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Glutamate connectivity associations converge
upon the salience network in schizophrenia
and healthy controls
Robert A. McCutcheon 1,2,3,4, Toby Pillinger 1,2,3,4, Maria Rogdaki 1,2,3,4, Juan Bustillo5,6 and Oliver D. Howes1,2,3,4

Abstract
Alterations in cortical inter-areal functional connectivity, and aberrant glutamatergic signalling are implicated in the
pathophysiology of schizophrenia but the relationship between the two is unclear. We used multimodal imaging to
identify areas of convergence between the two systems. Two separate cohorts were examined, comprising 195
participants in total. All participants received resting state functional MRI to characterise functional brain networks and
proton magnetic resonance spectroscopy (1H-MRS) to measure glutamate concentrations in the frontal cortex. Study
A investigated the relationship between frontal cortex glutamate concentrations and network connectivity in
individuals with schizophrenia and healthy controls. Study B also used 1H-MRS, and scanned individuals with
schizophrenia and healthy controls before and after a challenge with the glutamatergic modulator riluzole, to
investigate the relationship between changes in glutamate concentrations and changes in network connectivity. In
both studies the network based statistic was used to probe associations between glutamate and connectivity, and
glutamate associated networks were then characterised in terms of their overlap with canonical functional networks.
Study A involved 76 individuals with schizophrenia and 82 controls, and identified a functional network negatively
associated with glutamate concentrations that was concentrated within the salience network (p < 0.05) and did not
differ significantly between patients and controls (p > 0.85). Study B involved 19 individuals with schizophrenia and 17
controls and found that increases in glutamate concentrations induced by riluzole were linked to increases in
connectivity localised to the salience network (p < 0.05), and the relationship did not differ between patients and
controls (p > 0.4). Frontal cortex glutamate concentrations are associated with inter-areal functional connectivity of a
network that localises to the salience network. Changes in network connectivity in response to glutamate modulation
show an opposite effect compared to the relationship observed at baseline, which may complicate pharmacological
attempts to simultaneously correct glutamatergic and connectivity aberrations.

Introduction
Dysfunction of glutamatergic signalling has been pro-

posed as central to the pathophysiology of schizo-
phrenia1,2. This link has been made on the basis of animal
work, post-mortem findings, and the fact that drugs which

affect glutamate signalling have the ability to both pro-
voke and attenuate psychotic symptoms1–3. More
recently, in vivo neuroimaging studies undertaken in
individuals with schizophrenia have directly demonstrated
abnormalities of cortical glutamatergic function4. A par-
allel line of research has simultaneously demonstrated
that functional brain networks, as inferred from the cor-
relation of time courses derived from resting state func-
tional MRI (rs-fMRI), show aberrant organisation in
schizophrenia5. Disruption of the salience network,
centred upon the bilateral insula and anterior cingulate
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cortex, has in particular been suggested as a key
mechanism underlying psychotic symptoms6–9. It is
unclear, however, whether glutamate signalling is related
to the architecture of functional brain networks.
Proton magnetic resonance spectroscopy (1H-MRS)

allows for the in vivo quantification of brain glutamate
concentrations. Findings in individuals with schizo-
phrenia are heterogenous and are affected by region stu-
died, illness stage, and medication4. Glutamatergic
signalling contributes to the balance between excitation
and inhibition, which generates synchronised neural
oscillations10,11. These oscillations in turn underlie slow
fluctuations of neural activity, which are observable using
rs-fMRI, and the co-activation patterns generate well
characterised functional brain networks12,13. Given the
role that glutamate signalling plays in orchestrating syn-
chronised neural activity across the brain, disruptions to
glutamatergic signalling may affect functional brain net-
works. In keeping with this, altered connectivity of func-
tional brain networks has been observed following the
administration of drugs such as ketamine that affect
glutamatergic signalling14–16.
Studies of functional connectivity have repeatedly

highlighted aberrant network architecture in schizo-
phrenia, and altered connectivity of the salience network
appears to be of particular pathophysiological impor-
tance6–9. The factors underlying aberrant functional
connectivity in schizophrenia are not fully understood,
although alterations in synaptic signalling may play a
fundamental role here. Understanding the relationship
between glutamate signalling and functional brain net-
works is important both for an improved understanding
of pathophysiological mechanisms and for a rational
approach to developing pharmacological interventions17.
In the current study, we first used 1H-MRS to measure

anterior cingulate cortex glutamate concentrations and
rs-fMRI to measure connectivity of brain networks in
individuals with schizophrenia and healthy controls. We
hypothesised that glutamate concentrations would be
associated with network connectivity, and given the
exploratory nature of the study we used the network
based statistic (NBS) to investigate connectivity across the
entire cortex. We next tested the hypothesis that gluta-
mate associated networks would preferentially overlap the
salience network. We finally investigated whether phar-
macologically induced perturbations of glutamatergic
signalling in individuals with schizophrenia and healthy
controls was linked to perturbations of cortical con-
nectivity, and whether this too localised to the salience
network.

Methods and materials
The experimental approach is summarised in Fig. 1. In

both studies we used rs-fMRI to characterise functional

brain networks, and used 1H-MRS to measure glutamate
concentrations. In study A we used 1H-MRS to measure
glutamate concentrations in individuals with schizo-
phrenia and healthy controls. In study B, in a separate
cohort of patients with treatment resistant schizophrenia
and healthy controls, we measured glutamate concentra-
tions and connectivity before and after the administration
of the glutamatergic modulator riluzole. In both studies
the relationship between glutamate concentrations and
network connectivity was examined using NBS18. Any
glutamate associated networks identified were then fur-
ther characterised to determine whether they overlapped
with the salience network to a greater extent compared to
other canonical resting state networks (default mode,
visual, frontoparietal, auditory, dorsal attention, ventral
attention, and sensorimotor).

Study A: participants
Study A contained 76 individuals meeting DSM-IV

criteria for schizophrenia and 82 controls. Patients were
recruited from the University of New Mexico Hospitals,
and if treated were clinically stable on the same anti-
psychotic medication for over 4 weeks. Participants
received both rs-fMRI and 1H-MRS scans during the
same scanning session. The 1H-MRS data for this study
has been previously reported and further details are
available19, a network analysis integrating rs-fMRI and
1H-MRS has not previously been undertaken.

Study A: image acquisition and preprocessing
Scans were acquired using a Siemens Trio 3 T MRI

scanner. 1H-MRS was performed with a phase-encoded
version of a point-resolved spectroscopy sequence both
with and without water pre-saturation as previously
described20. The following parameters were used: TE=
40ms; TR= 1500ms; slice thickness= 15mm; total scan
time= 582 s. The 1H-MRS volume of interest was pre-
scribed from an axial T2 weighted image to lie immedi-
ately above the lateral ventricles and parallel to the
anterior–posterior commissure axis, and included por-
tions of the cingulate gyrus and the medial frontal and
parietal lobes (although only voxels lying within the
medial frontal cortex were used in subsequent analysis,
see eFig. 1).
Resting state fMRI was acquired during the same ses-

sion using the following parameters: TR= 2 s; TE=
29ms; interleaved ascending acquisition; 164 time points;
slice thickness 3.5 mm, slice spacing 4.55 mm; spatial
positions 33, flip angle 75; matrix size 64*64; total scan
time 328 s. Preprocessing was performed using fMRIPrep
20.0.521, with denosing performed using the eXtensible
Connectivity Pipeline (XCP) software with the ‘36pde-
spike’ design file which involved regressing out quadratic
terms, and squares of derivatives of six motion, two
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physiological time series (CSF and white matter), global
signal regression, and despiking of frames that exceeded a
threshold of 0.5 mm FD or 1.5 standardised DVARS
(spatial standard deviation of successive difference
images)22.
Full details of both 1H-MRS and rs-fMRI methods are

provide in the Supplementary Information.

Study B: participants
Study B contained 19 individuals meeting DSM-IV

criteria for schizophrenia, and meeting the minimum
requirement for a diagnosis of treatment resistant schi-
zophrenia as outlined in Treatment Response and Resis-
tance in Psychosis (TRRIP) working group consensus
guidelines23. Patients were recruited from outpatient

services within the South London and the Maudsley NHS
Foundation Trust. 17 healthy controls were also recruited.
Participants received baseline imaging including rs-fMRI
and 1H-MRS. Following this, over 2 days both patients
and controls received four separate 50mg doses of rilu-
zole (2-amino-6-trifluormethoxy benzothiazole), a gluta-
matergic modulator that reduces synaptic release of
glutamate, increases cortical glutamate metabolism, and
reduces the amount of releasable presynaptic gluta-
mate24,25. The same imaging measures obtained at
baseline were repeated 2 days later following the phar-
macological interventions. The data for this study has
previously been reported26, a network analysis integrating
rs-fMRI and 1H-MRS has not previously been
undertaken.

Fig. 1 Overview of methods. A Two cohorts of subjects are reported, Study A consists of patients and controls who received rs-fMRI and 1H-MRS,
Study B consists of patients and controls who received rs-fMRI and 1H-MRS both before and after 2 days of riluzole treatment. B A, 1H-MRS provides a
single scalar value for each subject. B, rs-fMRI data is gathered from the same subjects. C, Time series extracted from 333 cortical nodes and correlated
to produce a connectivity matrix. D, Network Based Statistic used to identify functional connectivity network associated with neurochemical measure.
E, This neurochemical associated network is characterised on the basis of number of edges shared with canonical resting state networks.
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Study B: image acquisition and preprocessing
Scans were acquired using a General Electric 3 T MRI.

1H-MRS spectra (Point resolved Spectroscopy; TE=
30ms; TR= 3000 ms; total scan time 360 s) were acquired
using the standard GE PROBE (proton brain examination)
sequence. A voxel was defined within the anterior cin-
gulate from the midline sagittal localiser, with the centre
of the 20mm× 20mm× 20mm voxel placed 16mm
above the genu of corpus callosum perpendicular to the
AC–PC line (eFig. 2).
Resting state fMRI was acquired during the same ses-

sion with a multi-echo sequence using the following
parameters: TR= 2.5 s; TE= 12, 28, 44, 70 ms; 240 time-
points; slice thickness= 3mm; slice spacing= 4mm;
spatial positions, 32; flip angle 80°; field of view 240mm;
matrix size 64 × 64; total scan time 600 s. A multi-echo
specific pipeline was employed for processing and
denoising as previously described in which following an
independent component analysis noise components are
discarded from the data26.
Full details of both 1H-MRS and rs-fMRI methods are

provide in the Supplementary Information.

Common methods: 1H-MRS analysis
1H-MRS Spectra were analysed using LC Model27.

Metabolites were corrected for the proportion of CSF
present in the voxel, and poor quality scans (Cramér–Rao
minimum variance bounds <20%, and signal to noise ratio
≤5) were excluded from analysis. Further details are
provided in the Supplementary Materials.

Common methods: rs-fMRI analysis
Time series were extracted from the 333 nodes of the

Gordon cortical atlas28. Functional connectivity between a
pair of nodes was defined as the Pearson correlation
coefficient between the nodes’ time series. For each par-
ticipant a network was constructed, in which each ‘edge’
linking a pair of nodes was defined as the functional
connectivity of those nodes.

Common methods: identifying glutamate associated
networks
We used the Network Based Statistic as previously

described18,29, to investigate the relationship between
glutamate concentrations and connectivity. This involves
first running a linear regression at each edge in the whole
brain (333 node*333 node) network where connectivity
strength is the dependent variable, and the glutamate
concentration the predictor variable, to create a single
group-level network, in which each edge is the test sta-
tistic that represents the strength of this glutamate-
connectivity association. In the next step, edges within
this group-level network are discarded if they lie below a
threshold, and the number of edges within the densest

remaining component (i.e. the component containing the
greatest number of edges) is calculated. This is then
compared to a null distribution that is generated by fol-
lowing the same procedure, but where the group-level
correlation network has been constructed from permuted
glutamate measures (see Supplementary Materials for
further details). The magnitude of the threshold deter-
mines the size of the network one identifies, with weaker
thresholds identifying widespread diffuse relationships
and more stringent thresholds identifying the core net-
work showing the strongest relationship. We focused on
core networks and investigated ten thresholds of 2.5 ≤ t ≤
2.9, performing 5000 permutations at each threshold (see
eFig. 3 for further illustration of the method).
For study A glutamate concentration was the predictor

variable, and connectivity the dependent variable; for
study B change in glutamate concentration was the pre-
dictor variable, and change in connectivity the dependent
variable. For both analyses we first investigated whether
the glutamate-connectivity relationship showed any evi-
dence of differing between patients and controls by test-
ing for the presence of an interaction effect. If no
interaction effect was present, we tested for a glutamate-
connectivity relationship in the cohort as a whole. In
addition to the bivariate relationship between glutamate
and connectivity we also performed analyses controlling
for age and sex (see Supplementary for further details).

Common methods: characterising glutamate associated
networks
We next characterised the overlap between the gluta-

mate associated networks identified in the previous step
and the salience network. Nodes were assigned to cano-
nical networks as specified by Gordon et al. (default mode,
frontoparietal, auditory, salience, dorsal attention, sen-
sorimotor, other)28. We calculated the proportion of sal-
ience network edges (any edge linking two salience
network nodes) that overlapped with edges of the gluta-
mate associated network at each NBS threshold (cor-
recting for size of the neurochemical associated network).
We also calculated the overlap with the other canonical
networks. We then tested whether the overlap with the
salience network was greater than expected by chance at
each NBS threshold by comparing the observed overlap
with the overlap obtained in 5000 null networks generated
by correlating permuted glutamate measures with con-
nectivity matrices, and thresholding to the equivalent size
as the observed network. In Study A we also undertook
further exploratory analyses of the glutamate associate
network by examining whether its mean connectivity at
the most stringent NBS threshold was associated with
patient-control status or symptom severity (positive and
negative syndrome scale (PANSS) total and subscale
scores, and Measurement-and-Treatment-Research-to-
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Improve-Cognition- in-Schizophrenia (MATRICS) com-
posite and subscale scores).

Results
Study A: glutamate associated networks
Study A involved 82 controls and 76 patients. Partici-

pants had a mean age of 36.7 years and were 78% male,
patients had a mean PANSS score of 63.3 and 89% were
receiving treatment with antipsychotics (see Table 1). All
subjects had at least one valid 1H-MRS measurement of
frontal cortex glutamate concentrations, and Cramér
Rao lower bounds ranged from 14.0 to 17.7 (mean= 15.7,
SD= 0.82).
When examining the relationship between glutamate

concentrations and connectivity a network in which glu-
tamate concentrations were negatively associated with
connectivity was identified across a wide range of NBS
thresholds (Fig. 2). There was no evidence of an interac-
tion between patients and controls (N= 158, p > 0.84 all
thresholds), which indicates that a similar relationship
between glutamate concentrations and connectivity is
observed in both patients and controls. This network
ranged in size from 188 edges (0.098% of the fully con-
nected 55,278 whole brain network) at the most stringent
threshold, to 539 edges (0.34% of the whole brain net-
work) at the weakest threshold. When controlling for age
and sex this relationship was not significantly altered
(eFig. 4).
The edges of the glutamate associated network

were disproportionately located within the salience
network (Fig. 3A), and this was statistically significant
at a wide range of NBS thresholds with no
evidence of overrepresentation of any other network
(Fig. 3A, B).

Mean connectivity with the glutamate associated net-
work was weaker in individuals with schizophrenia (t=
2.23, p= 0.027, df= 156). Mean connectivity within the
glutamate associated network was not significantly asso-
ciated with severity of symptoms as defined by the PANSS
(Positive rs=−0.09, p= 0.46, Negative rs= 0.10, p= 0.41,
General rs=−0.07, p= 0.52, Total rs= 0.03, p= 0.8; df=
75). When examining the association with cognitive
symptoms in the sample as a whole, both processing
speed (rs= 0.18, p= 0.03, df= 157) and reasoning (rs=
0.17, p= 0.04, df= 157) subdomains were significantly
associated with mean connectivity of the glutamate
associated network. In patients alone only reasoning (rs=
0.25, p= 0.04, df= 75, see Fig. 2C) showed a significant
association, and no significant associations were observed
in controls. None of these associations survive correction
for multiple comparisons.

Study B: glutamatergic network modulation
Study B involved 17 controls and 19 patients, partici-

pants had a mean age of 38.4 years and were 86% male,
patients had a mean PANSS score of 72.5 and all were
receiving antipsychotic treatment (see Table 1). Cramér
Rao lower bounds ranged from 4.0–12.0 (mean= 6.53,
SD= 1.44).
When examining the relationship between change in

glutamate concentrations and change in connectivity
there was no evidence of an interaction between patients
and controls (N= 36, p > 0.4 all thresholds). The whole
brain analysis identified networks representing an asso-
ciation between change in glutamate concentrations and
change in connectivity, ranging in size from 63 edges
(0.011% of the fully connected 55,278 whole brain net-
work) at the most stringent threshold, to 481 edges (0.87%

Table 1 Demographic details of study participants.

Study A Study B

Control Patient p Control Patient p

N 82 76 17 19

Age, mean (SD) 38.0 (12.2) 35.4 (13.9) 0.22 37.0 (8.9) 39.7 (10.9) 0.43

Sex (% male) 67% 89% 0.09 88% 84% 0.89

PANSS Positive mean (SD) NA 16.4 (6.1) NA 18.5 (3.0)

PANSS Negative mean (SD) NA 16.5 (6.2) NA 19.6 (5.5)

PANSS General mean (SD) NA 30.3 (11.2) NA 34.4 (8.0)

PANSS Total mean (SD) NA 63.3 (19.9) NA 72.5 (10.2)

MATRICS overall 50.0 (9.6) 29.2 (13.3) <0.001 NA NA

Antipsychotic treated (%) NA 89% NA 100%

Antipsychotic dose (olanzapine equivalents/mg), mean (SD) NA 13.3 (12.9) NA 16.8 (9.8)

MATRICS measurement and treatment research to improve cognition in schizophrenia, PANSS positive and negative syndrome scale.
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of the whole brain network) at the weakest threshold, but
this was not statistically significant at any thresholds
(Fig. 3A). When analysis was restricted to the salience net-
work (in keeping with previous approaches29) there was
again no interaction seen between patient and control groups
(N= 36, p > 0.4 all thresholds), but a significant positive

association was seen between change in glutamate con-
centrations and change in network connectivity (Fig. 3A) at
certain NBS thresholds, and when age and sex were con-
trolled for this was significant at all NBS thresholds (eFig. 5).
When examining the whole brain network described in

the above paragraph (i.e. the network illustrated by the

Fig. 2 (See legend on next page.)
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blue line in Fig. 3A consisting of connections most
strongly associated with glutamate concentrations), we
found that this was still disproportionately composed of
edges located within the salience network, and this was
statistically significant at a wide range of NBS thresholds
with no evidence of overrepresentation of any other net-
work (p < 0.05 all thresholds, Fig. 3C, D).
The results for both studies at a wider range of NBS

thresholds are illustrated in eFig. 6 and 7.

Discussion
We have demonstrated in a large sample of individuals

with schizophrenia and healthy controls that glutamate
concentrations in the frontal cortex are associated with
the connectivity within the salience network. This gluta-
mate associated network was weaker in patients com-
pared to controls, and in an exploratory analysis
connectivity within the network showed some associa-
tions with cognitive symptoms. Furthermore, pharmaco-
logically induced changes in frontal cortex glutamate
concentrations were also associated with connectivity
patterns that localised to the salience network. The fact
that glutamate function, long thought to be relevant to
schizophrenia pathophysiology, is linked to salience net-
work connectivity adds further weight to the hypothesis
that this network plays a fundamental role in schizo-
phrenia9. Furthermore, these findings have a general
transdiagnostic relevance given the fact that disruption of
the salience network, and altered glutamate signalling is
also seen in other psychiatric illnesses such as affective
and substance use disorders7,8,30,31.
Several recent studies have investigated the relationship

between glutamate concentrations and resting state net-
works32–38. These studies, however, have generally con-
sisted of relatively small samples, and so have been unable
to take a whole brain approach, using instead a small
number of prespecified seeds. Due to our larger sample
size we were able to parcellate the entire cortex into 333

nodes with no a priori preference being given to any
particular regions. This unbiased approach allowed for
subsequent inferences that allowed us to identify the
salience network as being specifically associated in both
studies.
Our finding that glutamate concentrations have a

negative relationship with salience network connectivity
complements our previous finding that striatal dopamine
synthesis capacity has a positive relationship with con-
nectivity of the same network29. These two findings are
also consistent with work that has highlighted negative
associations between anterior cingulate glutamate con-
centrations and striatal dopamine synthesis capa-
city29,39,40. The lack of a significant interaction by group
suggests that while both glutamate concentrations and
functional connectivity may both be individually altered in
schizophrenia, the relationship between the two is not
clearly disrupted.
A recent study found that NMDA antagonism decreases

salience network connectivity41, which is in keeping with
our finding of a negative association between glutamate
concentrations and connectivity if higher glutamate con-
centrations are taken to represent a response to relatively
reduced NMDA signalling. The analysis of change in
glutamate and change in connectivity in Study B showed
increases in glutamate concentrations positively asso-
ciated with increases in salience network connectivity, this
was in the opposite direction to the negative association
observed cross-sectionally in study A. This discrepancy in
the direction of the relationship highlights that observa-
tions at a between individual level do not necessarily
reflect mechanisms occurring within individuals. Our
previous analysis examining the effects of riluzole used a
seed-to-voxel approach to investigate the relationship
between change in glutamate concentrations and change
in connectivity between anterior cingulate cortex and
anterior prefrontal cortex26. The finding of a negative
glutamate-connectivity association in this original analysis

(see figure on previous page)
Fig. 2 Study A: glutamate associated networks. A Higher anterior cingulate glutamate concentrations are associated with reduced connectivity
across a range of NBS thresholds. The horizontal red line represents the p < 0.05 threshold while the blue line represents statistical significance across
a range of thresholds. B Illustration of glutamate-connectivity relationship at a single threshold. Mean connectivity within the glutamate associated
network for the NBS threshold of t= 2.5 is negatively associated with glutamate concentrations. C Mean connectivity within the glutamate
associated network was positively associated with MATRICS reasoning scores in patients (rs= 0.25, p= 0.04, df= 75), and the sample as a whole (rs=
0.17, p= 0.04, df= 157). D The glutamate associated network for the threshold t= 2.5. Only intra canonical network edges are shown, intra salience
network edges are show in red, while all other networks are shown in blue. A relative excess of salience network edges is apparent. E Heatmap
illustrating the proportion of canonical intra- (diagonal) and inter-(off diagonal) network edges that overlap with the glutamate associated network. A
normalised proportion of edges greater than one indicates a relative excess of edges compared to what would be expected to an even distribution
of edges across the cortex. Salience network edges show greater overlap with the glutamate associated network than other canonical networks.
F Results of permutation testing show that the excess of salience overlapping edges within the glutamate associated network is statistically
significant across a range of NBS thresholds. The horizontal red line represents a threshold of p < 0.05, while the other lines represent the statistical
significance of the overlap between a canonical network and the glutamate associated network. Only the salience network is significantly
overrepresented, and this is at all thresholds. AUD auditory, DAT dorsal attention, DMN default mode, FPN frontoparietal, SAL salience, SMN
Sensorimotor, VAT ventral attention, VIS visual.
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is not inconsistent with the current finding of a positive
association as the present analysis takes a cortex wide
approach, but this does not preclude the existence of
individual connections showing an opposing relationship.

The current findings have clear relevance for ther-
apeutic interventions, suggesting that modulation of glu-
tamate signalling may have the potential to bring about
changes in network connectivity. The fact that glutamate-

Fig. 3 Study B: riluzole associated change in glutamate concentrations and network connectivity. A When analysis is constrained to the
salience network, at certain NBS thresholds there is a positive association between change in glutamate concentrations and change in connectivity
following riluzole administration. The horizontal red line represents the p < 0.05 threshold, the other red line represents statistical significance when
analysis is constrained to the salience network, while the blue line represents statistical significance for the whole brain analysis. B Illustration of the
change in glutamate—change in connectivity relationship at a single threshold. Change in mean connectivity within the glutamate associated
network for the NBS threshold of t= 2.5 is positively associated with the change in glutamate concentrations. C Heatmap illustrating the proportion
of canonical intra- (diagonal) and inter-(off diagonal) network edges that overlap with the glutamate associated network. A normalised proportion of
edges greater than one indicates a relative excess of edges compared to what would be expected to a even distribution of edges across the cortex.
Salience network edges show greater overlap with the glutamate associated network than other canonical networks. D Results of permutation
testing show that the excess of salience overlapping edges within the whole brain change in glutamate associated network is statistically significant
across a range of NBS thresholds. The horizontal red line represents a threshold of p < 0.05, while the other lines represent the statistical significance
of the overlap between a canonical network and the glutamate associated network. Only the salience network is significantly overrepresented, and
this is at all thresholds. AUD auditory, DAT dorsal attention, DMN default mode, FPN frontoparietal, SAL salience, SMN sensorimotor, VAT ventral
attention, VIS visual.
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connectivity relationships did not differ significantly
between patients and controls suggests that results of
studies in healthy controls may be readily translatable to
patient populations.

Limitations and future directions
The use of two separate cohorts at different sites, using

different scanners, may complicate between study com-
parisons. However, the fact that both studies indepen-
dently identified networks centred upon the salience
network, despite differences in image acquisition and
preprocessing, strengthens confidence in the validity of
this observation. We did not find differences between
patients and controls in terms of glutamate-connectivity
associations, and it is possible that confounding variables
masked a difference here. While groups were balanced for
age and sex, and results were unchanged when controlling
for these variables, it was not possible to examine the
influence of antipsychotic medication given that the great
majority of patients were receiving treatment. Future
work should examine the relationship in antipsychotic
naïve cohorts.

1H-MRS provides an imprecise index of the glutamate
system, and is unable to distinguish between intra- and
extra-cellular compartments. PET has the potential to
more accurately characterise which aspects of glutamate
signalling are linked to functional connectivity, but no
reliable ligands currently exist. GluCest imaging may also
provide further insights due to its greater spatial resolution
and ability to provide whole brain coverage, however, its
specificity for glutamate has been recently questioned42.
However, even improved characterisation of glutama-

tergic function, cannot directly elucidate the mechanisms
via which changes in synaptic transmission propagate to
macroscale changes in cortical connectivity. When con-
sidering the association between measures of glutamate
concentrations and those of functional connectivity there
is a question as to causal primacy. If one views functional
connectivity as representing neuronal dynamics interact-
ing via a structural connectome, however, then the two
measures are intertwined and it is possible for both to
have a causal role as part of a complex system. Further
clinically relevant questions remain about whether mod-
ulation of either glutamate or connectivity has the
potential to normalise the wider system as a whole. The
use of preclinical methods to dissect molecular mechan-
isms, combined with biophysically informed models to
bridge the gap between microscale processes and mac-
roscale neural recordings may have the potential to
advance mechanistic understanding43.

Conclusions
This work provides evidence that links frontal cortex

glutamate concentrations to the functional connectivity of

the salience network in individuals with schizophrenia
and healthy controls. The findings suggest that neuro-
chemical modulation of glutamate signalling may have the
potential to address connectivity disturbances in psy-
chosis, although the data from the pharmacological
challenge illustrates that this is not straightforward. A
fuller understanding may be brought about by work
focused on dissecting the precise mechanisms underlying
the relationship between glutamate function and macro-
scale connectivity.

Acknowledgements
RM’s work is supported by the Wellcome trust (no. 200102/Z/15/Z) and the
National Institute for Health Research (NIHR). OH’s work is supported by
Medical Research Council-UK (no. MC-A656-5QD30), Maudsley Charity (no.
666), Brain and Behaviour Research Foundation, and Wellcome Trust (no.
094849/Z/10/Z) grants, and the NIHR Biomedical Research Centre at South
London and Maudsley NHS Foundation Trust and King’s College London. JB’s
work was supported by NIMH R01MH084898. The views expressed are those of
the author(s) and not necessarily those of the NHS, the NIHR or the
Department of Health.

Author details
1Department of Psychosis Studies, Institute of Psychiatry, Psychology &
Neuroscience, Kings College London, London SE5 8AF, UK. 2Psychiatric
Imaging Group, MRC London Institute of Medical Sciences, Hammersmith
Hospital, London W12 0NN, UK. 3Institute of Clinical Sciences, Faculty of
Medicine, Imperial College London, London W12 0NN, UK. 4South London and
Maudsley NHS Foundation Trust, London, UK. 5Department of Psychiatry,
University of New Mexico, Albuquerque, NM, USA. 6Department of
Neurosciences, University of New Mexico, Albuquerque, NM, USA

Conflict of interest
M.R. declares no financial conflicts of interest. R.M. has contributed to meetings
organised by Otsuka. T.P. has contributed to speaker meetings organised by
Sunovion, Lundbeck, Otsuka, and Recordati. J.B. has received royalties from
UpToDate. O.D.H. has received investigator-initiated research funding from
and/or participated in advisory/speaker meetings organised by Astra-Zeneca,
Autifony, BMS, Eli Lilly, Heptares, Jansenn, Lundbeck, Lyden-Delta, Otsuka,
Servier, Sunovion, Rand and Roche. Neither Dr Howes or his family have been
employed by or have holdings/ a financial stake in any biomedical company.

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

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41398-021-01455-y.

Received: 23 April 2021 Revised: 4 May 2021 Accepted: 14 May 2021

References
1. McCutcheon, R. A., Krystal, J. H. & Howes, O. D. Dopamine and glutamate in

schizophrenia: biology, symptoms and treatment. World Psychiatry 19, 15–33
(2020).

2. Goff, D. C. & Coyle, J. T. The emerging role of glutamate in the pathophy-
siology and treatment of schizophrenia. Am. J. Psychiatry 158, 1367–1377
(2001).

3. Beck, K. et al. Association of ketamine with psychiatric symptoms and impli-
cations for its therapeutic use and for understanding schizophrenia: a sys-
tematic review and meta-analysis. JAMA Netw. Open 3, e204693 (2020).

4. Merritt, K., Egerton, A., Kempton, M. J., Taylor, M. J. & McGuire, P. K. Nature of
glutamate alterations in schizophrenia. JAMA Psychiatry 73, 665 (2016).

McCutcheon et al. Translational Psychiatry          (2021) 11:322 Page 9 of 10

https://doi.org/10.1038/s41398-021-01455-y


5. O'Neill, A., Mechelli, A. & Bhattacharyya, S. Dysconnectivity of large-scale
functional networks in early psychosis: a meta-analysis. Schizophr. Bull. 45,
579–590 (2019).

6. Supekar, K., Cai, W., Krishnadas, R., Palaniyappan, L. & Menon, V. Dysregulated
brain dynamics in a triple-network saliency model of schizophrenia and its
relation to psychosis. Biol. Psychiatry 85, 60–69 (2019).

7. McTeague, L. M. et al. Identification of common neural circuit disruptions in
cognitive control across psychiatric disorders. Am. J. Psychiatry 174, 676–685
(2017).

8. Goodkind, M. et al. Identification of a common neurobiological substrate for
mental illness. JAMA Psychiatry 72, 305 (2015).

9. Palaniyappan, L., Simmonite, M., White, T. P., Liddle, E. B. & Liddle, P. F. Neural
primacy of the salience processing system in schizophrenia. Neuron 79,
814–828 (2013).

10. Yang, G. J. et al. Functional hierarchy underlies preferential connectivity dis-
turbances in schizophrenia. Proc. Natl Acad. Sci. 113, E219–E228. (2015).

11. Uhlhaas, P. J. & Singer, W. Abnormal neural oscillations and synchrony in
schizophrenia. Nat. Rev. Neurosci. 11, 100–113 (2010).

12. Schirner, M., McIntosh, A. R., Jirsa, V., Deco, G. & Ritter, P. Inferring multi-scale
neural mechanisms with brain network modelling. Elife 7, 1–30. (2018).

13. Niessing, J. et al. Hemodynamic signals correlate tightly with synchronized
gamma oscillations. Science 309, 948–951 (2005).

14. Mueller, F. et al. Pharmacological fMRI: effects of subanesthetic ketamine on
resting-state functional connectivity in the default mode network, salience
network, dorsal attention network and executive control network. NeuroImage
Clin. 19, 745–757 (2018).

15. Bonhomme, V. et al. Resting-state network-specific breakdown of functional
connectivity during ketamine alteration of consciousness in volunteers.
Anesthesiology 125, 873–888 (2016).

16. Fleming, L. M. et al. A multicenter study of ketamine effects on functional
connectivity: large scale network relationships, hubs and symptom mechan-
isms. NeuroImage Clin. 22, 101739 (2019).

17. Javitt, D. C. et al. Utility of imaging-based biomarkers for glutamate-targeted
drug development in psychotic disorders. JAMA Psychiatry . https://doi.org/
10.1001/jamapsychiatry.2017.3572 (2017).

18. Zalesky, A., Fornito, A. & Bullmore, E. T. NeuroImage Network-based statistic:
identifying differences in brain networks. Neuroimage 53, 1197–1207 (2010).

19. Bustillo, J. R. et al. Glutamatergic and neuronal dysfunction in gray and white
matter: a spectroscopic imaging study in a large schizophrenia sample.
Schizophr. Bull. 43, 611–619 (2017).

20. Gasparovic, C. et al. Test-retest reliability and reproducibility of short-echo-time
spectroscopic imaging of human brain at 3T. Magn. Reson. Med. 66, 324–332
(2011).

21. Esteban, O. et al. fMRIPrep: a robust preprocessing pipeline for functional MRI.
Nat. Methods 16, 111–116 (2019).

22. Ciric, R. et al. Mitigating head motion artifact in functional connectivity MRI.
Nat. Protoc. 13, 2801–2826 (2018).

23. Howes, O. D. et al. Treatment-resistantschizophrenia: treatmentresponse and
resistance in psychosis (TRRIP) working group consensus guidelines on
diagnosis and terminology. Am J Psychiatry, 174. https://doi.org/10.1176/appi.
ajp.2016.16050503 (2017).

24. Lazarevic, V., Yang, Y., Ivanova, D., Fejtova, A. & Svenningsson, P. Riluzole
attenuates the efficacy of glutamatergic transmission by interfering with the

size of the readily releasable neurotransmitter pool. Neuropharmacology 143,
38–48 (2018).

25. Bellingham, M. C. A Review of the neural mechanisms of action and clinical
efficiency of riluzole in treating amyotrophic lateral sclerosis: what have we
learned in the last decade? CNS Neurosci. Ther. 17, 4–31 (2011).

26. Pillinger, T. et al. Altered glutamatergic response and functional connectivity in
treatment resistant schizophrenia: the effect of riluzole and therapeutic
implications. Psychopharmacol. (Berl.) 236, 1985–1997 (2019).

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

28. Gordon, E. M. et al. Generation and evaluation of a cortical area parcellation
from resting-state correlations. Cereb. Cortex 26, 288–303 (2016).

29. McCutcheon, R. et al. Mesolimbic dopamine function is related to salience
network connectivity: an integrative PET and MR study. Biol. Psychiatry 85,
368–378 (2019).

30. Sanacora, G., Treccani, G. & Popoli, M. Towards a glutamate hypothesis of
depression: an emerging frontier of neuropsychopharmacology for mood
disorders. Neuropharmacology 62, 63–77 (2012).

31. Kalivas, P. W. The glutamate homeostasis hypothesis of addiction. Nat. Rev.
Neurosci. 10, 561–572 (2009).

32. Shukla, D. K. et al. Anterior cingulate glutamate and GABA associations on
functional connectivity in schizophrenia. Schizophr. Bull. 45, 647–658 (2019).

33. Levar, N., Van Doesum, T. J., Denys, D. & Van Wingen, G. A. Anterior cingulate
GABA and glutamate concentrations are associated with resting-state network
connectivity. Sci. Rep. 9, 1–8 (2019).

34. Gao, F. et al. Altered hippocampal GABA and glutamate levels and uncoupling
from functional connectivity in multiple sclerosis. Hippocampus 28, 813–823
(2018).

35. Duncan N. W., et al. Glutamate concentration in the medial prefrontal cortex
predicts resting-state cortical-subcortical functional connectivity in humans.
PLoS ONE, 8. https://doi.org/10.1371/journal.pone.0060312 (2013).

36. Hunter, M. A. et al. Baseline effects of transcranial direct current stimulation on
glutamatergic neurotransmission and large-scale network connectivity. Brain
Res. 1594, 92–107 (2015).

37. Kapogiannis, D., Reiter, D. A., Willette, A. A. & Mattson, M. P. Posteromedial
cortex glutamate and GABA predict intrinsic functional connectivity of the
default mode network. Neuroimage 64, 112–119 (2013).

38. Limongi R., et al. Glutamate and dysconnection in the salience network:
neurochemical, effective-connectivity, and computational evidence in schizo-
phrenia. Biol. Psychiatry. https://doi.org/10.1016/j.biopsych.2020.01.021 (2020).

39. Gleich, T. et al. Prefrontal and striatal glutamate differently relate to striatal
dopamine: potential regulatory mechanisms of striatal presynaptic dopamine
function? J. Neurosci. 35, 9615–9621 (2015).

40. Jauhar, S. et al. The relationship between cortical glutamate and striatal
dopamine function in first episode psychosis: a multi-modal PET and MRS
imaging study. Lancet. Psychiatry 5, 816–823 (2018).

41. Adhikari, B. M. et al. Effects of ketamine and midazolam on resting state
connectivity and comparison with ENIGMA connectivity deficit patterns in
schizophrenia. Hum. Brain Mapp. https://doi.org/10.1002/hbm.24838 (2019).

42. Cui, J. & Zu, Z. Towards the molecular origin of glutamate CEST (GluCEST)
imaging in rat brain. Magn. Reson. Med. 83, 1405–1417 (2020).

43. van den Heuvel, M. P., Scholtens, L. H. & Kahn, R. S. Multiscale neuroscience of
psychiatric disorders. Biol. Psychiatry 86, 512–522 (2019).

McCutcheon et al. Translational Psychiatry          (2021) 11:322 Page 10 of 10

https://doi.org/10.1001/jamapsychiatry.2017.3572
https://doi.org/10.1001/jamapsychiatry.2017.3572
https://doi.org/10.1176/appi.ajp.2016.16050503
https://doi.org/10.1176/appi.ajp.2016.16050503
https://doi.org/10.1371/journal.pone.0060312
https://doi.org/10.1016/j.biopsych.2020.01.021
https://doi.org/10.1002/hbm.24838

	Glutamate connectivity associations converge upon the salience network in schizophrenia and�healthy controls
	Introduction
	Methods and materials
	Study A: participants
	Study A: image acquisition and preprocessing
	Study B: participants
	Study B: image acquisition and preprocessing
	Common methods: 1H-MRS analysis
	Common methods: rs-fMRI analysis
	Common methods: identifying glutamate associated networks
	Common methods: characterising glutamate associated networks

	Results
	Study A: glutamate associated networks
	Study B: glutamatergic network modulation

	Discussion
	Limitations and future directions

	Conclusions
	Acknowledgements




