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Validation of ketamine as a pharmacological model of thalamic
dysconnectivity across the illness course of schizophrenia
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N-methyl-D-aspartate receptor (NMDAR) hypofunction is a leading pathophysiological model of schizophrenia. Resting-state
functional magnetic resonance imaging (rsfMRI) studies demonstrate a thalamic dysconnectivity pattern in schizophrenia involving
excessive connectivity with sensory regions and deficient connectivity with frontal, cerebellar, and thalamic regions. The NMDAR
antagonist ketamine, when administered at sub-anesthetic doses to healthy volunteers, induces transient schizophrenia-like
symptoms and alters rsfMRI thalamic connectivity. However, the extent to which ketamine-induced thalamic dysconnectivity
resembles schizophrenia thalamic dysconnectivity has not been directly tested. The current double-blind, placebo-controlled study
derived an NMDAR hypofunction model of thalamic dysconnectivity from healthy volunteers undergoing ketamine infusions during
rsfMRI. To assess whether ketamine-induced thalamic dysconnectivity was mediated by excess glutamate release, we tested
whether pre-treatment with lamotrigine, a glutamate release inhibitor, attenuated ketamine’s effects. Ketamine produced robust
thalamo-cortical hyper-connectivity with sensory and motor regions that was not reduced by lamotrigine pre-treatment. To test
whether the ketamine thalamic dysconnectivity pattern resembled the schizophrenia pattern, a whole-brain template representing
ketamine’s thalamic dysconnectivity effect was correlated with individual participant rsfMRI thalamic dysconnectivity maps,
generating “ketamine similarity coefficients” for people with chronic (SZ) and early illness (ESZ) schizophrenia, individuals at clinical
high-risk for psychosis (CHR-P), and healthy controls (HC). Similarity coefficients were higher in SZ and ESZ than in HC, with CHR-P
showing an intermediate trend. Higher ketamine similarity coefficients correlated with greater hallucination severity in SZ. Thus,
NMDAR hypofunction, modeled with ketamine, reproduces the thalamic hyper-connectivity observed in schizophrenia across its

illness course, including the CHR-P period preceding psychosis onset, and may contribute to hallucination severity.

Molecular Psychiatry (2022) 27:2448-2456; https://doi.org/10.1038/s41380-022-01502-0

INTRODUCTION

The thalamus plays a fundamental role in how the brain
coordinates information to support sensory processing and
cognition [1, 2]. Breakdowns in thalamic coordination are highly
replicated in schizophrenia (SZ) [3-8] and implicated in an array of
clinical and cognitive symptoms [9, 10]. Deficits in N-methyl-D-
aspartate receptor (NMDAR) signaling could underlie disturbed
thalamic circuitry in SZ [11]. Ketamine is a noncompetitive NMDAR
antagonist that produces transient SZ-like symptoms [12, 13] and
disrupts thalamic connectivity when administered to healthy
volunteers [14-17]. However, the extent to which the aberrant
connectivity pattern produced by ketamine resembles the SZ
pattern has not been directly tested. Here, we derive an NMDAR
hypofunction model of thalamic dysconnectivity from healthy
volunteers administered ketamine during resting-state functional

magnetic resonance imaging (rsfMRI), and directly test whether
this model resembles the dysconnectivity pattern observed in
people with SZ.

It has become increasingly apparent that no single brain region
can account for the range of symptoms and functional impair-
ments observed in SZ; rather, coordination abnormalities across
brain regions likely give rise to diverse cognitive and behavioral
impairments [18, 19]. The thalamus is key to understanding these
systemic breakdowns [20], as it is a richly interconnected hub for
many functional brain networks [21, 22]. Several rsfMRI studies
show that, when compared to healthy controls (HC), people with
SZ exhibit thalamic hyper-connectivity with sensory regions (e.g.,
auditory, visual, motor, and association cortices) and hypo-
connectivity with prefrontal, cerebellar, and thalamic regions
[5, 6, 23, 24]. The term “dysconnectivity” was adopted to refer to

'Sierra Pacific Mental lliness Research Education and Clinical Centers, San Francisco Veterans Affairs Medical Center, and the University of California, San Francisco, CA, USA. 2San
Francisco Veterans Affairs Medical Center, 4150 Clement Street, San Francisco, CA 94121, USA. *Department of Psychiatry and Behavioral Sciences, University of California San
Francisco, 505 Parnassus Avenue, San Francisco, CA 94143, USA. “Tri-institutional Center for Translational Research in Neuroimaging and Data Science (TReNDS), Georgia State,
Georgia Tech, Emory, Atlanta, GA 30332, USA. *Department of Psychiatry and Human Behavior, University of California Irvine Medical Center, 101 The City Dr. S, Orange, CA
92868, USA. ®Clinical Translational Neuroscience Laboratory, Department of Psychiatry and Human Behavior, University of California Irvine, 5251 California Ave, Irvine, CA 92617,
USA. “Center for the Neurobiology of Learning and Memory, University of California Irvine, 309 Qureshey Research Lab, Irvine, CA 92697, USA. ®Department of Psychiatry and
Behavioral Sciences, University of New Mexico Health Sciences Center, Albuquerque, NM 87111, USA. °Department of Psychiatry, University of Minnesota, Minneapolis, MN
55454, USA. "°Department of Psychiatry, Yale University School of Medicine, New Haven, CT 06510, USA. ®email: daniel.mathalon@ucsf.edu

Received: 26 June 2021 Revised: 7 February 2022 Accepted: 22 February 2022

Published online: 14 April 2022

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-022-01502-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-022-01502-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-022-01502-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-022-01502-0&domain=pdf
http://orcid.org/0000-0001-8730-8152
http://orcid.org/0000-0001-8730-8152
http://orcid.org/0000-0001-8730-8152
http://orcid.org/0000-0001-8730-8152
http://orcid.org/0000-0001-8730-8152
http://orcid.org/0000-0002-2390-7268
http://orcid.org/0000-0002-2390-7268
http://orcid.org/0000-0002-2390-7268
http://orcid.org/0000-0002-2390-7268
http://orcid.org/0000-0002-2390-7268
http://orcid.org/0000-0001-6952-1726
http://orcid.org/0000-0001-6952-1726
http://orcid.org/0000-0001-6952-1726
http://orcid.org/0000-0001-6952-1726
http://orcid.org/0000-0001-6952-1726
http://orcid.org/0000-0002-6500-6548
http://orcid.org/0000-0002-6500-6548
http://orcid.org/0000-0002-6500-6548
http://orcid.org/0000-0002-6500-6548
http://orcid.org/0000-0002-6500-6548
http://orcid.org/0000-0001-6090-4974
http://orcid.org/0000-0001-6090-4974
http://orcid.org/0000-0001-6090-4974
http://orcid.org/0000-0001-6090-4974
http://orcid.org/0000-0001-6090-4974
https://doi.org/10.1038/s41380-022-01502-0
mailto:daniel.mathalon@ucsf.edu
www.nature.com/mp

the concurrent hyper- and hypo-connectivity patterns character-
istic of SZ. A similar pattern is seen in individuals at clinical high-
risk for psychosis (CHR-P) [25-27], particularly among those who
convert to full psychosis [26]. In a cross-sectional study, we found
that at-risk individuals showed an intermediate level of thalamic
dysconnectivity, raising the possibility that thalamic dysconnec-
tivity begins before psychosis onset, and worsens with illness
course [27].

Previously, we found thalamic dysconnectivity in SZ to be
associated with more severe positive symptoms [23]. However, a
more recent meta-analytic review of thalamic connectivity studies
in individuals with psychotic disorders indicates that clinical
correlations are evident for positive, negative, and general
symptoms [7], although the correlations tended to be small,
variable, and not specific to a particular symptom domain. These
variable findings could result from the use of coarse, subjective
clinical rating scales that do not map directly onto specific brain
circuits [8]. Targeting more specific clinical phenomena with large
samples may help elucidate the consequences of thalamic
dysconnectivity (as done by [23]).

The NMDAR hypofunction model [28-30] posits that glutamate
synaptic signaling abnormalities associated with SZ are mimicked
by the acute and chronic effects of NMDAR antagonists [31]. In SZ,
deficient glutamate NMDAR signaling across development con-
tributes to the emergence of deficits in GABA release and
signaling. This paradoxically leads to states where there are both
deficits in glutamate NMDAR synaptic signaling and disinhibition
of glutamate release [32]. As SZ progresses, this picture is further
complicated by excessive synaptic pruning [33, 34]. The acute
administration of the NMDAR antagonist, ketamine, yields both
deficits in glutamate NMDAR synaptic signaling and inhibition of
GABAergic interneurons [35], resulting in downstream hyperglu-
tamatergia and associated network disinhibition. Chronic keta-
mine administration reduces the integrity of GABA neuronal
populations and synaptic loss [36]. Thus, acute ketamine mimics
the pathophysiological processes present in the early stages of SZ
[3, 14], while chronic NMDAR blockade with ketamine mimics the
pathophysiological changes that arise later in the illness [28].

A cornerstone of the NMDAR hypofunction model of SZ is the
observation that NMDAR antagonists, including ketamine, induce
transient, positive, negative, and cognitive symptoms in healthy
volunteers that resemble symptoms of SZ [12, 37]. Psychotomi-
metic effects of NMDAR antagonists may be at least partially
mediated through the thalamus [38], as injection of an NMDAR
antagonist into the rodent thalamus led to altered neural
oscillations in the prefrontal cortex [39] (similar to SZ [40]), and
reduced 40-Hz auditory steady-state responses [41] (consistent
with SZ deficits [42]). Two recent reports found that ketamine
administration led to increased thalamic and sensory cortex
connectivity in humans [14, 16], further implicating NMDAR
signaling in thalamic dysfunction. However, these studies did
not directly test whether thalamic dysconnectivity induced by
NMDAR antagonists resembled thalamic dysconnectivity observed
in SZ, and whether the degree to which people with SZ show the
NMDAR antagonist dysconnectivity pattern was associated with
clinical symptom severity.

The current study derives a ketamine model of thalamic
dysconnectivity to test whether NMDAR hypofunction can
account for the pattern of thalamic dysconnectivity observed in
SZ. Using a seed-based approach, we examine thalamic con-
nectivity changes following ketamine administration to healthy
volunteers. We then assess whether ketamine’s effects are
mediated by downstream increases in glutamate release, rather
than its proximal blockade of glutamate transmission at NMIDARs.
Specifically, we test whether pre-treatment with lamotrigine, a
glutamate release inhibitor [43], attenuates ketamine's effects on
thalamic connectivity. Finally, we evaluate the extent to which the
ketamine-induced thalamic dysconnectivity pattern resembles the
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SZ pattern and accounts for variation in specific clinical symptoms.
To this end, we derive a template brain map of ketamine’s
thalamic dysconnectivity effects and correlate it with individual
participant rsfMRI thalamic connectivity maps from a multi-site
sample of individuals with chronic SZ and HC, and a separate
sample of individuals early in the schizophrenia illness course
(ESZ), individuals at CHR-P, and HC. We hypothesize that the
ketamine thalamic dysconnectivity template will show stronger
positive correlations with thalamic dysconnectivity maps in
chronic SZ relative to HC, and in ESZ relative to HC, with CHR-P
falling intermediately between them. We also hypothesize that
greater similarity to the ketamine-induced thalamic dysconnectiv-
ity pattern will correlate with greater symptom severity.

METHODS

Ketamine - lamotrigine study

Participants. Healthy men (N =18; mean age = 27.96 £+ 3.97 years) were
recruited in New Haven, Connecticut. The targeted sample size was based
on evidence that a comparable sample size yielded detectable behavioral
effects associated with lamotrigine pre-treatment prior to ketamine
challenge [44]. Participants were excluded for an unstable medical illness,
psychiatric disorder, first-degree relative with a psychotic disorder,
elevated score on a Psychosis Proneness Scale [45], or MRI contra-
indication. Study procedures were approved by the Institutional Review
Boards at Yale University School of Medicine and the US Department of
Veterans Affairs, West Haven. All participants provided written informed
consent.

Drug procedure and randomization. Using a double-blind, placebo-
controlled, crossover design, participants completed three test days in a
randomized order (Supplementary Fig. S1). Participants and investigators
were blinded to the test day order. The test days were as follows: Placebo
Lamotrigine - Placebo Ketamine: oral placebo lamotrigine 1.5 h before a
first (single-blind) intravenous placebo ketamine (saline) infusion, followed
49 min later by a second (double-blind) intravenous placebo ketamine
(saline) infusion; Placebo Lamotrigine — Active Ketamine: oral placebo
lamotrigine 1.5 h before a first (single-blind) intravenous placebo ketamine
(saline) infusion, followed 49 min later by a second (double-blind)
intravenous active ketamine infusion; and Active Lamotrigine - Active
Ketamine: oral active lamotrigine 1.5h prior to a first (single-blind)
intravenous placebo ketamine (saline) infusion, followed 49 min later by a
second (double-blind) intravenous active ketamine infusion. Study sessions
occurred at least one week apart. Supplementary Table S1 contains the
study procedure timeline.

Similar to other reports [46, 47], ketamine was administered as a 2-min
bolus (0.23 mg/kg) followed by 0.58 mg/kg/h steady infusion over about
70 min. The ketamine dose was comparable to doses from studies showing
altered prefrontal function during infusion in healthy individuals [46, 48],
and the lamotrigine dose (300mg) was chosen based on safety
considerations and evidence showing that this lamotrigine dose attenu-
ated ketamine’s behavioral effects [44]. Additional dosing details are
in Supplementary Materials. Ketamine produced substantial increases in
psychotomimetic effects, and pre-treatment with lamotrigine did not
attenuate those increases (Supplementary Materials).

Neuroimaging acquisition and data processing. Data were collected on a
3T SIEMENS TRIO scanner. Functional data included six 7-min runs of a
visual oddball task (voxel size =3.4 X 3.4 X 4.5 mm, repetition time=2s,
total volumes =210) collected for each test day: three runs during the
initial saline infusion, and three during the second active ketamine (or
placebo ketamine) saline infusion. Functional connectivity measures were
computed using the oddball task runs after regressing out task-related
brain activity (a validated approach implemented previously [49, 50]), as
continuous rsfMRI data were not collected for this study (see Supplemen-
tary Materials for oddball task description). A high-resolution T1-weighted
structural image (MPRAGE) was collected for co-registration with functional
data. Pre-processing and denoising steps are detailed in Supplementary
Materials.

First-level seed-based connectivity analyses were carried out using FEAT
in FSL version 6.0.0 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/). A partici-
pant’s fMRI scan time-series was regressed on the thalamus seed’s time-
series (extracted from pre-smoothed images), and a set of nuisance
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regressors that are described in Supplementary Materials. We used a whole
thalamus seed to compare ketamine’s effects with prior SZ connectivity
studies that used a whole thalamus seed, including our own [23, 27]. We
defined the bilateral thalamus seed using FSL's Harvard-Oxford Subcortical
Structural Atlas probabilistic maps. To ensure our seed represented
thalamus activity rather than extra-thalamic activity, we used a stringent
80% probability threshold. First-level models produced whole-brain voxel-
wise beta maps, separately for each participant, drug condition, and run
(three runs per drug condition); the resulting maps reflected the
correlation between the thalamus seed’s time-series and the time-series
of every voxel in the brain.

Second-level fixed-effects models produced within-participant, within-
day contrast maps for the Placebo Lamotrigine - Placebo Ketamine and
Placebo Lamotrigine — Active Ketamine test days. For the Placebo
Lamotrigine — Placebo Ketamine day, this yielded a within-participant
contrast map reflecting placebo ketamine (runs 4-6) versus saline (runs
1-3). For the Placebo Lamotrigine — Active Ketamine day, this yielded a
within-participant contrast map reflecting active ketamine (runs 4-6)
versus saline (runs 1-3). We then calculated between-day contrast maps
for each participant that compared these two within-day contrasts (i.e.,
[active ketamine - saline] versus [placebo ketamine - salinel); this final
map isolated the effect of active ketamine versus placebo ketamine,
accounting for run order effects. Runs 2-5 from one participant from the
Placebo Lamotrigine - Placebo Ketamine day were removed due to
scanner-induced artifacts; their corresponding contrast was thus calculated
as placebo ketamine (run 6) versus saline (run 1). The group-level results
were comparable with or without this participant.

Group-level modeling of ketamine effects on thalamic dysconnectivity. Final
group-level random-effects one-sample t-test analyses were run separately
on placebo ketamine and active ketamine connectivity maps to identify
clusters showing significant positive or negative thalamic connectivity. In
addition, one-sample t-tests were run on the [active ketamine - saline]
versus [placebo ketamine - saline] contrast map. Group-level t-maps were
transformed into z-maps and warped into MNI standard space. We
implemented a voxel-wise cluster defining threshold (z>3.29, p < 0.001),
and a corrected cluster significance threshold (p < 0.05, two-tailed). For
each significant cluster from the contrast analyses, mean connectivity
values were extracted for each participant and drug condition, allowing
the distribution under each condition to be plotted and effect sizes to be
computed.

We also probed whether ketamine-induced thalamic dysconnectivity
correlated with ketamine-induced psychotomimetic effects in healthy
volunteers; these results were not significant (Supplementary Materials).

Group-level modeling of lamotrigine pre-treatment effects on ketamine-
induced thalamic dysconnectivity. Thalamic connectivity maps were
derived for the Active Lamotrigine - Active Ketamine test day using
the same procedures described above. First-level models produced
whole-brain voxel-wise beta maps for each Active Lamotrigine — Active
Ketamine run. Second-level fixed-effects models averaged runs 4-6 to
produce a single [active lamotrigine + active ketamine] map per
participant. Significant regional clusters from the [active ketamine -
saline] versus [placebo ketamine - saline] contrast were saved as region
of interest (ROI) masks. Mean thalamic connectivity values were extracted
for each ROI cluster and drug condition. Repeated measures ANOVAs
were used to compare average thalamic connectivity in these ROIs across
the three conditions (i.e., placebo ketamine, active ketamine, active
lamotrigine + active ketamine); follow-up pairwise tests based on each
ANOVA assessed whether lamotrigine pre-treatment altered or attenu-
ated ketamine’s dysconnectivity effects in these ROls, and whether
ketamine with lamotrigine pre-treatment still produced thalamic
dysconnectivity relative to placebo ketamine in these ROIs. We adjusted
for multiple comparisons across ROl models using Benjamini and
Hochberg’s false discovery rate (FDR) algorithm [51]. Comparison of
thalamic connectivity during runs 1-3 across test days are reported
in Supplementary Materials.

Schizophrenia versus healthy control study

Participants. SZ (n = 183; mean age = 38.73 = 11.53 years, 75% male) and
HC (n=178; mean age =37.70+ 11.19 years, 71% male) were recruited
from seven sites as part of the Function Biomedical Informatics Research
Network (FBIRN) study. Enrollment and exclusion criteria for this sample
are described in Supplementary Materials and elsewhere [23].

SPRINGER NATURE

Neuroimaging data processing. Whole-brain rsfMRI connectivity maps
were generated for each participant in SPM8 using a bilateral thalamus
seed and expressed as Fisher r-to-z transformed correlation maps [23].
Data denoising procedures are found in Supplementary Materials. Using
HC from each FBIRN site as normative data, each participant’s thalamic
connectivity map was site-corrected; i.e., z-scores were calculated as the
difference between a participant’s observed value and the value predicted
for their site, divided by the standard error of the regression from the HC
regression model. Resulting z-score maps expressed voxel values as
deviations, in standard deviation units, from the values expected for a HC
at the same study site.

Quantifying the similarity with ketamine-induced thalamic dysconnectivity.
The unthresholded group-level [active ketamine - saline] > [placebo
ketamine - saline] contrast map (i.e, “ketamine template”) and the
individual SZ and HC connectivity maps were transformed from 3D (with x,
y, and z directions) into 1D vectors. Next, the 1D vector of thalamic
connectivity z-scores for each HC and SZ was correlated with the 1D vector
of z-statistics from the ketamine template. This yielded a single correlation
for each participant reflecting the similarity of their map with ketamine-
induced thalamic dysconnectivity (i.e., “ketamine similarity coefficients”).
Similarity coefficients were Fisher r-to-z transformed and group differences
were tested using an ANOVA. Because the ketamine template was
generated from an exclusively male sample, the model included sex and a
group X sex interaction term. The main effect of the site was also included
to control for study site variance. Follow-up analyses within each group
tested whether the mean similarity coefficient value was significantly
different from 0.

For reference, Supplementary Fig. S2 shows the overlap between group-
level ketamine thalamic dysconnectivity (i.e., the [active ketamine - saline]
> [placebo ketamine - saline] contrast map) and group-level SZ thalamic
dysconnectivity (i.e., the SZ>HC contrast map) (Supplementary Materials).

Ketamine similarity coefficients versus clinical symptoms. Separate regres-
sion models were used to evaluate relationships between ketamine
similarity coefficients and SZ symptom scores rated using the Scale for
the Assessment of Positive Symptoms (SAPS [52]) and the Scale for the
Assessment of Negative Symptoms (SANS [53]). Symptom scores comprised
the sum of individual items plus the respective global rating. Positive
symptoms included Hallucinations, Delusions, Thought Disorder, and Bizarre
Behavior, and negative symptoms included Affective Flattening, Alogia,
Avolition/Apathy, and Anhedonia/Asociality. For each symptom score, only
SZ with at least a mild global severity rating (=2) were included [54, 55]
(Supplementary Table S2 contains participant counts and distribution
details). Symptom scores with skewed distributions were square-root
transformed. Symptom scores were regressed on ketamine similarity
coefficients, sex, and study site. Each model initially included the similarity
coefficient x sex interaction to test for sex differences in the regression line
slopes. Significant interactions were followed up with separate regression
models in males and females. Non-significant interactions were dropped
from the model, allowing a test of the common slope estimated across
males and females. We FDR-adjusted across the eight tests.

Medication confound analyses. We computed chlorpromazine equivalents
(CPZeq) for SZ (mean=488.92+1151.01 mg) [56]. To test for possible
medication confounds, we correlated CPZeq values with ketamine
similarity coefficients, finding a positive correlation (Spearman’s rho =
0.20, p=0.02); here we used a non-parametric test given the non-
normality of the CPZeq variable. Consequently, for any significant
associations between symptoms and similarity coefficients, we tested
whether those relationships remained significant in the subsample of SZ
taking antipsychotic medication (n = 151), and then tested whether those
effects remained when controlling for CPZeq.

Early illness schizophrenia, clinical high-risk, versus healthy
control study

Participants. ESZ (n=74; mean age=21.89+4.22 years, 66% male;
within 5 years of psychosis onset) and CHR-P (n=45; mean age=
20.34 £ 4.71 years, 53% male) were recruited from early psychosis clinical
programs at the University of California, San Francisco, and from
community referrals. HC (n=85; mean age =22.65+6.45 years, 60%
male) were recruited from the local community. Enroliment and exclusion
criteria for this sample are described in Supplementary Materials and
elsewhere [27].

Molecular Psychiatry (2022) 27:2448 - 2456
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Active Ketamine > Placebo Ketamine
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[ketamine ketamine - saline]. A anterior, L left. The color bar shows voxel-wise z-values. Coordinates (x, y, z) are reported in MNI space. Map is
thresholded using a voxel-wise cluster defining threshold of z> 3.29 (p < 0.001) and FWE-corrected cluster significance threshold of p < 0.05.

Neuroimaging data processing. After data denoising (using methods
described in Supplementary Materials), whole-brain rsfMRI connectivity
maps were generated for each participant in SPM8 using a bilateral
thalamus seed and expressed as Fisher r-to-z transformed correlation maps
[27]. Resulting thalamic connectivity maps were age-adjusted based on
age-relationships modeled in the HC group, yielding individual z-score
maps that expressed voxel values as deviations, in standard deviation
units, from the values expected for a HC of the same age [27].

Quantifying the similarity with ketamine-induced thalamic dysconnectivity.
Ketamine similarity coefficients were derived using the same procedures
described above for the Schizophrenia versus Healthy Control Study.
Resulting Fisher r-to-z similarity coefficients were compared across HC,
CHR-P, and ESZ using a two-way group x sex ANOVA model. Follow-up
analyses tested for pairwise group differences (FDR-adjusted), and whether
the mean similarity coefficient was significantly different from 0 within
each group.

Ketamine similarity coefficients versus clinical symptoms. For ESZ, we
calculated regression models between ketamine similarity coefficients and
the same symptom scores considered in the Schizophrenia versus Healthy
Control Study, including ESZ with at least mild severity (=2) on the global
rating for that symptom (Supplementary Table S2 contains participant
counts and distribution details). Symptom scores with skewed distributions
were square-root transformed. Symptom scores were regressed on
ketamine similarity coefficients and sex, testing initially for a similarity
coefficient x sex interaction, and dropping the interaction term if not
significant (to test the common slope). Following a significant interaction,
we tested the slopes separately in males and females. We FDR-adjusted
across the eight tests.

For CHR-P, we calculated regression models between ketamine similarity
coefficients with Positive, Negative, Disorganized, and General symptoms
measured using the Scale of Psychosis-risk Symptoms (SOPS [57]). We

Molecular Psychiatry (2022) 27:2448 - 2456

included sex and a similarity coefficient x sex term in each model, and
FDR-adjusted across the four tests. Supplementary Table S3 contains SOPS
distribution details.

Medication confound analyses. CPZeq were unrelated to ketamine
similarity coefficients in ESZ (mean =276.11+341.88 mg; Spearman'’s
rho = —0.07, p=0.57). CHR-P were not taking antipsychotic medication
at the time of the study.

RESULTS

Thalamic functional connectivity changes induced by
ketamine

Group-level maps illustrating regional connectivity with the
thalamus during placebo ketamine and active ketamine are shown
in Supplementary Fig. S3. Compared to placebo ketamine, active
ketamine produced hyper-connectivity between the thalamus and
seven non-contiguous clusters in motor, temporal, and occipital
cortices (Fig. 1 and Supplementary Table S4). Active ketamine
versus placebo ketamine comparisons for individual clusters are
shown in Supplementary Fig. S4. Conversely, no regions showed
greater thalamic connectivity on placebo ketamine relative to
active ketamine.

Effects of lamotrigine pre-treatment on ketamine-induced
connectivity changes

We assessed the effects of active lamotrigine versus placebo
lamotrigine pre-treatment on ketamine-induced thalamic dyscon-
nectivity within the seven regional clusters from the [active
ketamine - saline] > [placebo ketamine - saline] contrast.
Ketamine-induced hyper-connectivity appeared to be reduced

SPRINGER NATURE
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clusters. Boxplots showing distributions of participant-level connectivity means for each drug condition, for each significant cluster obtained
from the [active ketamine - saline] > [placebo ketamine - saline] contrast (voxel-z > 3.29, corrected cluster-p < 0.05); anatomical location
details for clusters 1 through 7 are found in Supplementary Table S4. PL placebo ketamine, Ket active ketamine, Lam active lamotrigine.
Asterisks reflect significance levels from follow-up two-sided pairwise tests (based on the corresponding repeated measures ANOVA for that

cluster). Uncorrected ***p < 0.001.

with lamotrigine pre-treatment, but these differences were not
significant (Fig. 2).

Comparison of ketamine-induced versus schizophrenia
thalamic dysconnectivity

The process of directly comparing the ketamine thalamic
dysconnectivity map with rsfMRI thalamic connectivity maps from
individual participants is illustrated in Fig. 3a, b.

As hypothesized, ketamine similarity coefficients were higher
and more positive among SZ compared to HC (t35; =834, p<
0.001, Cohen'’s d = 0.88; Fig. 3c). Follow-up analyses revealed that
similarity coefficients were, on average, greater than 0 for SZ (t3s,
=10.48, p <0.001), but did not differ from 0 for HC (t35, = —0.23,
p=0.82).

Ketamine similarity coefficients also differed across HC, CHR-P,
and ESZ (F,500=10.23, p<0.001; Fig. 3d). ESZ had higher and
more positive similarity coefficients compared to HC (ty00 = 4.46,
Padj < 0.001; Cohen’s d = 0.71). CHR-P fell intermediately between,
and showed trend-level differences from, ESZ (ty00 = —1.93, pagj =
0.06) and HC (200 = 1.86, pagj = 0.06). Similarity coefficients were,
on average, greater than 0 for ESZ (ty00 = 5.78, p < 0.001) and CHR-
P (tyo0=2.13, p=0.03), but not different from 0 for HC (ty00 =
—0.23, p =0.82). Similarity coefficients did not significantly differ
between CHR-P converters (n = 10) and non-converters followed
for at least 24 months (n = 18); although 70% of converters had a
similarity coefficient above the CHR-P group mean.

Ketamine similarity coefficients did not differ by sex in either
clinical data set (Supplementary Materials; Supplementary Fig. S6).

For reference, ketamine similarity coefficient distributions for
healthy males from the Ketamine - Lamotrigine Study are
presented alongside the two clinical data sets in Supplementary
Materials (Supplementary Fig. S7).
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Ketamine similarity coefficient correlations with clinical
symptoms

Greater similarity to the ketamine-dysconnectivity pattern was
associated with more severe Hallucination scores (8105 = 0.33, pag;
=0.005; Fig. 4), a relationship that persisted when tested within
the SZ subsample endorsing Hallucinations and taking antipsy-
chotic medication (Bgz = 0.27, p = 0.01), even after controlling for
CPZeq (Bs; =0.28, p=0.01). Conversely, similarity coefficients
were unrelated to Delusions, Thought Disorder, Bizarre Behavior,
or any negative symptoms (all p,q; > 0.70).

No significant sex differences in the relationship between
ketamine similarity coefficients and symptom scores emerged (all
Padj > 0.10). Common slope tests between similarity coefficients
and symptom scores were not significant for ESZ (all p,q; > 0.90) or
CHR-P (all p,q;> 0.30).

DISCUSSION

Thalamic dysconnectivity is a robust neurobiological feature of SZ
that is implicated in the development and presentation of
psychotic disorders [7-9, 25, 26]. Administration of the NMDAR
antagonist, ketamine, in healthy volunteers produced a thalamic
dysconnectivity pattern resembling aspects of the thalamic
dysconnectivity pattern seen in SZ [7]. Specifically, ketamine
produced thalamic hyper-connectivity with several cortical
sensory and motor regions similar to reports in SZ, but did not
reproduce the thalamo-frontal and thalamo-cerebellar hypo-
connectivities also observed in these reports [4, 5, 23, 24].
Ketamine-induced hyper-connectivity was not attenuated by pre-
treatment with lamotrigine. Subsequently, and for the first time,
we directly tested the relevance of the ketamine thalamic
dysconnectivity model as a basis for thalamic dysconnectivity in
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Fig. 3 Visualization of the method used to correlate the ketamine-induced thalamic dysconnectivity pattern with thalamic connectivity
in an independent data set of healthy control and schizophrenia participants. a The 3D group-level [active ketamine - saline] > [placebo
ketamine - saline] thalamic dysconnectivity z-statistic map (orange) was converted into a 1D vector. Each healthy control and schizophrenia
participant’s site- or age-corrected 3D thalamic dysconnectivity map (purple), in which voxel values were expressed as deviations from the
normative values expected from the respective healthy control group, was converted into a 1D vector, with the same orientation as the
ketamine-dysconnectivity map (to allow the two to be correlated). The color bars show voxel-wise z-values. b The [active ketamine - saline] >
[placebo ketamine - saline] thalamic dysconnectivity z-statistic map was correlated with individual thalamic dysconnectivity maps to obtain a
ketamine similarity coefficient for each healthy control and schizophrenia participant. ¢ Ketamine similarity coefficients were significantly higher
for individuals with schizophrenia relative to healthy controls; significance level (asterisks above the horizontal line) and Cohen's d are based on
an ANOVA comparing ketamine similarity coefficients across groups, controlling for sex and study site. Black horizontal lines represent within-
group means, and vertical asterisks reflect significance levels for within-group tests comparing the mean similarity coefficient value against 0
(two-sided). d Ketamine similarity coefficients were significantly higher for early illness schizophrenia participants relative to healthy controls and
those at clinical high-risk for psychosis; significance level (asterisks above the horizontal line) and Cohen’s d are based on an ANOVA model
comparing ketamine similarity coefficients across groups, controlling for sex. Black horizontal lines represent within-group means, and vertical
asterisks reflect significance levels for within-group tests comparing the mean similarity coefficient value against 0 (two-sided). Clinical high-risk
for psychosis participants who converted to a psychotic disorder within 24 months of study entry (n = 10) are highlighted in maroon. HC healthy
control participant, SZ schizophrenia participant, ESZ early illness schizophrenia participant, CHR-P clinical high-risk for psychosis participant.

hallucinations among more chronic SZ. Taken together, NMDAR
antagonism via ketamine produces thalamic hyper-connectivity
. that resembles aspects of thalamic pathology seen in SZ and that
N appears to be clinically meaningful.

- Thalamic connectivity changes induced by ketamine mirrored
some, but not all, of the thalamic dysconnectivity patterns
observed in SZ. That is, while thalamic connectivity to sensory
and motor areas was enhanced by ketamine, connectivity with the
prefrontal cortex and cerebellum was not reduced. This fits with
notions that thalamic hyper-connectivity with sensory and motor
regions is a particularly robust feature of SZ; for example, one
study found that, when examining functional connections across
the whole brain, hyper-connectivity of the thalamus with parietal,
temporal, and visuospatial cortex was most discriminative of SZ

SAPS Hallucination Scores (sqrt, resid)

! L s Lt [58]. Two recent studies similarly observed thalamic hyper- but not
gt “ hypo-connectivity following ketamine administration [14, 16]. It is

: : N possible that only certain aspects of SZ thalamic dysfunction can

.y ) 00 02 oa be modeled via NMDAR blockade [16]. Alternatively, failures to

detect thalamic hypo-connectivity with the prefrontal cortex and
cerebellum (reported in SZ studies [6, 23, 24]) may be the result of
acute rather than chronic ketamine dosing protocols. Ethical
constraints prevent sub-chronic ketamine dosing in human
experimental studies, limiting our understanding of chronic
ketamine effects to naturalistic studies [31]. Chronic ketamine
abuse can induce a clinical syndrome that is more severe, and

Ketamine Similarity Coefficents (r-to-z, resid)

Fig. 4 Relationships between ketamine similarity coefficients
with clinical symptom ratings among schizophrenia participants.
Relationship between SAPS Hallucination scores with ketamine
similarity coefficients, controlling for the effects of sex and study
site. SAPS Scale for the Assessment of Positive Symptoms, sqrt

square-root, resid residualized.

SZ. The ketamine pattern was more like thalamic connectivity
patterns seen in SZ than HC, with an intermediate relationship for
CHR-P (relative to ESZ and a younger HC sample). Greater
similarity to the ketamine pattern correlated with more severe
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more SZ-like, than the transient syndrome induced by acute doses
[59]. For instance, chronic ketamine abusers exhibited reduced
connectivity between the thalamus and prefrontal cortex relative
to drug-free controls [60]; interestingly, this study also found
thalamic hypo-connectivity with motor and parietal cortices,
contrasting the hyper-connectivity induced by acute ketamine
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administration. Thus, longer-term NMDAR antagonism may drive
thalamic hypo-, but not hyper-, connectivity.

In our study, ketamine-induced hyper-connectivity was not
significantly reduced with lamotrigine pre-treatment. Lamotrigine
is a sodium channel blocker that decreases glutamate release [61],
and has been used to assess whether ketamine’s effects are
mediated by downstream hyperglutmatergia [44]. Earlier studies
found that lamotrigine pre-treatment attenuated ketamine-
induced changes in the blood oxygenation level-dependent signal
[62, 63] and some measures of functional connectivity [64] (but
not others [17]). Our results could indicate that ketamine-induced
thalamic hyper-connectivity is directly due to NMDAR antagonism
as opposed to a more “downstream” increase in glutamate release
[35]. That is, NMDAR antagonism by ketamine may increase the
synchrony of neuronal firing across different brain regions but not
necessarily increase the excitation level of the neuronal assemblies
in those brain regions. Alternatively, ketamine may exert its effects
by reducing the activation of somatostatin interneurons, which in
turn, disinhibit fast-spiking parvalbumin GABAergic interneurons
and increase resting gamma oscillations [32]; the resulting hyper-
connectivity from parvalbumin neuro-dependent disinhibition is
not driven by increased glutamate release, and consequently,
would not be blocked by lamotrigine. Another possibility is that
the lamotrigine dose was too small to overcome ketamine’s
effects; while we did not have lamotrigine blood levels available to
correlate with rsfMRI data, the failure to detect any significant
effect of active lamotrigine versus placebo lamotrigine during
saline infusion is consistent with an insufficient lamotrigine dose
(see Supplementary Materials). Future research is needed to clarify
how glutamate release contributes to ketamine-induced thalamic
dysconnectivity.

A novel feature of our study is that we used ketamine-induced
thalamic dysconnectivity to directly model thalamic dysconnec-
tivity in SZ. When applied to an independent data set, ketamine
thalamic dysconnectivity was more similar to thalamic connectiv-
ity exhibited by SZ than HC, a comparison yielding a relatively
large effect size. A slightly smaller effect was observed in a
separate sample of ESZ and HC, suggesting that similarity to the
ketamine thalamic dysconnectivity pattern is present early in the
SZ course and does not increase with illness chronicity. Nor is it
accounted for by antipsychotic medication status or dose in these
SZ samples. Ketamine thalamic dysconnectivity was marginally
more similar to the patterns exhibited by CHR-P than HC,
suggesting that NMDAR hypofunction-mediated thalamic dyscon-
nectivity may predate psychosis onset, at least in some CHR-P.
While greater similarity to the ketamine pattern did not
differentiate future CHR-P converters from non-converters, this
comparison was too underpowered to yield a definitive conclu-
sion. In any case, ESZ showed marginally greater similarity to the
ketamine pattern than CHR-P, suggesting that this similarity may
intensify following SZ onset, and/or that it may be more evident in
CHR-P who later transition to SZ.

In terms of symptom correlations, the greater the similarity
between ketamine thalamic dysconnectivity and SZ dysconnec-
tivity, the greater the hallucination severity in chronic SZ. This
relationship was not present in ESZ, which had approximately one
quarter the power to detect equivalent magnitude correlations;
null symptom correlations among ESZ and CHR-P could relate to
the less chronic and younger natures of those samples.

The thalamus coordinates and regulates information transfer
through the cortex [65]. Excess connectivity could reflect an
overabundance of incoming sensory information and/or a failure
to regulate sensory information [66], giving rise to perceptual
disturbances, like hallucinations. Our results add to previous findings
from this sample that linked thalamus and temporal gyrus hyper-
connectivity with greater hallucinatory behavior [23], and point to
NMDAR hypofunction as a possible explanatory mechanism. Overlap
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with ketamine-induced thalamic dysconnectivity (principally sensory
and motor hyper-connectivity) was unrelated to negative symptom
severity. This is somewhat inconsistent with prior SZ studies that
linked thalamo-sensory and thalamo-motor hyper-connectivity to
negative symptoms [4, 67]. However, we correlated negative
symptoms with ketamine similarity coefficients, producing one
coefficient value per participant; this is fundamentally different from
the voxel-wise correlation approach conducted in prior studies
[4, 67]. Moreover, the acute negative symptoms induced by
ketamine may only be superficially similar to the chronic negative
symptoms associated with SZ [28].

Limitations

First, the sample size for the ketamine study was relatively small,
although the within-participant design provided sufficient power
to detect significant effects. Second, to avoid risks of administering
drugs during pregnancy, and to minimize influences of hormonal
variation, females were excluded from the ketamine study; this
limits the generalizability of our results. Third, while the ketamine
sample was exclusively male, our clinical data sets included males
and females. While larger ketamine similarity coefficients might be
expected for males relative to females based on this, no such sex
effects were observed: in both clinical data sets, and irrespective of
diagnostic group, males and females did not significantly differ in
their similarity coefficients (Supplementary Materials). Fourth, our
ketamine template was derived from task-regressed data (versus
the continuous rsfMRI data in our clinical data sets). The validity of
cross-correlating task-regressed and continuous rsfMRI is sup-
ported by studies showing at least moderate correlations between
these data types that are not much smaller than the test-retest
reliabilities of true rsfMRI connectivity maps with themselves [68].
Moreover, differences between the approaches equally impacted
all participants, so group differences could not be spuriously driven
by attenuated correspondence between the two types of rsfMRI
data. Finally, we found a small, but significant correlation between
ketamine similarity coefficients and antipsychotic medication
dosage in chronic SZ; thus, we cannot dismiss the possibility that
medication influenced our between-group comparisons. However,
we observed comparable group differences when comparing the
early illness sample with less medication exposure for whom
antipsychotic dosage was unrelated to similarity coefficients (and
observed trend-level differences for CHR-P who were not taking
medication).

CONCLUSIONS

Using ketamine as a pharmacological probe, the current study
presents compelling qualitative and quantitative evidence for a
model of thalamic dysfunction in SZ arising from deficits in
NMDAR signaling. These findings inform our understanding of the
neurobiology, clinical features, and treatment of SZ. More broadly,
this study illustrates the scientific value of using pharmacological
probes to generate rsfMRI maps of specific neurotransmitter or
receptor effects that in turn, can be used to investigate the
pathophysiology of psychiatric conditions.

DATA AVAILABILITY

The unthresholded group-level ketamine template, i.e., [active ketamine — saline] >
[placebo ketamine - saline] contrast map, is publicly available on NeuroVault (https://
neurovault.org/collections/12212/).
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