutamate re-
lease in the cortex, in turn contributing to therapeutic efficacy
in psychoses (Large, 2007). We thus expected risperidone to
attenuate the effects of ketamine via this 5-HT54 antagonism
(Meltzer et al., 2011).

Using conventional univariate statistics, we tested the
modulatory effects in preselected regions of interest (ROIs)
previously determined to show strong BOLD signal changes
in response to ketamine administration (Deakin et al., 2008;
De Simoni et al., 2013). Alternatively, pattern recognition
approaches, which have not previously been evaluated in the
context of resting-state phMRI, may be particularly useful
because they 1) do not require ROI selection; 2) may be more
sensitive than univariate approaches when the pharmacological

intervention elicits correlated, distributed effects across brain
regions; and 3) reduce effects across brain regions to a single
outcome measure based on the whole-brain pattern. This
framework may have particular value for in vivo investigations
in which participants are exposed to multiple sessions with
different drug regimens, allowing the assessment of the
mechanisms of action of drugs and their interactions with other
compounds at a systems level.

Here, we build on our previous demonstration of a reliable
ketamine phMRI response (De Simoni et al., 2013). Within
a placebo-controlled design, we seek to replicate the reported
attenuation of the ketamine effect by lamotrigine (Deakin
et al., 2008), and investigate the effect of pretreatment with
risperidone using both a univariate analysis and a bespoke
multivariate framework. Based on previous studies (Anand
et al., 2000; Large et al., 2005; Deakin et al., 2008; Gozzi et al.,
2008; Meltzer et al., 2011), we expected that both lamotrigine
and risperidone would attenuate the effects of ketamine on
BOLD phMRI signal through glutamatergic modulation,
albeit via different mechanisms of action.

Materials and Methods
Participants

Healthy male volunteers were recruited via advertisements and
our volunteer database. Participants were screened for any history of
psychiatric, neurologic, or physical illness. Other exclusion criteria
included positive urine screen for drugs of abuse, out of range urinalysis
or standard safety blood test results, consuming the equivalent of >5
caffeinated drinks per day, smoking >5 cigarettes per day, or taking
prescribed or nonprescribed drugs. Following screening, 20 subjects
entered the study. One volunteer withdrew after fainting upon cannula-
tion (session 1), one withdrew due to nausea (session 3), and two others
were withdrawn due to positive drug screening. Sixteen participants
(mean age 25.8 years; S.D. = 5.7; range 20—-37) completed all four sessions.
All participants gave written informed consent. The study was approved
by the Wandsworth Research Ethics Committee (09/H0803/48).

Experimental Design

This randomized, placebo-controlled, partial crossover design in-
volved screening and four scanning visits. Scanning visits were sep-
arated by at least 10 days, this being >5 times the longest plasma half-
life (Ty/e) of the two orally administered compounds, where T15= 35
hours for lamotrigine (Cohen et al.,, 1987) and Ty, = 20 hours for
risperidone (Huang et al., 1993). The T),,.. (the time after administra-
tion of a drug when the maximum plasma concentration is reached)
values for lamotrigine and risperidone were 1-2 hours and 1.4-4.8
hours, respectively.

At each visit, participants received a single oral dose of placebo or
a study drug and a ketamine or saline infusion (both double blind).
The four combinations administered were placebo (ascorbic acid) and
saline infusion (PLA-SAL), placebo and ketamine infusion (PLA-
KET), lamotrigine (300 mg) and ketamine infusion (LAM-KET), and
risperidone (2 mg) and ketamine infusion (RIS-KET). Treatment
order was randomized and balanced within a Latin-square design.
The study day timeline is given in Fig. 1, with the imaging procedures
performed during the broad maximum plasma exposure of both ris-
peridone and lamotrigine (Cohen et al., 1987; Huang et al., 1993).
Here, we report the results of the phMRI data only.

Blood samples were taken at 0.5, 1, 1.5, 4, and 8 hours following
oral drug administration to determine the plasma pharmacokinetics
of lamotrigine or risperidone, and at 15 and 75 minutes after com-
mencing ketamine infusion to confirm target ketamine plasma levels.
Heart rate and blood pressure measurements can be found in
Supplemental Table 1. Subjective rating scales were also recorded.
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Fig. 1. Timeline of events on each study day. MRI scans acquired during the oral drug administration phase and infusion phase included cognitive
functional MRI tasks and a breath-hold paradigm. Results from these analyses are not reported here. Times are shown in 24-hour clock convention. PK,

pharmacokinetic.

Ketamine Infusion. Racemic ketamine (Ketalar; Pfizer, New
York, NY) was administered intravenously based on the Clements 250
model (Absalom et al., 2007) and implemented in Stanpump (www.
opentci.org) using a Graseby 3400 pump (Smiths Medical, Kent, UK)
with a target plasma level of 75 ng/ml in accordance with the subject’s
height and weight (measured at each visit). The subanesthetic dose of
ketamine delivered was (mean * S.D.) 0.12 *= 0.003 mg/kg during the
first minute followed by a pseudo-continuous infusion of approxi-
mately 0.31 mg/kg/h. This infusion paradigm was established in an
independent cohort as inducing low levels of subjective effects, while
eliciting a reliable phMRI response (De Simoni et al., 2013).

Subjective Ratings

Subjective effects of ketamine were captured using a brief ques-
tionnaire, designed for rapid assessment, administered approx-
imately 4 and 5 hours post oral dosing (just prior to ketamine
infusion and approximately 20 minutes following initiation of
ketamine infusion). The six items in this questionnaire were based
on items from the Psychotomimetic States Inventory, clinician-
administered dissociative states scales, and visual analog scales that
demonstrated high and reliable sensitivity to the administration of
ketamine in a separate cohort (De Simoni et al., 2013; see Supple-
mental Table 2).

Image Acquisition

Participants were scanned using a 3.0T General Electric Signa
HDx scanner (Milwaukee, WI). A 15-minute, eyes-open, resting-state
BOLD phMRI scan was acquired using gradient-echo echo-planar
imaging. A total of 450 image volumes of 38 near-axial slices (3-mm
thickness, interslice gap of 0.3 mm aligned to the anterior commis-
sure-posterior commissure) were acquired per session (time echo/
repetition time = 30/2000 milliseconds, flip angle = 75°, in-plane
resolution = 3.3 mm, matrix size = 64 x 64, field of view = 21.1 x
21.1cm). A higher-resolution gradient-echo scan was also acquired (43
3-mm-thick near-axial slices with 0.3-mm gap, time echo/repetition
time = 30/2000 milliseconds, flip angle = 90°, in-plane resolution =
3.3 mm, matrix size = 128 x 128, field of view = 24 x 24 cm).

Image Preprocessing and Modeling

PhMRI data were preprocessed using Statistical Parametric
Mapping 5 (SPM5; www.fil.ion.ucl.ac.uk/spm). This involved slice-
timing correction, realignment, coregistration to the high-resolution

image, spatial normalization to the SPM echo-planar imaging
template using parameters derived from nonlinear normalization of
the high-resolution image, and spatial smoothing (8-mm full width at
half maximum Gaussian kernel). A high-pass filter with a cutoff of
1200s (twice the postinfusion phMRI scan duration) was applied to
the data to minimize the influence of very-low-frequency noise and
scanner drift.

First-level modeling was performed in a general linear model
framework, the design matrix which was determined in a previous
study to reliably capture the ketamine phMRI response (De Simoni
et al., 2013). This design matrix comprised the following regressors:

1. A gamma-variate (GV) function (Madsen, 1992) to model the
phMRI response to ketamine

PN
f(t)=< ) eltmax — 0B

tmax

where t,,,,, (set to 120, i.e., 240 seconds) relates to the time of the peak
amplitude and B (set to 0.01) is a “shape” parameter. This was
preceded by a flat baseline modeling preinfusion (De Simoni et al.,
2013).

1. The first component of a singular value decomposition of the 6
head motion traces; and
2. A linear drift term.

The beta images from the contrast of the first regressor were used
in the group-level analyses.

Group-Level Univariate Analysis

Atlas- and coordinate-based ROIs responsive to ketamine were
prespecified based on previous studies (Deakin et al., 2008; De Simoni
et al., 2013) (Supplemental Methods). These included the anterior
cingulate cortex, supragenual paracingulate cortex, thalamus, poste-
rior cingulate cortex, supplementary motor area, left anterior insula,
right anterior insula, left operculum, right operculum, precuneus, and
medial occipital lobes. Mean beta values were extracted from each
ROI with SPM5 toolbox MarsBar from the first-level beta maps.

Statistical analysis of the ROI measures was performed in SAS
version 9.1 (www.sas.com) using a mixed-effects model with treat-
ment (fixed), session (fixed), ROI (fixed), and subject (random) as
factors. Mean estimates for each treatment condition and the mean
differences between treatment conditions, across ROIs, were generated
for the following comparisons: PLA-KET versus LAM-KET, PLA-KET
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versus RIS-KET, and PLA-SAL versus PLA-KET. Post-hoc compar-
isons by ROI were performed using analogous models.

Whole-brain univariate analyses were also performed using flexible
factorial analysis of variance models in SPM with a statistical
significance threshold of P < 0.05 (cluster corrected with a P < 0.001
voxelwise threshold).

Group-Level Multivariate Analysis

We used Gaussian process classification (GPC), a probabilistic
approach to classification that models the posterior probabilities of
a class label [1, —1] for an unseen test sample, given a set of training
data (Rasmussen and Williams, 2006). For example, when training
the GPC with a subset of the PLA-KET images (label: 1) and PLA-SAL
images (label: —1), the GPC can then predict the probability of an
unseen image belonging to the PLA-KET group while capturing the
confidence of the predicted label. This is particularly useful for
pharmacological modulation applications (Marquand et al., 2010), as
it enables us to place an individual phMRI response on a continuum to
gauge the extent of the modulation relative to a control condition
(PLA-KET in this case). To assign a categorical label to an unseen test
case, the predictive probability threshold was set at 0.5. A detailed
account of GPC is provided in the Supplemental Data.

Implementation of Gaussian Process Classification. Given
the repeated-measures nature of this study, the GPC was trained in
a leave-one-out manner, whereby data from 15 of the participants
were used to train the model, and the final (unseen) participant’s data
were used for testing. Additionally, the beta images were mean-centered
(prior to classification) in a within-subject manner by subtracting from
each voxel the mean across the contrast of interest images [e.g., for
classification against the PLA-SAL-PLA-KET continuum, the mean per

voxel of the PLA-SAL and PLA-KET conditions was subtracted from the
images for all four conditions (Fig. 2)].

Statistical significance of the classification accuracies was assessed
using permutation testing. The class labels were randomly permuted
1000 times, and the classifier was retrained using these labels to
create a probability distribution of the accuracy.

Two group-level contrasts were investigated using the classifier:

1. The classifier was trained on PLA-SAL and PLA-KET images
and then tested on all four conditions for the remaining unseen
subject. This allowed the RIS-KET and LAM-KET scans to be
positioned on the PLA-SAL-PLA-KET continuum.

2. The classifier was trained on the LAM-KET (or RIS-KET) and
PLA-KET images and tested only on the corresponding LAM-KET
(or RIS-KET) and PLA-KET from the unseen subject. This directly
tested the modulation of the ketamine response by lamotrigine
(or risperidone) in the absence of the PLA-SAL infusion scans.

Multivariate maps (g-maps) were constructed to visualize the
spatial pattern driving the classification. For the g-map, training
samples contribute in proportion to how representative they are of
their respective class (Marquand et al., 2010). Since multivariate
techniques are sensitive to spatial correlation, and the performance of
the classifier is based on the entire pattern rather than individual
voxels, inference based on local regions should be avoided when
interpreting these maps (see Supplemental Methods).

Results

Pharmacokinetics. The mean and standard deviations
of plasma concentration of ketamine pretreatment were (in
ng/ml) 62.7 = 17.6 (PLA-KET), 66.1 + 22.1 (LAM-KET), and

1. Sessions

V2

3. Single subject mean centering

BrLAC
BDRUG =

Voxels —

minus

4. Classification and generation of placebo-drug continuum

Training Data (15 Subjects, PLAC vs KET class)

2. Calculating the Betas

Testing Data (1 Subject, all classes)

—p p(drug|scan)

| = \Voxels s
456

Subject 1

Subject

16

® ® @
Placebo- @ ©®g 0 @
I Drug e
Continuum 0 1

Probability of belonging to the drug class.

Fig. 2. Analysis pipeline. (1) Experimental setup. (2) Univariate analysis; incorporating image preprocessing and general linear model analysis. (3)
Data preparation prior to pattern recognition which exploits the repeated-measures design. (4) Training and testing of the GPC models created per

subject and an illustration of the PLA-KET continuum. PLAC, placebo.
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49.1 = 15.9 (RIS-KET) after 15 minutes of infusion (concen-
tration of KET was significantly different for RIS-KET
compared with PLA-KET; P = 0.02 by Wilcoxon rank sum),
and 72.8 + 20.8 (PLA-KET), 71.9 + 35.5 (LAM-KET), and 77.8 =
26.9 (RIS-KET) after 75 minutes of infusion. Maximum
risperidone concentrations were achieved between 1 and
4.5 hours post dose (median of 2 hours). Geometric mean
(geometric percent coefficient of variation) area under the
curve (AUC)[0—4.5 hours] and AUC[0-8 hours] estimates of
risperidone concentration were 40.0 (79) and 61.7 (83) ng - h/ml,
respectively. Similarly, maximum lamotrigine concentrations
were achieved between 1 and 4.5 hours post dose (median of
1.75 hours). Geometric mean AUC[0—4.5 hours] and AUC[0-8
hours] estimates of lamotrigine concentration were 14,125 (16)
and 26,018 (17) ng - h/ml, respectively. The pharmacokinetic
profiles of both compounds described a broad plateau following
T nax, consistent with previously described elimination times.

Univariate Analysis. The ROI analysis revealed a signif-
icant BOLD response to ketamine infusion relative to saline
(P < 0.001; Tables 1-3). This included both positive (Tables
1 and 2) and negative (Table 3) BOLD changes. For the
positively responding regions, pretreatment with both lamo-
trigine and risperidone resulted in a relatively consistent
attenuation of the ketamine responses intermediate between
the PLA-SAL and PLA-KET conditions (P < 0.001 for both
lamotrigine and risperidone) (Fig. 3, A and C). BOLD time
series from two ROIs which are representative of all positively
responding regions are shown in Fig. 4. For the negatively
responding regions in the subgenual cingulate and ventro-
medial prefrontal cortex, risperidone strongly attenuated the
negative BOLD response (P < 0.001), whereas the effect of
lamotrigine was weaker (P = 0.046). Only this region differed
between the pretreatment conditions (P = 0.042). In the
striatum, neither risperidone nor lamotrigine attenuated the
response to ketamine (post-hoc ¢ tests; P > 0.15). Whole-brain
maps of PLA-SAL contrasted with PLA-KET, and PLA-KET
contrasted with both LAM-KET and RIS-KET is provided in
Supplemental Fig. 1.

Multivariate Whole-Brain Analysis. The GPC was ap-
plied to the whole-brain beta images to provide categorical
classification labels, i.e., PLA-SAL or PLA-KET, and pre-
dictive probabilities of KET infusion. The classifier was
initially trained on the PLA-SAL versus PLA-KET condition
and then tested on all four conditions for the unseen subject
(see Table 4). Perfect classification (100%) was achieved for
PLA-SAL versus PLA-KET. Lamotrigine pretreatment re-
sulted in a reduced accuracy of 87.5%, with 4 out of 16 of the
subjects in the LAM-KET class being labeled as PLA-SAL.

TABLE 1

Modulation of the phMRI Response to Ketamine 155

Risperidone pretreatment also resulted in reduced accuracy
(75%), with 8 out of 16 of the subjects in the RIS-KET class
being labeled as PLA-SAL.

The mean posterior probabilities of belonging to the PLA-
KET group (Fig. 5A) showed a marked reduction with both
LAM (mean 0.58) and RIS (mean 0.49) pretreatment. The
comparisons between PLA-KET versus LAM-KET and PLA-
KET versus RIS-KET were both highly significant (Wilcoxon
rank sum test, P = 0.00042 and P = 0.00036, respectively).
There was no statistically significant difference between the
LAM-KET versus RIS-KET conditions.

In Fig. 5B, the PLA-SAL to PLA-KET continuum illustrates
an excellent separation between the PLA-SAL and PLA-KET
groups, with only one subject close to misclassification. The
LAM-KET predictive probabilities are widely spread across
the continuum (0.10-0.97, mean = 0.58), similar to the RIS-
KET predictive probabilities (0.01-0.90, mean = 0.49). The
distributed patterns of brain regions (the g-map) driving the
discrimination between PLA-SAL and PLA-KET are illus-
trated in Fig. 6. The g-map shows a striking similarity to the
univariate map of the same contrast (Supplemental Fig. 1).

To directly investigate the attenuation of the ketamine re-
sponse, we classified LAM-KET and RIS-KET against PLA-KET.
Here, high classification accuracy indicates that the pre-
treated scans are dissimilar to the PLA-KET condition. The
performance of the classifiers for LAM-KET and RIS-KET
conditions versus PLA-KET were significantly above chance
(P < 0.05), 68.8 and 81.3%, respectively (see Supplemental
Table 3). The g-maps for both models can be seen in
Supplemental Figs. 2 and 3. Both maps appear to be highly
similar, indicating that the distributed ketamine response
was broadly attenuated by both LAM and RIS pretreatment.

Subjective Ratings. Participants reported feeling less
alert and clear-headed after ketamine infusion (pre- versus
post-infusion). Pretreatment with lamotrigine and risperi-
done resulted in no significant effect of ketamine on the alert-
drowsy scale, whereas significant differences remained for the
muzzy-clear scale (see Supplemental Results, which includes
Supplemental Figs. 4 and 5 and Table 4).

Correlations between Pharmacokinetic and phMRI
Responses. No significant correlations were found between
ketamine plasma levels and either the BOLD phMRI changes or
predictive probabilities from the GPC (see Supplemental Data).

To explore whether the response to risperidone pretreat-
ment was related to the response to lamotrigine pretreatment
and investigate potential shared mechanistic endpoints, we
also tested the correlation between the predictive probabilities
of belonging to the ketamine class for the two pretreatments.

Comparison of LS mean difference across all anatomic ROIs (excluding caudate and putamen)
ROIs included the anterior cingulate cortex, supragenual paracingulate gyrus, thalamus, posterior cingulate cortex, supplementary motor area, insula left, insula right,

operculum left, operculum right, precuneus, and medial occipital lobes.

Contrast
N Treatment LS Mean (95% CI)
Paired Comparison Difference (95% CI) P
16 PLA-KET 2.4211 (2.0404, 2.8018) PK-PS 2.5283 (2.2927, 2.7639) <0.001
16 LAM-KET 1.3788 (0.9981, 1.7595) PK-LK 1.0423 (1.2780, 0.8067) <0.001
16 RIS-KET 1.0416 (0.6609, 1.4222) PK-RK 1.3796 (1.6152, 1.1439) <0.001
16 PLA-SAL —0.1072 (-0.4879, 0.2735)

CI, confidence interval; LK, lamotrigine + ketamine; LS, least square; N, number of subjects; PK, placebo + ketamine; PS, placebo + saline; RK, risperidone + ketamine;

ROI, region of interest.
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TABLE 2

Comparison of LS mean difference across all positive-responding coordinate ROIs
ROIs included the anterior cingulate cortex, medial prefrontal cortex, right dorsolateral prefrontal cortex, right ventrolateral prefrontal cortex, left parahippocampal gyrus,

right parahippocampal gyrus, and mid-cingulate cortex.

Contrast
N Treatment LS Mean (95% CI)
Paired Comparison Difference (95% CI) P
16 PLA-KET 3.2793 (2.7313, 3.8273) PK-PS 3.4505 (2.9890, 3.9120) <0.001
16 LAM-KET 1.9209 (1.3728, 2.4689) PK-LK 1.3584 (1.8199, 0.8969) <0.001
16 RIS-KET 1.5085 (0.9605, 2.0565) PK-RK 1.7708 (2.2323, 1.3093) <0.001
16 PLA-SAL —0.1712 (-0.7192, 0.3768)

CI, confidence interval; LK, lamotrigine + ketamine; LS, least square; N, number of subjects; PK, placebo + ketamine; PS, placebo + saline; RK, risperidone + ketamine;

ROI, region of interest.

A significant correlation was found (Spearman’s rho = 0.61,
P =0.014).

Discussion

We found that lamotrigine and the antipsychotic risper-
idone attenuated the phMRI response to ketamine to a similar
degree. This was demonstrated using both univariate analy-
ses of predefined ROIs (Deakin et al., 2008; De Simoni et al.,
2013) and a novel application of multivariate pattern analysis
to the whole-brain phMRI response. The latter approach may
have particular value for in vivo investigation of mechanisms
of action of existing and novel compounds at a systems level.

In the univariate analysis, lamotrigine and risperidone
attenuated the ketamine effect across most ROIs, including
the medial prefrontal and cingulate regions and the thala-
mus. Using multivariate analysis, the predictive probability
of belonging to the ketamine class (without pretreatment) was
computed across all four conditions. The phMRI response to
ketamine is known to be strong (Deakin et al., 2008; De
Simoni et al., 2013), and this was reflected in the correct
discrimination of all placebo-saline from placebo-ketamine
conditions, thus providing a robust assay to investigate
modulation by pharmacological pretreatment.

Pretreatment with either lamotrigine or risperidone re-
sulted in attenuation of the phMRI response to ketamine
(benchmarked against the predictive probability of belonging
to the ketamine class). Indeed, both lamotrigine and risper-
idone pretreatment resulted in phMRI responses to ketamine
that were more difficult to separate from the saline condition
than ketamine alone. Although the accuracies, predictive
probabilities, and univariate maps (Supplemental Fig. 1)
suggested that risperidone was slightly more effective in
attenuating the positive ketamine phMRI response, there was
no difference when these two conditions were contrasted
directly using the GPC (56% accuracy; see Supplemental
Data), and the predictive probabilities between these two

TABLE 3

conditions were correlated. ROI analysis showed that only
risperidone pretreatment blocked the subgenual prefrontal
cortex response to ketamine, a region that may be important
in understanding antidepressant effects of treatments (Agid
et al., 2007). Direct comparison between the LAM-KET and
RIS-KET responses in these ROIs using post-hoc ¢ tests
revealed a significant difference in the subgenual cingulate,
with risperidone having the larger effect. Interestingly, the
subgenual prefrontal cortex has a particularly high inner-
vation of serotonin (5-HT) neurons indicated by binding of
[3H]Citalopram, suggesting serotonergic mechanisms may
play a role in the effects of acute ketamine within this region
(Mantere et al., 2002; Varnas et al., 2004) and the attenuation
of these effects with risperidone. This, however, remains spec-
ulative, with formal testing using selective 5-HT25 antago-
nists required. Overall, this indicates that risperidone and
lamotrigine produce a global attenuation of the positive ke-
tamine response in contrast to the selective attenuation with
risperidone of the subgenual response.

Lamotrigine is a broad-spectrum anticonvulsant that inhib-
its voltage-gated ion channels, including sodium and calcium,
with downstream effects resulting in inhibition of glutamate
release (Large et al., 2005). Our findings are in keeping with
previous studies in experimental animals and humans. In
animals, acute administration of lamotrigine produced wide-
spread inhibition of the relative cerebral blood volume re-
sponse to the NMDA receptor antagonist PCP in all activated
regions (Gozzi et al., 2008). When administered prior to
a ketamine challenge in healthy volunteers, lamotrigine has
been shown to reverse ketamine’s effects on behavioral and
cognitive measures (Anand et al., 2000) and reduce the
ketamine-induced changes in the BOLD signal (Deakin et al.,
2008).

This is the first study to investigate pretreatment with
risperidone on the BOLD signal response to ketamine in
healthy volunteers. In addition to its serotonergic effects,

Comparison of LS mean difference across the two negative-responding coordinate ROIs
ROIs include the subgenual cingulate cortex coordinates from De Simoni et al. (2013) and Deakin et al. (2008).

Contrast
N Treatment LS Mean (95% CI)
Paired Comparison Difference (95% CI) P
16 PLA-KET —5.0929 (-6.7774, -3.4084) PK-PS —4.9542 (-6.6589, -3.2495) <0.001
16 LAM-KET —3.3569 (-5.0414, -1.6725) PK-LK —1.7360 (-0.0313, -3.4407) 0.046
16 RIS-KET —0.2679 (-1.9523, 1.4166) PK-RK —4.8251 (-3.1204, -6.5297) <0.001
16 PLA-SAL —0.1387 (-1.8232, 1.5458)

CI, confidence interval; LK, lamotrigine + ketamine; LS, least square; N, number of subjects; PK, placebo + ketamine; PS, placebo + saline; RK, risperidone + ketamine;

ROI, region of interest.

6T0Z ‘6 A2\ U0 Sfeudnor 1 34SY e Buo'sfeunofiedse-iad [ wioly papeojumoq


http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.112.201665/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.112.201665/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.112.201665/-/DC1
http://jpet.aspetjournals.org/

Modulation of the phMRI Response to Ketamine 157

A Anatomical ROls B Striatum
[ pla-sal T pla-sal

o 34 gl pla-ket @ 34 pla-ket
= g 7 B ris-ket 2 B ris ket
& 2 7 7 B (am-ket = [ JENIE
5 2 ‘A ¢ 5 2
= - . 2
s M 1 s
o 14 5 7 ﬁ (=2}
® 2 7z 7 =
@ ol = ®
=) g::'. Z: gﬂ:i: [m]
4 g il | % |
o] [e]
om o

.1d paCG ACC PCC PreC  SMA  Thal Oper(L) Oper(R) Ins(L) Ins(R) MedOcc -1 CEUdROIPut

ROI

o

Coordinate ROIls (positive)

6 pla-sal [ pla-sal

54 pla-ket pla-ket
B4 ris-ket B ris-ket

44 . am-ket B o -ket

w
1

-t
1

BOLD signal change
[

i o
| L

BOLD signal change

MidCC[Dk ACC

mPFC dIPFC(R)VIPFC(R) phc(R)
ROI

phei(L)

sgCC[Dk]
ROI

sgCC

Fig. 3. Univariate responses by treatment condition for preselected ROIs (mean = S.E.M. across subjects). The annotation “[Dk]” identifies coordinates
specified based on Deakin et al. (2008). (A) Anatomic ROIs corresponding to brain regions strongly responding to the ketamine challenge. (B) Anatomic
ROIs from the dorsal striatum to interrogate any preferential effect of risperidone due to its D2 antagonist properties. (C) Coordinate-based ROIs
corresponding to foci of strong response to the ketamine challenge in a preparatory pilot study. (D) Coordinate-based ROIs corresponding to foci of strong
negative BOLD responses to the ketamine challenge observed in a separate cohort (De Simoni et al., 2013) and in Deakin et al. (2008). ACC, anterior
cingulate cortex; Caud, caudate; dIPFC(R), dorsolateral prefrontal cortex (right); Ins(L), anterior insula (left); Ins(R), anterior insula (right); MedOcc,
medial occipital lobes; MidCC, mid-cingulate cortex; mPFC, medial prefrontal cortex; Oper(L), operculum (left); Oper(R), operculum (right); paCG,
supragenual paracingulate gyrus; PCC, posterior cingulate cortex; phc(L), parahippocamPLA gyrus (left); phc(R), parahippocamPLA gyrus (right); PreC,
precuneus; Put = putamen; sgCC, subgenual cingulate cortex; SMA, supplementary motor area; Thal, thalamus; vIPFC(R), ventrolateral prefrontal
cortex (right). See Materials and Methods for a description of ROI definitions.

risperidone has high affinity for dopamine D2 receptors,
which may conceivably have an impact on its interaction with

is the prevailing mechanism underlying the risperidone-
induced attenuation of the ketamine BOLD response via

ketamine. However, studies using selective D2 antagonists,
such as haloperidol or raclopride, have failed to demonstrate
a modulation of the effects of ketamine or PCP (Krystal et al.,
1999; Gozzi et al., 2008; Oranje et al., 2009). Furthermore, no
effects were observed in the striatum on the ketamine-
induced BOLD changes following risperidone. Given the high
density of dopamine D2 receptors in the striatum, this
supports the proposal that antagonism at 5-HTs4 receptors
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attenuated glutamate release (Adams and Moghaddam,
1998; Aghajanian and Marek, 2000; Large, 2007). Indeed,
5-HTq4 selective antagonists and risperidone itself can block
NMDA receptor antagonist—induced deficits in locomotor
function (Meltzer et al., 2011) and cognitive function (Varty
et al.,, 1999; Mirjana et al., 2004; Didriksen et al., 2007),
deficits thought to be the result of a frontal hyperglutamatergic
state.
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Fig. 4. BOLD signal time courses from the posterior cingulate cortex (A) and bilateral operculum (B). Mean *= S.E.M. across subjects for each treatment

condition.
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TABLE 4

Classification performance for the models trained on a static contrast and tested on three of the contrasts

The nomenclature p(y = PLA-KET | x«kgr) implies the probability of belonging to the PLA-KET class given conditions where ketamine has been administered but the
pretreatment (PLA, RIS, LAM) varies. Similarly, p(y = PLA-KET | xpra-sa1) denotes the probability of belonging to the ketamine class given the PLA-SAL condition, and is

reported as the mean + S.D.

Training Contrast

Test Contrast

PLA-SAL versus PLA-KET

PLA-SAL versus LAM-KET PLA-SAL versus RIS-KET

Accuracy (%) PLA-SAL versus PLA-KET 100 87.5 75.0
Sensitivity (%) PLA-SAL versus PLA-KET 100 75.0 50
Specificity (%) PLA-SAL versus PLA-KET 100 100 100

p(y = PLA-KET | X+ xgT) PLA-SAL versus PLA-KET 0.88 + 0.14 0.58 + 0.56 0.49 + 0.34
p(y = PLA-KET |xprasar)  PLA-SAL versus PLA-KET 0.12 + 0.14 0.12 + 0.14 0.12 + 0.14

We cannot rule out that the main effects of lamotrigine
and risperidone might influence the measurement of the
ketamine response, even though it was derived relative to the
preinfusion baseline. Given that the BOLD signal is non-
quantitative, the preinfusion baseline cannot be compared
directly across conditions, thus further experiments would be
required to delineate the main effects of both pretreatments
using, for example, dual-echo acquisition, which simulta-
neously acquires BOLD and quantitative perfusion signals
(Wong et al., 1997).

Direct pharmacological effects on the vasculature repre-
sent a possible confound in the interpretation of our results.
However, there are a number of reasons why vascular effects
cannot explain our findings. First, the effects of ketamine
alone match earlier observations using metabolism markers
(2-deoxyglucose autoradiography in the rodent and fluoro-
deoxyglucose positron emission tomography in humans)
(Duncan et al., 1998b; Langsjo et al., 2004). Second, we ob-
served both increases and decreases in the BOLD signal re-
sponse to ketamine, which is difficult to understand in a
purely vascular framework. Third, a vascular account would
predict differential effects based on the distribution of phar-
macological targets. For example, risperidone would be predicted

to have a greater effect in areas of high dopamine receptor
density, such as the striatum [dopamine is known to modulate
vasodilation and constriction directly (Krimer et al., 1998)].
Instead, the observed attenuation of the ketamine-induced
response to lamotrigine and risperidone was highly similar.

Another potential limitation is that the plasma levels of
ketamine during the risperidone arm were significantly lower
than the other study arms in the 15-minute sample. This may
be because of the enzyme CYP3A4, which is known to me-
tabolize both risperidone and ketamine (Fang et al., 1999).
Thus, it is possible that the attenuation of the ketamine
effect is via an increased enzymatic activity induced by
risperidone, resulting in a lower delivered dose of ketamine.
However, the ketamine levels were assessed after the
phMRI scan from which the results were derived. It is not
known whether the lower levels would have been present
during the administration. Also, an explanation based
purely on ketamine exposure is not supported by the data,
as the degree of attenuation is not correlated with the
plasma levels of ketamine.

Outside of its antagonist activity at NMDA receptors,
ketamine also has effects at w-opioid receptors, acts as an in-
hibitor at serotonin and noradrenaline reuptake sites, interacts
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Fig. 5. (A) Posterior probability of belonging to the PLA-KET treatment class for each drug contrast. Probability of belonging to the ketamine class: ***P <
0.001 (B) Placebo-to-ketamine continuum derived from the output of the GPC. A p(Ket | x*) (probability of belonging to the ketamine class given the test
data x*) close to 1 implies a high probability of belonging to the ketamine class, and a p(Ket | x*) close to zero implies a high probability of belonging to the
placebo class. The y-axis is used to separate the groups into three rows, with some jitter added to each row for visualization.
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Fig. 6. Multivariate map (g-map) from the GPC which contrasts PLA-KET (class label: +1) and PLA-SAL (class label: —1). A positive g-map coefficient
for a particular voxel indicates a higher overall beta score for the PLA-KET class (+1), and similarly, a negative g-map coefficient indicates a higher
overall beta score for the PLA-SAL class (—1). The right-hand side of each image corresponds to the participants’ right side with the transaxial slice
numbers in Montreal Neurological Institute (MNI) coordinates (z-axis) shown in white.

with cholinergic and sigma receptors, and affects the dopamine
system (Freeman and Bunney, 1984; Schmidt and Fadayel,
1996; Kapur and Seeman, 2002). Such effects have been
described at higher doses and in relation to analgesia, although
it remains possible that non-NMDA effects contributed to the
changes observed in this study. More selective compounds
aimed at modulating glutamate and other systems are
required to fully characterize the ketamine-induced changes
in BOLD signal.

Conclusions

We have confirmed robust BOLD signal changes following
acute administration of the NMDA antagonist ketamine,
which can create a cluster of symptoms redolent of schizo-
phrenia. Our analysis framework provided a clear demon-
stration of both a ketamine effect when contrasted against
placebo, and an attenuation of this response with both
lamotrigine and risperidone pretreatment. Our data also
suggest serotonergic mechanisms play a role in the ketamine-
induced subgenual cingulate changes, with potential rele-
vance for understanding its antidepressant effects. This
extends our previous work showing good reliability of the
ketamine phMRI assay (De Simoni et al., 2013), and provides
an analytical methodology to investigate the mechanistic
action of novel compounds and inform important questions
such as dose selection, particularly for compounds that do not
rely on dopamine D5 receptor blockade.
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