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Neuroimaging glutamatergic
mechanisms differentiating
antipsychotic treatment-response

Elias D. Mouchlianitis®%#*, Lucy D. Vanes?, Derek K. Tracy*“", Anne-Katherin Fett'*,
Daniel Joyce'® & Sukhi S. Shergill*’

Glutamatergic dysfunction is associated with failure to respond to antipsychotic medication in
individuals with schizophrenia. Our objective was to combine neurochemical and functional brain
imaging methods to investigate glutamatergic dysfunction and reward processing in such individuals
compared with those with treatment responsive schizophrenia, and healthy controls. 60 participants
played a trust task, while undergoing functional magnetic resonance imaging: 21 classified as having
treatment-resistant schizophrenia, 21 patients with treatment-responsive schizophrenia, and 18
healthy controls. Proton magnetic resonance spectroscopy was also acquired to measure glutamate
in the anterior cingulate cortex. Compared to controls, treatment responsive and treatment-resistant
participants showed reduced investments during the trust task. For treatment-resistant individuals,
glutamate levels in the anterior cingulate cortex were associated with signal decreases in the right
dorsolateral prefrontal cortex when compared to those treatment-responsive, and with bilateral
dorsolateral prefrontal cortex and left parietal association cortex when compared to controls.
Treatment-responsive participants showed significant signal decreases in the anterior caudate
compared to the other two groups. Our results provide evidence that glutamatergic differences
differentiate treatment resistant and responsive schizophrenia. The differentiation of cortical and sub-
cortical reward learning substrates has potential diagnostic value. Future novel interventions might
therapeutically target neurotransmitters affecting the cortical substrates of the reward network.

Excess striatal dopamine is a hallmark of psychotic illnesses. The aberrant salience model! postulates that this
results in imprecise encoding, reward processing deficits, and attribution errors without appropriate contextual
relevance. Clinically, this leads to the development of delusions to explain such associations. This is attenuated
by antipsychotic medications? whose effectiveness is due to antagonistic binding to post-synaptic D2 receptors®.
However, approximately 30% show few or no gains from currently available treatments*. Data from dopamine
depletion and positron emission tomography (PET) studies show that some individuals with refractory illness
can have normal dopaminergic functioning®?$, which may explain their medication failure. Rather, a primar-
ily glutamatergic dysfunction may be underpinning symptomatology, as evidenced by recent proton magnetic
resonance spectroscopy (1H-MRS) studies that report elevated anterior cingulate cortex (ACC) glutamate levels
in both first-episode and chronic illness individuals. Further, work by our group has shown significant gluta-
matergic differences between treatment resistant and non-treatment resistant individuals with schizophrenia®.
However, any clear link between glutamatergic dysfunction and antipsychotic treatment-resistance has hitherto
not been neurobiologically demonstrated.

Striatal processing deficits leading to the development of psychosis might be perturbed by multiple pathways,
not exclusively dopaminergic. The human reward network and optimal learning performance is predicated on
intact functioning and interaction of both cortical and sub-cortical nodes'®!!. Such cortical substrates are densely
populated by interneurons innervated by N-methyl-D-aspartate receptors (NMDAR)'2. Complex reward encod-
ing and learning processes—especially under a social interaction context to infer motivational salience—require
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the integration of reward and sensory information within the ACC, dorsolateral prefrontal cortex (DLPFC) and
parietal association cortex (PAC) (10).

Taking the above together, we hypothesized that for treatment-resistant individuals, symptomatology is pri-
marily driven by reward processing deficits stemming from glutamatergic dysfunction in key cortical substrates
involved in reward processing. To investigate this, we investigated reward processing, tested through a social
reward learning task, using a multi-modal brain imaging approach by combining functional magnetic resonance
imaging (fMRI) and proton magnetic resonance spectroscopy (1H-MRS) to measure glutamate levels from the
ACC. The ACC was selected based on previous evidence for elevated glutamate levels in a sample of chronic
treatment-resistant patients’. We hypothesised that in treatment-resistant individuals glutamate would modulate
reward processing cortical substrates, whereas those who were treatment-responsive would have an associated
aberrant reward signaling in the striatum.

Patients and methods

Participants. We recruited 42 patients with an existing diagnosis of schizophrenia (based on ICD-10 1992
criteria) from the South London and Maudsley (SLaM) National Health Service (NHS) Trust. Patients were
recruited via liaison with the responsible care coordinators in the Trust. 18 healthy controls were recruited via
local advertising in the same area of South London. Recruitment took place between January 2015 and May 2016
and study assessments were conducted by a trained member of the research team (LDV). The patient cohort
included 21 who were treatment-resistant, defined as having at least two prior drug trials of 4-6 weeks duration
with no clinical improvement, persistence of illness for longer than five years with no period of good social or
occupational functioning, and persistent psychotic symptoms as defined as a score of at least 4 (moderate) on
at least two positive symptom items of the Positive and Negative Syndrome Scale (PANSS'®). The remaining 21
patients fulfilled criteria for being in symptomatic remission, as defined by a score of 3 or less on all items of the
PANSS™ and these symptoms having been stable for at least 6 months'>.The two patient groups did not differ in
regard to age, sex, duration of illness, and antipsychotic dosage (Table 1). Current clozapine use was an exclusion
criterion for all patients, as it has been shown to attenuate glutamate levels in treatment-resistant schizophrenia
patients’®.

Intelligence quotient was measured with the two-item Wechsler Abbreviated Scale of Intelligence (WASI).
We did not have an explicit criterion for intellectual ability; however, all participants had an IQ > 75 as assessed
by the WASI. Chlorpromazine (CPZ) equivalent doses of medications were calculated using conversion tables!’.
Exclusion criteria for all subjects were a history of neurological illness, current major physical illness, and drug
dependency over the last six months. Exclusion criteria for healthy controls were a history of psychiatric illness
and a first-degree relative having suffered from a psychotic illness. All subjects had normal hearing and normal
or corrected-to-normal vision. Ethical approval was provided by the London Camberwell St Giles Research
and Ethics Committee. All participants provided informed written consent and were compensated for their
time and travel. The present research, and all methods contained within, was conducted in accordance with the
Declaration of Helsinki.

Controls Responsive Resistant
(n=18) (n=21) (n=21) Group statistics
M SD | M SD | M SD |42 P
Male/female 12/6 14/6 14/6 1.18 .555
Smokers (%) 24 67 62 13.0 <.001
F(2,57) |P
Age 40.6 94 |41.3 104 | 415 10.6 | 0.26 77
WASI 114.6 | 12.1 |91.86 14.8 |97.1 164 | 16.8 <.001
NS-SEC 3.05 1.52 | 3.74 1.88 | 3.39 1.76 | 0.42 .61
1(40) P
Onset age (years) 27.7 6.2 |26.0 7.7 10.80 431
Illness duration (years) 14.1 10.1 | 155 8.8 |0.46 .650
CPZ equivalents 280.3 | 147.1 |383.5 |236.5 |1.67 .103
PANSS score
Positive symptoms 10.7 2.1 |20.5 3.1 | 12.10 <.001
Negative symptoms 13.1 46 |195 4.6 |4.08 <.001
General symptoms 23.6 51 | 349 9.2 | 591 <.001
Total score 46.9 10.3 | 76.2 10.6 |9.14 <.001

Table 1. Means (M) and standard deviations (SD) of demographic and clinical variables per group: WASI,
Wechsler Abbreviated Scale of Intelligence; NS-SEC, National Statistics Socio-economic Classification; CPZ,
Chlorpromazine; PANSS, Positive and Negative Symptom Scale.
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fMRI task. The trust game was a modified version of a previous multi-round trust game'®, as described in
Gromman et al."’ (Fig. 1). In the present study participants only played role of the investor in the cooperative ver-
sion of the game, and were explicitly informed that they would be playing with a computer, deciding the amount
of money, (£1-10), to share with it. The repayment percentage was calculated probabilistically based on current
and previous investment. Ideally, participants would maximise their returns by identifying the cooperative play-
ing style of the player and develop trust. This form of implicit reward learning involves both decision making
and risk calculation, while it engages both striatal and cortical substrates of the reward processing network®.

Analysis of demographic, clinical, and behavioural data. Demographic, clinical and behavioural
data were analysed using a %, one-way analysis of variance (ANOVA; P<0.05) and two-sample t-tests (two-
tailed, P <0.05) as appropriate. Behavioural data were analysed in terms of investment for the first trial and mean
investment across all 20 experimental trials.

fMRI analysis. FMRI data processing was carried out using a general linear model as implemented in FEAT
(FMRI Expert Analysis Tool) Version 6.00, part of FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl).
Functional and structural brain images were extracted from non-brain tissue using FSLs brain extraction tool
(BET), and EPI images were realigned using MCFLIRT to correct effects of head motion. A 100-s temporal high-
pass filter was applied, and data were spatially smoothed using a Gaussian kernel of 6 mm FWHM.

For the first-level analysis, the investment and repayment phases of the real and control trials of the task were
modelled separately. Each regressor was modelled with a delta function of zero duration and convolved with a
canonical haemodynamic response function and its temporal derivative. Six standard motion parameters as well
as a motion artefact confound matrix, which identified motion-corrupted volumes, were added as regressors of no
interest. Volumes detected as corrupted were calculated by DVARS metric?!, as implemented by FSL Motion Out-
liers in FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLMotionOutliers). Contrasts of interest for each subject were
created by comparing mean BOLD signal of investment and repayment trials to their respective control trials.

IH'MRS acquisition. All scans were acquired on a General Electric (Milwaukee, Wisconsin) 3 Tesla
HDx magnetic resonance system as detailed previously (Egerton et al. 2012). '"H-MRS spectra (PRESS—Point
RESolved Spectroscopy; TE=30 ms; Tr=3000 ms; 96 averages) were acquired using the standard GE PROBE
(proton brain examination) sequence, which uses a standardized chemically selective suppression water sup-
pression routine. Shimming was optimized, with auto-prescan performed twice before each scan. An initial
localizer scan was followed by acquisition of structural images, including an axial 2D T2-weighted fast spin
echo scan and an axial fast fluid-attenuated inversion recovery scan. The anterior cingulate cortex voxel was
prescribed from the midline sagittal localizer, with the centre of the 20 x 20 x 20 mm voxel placed 13 mm above
the genu of corpus callosum perpendicular to the AC-PC line.

IH'MRS quantification and analysis. Data were analyzed using LCModel version 6.32 (http://s-prove
ncher.com/lcmodel.shtml). A standard basis set of 16 metabolites was used (comprising L-alanine, aspartate,
creatine, phosphocreatine, GABA, glucose, glutamine, glutamate, glycerophosphocholine, glycine, myoinositol,
L-lactate, N-acetyl aspartate, N-acetylaspartylglutamate, phosphocholine, taurine), including simulated lipids
and macromolecules as part of LCModel basis set that was acquired with the same field strength (3 T), localiza-
tion sequence (PRESS) and echo time. Model metabolites and concentrations employed in the basis set are fully
detailed in the LCModel manual (http://www.s-provencher.com/pub/LCModel/manual/manual.pdf). Metabo-
lite concentration estimates were expressed in ratio to total creatine (Cr) which is calculated as Cr plus phospho-
creatine (PCr) within LCModel. NAA was expressed as N-acetyl aspartate plus N-acetylaspartylglutamate, and
choline as glycerylphosphorylcholine plus phosphocholine. Only metabolite concentration estimates associated
with Cramer-Rao lower bounds (CRLB) <20% as reported by LCModel were included in the analysis. Addition-
ally signal-to-noise ratio (S/N) 2 10 and linewidth of FWHM < 0.1 ppm was required for inclusion.

Region of interest analysis. Given previous evidence for normal striatal dopaminergic function in treat-
ment-resistant patients’, we investigated whether striatal BOLD signaling would differ between the three groups
during the trust task. We defined a priori the striatal region of interest (ROI) using a 6 mm radius sphere around

Invest Invest Invested  Partner Responding Partner’'s Response Totals
£10.00 £5.00 £7.50 £750  £1250  £7.50
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Retumed Kept You Potner
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Figure 1. Experimental set-up of a trust game round.
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a peak coordinate [MNI: x= +12, y=12, z=4; Fig. 4A] taken from a previous study using the same task, that
showed a reduction in caudate activation during the investment phase in stable schizophrenia patients".

Integration of fMRI and *H-MRS data. The relationship between the BOLD signal to investment and
repayment trials and Glu/Cr levels in the ACC was investigated by entering the individual Glu/Cr values as
covariates in an analysis of variance design with the fMRI contrast images (investment vs control; repayment
vs control). Glutamate x BOLD signal interactions were first partitioned by each group (treatment-resistant;
treatment-responsive; controls) and then group x glutamate x BOLD signal interactions were assessed within the
same design matrix by performing mixed-model analysis as implemented in FSL (FLAMEI1 +2) with automatic
outlier de-weighting. IQ, medication dose and illness duration were included as nuisance covariates. Group
contrast statistic images were thresholded using clusters determined by Z>3.1 and a whole-brain corrected
cluster significance threshold of P =0.05. For completeness, using the same threshold, we conducted whole-brain
analyses on the main effects of task (investment and repayment trials) and the main effect of group (treatment-
resistant vs treatment-responsive vs healthy controls) without including glutamate as a covariate.

Results
Data availability. The datasets used and/or analysed during the current study available from the corre-

sponding author, Dr Elias Mouchlianitis, on reasonable request. The full dataset contain data that are still unpub-
lished.

Behavioural and 1H-MRS analysis. Analysis of the behavioral results showed that there were no dif-
ferences between the groups in the initial investment (Ps>0.4). There was a significant difference between the
groups in mean investment across the 20 rounds of the game, F(2,57) =3.16, P<0.05 (see Table 2). Compared to
controls, both schizophrenia groups showed significant reductions in mean investment: treatment-responsive
versus controls [T(37)=2.77, P<0.01, d=0.91]; treatment-resistant vs controls [T(37)=2.11, P<0.05, d=0.69],
while the patient groups did not differ from each other [T(40) =0.97, P>0.3, d=0.31]. There were no differences
in glutamate levels between the groups or in any other metabolites, all Ps>0.2.

Group effects of BOLD x glutamate interaction: treatment-resistant vs treatment-respon-
sive. During the investment phase ACC glutamate levels in treatment-resistant patients significantly
modulated activation in a right dorsolateral prefrontal cortex (DLPFC) cluster, corresponding to Brodmann
Area 8 (BAS8), compared to treatment responsive patients [MNI: x =44, y=14, z=36, Z-score=5.4, P<0.001,
whole-brain correction; Fig. 2A]; higher glutamate values were associated with signal decreases in this cluster
[R=-0.87, P<0.001; Fig. 2B]. Mean signal from this cluster was significantly reduced for treatment-resistant
patients compared to the control group [T(37) =2.12, P<0.05, two-tailed], reflecting a large effect size of d=0.7
(Fig. 2C). The difference between treatment-resistant and treatment-responsive patients was not statistically
significant, [T(40)=1.33, P=0.18], however, had a medium effect size of d=0.42. No significant differences
were found when comparing treatment-responsive patients and control participants [T(37)=0.5, P=0.6, effect
size=0.16). In terms of association with symptoms, signal reduction from this region correlated significantly
with the severity of negative symptoms for treatment-resistant patients [R=-0.47, P<0.05], while no associa-
tion was found for treatment-responsive patients [R=-0.13, P>0.2; Fig. 2D].

Group effects of BOLD x glutamate interaction: treatment-resistant vs controls. When treat-
ment-resistant patients were directly compared to control participants, differential glutamatergic modulation
was found in left DLPFC, corresponding to left Brodmann Area 8 [MNI: x=-28, y=30, z=52, Z-score =6.44,
P <0.001; Fig. 3A], right DLPFC, corresponding to right BA8 [MNI: x=40, y=12, z=56, Z-score =6.05, P <0.05;
Fig. 3F], and left lateral parietal association cortex (PAC) corresponding to BA39-BA40 [MNI: x=-52, y=-62,
z=32, Z-score=5.81, P <0.05; Fig. 3A). Increases in glutamate were associated with decreased activation across
all regions in treatment-resistant patients; with increased activation in controls; and no change in treatment-
responsive patients (Fig. 3B,C,G). When testing for group differences in mean activation within these clusters,

Controls Responsive | Resistant
(n=18) (n=21) (n=21)

M SO (M SO M SD
Initial investment 6.55 | 2.9 6.61 | 1.93| 591 | 2.67
Mean investment 7.41|1.71 648 | 149 | 6.72| 1.62

Glutamate/Cr 1.29 ] 0.13 1.33| 017 | 1.32| 0.14
Glx/Cr 1.72 1 0.27 171 031| 1.76 | 0.32
NAA/Cr 1.25|0.07 125| 011| 1.12| 0.13
Choline/Cr 0.25| 0.04 0.26 | 0.04| 0.26 | 0.02

Myo-inositol/Cr 406 |94 413 | 104 |41.5 |10.6

Table 2. Means (M) and standard deviations (SD) of initial investment, mean investment and 1H-MRS
metabolite levels per group: Cr, creatine; Glx, glutamate plus glutamine; NAA, N-acetylaspartate.
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Figure 2. Glutamate interactions with BOLD signal from the resistant vs responsive contrast. (A) Right
DLPEFC cluster where the interaction between BOLD signal and glutamate during the investment phase was
different between treatment-resistant and treatment-responsive patients, P <0.001, whole brain-brain corrected
(n=702 voxels). (B) Association between BOLD signal extracted from cluster shown in panel A and glutamate
to creatine ratio per group during investment. (C) Mean BOLD signal for per group from rDLPFC cluster,
error bars represent standard error of mean. (D) Association between PANSS Negative and BOLD signal from
rDLFPC. *Two-sample t-test, two-tailed, P <0.05.

treatment-resistant patients showed reduced signal compared to controls in the left PAC (Fig. 3E), while no dif-
ferences were found in the DLPFC regions, Ps> 0.3 (Fig. 3D,H).

Group effects of BOLD x glutamate interaction: treatment-responsive versus controls. No
differences were found when directly comparing treatment-responsive patients with controls.

Striatal region of interest analysis. For the investment phase, treatment-responsive patients showed
reduced caudate activations compared to control participants [T(37)=2.05, P <0.05, d=0.67], and borderline
significant reductions compared to treatment-resistant patients [7(40)=1.9, P=0.06, d=0.6] (Fig. 4B). There
was no difference between treatment-resistant patients and control participants [T(37)=0.13, P>0.5, d=0.04].
No statistically significant differences were found for the repayment phase (Fig. 4C). For treatment-responsive
patients, there was a significant correlation between striatal signal reductions and severity of positive symp-
toms during the repayment phase [R=-0.45, P<0.05], while no association was found for treatment-resistant
patients [R=-0.01, P=0.7; Fig. 4D].

Whole-brain fMRI effects. There were no significant main effects of group for either investment or
repayment trials. The main effect of task in investment trials showed large bilateral prefrontal and premotor
cortex clusters within Brodmann Areas 8 and 9 [k=1328, Z-score=9.70, MNI: x=—54, y=4, z=36; k=1328,
Z-score=5.57, MNI: x=-48, y=20 z=26] as well as left occipital cluster within Brodmann Area 18 [k=1099,
Z-score=5.83, MNI: x=-10, y=-94, z=-10]. For the main effect of repayment trials there was a signifi-
cant cluster extending from prefrontal and inferior frontal cortex within Brodmann Areas 8 and 44 [k=444,
Z-score=4.90, MNI: x=-48, y=10, z=32].

Receiver operating characteristic curves analysis. As an exploratory analysis, we investigated the
discriminative ability of the differential effects we found between treatment-resistant and treatment-responsive
patients. We used as predictors ACC glutamate values, rDLPFC contrast estimates from the BOLD x glutamate
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Figure 3. Glutamate interactions with BOLD signal from the resistant vs controls contrast. (A) Whole-

brain corrected cluster for left DLPFC (P <0.005, n=1050 voxels) and PAC (P <0.05, n=726 voxels) where

the interaction between BOLD signal and glutamate during the investment phase (n =20 trials) was different
between treatment-resistant and controls. (B) Association between BOLD signal extracted from IDLFPC cluster
and glutamate per group during investment trials. (C) Association between BOLD signal extracted from PAC
cluster and glutamate to creatine ration per group during investment trials. (D) Mean BOLD signal per group
from IDLPFC cluster, error bars represent standard error of mean. (E) as in (D) for the left PAC cluster. (F) As in
(A) for the right DLFPC cluster (P <0.05, n=_801 voxels). (G, H) As in (B) and (D) for the rDLPFC cluster mean
BOLD signal per group from rDLPFC cluster.

patient group contrast and the caudate contrast estimates (shown Fig. 3A). Then we entered them in a logistic
regression model to estimate binary probabilities of corresponding to treatment-resistant and treatment-respon-
sive patients. Finally, the probability estimates from the logistic regression were used to compute the ROC curve.
We found that these variables were associated with an area under the curve of 0.72, with an optimal operat-
ing point of 72% sensitivity and 77% specificity in differentiating treatment-resistant and treatment-responsive
patients.

Discussion
Our results provide insights for a plausible mechanism of why symptoms might be persistent in refractory
patients despite apparently adequate antipsychotic medication treatment. In such individuals, glutamate spe-
cifically modulates processing in cortical substrates of the reward network, such as the DLFPC and PAC. These
two regions play a key role in directing attention towards potentially rewarding events, monitoring reward
expectations and updating the history of reward outcome, primarily through top-down NMDA signaling®*?*.
As glutamatergic indices measured by 1H-MRS are associated with NMDAR function?, this suggests a pre-
dominating NMDAR dysfunction in the DLPFC and PAC for those not responding to treatment. Notably, these
differences appear to be quite robust, as they are revealed without an a priori regions of interest definition. We
also found that in treatment-resistant individuals, glutamatergically modulated DLPFC activation was associ-
ated with greater rates of negative symptoms. This is consistent with evidence of poor antipsychotic response
being associated with increased prodromal negative symptomatology®® and severe premorbid impairments in
cognition and function?®?’.

We found that treatment-responsive individuals show a reward processing dysfunction in the caudate, which
was also associated with the severity of their positive symptoms. These results are consistent with a predomi-
nantly striatal dopaminergic dysfunction in patients who are responsive to antipsychotic medication. Caudate
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Figure 4. Anterior caudate mean signal per group and association with symptoms. (A) Red circles represent
bilateral anterior caudate region of interest. (B) Mean BOLD signal per group from anterior caudate region of
interest for the investment phase. (C) Mean BOLD signal per group from anterior caudate region of interest for
the repayment phase. (D) Association between PANSS Positive and BOLD signal from anterior caudate region
of interest. *Two-sample t-test, two-tailed, P <0.05.

activation has been found to increase with more generous repayments in healthy participants'®, while people with
schizophrenia typically show significant signal reductions during repayments compared to healthy controls'*?—
presumably modulated by dopaminergic dysfunction. Furthermore, we show that chronic treatment-resistant
participants appear to have normal striatal reward signaling, consistent with previous evidence for normal
dopaminergic function in treatment-resistant individuals (e.g.”). Notably, the activation pattern we found for
the three groups mirrors that of presynaptic dopamine synthesis capacity reported in Demjaha et al.” for whole
striatum and its subdivisions. Putatively, the signal decreases we observe for responsive patients in the task we
used could be probing reward processing modulated by dopaminergic function. If so, it also corroborates the
notion of non-dopaminergic deficits in treatment-resistant patients.

Notably, there were no significant differences between groups in ACC glutamate, despite previous evidence
for elevated glutamate in chronic treatment-resistant patients®. In addition, no whole-brain BOLD signal group
differences were found for either investment or repayment trials. However, our results show strong interactions
between Glu/Cr and BOLD signal that highlight the strength of multimodal imaging in investigating antip-
sychotic treatment response. The integration of neurochemical and functional imaging modalities revealed
highly significant associations between glutamate and reward processing differentially in treatment resistant and
treatment-responsive patients, even in the absence of group differences in each modality separately.

Taken together, our data reveal a plausible neurobiological mechanism underpinning a non-dopaminergic,
but rather primarily glutamatergic dysfunction, which modulates aberrant reward processing in treatment-
resistant patients. Optimal reward processing and learning is predicated by the intact function of both subcortical
substrates, such as the striatum and the amygdala, but also cortical substrates, such as prefrontal and parietal
cortex'*732, Our results suggest that treatment-responsive individuals have a primarily dopaminergic dysfunc-
tion that results in aberrant reward processing, and it is attenuated by dopamine antagonists. Those who are
treatment-resistant appear to have a primarily glutamatergic dysfunction that modulates key cortical nodes of the
reward system. Dopamine antagonist antipsychotic drugs do not directly normalize aberrant reward processing
in these regions or can have a small bottom-up effect given the direct connectivity the striatum with the prefrontal
and parietal cortex. This may explain why some treatment-resistant patients can report a transient attenuation
of their symptoms with the initial instigation of medication. However, as aberrant reward processing in treat-
ment-resistant patients is not primarily caused by dopaminergic dysfunction, in the longer-term, dopaminergic
antipsychotic medication fails to normalize glutamatergic dysfunction and correct reward processing deficits.
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The mechanism we describe provides a possible explanation for the increased efficacy of clozapine, including
in those previously determined to be refractory to treatment. Clozapine shows only moderate affinity to striatal
D2 receptors®, but increased binding in a number of non-dopaminergic receptor sites and prominently binds to
NMDAR?. 1t also shows specificity over haloperidol in modulating partial NMDA agonists glycine and serine®
which are perturbed in treatment-resistant patients***’. Thus, a potentially mechanism of action is that it normal-
izes glutamatergic/NMDAR function and corrects aberrant reward signaling. Indeed, recent evidence suggests
that clozapine attenuates glutamate in treatment-resistant patients (McQueen et al., 2021). This study, however,
did not measure BOLD responses in reward processing in association with glutamatergic changes induced by
clozapine, which needs to be addressed by future research.

The findings of the present study provide evidence for the relevance of NMDA/glutamate models of schizo-
phrenia specifically to antipsychotic treatment-resistance. Current models postulate complex dopamine-gluta-
mate interactions to explain excessive striatal dopamine levels, with no apparent consensus in the primacy of
one system over the others®***. However, these cannot account for the development and persistence of psychotic
symptoms in treatment-resistant individuals assuming normal dopamine levels. Our results show that reward
processing can be disrupted by a glutamatergic modulation of key cortical substrates of the reward network
(primarily through the DLPFC and PAC), without any apparent aberrant striatal signaling. This raises the need
for updated pharmacological models of schizophrenia where psychosis can arise from causes not directly linked
to abnormal dopaminergic function.

In terms of limitations, the cross-sectional design could not determine causal relationships and timing in the
differentiation of cortical and sub-cortical reward substrates in treatment-resistant and treatment-responsive
individuals. This question could be potentially resolved with a prospective design, measuring these effects in
medication-naive clinical populations, and repeating such measurements if and when treatment resistance has
been determined. Our results show that glutamatergic modulation of aberrant reward processing appears to be a
stable neurobiological trait for chronically-unwell treatment-resistant individuals. 1H-MRS glutamate measures
are not a direct index of NMDAR function. Direct imaging of NMDAR (but also other glutamate receptors that
can be implicated®) is challenging and appropriate methods are still largely under development. A recent study
provided evidence for NMDAR hypofunction in the hippocampus for first-episode schizophrenia patients*.
Once NMDAR imaging is further established can provide more accurate indexes of glutamatergic neurotransmis-
sion that will further elucidate its role in psychosis and treatment-response. One potential confound is a selection
bias given the compensation for participation in the study, given the important role of both impaired reward
processing and poorer socio-economic circumstances experienced by patients. However, within the study, the key
comparisons between patients should not be influenced by this and indeed the healthy volunteer group are from
the same community as the patients, matching broader macro socio-economic factors. Finally, the discriminant
analysis we conducted had a relatively small sample size to allow for further analysis on the predictive value of the
variables we used. Nevertheless, it demonstrated that aberrant reward processing in dissociable neural substrates
can have potential diagnostic use. However, it requires future validation with an independent sample, as well as
further testing of the classifier in first-episode patients to predict their response.

In conclusion, our data show that individuals with schizophrenia show variability in the neurochemical per-
turbations that contribute to the reward processing deficits, and that these can differentiate treatment-resistant
from non-treatment-resistant individuals. What causally determines this is yet to be established, and an inter-
playing multitude of genetic, neurodevelopmental, behavioral and environmental factors can be put forward*"*2.

Data availability
The primary data are available for further scrutiny and analysis as required.

Received: 27 February 2022; Accepted: 19 December 2022
Published online: 02 June 2023

References
1. Kapur, S., Mizrahi, R. & Li, M. From dopamine to salience to psychosis—Linking biology, pharmacology and phenomenology of
psychosis. Schizophr. Res. 79, 59-68 (2005).
2. McGuire, P., Howes, O. D,, Stone, J. & Fusar-Poli, P. Functional neuroimaging in schizophrenia: Diagnosis and drug discovery.
Trends Pharmacol. Sci. 29, 91-98 (2008).
3. Kapur, S. & Mamo, D. Half a century of antipsychotics and still a central role for dopamine D2 receptors. Prog. Neuro-Psychop-
harmacol. Biol. Psychiatry. 27, 1081-1090 (2003).
4. Kane, J. M. Addressing nonresponse in schizophrenia. J. Clin. Psychiatry. 73, 07 (2012).
5. Wolkin, A. et al. Persistent psychosis after reduction in pre- and post-synaptic dopaminergic function. J. Neural Transm. Gen. Sect.
95,4961 (1994).
6. Wolkin, A. et al. Dopamine blockade and clinical response: Evidence for two biological subgroups of schizophrenia. Am. J. Psy-
chiatry. 146, 905-908 (1989).
7. Demjaha, A., Murray, R. M., McGuire, P. K., Kapur, S. & Howes, O. D. Dopamine synthesis capacity in patients with treatment-
resistant schizophrenia. Am. J. Psychiatry. 169, 1203 (2012).
8. Bartlett, E. J. et al. Effect of a haloperidol challenge on regional brain metabolism in neuroleptic-responsive and nonresponsive
schizophrenic patients. Am. J. Psychiatry. 155, 337-343 (1998).
9. Mouchlianitis, E. et al. Treatment-resistant schizophrenia patients show elevated anterior cingulate cortex glutamate compared to
treatment-responsive. Schizophr. Bull. 42, 744-752 (2016).
10. Schultz, W. Getting formal with dopamine and reward. Neuron 36, 241-263 (2002).
11. Schultz, W. Neuronal reward and decision signals: From theories to data. Physiol. Rev. 95, 853-951 (2015).
12. Haber, S. N. & Knutson, B. The reward circuit: Linking primate anatomy and human imaging. Neuropsychopharmacology 35, 4-26
(2010).
13. Kay, S. R. et al. The positive and negative syndrome scale (PANSS) for schizophrenia. Schizophr. Bull. 13, 261 (1987).
14. Conley, R. R. & Kelly, D. L. Management of treatment resistance in schizophrenia. Biol. Psychiatry. 50, 898-911 (2001).

Scientific Reports |

(2023) 13:8938 | https://doi.org/10.1038/s41598-022-26702-0 nature portfolio



www.nature.com/scientificreports/

15. Andreasen, N. C. et al. Remission in schizophrenia: Proposed criteria and rationale for consensus. Am. J. Psychiatry 162, 441-449
(2005).

16. McQueen, G. et al. Changes in brain glutamate on switching to clozapine in treatment-resistant schizophrenia. Schizophr. Bull.
47, 662-671 (2021).

17. Woods, S. W. Chlorpromazine equivalent doses for the newer atypical antipsychotics. J. Clin. Psychiatry. 64, 663-667 (2003).

18. King-Casas, B. et al. Getting to know you: Reputation and trust in a two-person economic exchange. Science 308, 78-83 (2005).

19. Gromann, P. M. et al. Trust versus paranoia: Abnormal response to social reward in psychotic illness. Brain. 136, 1968-1975 (2013).

20. King-Casas, B. & Chiu, P. H. Understanding interpersonal function in psychiatric illness through multiplayer economic games.
Biol. Psychiatry. 72, 119-125 (2012).

21. Power, J. D., Barnes, K. A,, Snyder, A. Z., Schlaggar, B. L. & Petersen, S. E. Spurious but systematic correlations in functional con-
nectivity MRI networks arise from subject motion. Neuroimage 59, 2142-2154 (2012).

22. Provencher, S. W. Automatic quantitation of localized in vivo 1H spectra with LCModel. NMR Biomed. 14, 260-264 (2001).

23. Roesch, M. R. & Olson, C. R. Impact of expected reward on neuronal activity in prefrontal cortex, frontal and supplementary eye
fields and premotor cortex. J. Neurophysiol. 90, 1766-1789 (2003).

24. Peck, C.J., Jangraw, D. C., Suzuki, M., Efem, R. & Gottlieb, ]. Reward modulates attention independently of action value in posterior
parietal cortex. J. Neurosci. 29, 11182-11191 (2009).

25. Stone, J. M. et al. Ketamine effects on brain GABA and glutamate levels with 1H-MRS: Relationship to ketamine-induced psycho-
pathology. Mol. Psychiatry. 17, 664-665 (2012).

26. Lindenmayer, J. P. P. Treatment refractory schizophrenia. Psychiatr. Q. 71, 373-384 (2000).

27. Meltzer, H. Y. et al. Age at onset and gender of schizophrenic patients in relation to neuroleptic resistance. Am. J. Psychiatry. 154,
475-482 (1997).

28. Gromann, P. M. et al. Reduced brain reward response during cooperation in first-degree relatives of patients with psychosis: An
fMRI study. Psychol. Med. 44, 3445-3454 (2014).

29. Platt, M. L. & Glimcher, P. W. Neural correlates of decision variables in parietal cortex. Nature 400, 233-238 (1999).

30. McCoy, A. N. & Platt, M. L. Expectations and outcomes: Decision-making in the primate brain. J. Comp. Physiol. A Neuroethol.
Sens. Neural Behav. Physiol. 191, 201-211 (2005).

31. Huettel, S. A, Stowe, C. ]., Gordon, E. M., Warner, B. T. & Platt, M. L. Neural signatures of economic preferences for risk and
ambiguity. Neuron 49, 765-775 (2006).

32. Donahue, C. H., Seo, H. & Lee, D. Cortical signals for rewarded actions and strategic exploration. Neuron 80, 223-234 (2013).

33. Kessler, R. M. et al. Occupancy of striatal and extrastriatal dopamine D2 receptors by clozapine and quetiapine. Neuropsychophar-
macology 31, 1991-2001 (2006).

34. Barygin, O. I et al. Inhibition of the NMDA and AMPA receptor channels by antidepressants and antipsychotics. Brain Res. 1660,
58-66 (2017).

35. Tanahashi, S., Yamamura, S., Nakagawa, M., Motomura, E. & Okada, M. Clozapine, but not haloperidol, enhances glial d-serine
and L-glutamate release in rat frontal cortex and primary cultured astrocytes. Br. J. Pharmacol. 165, 1543-1555 (2012).

36. Hons, J., Vasatova, M., Cermakova, E., Doubek, P. & Libiger, J. Different serine and glycine metabolism in patients with schizo-
phrenia receiving clozapine. J. Psychiatr. Res. 46, 811-818 (2012).

37. Yamamori, H. et al. Changes in plasma d-serine, l-serine, and glycine levels in treatment-resistant schizophrenia before and after
clozapine treatment. Neurosci. Lett. 582, 93-98 (2014).

38. Howes, O., McCutcheon, R. & Stone, J. Glutamate and dopamine in schizophrenia: An update for the 21st century. J. Psychophar-
macol. 29, 97-115 (2015).

39. Papanastasiou, E., Stone, J. M. & Shergill, S. When the drugs don't work: The potential of glutamatergic antipsychotics in schizo-
phrenia. Br. J. Psychiatry. 202, 91-93 (2013).

40. Beck, K. et al. N-methyl-D-aspartate receptor availability in first-episode psychosis: A PET-MR brain imaging study. Transl. Psy-
chiatry 11, 1-8 (2021).

41. Howes, O. D. & Murray, R. M. Schizophrenia: An integrated sociodevelopmental-cognitive model. Lancet (London, England). 383,
1677-1687 (2014).

42. Howes, O. D. & Kapur, S. A neurobiological hypothesis for the classification of schizophrenia: Type a (hyperdopaminergic) and
type b (normodopaminergic). Br. J. Psychiatry. 205, 1 (2014).

Acknowledgements

We thank the radiographic team at the Centre for Neuroimaging Sciences for their support, and Felix Drans-
field, Christiana Ilesanmi, Valentina Forassi and Juliet Gillam for assistance with fMRI scanning and behavioral
testing. This research was funded by a European Research Council Grant to SSS (grant number 311686), and
developed by the National Institute for Health Research (NIHR) Mental Health Biomedical Research Centre at
South London and Maudsley NHS Foundation Trust and King’s College London and a joint infrastructure grant
from Guy’s and St Thomas’ Charity and the Maudsley Charity. The data that support the findings of this study
are available from the corresponding author upon reasonable request.

Author contributions
E.D.M., L.D.V. and S.S.S. conceptualised and designed the study. D.K.T., A.-K.F. and D.J. were involved in the
analysis and write-up of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.D.M. or D.K.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:8938 | https://doi.org/10.1038/s41598-022-26702-0 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023)13:8938 | https://doi.org/10.1038/s41598-022-26702-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Neuroimaging glutamatergic mechanisms differentiating antipsychotic treatment-response
	Patients and methods
	Participants. 
	fMRI task. 
	Analysis of demographic, clinical, and behavioural data. 
	fMRI analysis. 
	1H-MRS acquisition. 
	1H-MRS quantification and analysis. 
	Region of interest analysis. 
	Integration of fMRI and 1H-MRS data. 

	Results
	Data availability. 
	Behavioural and 1H-MRS analysis. 
	Group effects of BOLD × glutamate interaction: treatment-resistant vs treatment-responsive. 
	Group effects of BOLD × glutamate interaction: treatment-resistant vs controls. 
	Group effects of BOLD × glutamate interaction: treatment-responsive versus controls. 
	Striatal region of interest analysis. 
	Whole-brain fMRI effects. 
	Receiver operating characteristic curves analysis. 

	Discussion
	References
	Acknowledgements


