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Interaction between TSPO—a neuroimmune marker—and
redox status in clinical high risk for psychosis: a PET–MRS
study
Sina Hafizi1, Tania Da Silva1,2, Jeffrey H. Meyer1,2,3,4, Michael Kiang1,2,3,4, Sylvain Houle1,3,4, Gary Remington4, Ivana Prce1,
Alan A. Wilson1,3,4, Pablo M. Rusjan1,2,3,4, Napapon Sailasuta1,3 and Romina Mizrahi1,2,3,4

Altered neuroimmune response and oxidative stress have both been implicated in the pathophysiology of schizophrenia. While
preclinical studies have proposed several pathways regarding potential interactions between oxidative stress and neuroimmune
imbalance in the development of psychosis, the molecular mechanisms underlying this interaction are not yet understood. To date,
no study has investigated this link in vivo in the human brain. We conducted the first in vivo study linking translocator protein 18
kDa (TSPO) expression and glutathione (a major brain antioxidant and a marker for redox status) in the medial prefrontal cortex
(mPFC) of a relatively large sample of participants (N= 48) including 27 antipsychotic-naïve individuals at clinical high risk for
psychosis and 21 matched healthy volunteers using high-resolution PET with TSPO radioligand, [18F]FEPPA, and 3T proton magnetic
resonance spectroscopy (1H MRS). The omnibus model (including TSPO genotype as covariate) was significant (F(4, 43)= 10.01,
p < 0.001), with a significant group interaction (t=−2.10, p= 0.04), suggesting a different relation between [18F]FEPPA VT and
glutathione in each clinical group. In healthy volunteers, but not in individuals at clinical high risk for psychosis, we found a
significant negative association between glutathione levels and [18F]FEPPA VT (r=−0.60, p= 0.006). We observed no significant
group differences with respect to [18F]FEPPA VT or glutathione levels. These findings suggest an abnormal interaction between
TSPO expression and redox status in the clinical high risk states for psychosis.
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INTRODUCTION
Schizophrenia is a chronic mental disorder that is heterogeneous
in its etiology, involving alterations in diverse systems including
genetic, neurohormonal, and immunological. The neuroimmune
alterations and oxidative stress have been implicated in the
disease [1], and potential biomarkers have been developed to
examine these processes in clinical studies [2].
Glial cells have a major role in the neuroimmune response, in

particular microglia, which are the first line of defense against
neural tissue damage. In response to brain injury, the microglia
become activated and change their morphology to an amoeboid
form that is capable of phagocytosis. The activation of the
microglia is characterized by an elevated expression of the
translocation protein 18 kDa (TSPO) in their mitochondria, thus
making TSPO a suitable marker for microglial activation. Several
lines of evidence from epidemiology [3], genetic [4, 5], and
preclinical studies [6] support the role for neuroinflammation in
neuropathology of schizophrenia. Results of postmortem studies
on brain immune cell activation in schizophrenia are, however,
inconclusive due to the wide variability in results and confounders
associated with death [7]. The TSPO expression can be measured
in vivo by using the positron emission tomography (PET) and
radiotracers that target TSPO [8]. To date, seven TSPO PET studies
in schizophrenia have shown either no difference in the TSPO

expression when using second-generation radioligands [9–14] or
even a significant decrease [15], while four others have reported
elevated TSPO expression when using the first-generation
radioligand [11C]PK11195 [16–18] or distribution volume ratio
[19]. Of note, [11C]PK11195 has significant methodological
limitations [20], which significantly limit its interpretability.
Similarly, using distribution volume ratio as the outcome measure
for TSPO radioligands is controversial and limits interpretation of
the results [21].
Oxidative stress and redox imbalance, in particular glutathione

metabolism dysregulation, have as well been implicated in the
pathophysiology of schizophrenia [22]. Glutathione is the most
abundant intracellular antioxidant [23]. Preclinical studies show
that glutathione deficits in the developing brain results in
schizophrenia-like behavioral and cognitive deficits [24]. More-
over, genetic studies indicate an association between the allelic
variants of glutathione biosynthesis enzyme and schizophrenia
[25, 26]. Supporting this, a postmortem brain study has reported
decreased levels of glutathione in chronic patients with schizo-
phrenia [27]. The findings of in vivo studies examining cerebral
glutathione in schizophrenia are, however, varied with three
showing no significant alteration [26, 28, 29], one indicating
significant reduction [30], and one indicating significant elevation
[31]. The only study published investigating cerebral glutathione
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levels in the clinical high risk (CHR) state that putatively precedes
psychosis reported no significant difference in the level of
glutathione in the prefrontal cortex between CHR and matched
healthy volunteers [32].
Oxidative stress and neuroinflammation are intricately linked,

and several molecular mediators are shared between oxidative
stress response and the inflammatory pathways [33–35]. Further,
microglia in the brain are a major source of oxidative stress [36],
while oxidative stress and glutathione depletion can lead to
microglia activation [37]. Several mediating factors have been
identified that link oxidative stress and the neuroinflammatory
pathways, including Receptor for Advanced Glycation End-
product (RAGE) [38]. Further, TSPO is localized in the mitochon-
dria, hence directly related to energy metabolism and possible
redox imbalance [39]. While several preclinical studies have
proposed several pathways regarding potential interactions
between oxidative stress and neuroimmune imbalance in the
development of psychosis [37, 40], to date no study has examined
these two systems in vivo in the human brain.
In the current study we have, for the first time, investigated the

link between TSPO expression and glutathione levels in vivo in a
relatively large sample (N= 48) of CHR and healthy volunteers
using 3T proton magnetic resonance spectroscopy (1H MRS) and
TSPO PET high-resolution research tomography (HRRT). Based on
existing preclinical evidence on the alternative molecular immune
and redox imbalance pathways, we hypothesized that there would
be an inverse association between TSPO expression and prefrontal
glutathione in healthy volunteers. However, in CHR, due to
potential abnormalities in molecular linkage between the
neuroimmune and oxidative stress responses, this negative
association may be disrupted.

METHODS
Participants
Twenty-seven CHR and 21 healthy volunteers were enrolled in this
study. Most of the individuals in the CHR group were antipsychotic
naïve (n= 23). Sixteen CHR participants and ten healthy volun-
teers were also included in our previous cohort [10].
To be eligible, the CHR individuals had to meet the following

criteria: fulfillment of diagnostic criteria for prodromal syndrome
as per the Criteria of Prodromal Syndromes [41] with no current
axis I disorders, as determined by the Structured Clinical Interview
for DSM-IV [42]. Healthy volunteers did not have any history of
psychiatric illness, psychoactive drug use, and/or any first-degree
relative having a major mental illness. Participants were excluded
for any of the following: clinically significant medical illness,
current diagnosis of substance abuse or a positive urine-drug
screen, pregnancy or current breastfeeding, and the presence of
metal implants precluding an MRI scan. In CHR, the clinical status
and the severity of symptoms (e.g., psychosis-risk symptoms) were
assessed with the structured interview for psychosis-risk syn-
dromes, scale of psychosis-risk symptoms (SOPS) [41], calgary
depression scale (CDS), Snaith–Hamilton pleasure scale, global
assessment of functioning scale (GAF), state-trait anxiety inven-
tory, and apathy evaluation scale (AES). Neurocognitive perfor-
mance was assessed using the repeatable battery for the
assessment of neuropsychological status (RBANS) [43, 44].

PET, and structural MRI data acquisition and analysis
PET and MRI data acquisition have been described in detail
elsewhere and are summarized below [11, 12]. The T1-weighted
and proton density-weighted (PD) brain MRI scan was obtained for
each subject using a 3T MR-750 scanner (General Electric Medical
Systems). All [18F]FEPPA scans were performed using a high-
resolution neuro-PET camera system (HRRT, Siemens Molecular
Imaging, Knoxville, TN, USA) for 125 min, following an intravenous
bolus injection of 186.38 ± 9.41 MBq of [18F]FEPPA. The arterial

blood samples were collected automatically using an automatic
blood sampling system (Model PBS-101, Veenstra Instrument,
Joure, Netherland) for the first 22.5 min after radioligand injection
at a rate of 2.5 mL/min and manually at −5, 2.5, 7, 12, 15, 20, 30,
45, 60, 90, and 120min to measure the radioactivity in blood and
determine the relative proportion of radiolabelled metabolites.
The dispersion-and metabolite-corrected plasma input function
was generated, as previously described [12].

PET image processing and calculation of total distribution volumes
(VT). The time-activity curves were extracted for medial pre-
frontal cortex (mPFC) using validated in-house imaging pipeline,
ROMI [45]. mPFC was mainly composed of Broadmann areas 9, 10,
and 32. The region of interest was delineated using individual PD
MRI. The kinetic parameters of [18F]FEPPA were derived from the
time-activity curves using the two-tissue compartment model
(2TCM) and plasma input function to obtain the total distribution
volume (VT) for mPFC, which has been validated for [18F]FEPPA,
quantified, and described elsewhere [46].

TSPO genotyping
We genotyped the participants for their TSPO rs6971 polymorph-
ism, and based on the results we categorized the subjects into
high-, mixed-, or low-affinity binders, as described elsewhere [47].

Glutathione data acquisition and analysis
In vivo 1H-MRS measurements were acquired on a 3T MR-750
scanner (GEHealthcare, Wisconsin, USA General Electric Medical
Systems), equipped with an eight-channel head coil from a 24 cc
volume of interest (20 × 40 × 30 mm3), positioned in the mPFC
(Fig. 1). To minimize the head motion, each subject was positioned
at the center of the head coil with a tape strapped across the
forehead and a restraint soft padding around the head. Magnet
homogeneity was adjusted using the manufacture automated
shimming routine. Typical unsuppressed water resonance fre-
quency width at half maximum intensity was between 8–10 Hz.
For all participants, the time gap between 1H-MRS and [18F]FEPPA
PET scans was less than 4 weeks. The glutathione spectra was
acquired using the interleaved J-difference editing approach,
MEshcher-Garwood Point RESolved Spectroscopy (MEGA-PRESS),
and 22 whereby alternating “on” and “off” editing radio frequency
(RF) pulses are applied to the α proton of the cysteine moiety. The
RF pulses suppress the α-CH2 resonance of cysteinyl moeity of
glutathione at 4.5 p.p.m. on one acquisition and at 7.5 p.p.m. on
the alternate scan, resulting in the detection of the cysteinyl β-
CH2 glutathione signal. The acquisition parameters for the
measurements are as follows: echo time (TE)= 68ms, repetition
time (TR)= 1500ms, band width= 5 kHz, number of excitations=
512, and data points= 4096.
After glutathione acquisition, the two free-induction-decay

signals (“on” and “off”) were frequency shift corrected and
subtracted in the time domain. A 3 Hz, the Gaussian filter was
applied to the difference data, which was then Fourier trans-
formed. The Data were zero-filled to 8192 points prior to Fourier

Fig. 1 Volume of interest (20 × 40 × 30mm3) location used in 1H
MRS scan of the medial prefrontal cortex for quantification of
glutathione
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transformation. Areas of glutathione resonance at 2.9 p.p.m. were
obtained using the optimized Levenberg–Marquardt nonlinear
least square-IDL-optimization routine. A combination of Lorent-
zian and Gaussian functions, aka Voigt, was used to model the
spectral line shape using XSOS software [48, 49]. The ratio of
glutathione and unsuppressed water peak (GSH/H2O) areas were
reported. Details of 1H MRS acquisition are provided in
the supplementary methods section and Fig. 2.

Statistical analysis
We used χ2-tests to evaluate differences in the categorical
variables (e.g., gender and TSPO genotype) between CHR and
healthy volunteers. Differences in continuous variables (e.g., age)
were assessed using F-test. We utilized a general linear model to
assess the relation between [18F]FEPPA VT and glutathione levels
in mPFC, where [18F]FEPPA VT was the dependent variable,

glutathione levels and the group were predictors and entered into
the model as main effect and interaction. TSPO genotype was
entered as a covariate. Pearson’s partial correlations were
employed post hoc to explore the association between glu-
tathione and [18F]FEPPA VT in each diagnostic group separately, if
the omnibus test and interaction was significant in the overall
model. Moreover, we explored the association between residuals
of the general linear model and the clinical and neuropsycholo-
gical measures. Statistical analyses were performed using SPSS
(SPSS, Chicago, IL, USA). The significance level was set at 0.05.

RESULTS
The characteristics of the participants are presented in Table 1.
There were no significant differences in gender, TSPO rs6971
genotype, and PET parameters between CHR and healthy
volunteers. The CHR individuals were significantly younger than
the healthy volunteers (F= 13.80, p= 0.001), and all participants
had a clean urine-drug screen.

Differences in [18F]FEPPA VT and glutathione level in mPFC
between CHR and healthy volunteers
Consistent with previous reports, we did not find a significant
group effect on [18F]FEPPA VT in mPFC (F(1, 45)= 0.01, p= 0.92).
The group difference remained non-significant after controlling
for tobacco use (F(1, 44)= 0.12, p= 0.73) or history of cannabis use
(F(1, 44)= 0.02, p= 0.89). This finding was not altered after
controlling for age, or after excluding the CHR individuals who
were on antipsychotics (n= 4).
Tissue composition within the 24 cc MRS voxel consisted of

63.09 ± 3.56% gray matter, 19.86 ± 3.10% white matter, and 17.03
± 4.64% cerebrospinal fluid (CSF) in the mPFC. There were no
significant differences of tissue composition (gray matter, white
matter, and CSF fractions) between CHR and healthy volunteers
(Supplementary table 1). As previously reported [32], we found no
significant effect of the clinical group on the glutathione level in
mPFC (F(1, 46)= 0.86, p= 0.36). The group difference remained
non-significant after controlling for tobacco use (F(1,45)= 0.51, p=
0.48), history of cannabis use (F(1,45)= 1.9, p= 0.18), age (F(1,45)=
0.82, p= 0.37), or after excluding the CHR individuals who were on
antipsychotics (n= 4, F(1,42)= 0.85, p= 0.36).

Association between glutathione level and [18F]FEPPA VT in mPFC
The omnibus model (including TSPO genotype as covariate) was
significant (F(4, 43)= 10.01, p < 0.001) with a significant group
interaction (t=−2.10, p= 0.04) suggesting a different relation
between [18F]FEPPA VT and glutathione in each clinical group. The
model remained significant after controlling for tobacco use (F(5,
42)= 8.18, p < 0.001) or history of cannabis use (F(5, 42)= 7.9, p <
0.001), age (F(5, 42)= 7.82, p < 0.001), or after excluding CHR
individuals who converted to psychosis (n= 5, F(4, 38)= 10.19, p <
0.001). In particular, in healthy volunteers, but not in CHR (r=
−0.07, p= 0.73), we found a significant negative association
between glutathione levels and [18F]FEPPA VT in mPFC (r=−0.60,
p= 0.006)(Fig. 3). The results remained after excluding the CHR
participants who were on antipsychotics (n= 4).
The correlation of residuals of the general linear model and

anhedonia, as measured by Snaith–Hamilton Pleasure Scale, in
CHR showed a significant positive association (r= 0.44, p= 0.02)
(Supplementary Figure 1). We also found a significant correlation
between the residuals and the state-anxiety subscore of the state-
trait anxiety inventory (r= 0.4, p= 0.04); however, this correlation
did not survive the correction for the number of subscores. There
were no other significant associations between these residuals of
the association and severity of psychosis-risk symptoms, as
measured by the SOPS; depression, as measured by CDS; cognitive
function, as measured by RBANS; apathy, as measured by AES; or
global functioning, as measured by GAF.

Fig. 2 (A): Typical fitting results from a patient, a MRS sub-spectra
acquired for the “on” condition (see text), b “off” condition, c
subtracted to obtain clean GSH resonance at 2.9 p.p.m., d frequency
domain model-fitting of edited GSH resonance only, and e residual
of the difference between c and d. (B): A representative single-
subject-GSH-edited spectrum clearly showing the 2.95 p.p.m. GSH
resonance
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DISCUSSION
In this study, for the first time and in a relatively large sample (N=
48) of CHR and healthy volunteers, we showed a significant
interaction between the diagnostic groups when assessing the
relation between glutathione levels and TSPO expression in vivo in
brain, suggesting a different relation between the neuroimmune

response and redox status in each group. In particular, in healthy
volunteers, but not in CHR, there was a significant negative
association between the glutathione levels and [18F]FEPPA VT in
mPFC.

TSPO expression and glutathione level in mPFC of CHR
The lack of group difference in [18F]FEPPA VT in mPFC is in line
with six previous TSPO PET studies that have examined TSPO
expression in the psychosis spectrum [10, 19], including first-
episode psychosis/recent-onset schizophrenia [11, 14], chronic
schizophrenia [12, 13, 19], or CHR using second-generation
radioligands and the validated two-tissue compartment model
for TSPO radioligands quantification [10, 19]. A recent study using
the second-generation TSPO radioligand reported a significant
reduction in TSPO expression in the frontal cortex, temporal
cortex, and hippocampus of drug-naïve first-episode psychosis, as
compared to matched healthy volunteers [15]. Our results are in
contrast with three older studies using [11C]PK11195 that have
reported higher TSPO expression in treated schizophrenia [16–18].
The interpretation of the latter studies is, however, limited due to
the methodological limitations of [11C]PK11195 including low
brain penetration, low affinity for TSPO, and high plasma protein
binding [20].
We also did not observe any significant group effect on the

glutathione level in mPFC. In the present study, we examined
mPFC due to its well-known role in the pathophysiology of
psychosis and the previous evidence on the alteration of
glutathione levels in this region [30]. Our findings are in line with
a recent study on cerebral glutathione in mPFC of CHR [32] and
three 1H MRS studies that examined glutathione in mPFC during
early psychosis [26] or chronic schizophrenia [7, 28]. However, our
findings are in contrast with a 1H MRS study by Do and colleagues

Table 1. Demographics and characteristics of the participants

Demographic Healthy volunteers
s (n= 21 )

Clinical high risk
k (n= 27 )

Age (years) 22.86 ± 2.94 20.30 ± 1.81 F= 13.80 p= 0.001

Gender Male 10 14 χ2= 0.09 p= 0.77

Female 11 13

TSPO genotype HAB 16 15 χ2= 2.20 p= 0.14

MAB 5 12

PET parameters Specific activity (mCi/µmol) 1925.17 ± 1349.37 1454.35 ± 846.66 F= 2.19 p= 0.15

Mass injected (µg) 1.48 ± 0.89 1.92 ± 1.50 F= 1.40 p= 0.24

Amount injected (mCi) 5 ± 0.26 5.06 ± 0.25 F= 0.62 p= 0.44

Drug use (current) Nicotine 0 5

Benzodiazepine 0 1

Lifetime recreational history of cannabis use (>10
times lifetime)a

1 12

SOPS Total 36.44 ± 9.98

RBANS Total 89.96 ± 14.15

CDS 5.70 ± 3.94

GAF 52.22 ± 7.44

SHAPS 3.48 ± 3.29

AESb 38.69 ± 8.38

State-trait anxiety Inventory State 44.48 ± 13.90

Trait 50.93 ± 11.75

AES apathy evaluation scale, CDS calgary depression scale, HAB high-affinity binder, GAF global assessment of functioning, MAB mixed-affinity binder, PET
positron emission tomography, SHAPS Snaith–Hamilton pleasure scale, RBANS repeatable battery for the assessment of neuropsychological status, SOPS scale
of psychosis-risk symptoms
aAll the participants had a negative urine-drug screen test for cannabis
bValues represent mean ± standard deviation. AES score was not available for one CHR participant

Fig. 3 Association between [18F]FEPPA VT and glutathione levels in
mPFC (controlling for TSPO genotype). The graph presents the
significant interaction between group × glutathione levels on [18F]
FEPPA VT (F(4, 43)= 10.01, p < 0.001; t=−2.10, p= 0.04). The
significant correlation in healthy volunteers remains after excluding
healthy volunteer with the highest glutathione value (r=−0.51, p=
0.025)
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reporting a significant reduction in the glutathione level in chronic
schizophrenia [30]. Additionally, a more recent study by Wood and
colleagues reported a significant elevation in the glutathione level
in mPFC in patients with first-episode psychosis [31]. These
discrepancies may have resulted from the difference in the
scanner used (3 T vs. 1.5 T), duration of the illness (CHR vs. first-
episode psychosis vs. chronic schizophrenia), and medication
status of patients (drug-naïve vs. medicated).

Association between TSPO expression and glutathione level in
mPFC
The significant negative association observed in this study
between TSPO expression and glutathione level in mPFC in
healthy volunteers is consistent with the preclinical literature
suggesting that higher levels of microglial activation are
associated with higher oxidative stress [37], which may be
particularly relevant (i.e., absent) in psychosis and psychosis risk
[1]. Oxidative stress is the result of an imbalance between pro-
oxidants (e.g., reactive oxygen species) and antioxidants, such as
glutathione. This redox imbalance can induce immune activation
by triggering the inflammatory gene-regulating factor (e.g.,
nuclear factor ĸB, NF-ĸB) [37]. Supporting this, the antioxidant
treatment with N-acetyl cysteine can decrease the neuropatholo-
gical effects of maternal lipopolysaccharide injection on offsprings
[50]. Inversely, the activation of inflammatory factors such as NF-
ĸB can increase oxidative stress by disrupting the antioxidant
system [35]. More recently, Do and colleagues reported the RAGE
to be the mediatory mechanism that connects oxidative stress and
neuroinflammatory pathways, through matrix metalloproteinase 9
[38, 51]. Therefore, barring the translational leap between these
preclinical studies and our clinical study under normal conditions
(e.g., in the case of healthy volunteers in this study), we expect an
inverse association between glial activation and antioxidant levels.
The lack of association between TSPO expression and glutathione
level in CHR may reflect the potential deficits in molecular
pathways that link the neuroimmune response and oxidative
stress, for instance nuclear factor-E2-related factor-2 and/or NF-ĸB
pathways [52, 53], or RAGE. Future preclinical studies may now
explore the involvement of TSPO and/or glutathione in these
molecular pathways to mechanistically understand their involve-
ment in these processes.
Further, elevated expression of TSPO has been reported in

immune cells with high quantities of pro-oxidants level, such as
phagocytes, astrocytes, and microglia [39], which in some cases
(i.e., stroke) can contribute to the TSPO signal quantified with PET
[54]. It has been suggested that the increased TSPO is involved in
protecting the immune cells against oxidative damage by
preserving the mitochondrial function [55]. The inverse association
between TSPO expression and glutathione level in our healthy
volunteers can be attributed to this role of TSPO. The lack of such
an association in CHR may be due to either a dysregulation
between TSPO and the antioxidant system or the reported
numerically decreased TSPO observed in CHR [10]. This study is
the first attempt to better understand the underlying molecular
pathways involved in the dysregulation of TSPO expression and
glutathione redox imbalance in those at risk for psychosis.
The results of this study should be interpreted considering the

following limitations. First, although the mean age in each group
differed by only 2 years, our healthy volunteers were significantly
older than our individuals with CHR. However, there is no evidence
for a significant effect of age on either TSPO expression [56] or
glutathione levels [57]. After controlling for age, we did not observe
any significant changes in [18F]FEPPA VT, glutathione level, or in the
interaction between these two variables. Second, the participants
underwent PET and 1H MRS scans on two separate days (~16 days
apart); however, both [18F]FEPPA PET scans and glutathione 1H MRS
scans were shown to have satisfactory test-retest reliability. Third,
the relatively large ROI used for 1H MRS in mPFC also included the

surrounding brain regions such as dorsal part of anterior cingulate
cortex (figure 1), thus involving a somewhat bigger area than the
one tested with PET. Fourth, the 1H MRS data was only available for
the presented volume of interest (figure 1) and the associations
between glutathione level and TSPO expression may not be
generalizable to other brain regions. Fifth, it is noteworthy that
TSPO is not a specific marker for microglia and it is also expressed
by other cells including astrocytes, neurons, and vascular endothe-
lial cells. However, this does not affect the overall conclusion of this
study [58]. Sixth, in this study we did not find any significant effect
on either glutathione or glial activation, but in their interaction.
Because regression analyses cannot be used to infer causality,
caution should be taken when interpreting the present results until
preclinical studies help us understand the mechanisms involved in
these associations. Finally, CHR is a heterogeneous group and in the
sample included in the current study, we observed a conversion to
psychosis rate of ~19%, however, this would not affect our findings,
given that, excluding those that converted did not change the
present results.

CONCLUSIONS
This study suggests an abnormal interaction between TSPO
expression and oxidative stress in CHR states for psychosis.
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