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Abstract
Background Aberrant glutamate neurotransmission, and in particular dysfunction of the N-methyl-D-aspartate receptor
(NMDAR), has been implicated in psychiatric disorders and represents a novel therapeutic target. Low-dose administration of
the NMDA antagonist ketamine in healthy volunteers elicits a strong blood oxygenation level dependent (BOLD) imaging signal
that can be attenuated by pretreatment with single, therapeutically effective doses of marketed medicines interacting with the
glutamate system.
Objective To test the attenuation of the ketamine-induced BOLD signal by pretreatment with either a metabotropic glutamate
receptor (mGluR) 2/3 or a mGluR2 agonist in healthy volunteers
Methods We used a ketamine challenge pharmacological magnetic resonance imaging (phMRI) paradigm to assess the modu-
latory effects of single acute doses of LY2140023 (pomaglumetad methionil), the methionine prodrug of the mGluR2/3 agonist
LY404039 (10, 40, and 160mg;N = 16 subjects) and of LY2979165, and the alanine prodrug of the selective orthosteric mGluR2
agonist 2812223 (20 and 60 mg; N = 16 subjects).
Results A reduction in the ketamine-evoked BOLD phMRI signal relative to placebo was observed at the highest doses tested of
both LY2140023 and LY2979165. A relationship was observed between reduction of the BOLD signal and increasing plasma
levels of 2812223 in the LY2979165 cohort.
Conclusions These results identify pharmacologically active doses of the group II mGluR agonist prodrugs LY2140023 and
LY2979165 in humans. They also extend the classes of compounds that have been experimentally shown to reverse the ketamine-
evoked phMRI signal in humans, further supporting the use of this method as a neuroimaging biomarker for assessing functional
effects.
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Introduction

Dopamine-based therapies remain first-line medications for
schizophrenia; blockade of dopamine D2 receptors is thought
to underlie—at least in part—the effectiveness of most current
antipsychotics (Ginovart and Kapur 2012; Kapur et al. 2000).
However, a significant unmet need remains, with approxi-
mately 20–40% of patients unresponsive to existing therapies
(Ginovart and Kapur 2012). In addition to dopaminergic ab-
normalities, glutamate dysfunction has long been associated
with neural impairments in schizophrenia (Egerton et al.
2012a, b; Howes et al. 2015; Merritt et al. 2016; Olney and
Farber 1995).

Several lines of evidence suggest that modulation of gluta-
matergic activity could provide a novel therapeutic mecha-
nism of action in the treatment of psychosis (Egerton and
Stone 2012; Javitt et al. 2011; Moghaddam and Javitt 2012).
First, dysfunction of the glutamatergic N-methyl-D-aspartate
receptor (NMDAR) has been linked to schizophrenia and re-
lated syndromes (Egerton and Stone 2012). Subanaesthetic
doses of the NMDAR antagonist, ketamine, induce behavior
reminiscent of positive and negative symptoms (Krystal et al.
1994). This, along with a body of preclinical data linking
NMDAR antagonists and aberrant glutamate neurotransmis-
sion, led to the glutamate hypothesis of schizophrenia
(Moghaddam and Javitt 2012). Second, genes that encode
proteins involved in glutamate neurotransmission are associ-
ated with schizophrenia (SchizophreniaWorking Group of the
Psychiatric Genetics Consortium 2014). Third, imaging stud-
ies have revealed glutamatergic abnormalities associated with
psychosis (Egerton and Stone 2012), which may have impli-
cations for treatment decisions. These studies suggest that
schizophrenic patients who do not respond to first-line dopa-
mine-based antipsychotics have normal striatal dopamine
function (Demjaha et al. 2012), but may have elevated gluta-
mate levels in the anterior cingulate cortex (Egerton et al.
2012a, b), whereas patients who do respond show the reverse
(Egerton et al. 2014). These studies suggest that glutamatergic
dysfunction is present in schizophrenia and may relate to poor
treatment response.

Metabotropic glutamate receptors (mGluRs) are plasma
membrane-associated G-protein-coupled proteins functioning
via presynaptic, postsynaptic, and glial mechanisms to modu-
late neuronal excitability (Monn et al. 2015; Sanacora et al.
2008). Activation of group II (mGluR2, mGluR3) subtypes by
glutamate or exogenous agonists leads to the inhibition of
synaptic glutamate release, dampening downstream postsyn-
aptic excitation (Javitt et al. 2011; Sanacora et al. 2008). Novel
treatments for psychiatric disorders based upon glutamatergic
mechanisms of action are currently of interest (Dunayevich
et al. 2008; Hashimoto 2014; Howes et al. 2015; Kendell
et al. 2005; Maksymetz et al. 2017). However, recent late-
stage failures of several such candidate therapeutics (Iwata

et al. 2015; Zink and Correll 2015) underscore how much
remains to be understood about how such compounds interact
with the human brain (Chaves et al. 2009). Both glutamatergic
abnormalities associated with schizophrenia (Poels et al.
2014) and treatment effects of glutamatergic compounds in
patients (Chaves et al. 2015) have been detected using imag-
ing markers. Experimental medicine imaging studies could
also play an important role to better understand these
mechanisms.

NMDAR antagonists are widely used as pharmacological
models of glutamate dysfunction relevant for schizophrenia
(Large 2007; Northoff et al. 2005). This is in part due to their
ability to induce positive, negative, and cognitive
schizophrenia-like symptoms in healthy volunteers and exac-
erbate symptoms in patients (Lahti et al. 1995; Malhotra et al.
1997). Additionally, in healthy volunteers, glutamate levels in
the prefrontal cortex correlate with positive symptom scores
during acute ketamine infusion (J. M. Stone et al. 2012).
Acute administration of NMDAR antagonists also elicits a
robust functional and pharmacologically reversible imaging
signal, in both animals (Duncan et al. 1999; Gozzi et al.
2008) and humans (Deakin et al. 2008), suggesting that this
paradigm could serve as a translational imaging biomarker
(Bifone and Gozzi 2012; Javitt et al. 2017). We recently
established a ketamine challenge pharmacological magnetic
resonance imaging (phMRI) model in healthy humans and
showed that a reliable pattern of ketamine-evoked blood oxy-
genation level dependent (BOLD) signal change could be re-
versed by single doses of lamotrigine or risperidone (De
Simoni et al. 2013; Doyle et al. 2013). The imaging signal
was more sensitive to these modulatory effects than concom-
itantly obtained subjective scales. However, ketamine-evoked
functional imaging changes in specific brain regions have
been shown to correlate with self-rated perceptual distortions,
delusional thoughts, anhedonia and cognitive disorganization,
linking NMDAR antagonist infusion, localized brain activity,
and schizophrenia-like symptoms (Anticevic et al. 2012;
Pollak et al. 2015; J. Stone et al. 2015).

There is convergent evidence from behavioral, neurochem-
ical, and imaging studies that the effects of NMDAR antago-
nists in both rodents and humans can also be reversed by
pretreatment with group II mGluR agonists (Gozzi et al.
2008; Krystal et al. 2005; Lorrain et al. 2003; Moghaddam
1998). LY2140023 (pomaglumetad methionil) is the methio-
nine prodrug of the mGluR2/3 agonist LY404039 and has
been tested in clinical trials for schizophrenia (Adams et al.
2013; Adams et al. 2014; Kinon and Gomez 2013; Patil et al.
2007; Stauffer et al. 2013). The initial positive trial in schizo-
phrenia (Patil et al. 2007) was not replicated, although a post
hoc analysis of the data suggested a positive response in pa-
tients within the first 3 years of onset or those previously
treated only with drugs with predominantly dopamine D2 re-
ceptor antagonist activity (Kinon et al. 2015). LY2979165 is
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the alanine prodrug of 2812223, a selective orthosteric
mGluR2 agonist (McColm et al. 2017; Monn et al. 2015).
Both compounds have been developed with the aim of nor-
malizing aberrant glutamatergic activity in the human brain,
and both dose-dependently reversed ketamine-evoked in-
creases in glucose metabolism in the rat brain as assayed by
2-deoxyglucose (2-DG) autoradiography. LY404039 was also
shown to attenuate both ketamine- and memantine-induced 2-
DG uptake in the mouse brain (Dedeurwaerdere et al. 2011).

In the present study, we applied the ketamine challenge
phMRI paradigm to assess functional central nervous system
effects of single, acute doses of LY2140023 and LY2979165
in healthy volunteers. LY2140023 or LY2979165 was admin-
istered to two separate cohorts of healthy volunteers prior to
ketamine administration during MRI scanning. We hypothe-
sized that both compounds would attenuate the ketamine-
evoked BOLD signal in a dose- and exposure-dependent
fashion.

Materials and methods

Study design

The present study, I4S-EW-HHCC (http://clinicaltrials.gov,
NCT01524237), comprised two parts and was approved by
the Plymouth Ethics Committee (11/IE/0166) and the
Medicines and Healthcare Products Regulatory Agency
(EUDRACT number 2011-000058-50). An evaluation of the
safety and tolerability of each compound in combination with
the ketamine infusion was undertaken (see Supplementary
Material) before proceeding to the imaging part of the proto-
col. After demonstrating safety and tolerability in the first part,
the imaging cohorts were tested and are reported in this paper.
No subject participated in both the safety and imaging cohorts.
Inclusion criteria specified healthy, right-handed, Caucasian
males, aged 21–50 years, and a body mass index 18–30 kg/
m2. Subjects were recruited via a third party clinical research
organization, Quintiles Drug Research Unit at Guy’s Hospital,
which also provided safety oversight and clinical monitoring.
Before each study visit, participants were confined to the unit
where suitability for study entry was confirmed. An alcohol
test and a drug abuse urine test were performed at screening
and on each admission (see Supplementary Material for
details on the latter). A target sample size ofN = 16 completers
for each cohort was chosen based on a power analysis using
the results of the previous study (Doyle et al. 2013) (see
Supplementary Material).

LY2140023 was tested at 10, 40, and 160 mg in compari-
son to placebo. The 40-mg dose demonstrated (at twice-daily
dosing) efficacy in an initial phase 2 schizophrenia study (Patil
et al. 2007). The 10-mg dose was also tested in Phase III
schizophrenia studies (Stauffer et al. 2013), whereas 160 mg

was well tolerated in clinical pharmacology studies (Zhang
et al. 2015) and equivalent to the highest total daily dose
evaluated in phase 2 trials (80 mg, twice daily) (Kinon and
Gomez 2013).

LY2979165 was tested at 20 and 60 mg in comparison to
placebo. The 60-mg dose was considered the upper tolerable
single dose based on emesis in the single ascending dose
phase I study (McColm et al. 2017). The mean plasma expo-
sure of the active moiety 2812223 in that study (area under the
curve 11,200 nM.hr fed) (McColm et al. 2017) was within
targeted efficacious range predictions from preclinical data,
and the mean maximal cerebrospinal fluid exposure exceeded
the EC50 values of an in vitro mGluR2 assay approximately
4-fold. At 20mg, plasma exposure was expected to be close to
or below the lower boundary of this targeted exposure range.

Both cohorts were assessed in a randomized, placebo-con-
trolled, investigator- and subject-blind crossover design in 16
healthy male volunteers. LY2140023 was tested within a four-
period cross-over design, and LY2979165 was tested within a
three-period cross-over design (Fig. 1). Replacement subjects
could be recruited to ensure 16 completers for each cohort.
There was a washout period of at least 5 days between scan-
ning visits. The primary objective was to evaluate the effect of
single doses of LY2140023 and LY2979165 in attenuating the
ketamine-evoked BOLD phMRI signal in healthy male vol-
unteers. Secondary objectives included an evaluation of the
relationship between the exposure of the active moieties and
the ketamine-evoked BOLD signal. Exploratory objectives
included an evaluation of effects on subjective rating scales
(see below).

Study procedures

Study procedures are illustrated in Fig. 2. Subjects were ad-
mitted to the Quintiles Drug Research Unit the day before
each study day and fasted overnight for at least 8 h. On the
morning of the scanning day, subjects were assessed and
transferred to the scanning facility where dosing and scanning
took place. Subjects were administered a single oral dose of
LY2140023, LY2979165, or placebo with approximately
200 mL of water, followed by a light meal. The ketamine
infusion was started near the expected time of maximum con-
centration observed for each compound, which after taking
into account both plasma and cerebrospinal fluid data (see
Supplementary Material) was 4.0 h after dosing for
LY2140023 and 6.5 h after dosing for LY2979165.
Ketamine infusions were staggered to accommodate infusion
and scanning schedules and to enable one subject from each
cohort to undergo MRI scanning on the same day. MRI scan-
ning commenced approximately 30 min before the ketamine
infusion. The duration of the ketamine infusion ranged from
38 to 53 min across both cohorts.

Psychopharmacology (2018) 235:1875–1886 1877

http://clinicaltrials.gov


Racemic ketamine (Ketalar; Pfizer, New York, NY) was
infused via the cubital vein with a temporal concentration
profile calculated from the Clements 250 model (Absalom
et al. 2007) and a target plasma level of 75 ng/mL, as used
previously (De Simoni et al. 2013; Doyle et al. 2013). The
infusion model was implemented in Stanpump (www.opentci.
org) using a Graseby 3400 pump (Smiths Medical, Kent, UK)
and took into account the subject’s height and weight. The
resulting ketamine dose (mean ± SD) delivered was 0.123 ±
0.003 mg/kg during the first minute followed by a pseudo-
continuous infusion of an average of 0.317 ± 0.034 mg/kg/h
for LY2140023 and 0.125 ± 0.021 mg/kg during the first min-
ute followed by a pseudo-continuous infusion of an average of
0.331 ± 0.022 mg/kg/h for LY2979165. Infusion rates did not

differ between drug conditions as would be expected in this
crossover study design.

Imaging data were acquired using a 3T General Electric
Signa HDx MRI system (Milwaukee, WI). A 15-min resting
state, eyes open, BOLD phMRI time series was acquired, with
the ketamine infusion initiated after the first 5 min had
elapsed, as performed previously (De Simoni et al. 2013;
Doyle et al. 2013). This scan used a gradient-echo echo-planar
imaging sequence with 38 slices (3 mm thickness plus 0.3 mm
interslice gap), repetition time (TR) = 2 s, echo time (TE) =
30 ms, flip angle = 75°, in-plane resolution = 3.3 mm, and
matrix = 64 × 64.

Blood samples were taken at specified intervals following
the oral drug administration in order to determine the plasma

Fig. 2 Schematic illustration of
the scan day procedures for the
LY2140023 (a) and LY2979165
(b) cohorts. IV intravenous, MRI
magnetic resonance imaging,
PANSS cognitive and positive
subscales, PSI psychometric
states inventory, VAS visual
analog scale

Fig. 1 Schematic illustration of
the study design for the
LY2140023 (a) and LY2979165
(b) cohorts
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pharmacokinetic (PK) of LY2140023 or LY2979165 and the
active moieties. Samples were also taken at approximately 14
and 42 min following commencement of the ketamine infu-
sion to determine plasma concentrations of ketamine and nor-
ketamine. The Bond-Lader Visual Analog Scale (VAS) (Bond
and Lader 1974), the Positive and Negative Syndrome Scale
(PANSS), and the Psychometric States Inventory (PSI)
(Mason et al. 2008) were each administered prior to oral dos-
ing and immediately before and approximately 2 h after keta-
mine infusion (following completion of the scanning session).
The factor summary scores for each of these scales, to which
we have previously demonstrated sensitivity to the effects of
ketamine (De Simoni et al. 2013; J. M. Stone et al. 2012),
were analyzed (see Supplementary Table 5).

Data analysis

The BOLD phMRI time series were processed using
Statistical Parametric Mapping (SPM) software, version 8
(SPM8; Wellcome Department of Cognitive Neurology,
London, UK; http://www.fil.ion.ucl.ac.uk/spm/) using
identical operations and parameters as used in the previous
study (Doyle et al. 2013). Briefly, standard spatial preprocess-
ing steps were applied, comprising slice-timing correction,
motion correction, nonlinear spatial normalization to the stan-
dard Montreal Neurological Institute (MNI) space template
and spatial smoothing using an isotropic 8-mm full-width at
half-maximumGaussian kernel (De Simoni et al. 2013; Doyle
et al. 2013). The amplitude of the BOLD response to the onset
of ketamine infusionwas estimated on a voxelwise basis using
a general linear model with a design matrix comprising a
gamma variate signal model of the predicted drug effect along
with additional regressors to capture linear drift and head mo-
tion confounds (De Simoni et al. 2013).

Primary statistical analyses were performed on the average
amplitude of the BOLD signal from voxels within each
predefined region of interest (ROI). The set of ROIs was the
same as that used in the previous study (Doyle et al. 2013) and
was defined as binary masks based on regions in the Harvard-
Oxford brain atlas, thresholded at 25% (De Simoni et al. 2013)
(Table 1). Each cohort was analyzed separately, using a
predefined mixed-effect model over all ROIs with fixed terms
of ROI, treatment, and period. To allow covariance among the
regions, ROIs were fitted as a repeated effect within subject
and period. Subject was fitted as a random effect, and no
imputation of missing data was performed. The posterior
probability that the BOLD response in the active treatment
conditions was different from placebo was calculated as the
appropriate tail-area in the t-distribution, under the assumption
of vague priors, with the threshold for significance at a given
dose level versus placebo predefined as a posterior probability
of 90%. Approximate effect sizes for active treatment versus
placebo conditions were estimated based on least-squares

mean and 95% confidence intervals, yielding observed stan-
dard deviations of 1.86 (LY2140023 cohort) and 1.34
(LY2979165 cohort). Planned secondary analyses were also
performed using similar mixed-effect models for individual
ROIs. In addition, an ROI centered on the subgenual cingu-
late, previously shown to exhibit a negative BOLD response
to ketamine infusion (De Simoni et al. 2013; Deakin et al.
2008), was examined. This ROI was defined as a sphere of
10 mm diameter, centered on MNI coordinate (2, 4, 31 mm).
Modeling of pharmacokinetic/pharmacodynamic (PK/PD) re-
lationships and analysis of subjective rating scales was per-
formed as described in the Supplementary Material. Subjects
with evaluable PK data (concentrations that were above the
limit of quantification of the assay) were included in the PK
analyses. Results are summarized in the Supplementary
Material.

Additional exploratory analyses of the imaging data were
performed on a voxelwise level within the SPM framework.
First-level model contrasts of the phMRI regressor were en-
tered into second-level ANOVA models including factors of
subject and treatment condition. Only subjects completing all
scheduled scanning sessions were used for these SPM
analyses.

Results

Subject sample

Participants in the LY2140023 cohort were 28.3 ± 6.4 years of
age (range 22–44) with weight 74.7 ± 7.2 kg (range 63.4–

Table 1 Predefined regions of interest (ROIs) based on atlas structures

ROI abbreviation Description

ACC Anterior cingulate cortex

PCC Posterior cingulate cortex

SupGPaCCa Supragenual paracingulate gyrus

SMA Supplementary motor area

aIns-Lb Anterior insula (L)

aIns-Rb Anterior insula (R)

frOper-L Frontal operculum (L)

frOper-R Frontal operculum (R)

preCun Precuneus

Thal Thalamus

medOcc Medial occipital lobes

a Atlas paracingulate cortex region was truncated to Z > 0 mm (MNI
coordinates) to retain only the supragenual portion and avoid the trend
to negative BOLD responses in the ventral portion approaching the
subcallosal cortex (De Simoni et al. 2013)
b Atlas insula cortex regions were split at Y > 0 mm (MNI coordinates) to
retain only the anterior portion, where a focal response was observed in
previous studies (De Simoni et al. 2013; Doyle et al. 2013)
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87.6) and BMI 23.5 ± 2.4 kg (range 19.4–28.6). Participants in
the LY2979165 cohort were 29.0 ± 7.4 years of age (range 21–
49) with weight 75.9 ± 10.1 kg (range 56.6–94.4) and BMI
23.6 ± 2.5 kg (range 19.6–29.1). Of the 38 subjects who en-
tered the study and were randomized, all received at least one
dose of study drug (LY2979165, LY2140023, or placebo), and
32 (16 in each cohort) completed the study. Four subjects were
discontinued due to adverse events that occurred during peri-
od 1, and two subjects were withdrawn due to a positive drug
abuse test at admission to period 2 (see Supplementary
Material). All subjects were included in the safety and PK
analyses.

Ketamine and nor-ketamine plasma concentrations

Plasma levels of both ketamine and nor-ketamine were similar
across treatment groups in both cohorts (see Supplementary
Material).

Imaging results for the LY2140023 cohort

The least-squares mean results of the BOLD phMRI response
across all ROIs for the four treatment periods, corresponding
to the primary analysis model, are shown in Fig. 3a and
Table 2, along with the 95% confidence intervals. The main
finding was a significant mean decrease of 54% in the signal at
the 160-mg dose of LY2140023 compared to placebo, while
the 10- and 40-mg doses showed no separation from placebo.
The corresponding effect size at the 160-mg dose was − 0.45.
One subject was identified as a statistical outlier at the 160-mg
dose; however, when either the 160-mg data point or all data
from that subject were removed, the statistical separation from
placebo at the 160-mg dose level was maintained. Secondary
analyses for the individual ROIs revealed signal decreases
consistent with those found in the mixed-effects model, with
numerical decreases in BOLD signal at the 160-mg dose com-
pared to placebo in all regions (see Supplementary Material).
These differences were nominally significant for all regions
except the supplementary motor area, right anterior insula, and
right frontal operculum and were consistent with a generalized
reduction in the ketamine-evoked BOLD signal at the 160-mg
dose of LY2140023. No significant modulation of the
ketamine-evoked response in the subgenual cingulate ROI
was observed.

The PK profile of the active moiety, LY404039, was as
expected and consistent with previous studies (see
Supplementary Material). No significant relationship between
reduction in the ketamine-evoked BOLD response and plasma
levels of LY404039 was found (Fig. 3b). Contrast maps illus-
trating the anatomical distribution of the main effect of keta-
mine and the comparison between the 160-mg dose and pla-
cebo on the ketamine response are shown in Figs. 3c and 4d,
respectively.

Imaging results for the LY2979165 cohort

The least-squares mean results of the BOLD phMRI response
across all ROIs for the three treatment periods, corresponding
to the primary analysis model, are shown in Fig. 4a and
Table 3, along with the 95% confidence intervals. The main
finding was a significant mean decrease of 45% in the
ketamine-evoked signal at the 60-mg dose of LY2979165
compared to placebo, while the 20-mg dose showed an inter-
mediate level of effect but no statistical separation from pla-
cebo. The corresponding effect size at the 60-mg dose was −
0.50. Secondary analyses for the individual ROIs revealed
dose-dependent signal decreases consistent with those found
in the mixed-effects model, with numerical decreases in
BOLD signal at the 60-mg dose compared to placebo in all
regions (see Supplementary Material). These differences were
nominally significant for all regions except the anterior cingu-
late cortex, right frontal operculum, and precuneus and medial
occipital lobes and were consistent with a generalized reduc-
tion in the ketamine-evoked BOLD signal at the 60-mg dose
of LY2979165. No significant modulation of the ketamine-
evoked response in the subgenual cingulate ROI was
observed.

The PK profile of the active moiety 2812223 was as ex-
pected and consistent with previous studies (see
Supplementary Material). A significant relationship was ob-
served between the reduction in ketamine-evoked BOLD re-
sponse and the increasing plasma levels of LY2812223 at the
time of scanning (Fig. 4b). Contrast maps illustrating the an-
atomical distribution of the main effect of ketamine and the
comparison between the 60-mg dose and placebo on the ke-
tamine response are shown in Fig. 4c, d, respectively.

Subjective rating scales

There was a clear main effect of ketamine on subjective rat-
ings, defined as the response at the first postinfusion time
point (Supplementary Table 5). In both cohorts, ketamine elic-
ited increases in drowsiness (VAS); total 30, cognitive and
positive subscales (PANSS); and the total score, delusory
thinking, perceptual distortion, and cognitive disorganization
items of the PSI. Additionally, for the LY2140023 cohort,
ketamine elicited increases in the negative and general psy-
chopathy subscale (PANSS) and mania and paranoia (PSI),
and in the LY2979165 cohort, ketamine elicited increases in
the excited subscale (PANSS).

Both mGluR2(3) compounds attenuated the ketamine-
induced increases in delusory thinking (PSI). For
LY2140023, it was significant at the 10- and 40-mg doses
(P = 0.014 and P = 0.037, respectively); for LY2979165, this
was monotonically dose-dependent and significant at both 20-
and 60-mg doses (P = 0.003 and P ≤ 0.001, respectively).
Additionally, pretreatment with LY2979165 dose-
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dependently augmented the ketamine-induced increases in the
cognitive and positive subscales (PANSS), statistically signif-
icant (P = 0.008 and P = 0.005, respectively) at the 60-mg
dose compared to placebo). There were no significant corre-
lations between the overall change in phMRI attenuation of
the ketamine-evoked BOLD response and the change in sub-
jective ratings.

Discussion

Single doses of two different group II mGluR agonist
prodrugs, LY2140023 and LY2979165, attenuated the
ketamine-evoked BOLD phMRI signal in healthy volunteers
at the highest doses tested (160 and 60 mg, respectively).
Moreover, a significant relationship between reduction of the

Fig. 3 Results for the LY2140023 (pomaglumetad methionil) cohort. a
Dose-response analysis: least-squares (LS) mean and 95% confidence
intervals (CIs) for the blood oxygenation level dependent (BOLD)
response to ketamine challenge for each experimental condition (oral
placebo, 10 mg LY2140023, 40 mg LY2140023, or 160 mg
LY2140023 pretreatment) and the mixed model across all atlas regions
of interest (ROIs). b Exposure-response analysis: relationship between
BOLD response to ketamine (mean across all atlas ROIs) and measured
plasma levels of the active moiety LY404039. The pharmacokinetic

endpoint was the average of the two samples immediately before and
after the scanning session. For the purposes of plotting the data, the
placebo response data have been assigned a value of 0 nM for Cp, avg.
A significant linear relationship was not found. cVoxelwise group map of
the BOLD response to ketamine (P < 0.01, Pcluster < 0.05; color scale 2.6
< T < 6). d Voxelwise group map for the contrast of placebo versus
160 mg condition (P < 0.01, Pcluster < 0.05; color scale 2.6 < T < 6).
These maps are shown to illustrate the anatomical pattern of effects and
were not used for inference

Table 2 Primary statistical
analysis of BOLD response to
ketamine infusion across
predefined atlas regions of
interest (ROIs) for the
LY2140023 (pomaglumetad
methionil) cohort

Treatment Number LS mean (95% CI) Difference from placebo
(95% CI)

Posterior probability

Placebo 16 1.54 (0.60, 2.47)

10 mg LY2140023 16 1.14 (0.21, 2.07) − 0.39 (− 1.14, 0.35) 0.855

40 mg LY2140023 16 1.36 (0.43, 2.29) − 0.18 (− 0.92, 0.57) 0.683

160 mg LY2140023 16 0.71 (− 0.22, 1.64) − 0.83 (− 1.57, − 0.08) 0.985

CI confidence interval, LS least squares, N sample size
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BOLD signal and increasing plasma levels of 2812223 (the
active moiety) was observed in the LY2979165 cohort.
Therefore, the hypothesis that group II mGluR agonists would
attenuate the BOLD response following ketamine was con-
firmed using two different compounds in two cohorts of
healthy volunteers.

These findings are consistent with a body of preclinical
experimental data. Imaging studies in rodents have shown that
the earlier generation mGluR2/3 agonist, LY354740, blocks
the phMRI response to the NMDAR antagonist phencyclidine

in the rat brain (Gozzi et al. 2008), and LY404039 blocks the
2-DG signal evoked by the NMDAR antagonists ketamine
and memantine in the mouse (Dedeurwaerdere et al. 2011).
One of the primary effects of ketamine, thought to arise via
disinhibition of gamma-aminobutyric acid (GABA)-ergic in-
hibitory neurons downstream from blockade of NMDARs, is
an increase in glutamate release. This has been demonstrated
in the frontal cortex of rats following phencyclidine
(Moghaddam 1998) and ketamine (Lorrain et al. 2003) and
in humans using magnetic resonance spectroscopy (Stone

Fig. 4 Results for the LY2979165 cohort. a Dose-response analysis:
least-squares (LS) mean and 95% confidence intervals (Cis) for the
BOLD response to ketamine challenge for each experimental condition
(oral placebo, 20 mg LY2979165, or 60 mg LY2979165 pretreatment)
and the mixed model across all atlas regions of interest (ROIs). b
Exposure-response analysis: relationship between BOLD response to
ketamine (mean across all atlas ROIs) and measured plasma levels of
the active moiety 2812223. The pharmacokinetic endpoint was the
average of the two samples immediately before and after the scanning

session. For the purposes of plotting the data, the placebo response data
have been assigned a value of 0 nM for Cp, avg. The straight line
indicates linear regression (slope = − 0.000905 nM, 95% confidence
interval = [− 0.0015, − 0.000299]). c Voxelwise group map of the
BOLD response to ketamine (P < 0.01, Pc < 0.05; color scale 2.6 < T <
6). d Voxelwise group map for the contrast of placebo versus 60 mg
conditions (P < 0.01, Pc < 0.05; color scale 2.6 < T < 6). These maps are
shown to illustrate the anatomical pattern of effects and were not used for
inference

Table 3 Primary statistical
analysis of BOLD response to
ketamine infusion across
predefined atlas regions of
interest (ROIs) for the
LY2979165 cohort

Treatment Number LS Mean (95% CI) Difference from placebo
(95% CI)

Posterior probability

Placebo 16 1.50 (0.80, 2.21)

20 mg LY2979165 18 1.12 (0.44, 1.79) − 0.38 (− 1.10, 0.33) 0.862

60 mg LY2979165 17 0.83 (0.15, 1.52) − 0.67 (− 1.39, 0.05) 0.967

CI confidence interval, LS least squares, N sample size
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et al. 2012). Moreover, the mGluR2/3 agonist LY354740
was shown to block glutamate, but not dopamine, release
elicited by phencyclidine in the rat (Moghaddam 1998).
Taken together, these findings suggest that the blockade
of the ketamine-induced BOLD signal observed in the
present study is related to the compounds’ effects in at-
tenuating glutamate efflux and is consistent with their
expected mechanism of action and underscores the trans-
lational nature of this approach.

For LY2140023, the signal attenuation at 10 mg was nu-
merically greater than that at 40 mg, although the mean re-
sponses at both doses showed less attenuation on average than
at the 160-mg dose, and neither the 10-mg nor 40-mg doses
were significantly different from placebo in the ROI analysis.
For LY2979165, the dose-response was monotonic, with the
mean ketamine-induced BOLD signal at the 20-mg dose nu-
merically intermediate between that observed for the placebo
and 60-mg conditions. This, coupled with the significant as-
sociation observed between the plasma levels of the active
moiety 2812223, is consistent with monotonic dose- and
exposure-response relationships over the 0- to 60-mg dose
range. Modulatory effects on individual ROIs were, overall,
consistent with a global reduction in the ketamine-induced
BOLD signal change. Voxel-based analyses—not used for
statistical inference but to visualize the anatomical distribution
of the pharmacological effects—support the a priori ROI anal-
ysis, with regions of attenuation generally corresponding to
regions that responded most strongly to the ketamine chal-
lenge. Apparent region-specific effects of both compounds
should be interpreted with caution, as they may be due to
variability in the data in this small experimental medicine
study. While both active metabolites are classed as group II
mGluR agonists, LY404039 (the active metabolite of
LY2140023) has comparable affinity at both mGluR2 and
mGluR3 receptors, whereas 2812223 (the active metabolite
of LY2979169) preferentially targets the mGluR2 receptor.
The precise role of each of these receptors and their relative
utility as drug targets for psychiatric disorders remains incom-
pletely understood. Indeed, the recent availability of mGluR2-
selective ligands will enable this role to be better understood.
In the present study, the largely overlapping effects of each
compound on reversing the ketamine-evoked response, and
the parallel cohort study design, preclude identification of
any impact of the additional mGluR3 activity of LY2140023
in this model.

The doses at which a significant reversal of the ketamine
signal was observed in the present study reduced the mean
ketamine response by 54% (160 mg LY2140023) and 45%
(60 mg LY2979165). This represents a similar relative degree
of attenuation as previously observed with clinically relevant
doses of risperidone (57%) and lamotrigine (43%) (Doyle
et al. 2013). Those results suggest that this degree of effect
in this imaging model may indicate a clinically meaningful

dose, although that hypothesis remains to be confirmed across
a wider range of compounds and mechanisms. Although the
ketamine model is often considered in the context of schizo-
phrenia, this imaging signal is likely not specific to that clin-
ical indication given that lamotrigine also attenuates the keta-
mine response in this model (Deakin et al. 2008; Doyle et al.
2013) and is indicated for bipolar disorder and epilepsy, but
has not robustly shown benefit in schizophrenia trials (Reid
et al. 2013). Rather, it reflects a functionally effective action of
the compound in modulating glutamate-related brain activity
(Doyle et al. 2013). In this context, and given the negative
clinical findings with pomaglumetad methionil (LY2140023)
at the 40-mg dose, the present imaging results suggest that a
higher dose of this compound might be required to achieve
more robust clinical efficacy. On the other hand, the
nonmonotonic dose-response relationship suggests that the
relationship between the ketamine imaging findings, clinical
efficacy, and clinical population may be significant for the
mGluR2(3) agonist mechanism. Additional imaging and clin-
ical exploration with both compounds tested in the current
study will help elucidate the relationship between the dose-
dependent effects observed in the ketamine imaging model
and those required for efficacy in clinical populations.

In the present study, the ketamine BOLD response in the
placebo condition was on average weaker and more variable
across subjects than observed in the previous study (Doyle
et al. 2013). This was despite the use of identical inclusion/
exclusion criteria, MRI scanner, staff, and acquisition and
analysis procedures and may reflect the different recruitment
mechanism used, resulting in a population more typical of
phase I safety studies, in contrast to the more homogeneous
study population obtained via the academic recruiting network
used previously. This emphasizes the importance of the re-
cruitment mechanism and a clean study sample when using
functional imaging in biomarker studies.

The low dose of ketamine used in this study was previously
established as eliciting a robust BOLD phMRI response, but
relatively mild subjective effects (De Simoni et al. 2013).
Nevertheless, significant ketamine-induced increases in many
items and subscales of the Bond-Lader VAS, PANSS, and PSI
were recorded in both cohorts, consistent with findings from
previous studies (De Simoni et al. 2013; Doyle et al. 2013).
While pretreatment reversed few of these ratings overall, it is
noteworthy that both compounds reversed the increase in PSI
delusory thinking, suggesting that this psychotomimetic sub-
scale might be particularly sensitive to the mGluR2(3) agonist
mechanism, which potentially could be tested in patient pop-
ulations using symptom-level outcomes. Since psychometric
factors and delusory thinking are sensitive to the dose of ke-
tamine (Pollak et al. 2015; Stone et al. 2015), replication with
a higher dose of ketamine will provide data more amenable to
test the neural basis of the mGluR2(3)-based mechanism of
this effect. Surprisingly, LY2979165 additionally augmented

Psychopharmacology (2018) 235:1875–1886 1883



the ketamine-induced increases in the PANSS cognitive and
positive subscales, despite having no effect per se on these
subscales immediately prior to the scan and the ketamine in-
fusion. Given the exploratory nature of the subjective rating
scales in the present study, and that these findings were nom-
inally significant but not formally corrected for multiple test-
ing, further studies are needed to confirm and elucidate these
subjective effects.

Conclusion

Two novel mGluR2(3) agonist prodrugs were shown to atten-
uate the ketamine-evoked BOLD phMRI signal and subjec-
tive effects of ketamine, relative to placebo, in healthy volun-
teers. Only the highest doses of each compound tested pro-
duced significant attenuation across the ROIs, and a signifi-
cant relationship between reduction of the BOLD signal and
increasing plasma levels of 2812223 was observed in the
LY2979165 cohort. These results indicate functionally active
doses of these compounds, extend the classes of compounds
that have been experimentally shown to reverse the ketamine-
evoked phMRI signal in humans, and further support the use
of this method as an imaging biomarker for assessing func-
tional effects within the central nervous system.
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