Molecular Psychiatry (2016) 21, 1351-1357

www.nature.com/mp

ORIGINAL ARTICLE

Conceptual convergence: increased inflammation is associated
with increased basal ganglia glutamate in patients with major

depression

E Haroon'??3, CC Fleischer?, JC Felger', X Chen?, BJ Woolwine'?, T Patel?, XP Hu? and AH Miller'?

Inflammation and altered glutamate metabolism are two pathways implicated in the pathophysiology of depression. Interestingly,
these pathways may be linked given that administration of inflammatory cytokines such as interferon-a to otherwise non-
depressed controls increased glutamate in the basal ganglia and dorsal anterior cingulate cortex (dACC) as measured by magnetic
resonance spectroscopy (MRS). Whether increased inflammation is associated with increased glutamate among patients with major
depression is unknown. Accordingly, we conducted a cross-sectional study of 50 medication-free, depressed outpatients using
single-voxel MRS, to measure absolute glutamate concentrations in basal ganglia and dACC. Multivoxel chemical shift imaging (CSI)
was used to explore creatine-normalized measures of other metabolites in basal ganglia. Plasma and cerebrospinal fluid (CSF)
inflammatory markers were assessed along with anhedonia and psychomotor speed. Increased log plasma C-reactive protein (CRP)
was significantly associated with increased log left basal ganglia glutamate controlling for age, sex, race, body mass index, smoking
status and depression severity. In turn, log left basal ganglia glutamate was associated with anhedonia and psychomotor slowing
measured by the finger-tapping test, simple reaction time task and the Digit Symbol Substitution Task. Plasma CRP was not
associated with dACC glutamate. Plasma and CSF CRP were also associated with CSI measures of basal ganglia glutamate and the
glial marker myoinositol. These data indicate that increased inflammation in major depression may lead to increased glutamate in

the basal ganglia in association with glial dysfunction and suggest that therapeutic strategies targeting glutamate may be
preferentially effective in depressed patients with increased inflammation as measured by CRP.
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INTRODUCTION

Two evolving theories regarding the development of mood
disorders involve excessive activation of inflammatory pathways
and alterations in glutamate metabolism." For example,
increased inflammatory markers have been reliably found in the
peripheral blood and cerebrospinal fluid (CSF) of patients with
unipolar and bipolar depression."*> Moreover, administration of
inflammatory stimuli including interferon (IFN)-q, typhoid vaccina-
tion or endotoxin have all been shown to lead to behavioral
changes that characterize these disorders including depressed
mood, anhedonia and psychomotor slowing.®™"" Finally, inhibition
of inflammatory cytokines has been shown to reduce depressed
mood in several patient populations.'™'*

Alterations in glutamate metabolism have also been implicated
in mood disorders.® Indeed, a number of studies using magnetic
resonance spectroscopy (MRS) have found alterations in gluta-
mate and associated metabolite levels in multiple brain regions of
patients with depression, bipolar depression in particular.'>
Probably the most dramatic evidence of the role of glutamate in
psychopathology of mood disorders is derived from the profound
and rapid response of treatment-resistant depressed patients to
ketamine, an antagonist of the glutamate N-methyl-p-aspartate
receptor.*2¢

Regarding mechanisms that may link alterations in inflamma-
tion and glutamate metabolism in mood disorders, inflammatory
cytokines have been shown to decrease the expression of
glutamate transporters on relevant glial elements (for example,
astrocytes) and increase astrocytic glutamate release through
reverse efflux?’3' Glutamate released by astrocytes has
preferential access to extrasynaptic N-methyl-p-aspartate receptors,
which have been shown to decrease brain-derived neurotrophic
factor and increase excitotoxicity.'? In addition, our previous data
have demonstrated that administration of the inflammatory
cytokine IFN-a increases the glutamate to creatine (Glu/Cr) ratio
using MRS in the left basal ganglia and dorsal anterior cingulate
cortex (dACC),*® both of which have been implicated as targets of
peripherally administered inflammatory stimuli.®”°""" Increased
glutamate in these brain regions in turn correlated with depres-
sive symptoms including anhedonia and fatigue.®*** Interestingly,
in a recent report, pretreatment with ketamine blocked the
development of depressive-like behavior in mice as a result of
administration of lipopolysaccharide, a potent activator of the
inflammatory response.>> Surprisingly, ketamine had no effect on
lipopolysaccharide-induced inflammatory activation in the brain.

Another pathway that may contribute to increased glutamate in
the context of inflammation is the impact of inflammatory
cytokines on indoleamine 2,3 dioxygenase, which breaks down
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tryptophan into kynurenine.3'* Kynurenine is converted into
quinolinic acid by activated microglia and macrophages in the
brain.3® Quinolinic acid not only directly binds the N-methyl-p-
aspartate receptor but has been shown to stimulate the release
and block the reuptake of glutamate by astrocytes.?” Increases in
quinolinic acid have been found to correlate with interleukin (IL)-6
in suicide attempters®® and the ratio of kynurenic acid (a putative
neuroprotective metabolite of kynurenine) to quinolinic acid was
found to be lower in patients with depression and correlated
negatively with anhedonia in depressed subjects* In sum,
inflammation has several points of intersection with glutamate
metabolism in the brain and thus may be associated with
increased glutamate in patients with major depressive disorder
and increased inflammation.

We therefore endeavored to examine the hypothesis that
increased inflammation in patients with major depression would
be associated with increased glutamate in the left basal ganglia
and dACC, and that these increases would be associated with
behavioral changes including anhedonia and psychomotor slow-
ing as previously described in IFN-a-treated patients.?® To test this
hypotheses, we used MRS, a noninvasive neuroimaging technique
that allows in vivo quantification of metabolites including
glutamate in localized brain regions.'” Furthermore, we used the
concentration of the acute phase protein, C-reactive protein (CRP)
in the plasma as the primary biomarker of inflammation. Plasma
CRP concentrations have been shown to be reliably elevated in
depressed patients and have been associated with the develop-
ment of depression,*®*' as well as with the antidepressant
response to the tumor necrosis factor antagonist infliximab.'?

MATERIALS AND METHODS

Study subjects

Fifty subjects aged 21-65 years diagnosed with major depressive disorder
or bipolar disorder, depressed type using Structured Clinical Interview for
DSM-IV,*? were enrolled. Exclusion criteria included any unstable medical
condition or evidence of active infection (as determined by physical
examination and laboratory testing), a history of schizophrenia as deter-
mined by Structured Clinical Interview for DSM-IV, active psychotic
symptoms of any type, substance abuse/dependence within the past
6 months (determined by Structured Clinical Interview for DSM-IV and urine
drug testing), active suicidal ideation reflected by a score of >3 on item 3 of
the 17-item Hamilton Scale of Depression*® and/or a score <28 on the
Mini-Mental State Examination.** All patients were free of psychotropic
medications for at least 4 weeks (8 weeks for fluoxetine) and had not taken
any medications known to affect the immune system (for example,
glucocorticoids, statins, angiotensin-2 inhibitors and non-steroidal anti-
inflammatory agents excluding aspirin 81 mg per day) within the past
6 months (2 weeks for non-steroidal anti-inflammatory agents). Medications
for other medical conditions were allowed as dictated by the patients’
treating physicians. All participants signed informed consent and the study
was approved a priori by the Institutional Review Board of Emory University.
Subjects were recruited from a parent study on phenotyping depressed
patients with increased inflammation (ClinicalTrials.gov NCT01426997).

Study procedures

Study procedures occurred in the same order over 3 days. MRS scans were
conducted on Day 1 between 1400 and 1600 h. On Day 2, blood sampling
was conducted between 0800 and 1000 h (to minimize circadian varia-
tions), neuropsychiatric assessments between 1000 and 1200h and
neurocognitive testing between 1400 and 1600 h. Lumbar puncture was
conducted on Day 3 between 1200 and 1600 h.

Behavioral assessments

Depression severity was measured using the Hamilton Scale of Depression
and Inventory of Depressive Symptoms-Self Rating.***> Age of onset of
depression (years), duration of current episode (months), number of
episodes and family history (yes/no) were collected using structured
interview.'? Treatment history was assessed using the Antidepressant
Treatment History Questionnaire, providing number of antidepressant

Molecular Psychiatry (2016), 1351 -1357

trials in the current episode.*® Anhedonia was assessed using a subscale of
the Inventory of Depressive Symptoms-Self Rating consisting of three
items (reduced mood reactivity, reduction in general interest and reduced
capacity for pleasure or enjoyment). This subscale has acceptable face and
construct validity in measuring hedonic capacity and correlates with other
more nuanced assessments of anhedonia.”’

Neurocognitive assessments

Psychomotor performance was measured by the finger-tapping test, a task
of pure motor function that requires patients to tap with the index finger
of the dominant hand as fast as possible for 10's intervals;*® the Reaction
Time Task of the Cambridge Neuropsychological Test Automated Battery,
which includes simple and five-choice reaction time segments and
provides distinction between reaction time and movement latencies;**°
and the Digit Symbol Substitution Test of Wechsler Adult Intelligence Scale

that measures psychomotor processing speed.”’

Scanning protocol

Scanning was performed on a Siemens 3-Tesla Magnetom Trio System
(Siemens Medical Solutions USA, Malvern, PA, USA; VB17, 12-channel head
coil).3*3* Briefly, for image guidance and prescription of voxels of interest,
axial T1 images were obtained using three-dimensional magnetization-
prepared rapid gradient-echo with settings of time to repetition (TR)=
2300 millseconds (ms), time to echo (TE)=3.02 ms, time following
inversion pulse (Tl)=1100 ms, flip angle =8° and voxel size 1x1x 1 mm>.
MRS was acquired using point-resolved spectroscopy with the following
parameters: TR=3000ms, TE=30ms, sampling size=1024 complex
spectral points and 128 averages. One voxel sized 17x30x 17 mm?
located on the left basal ganglia and one voxel sized 20x30x 10 mm?>
located on the dACC (Brodmann'’s Area 24) were used to obtain single-
voxel "H-MRS as previously reported.3*3*

MRS postprocessing

Postprocessing to obtain absolute glutamate concentrations was accom-
plished using LCModel package-Version 6-2-2b.° The water-suppressed
time-domain data were analyzed between 0.2 and 4.0 p.p.m. using the
basis set provided by the vendor (http://s-provencher.com/pages/lcm-
applications.shtml). Concentrations and ratios with Cramer-Rao lower
bounds >20% were excluded from analysis. Single-voxel MRS-based
metabolite values from the left basal ganglia of sixpatients and dACC
region of five patients had to be excluded due to motion-related inferior
quality spectra (Cramer-Rao lower bounds >20). T1-weighted images
were segmented into gray matter, white matter and CSF compartments
using FreeSurfer (https://surfer.nmr.mgh.harvard.edu/fswiki) on the whole
brain T1 images. A volume of interest was generated on the T1 images,
which matched the location and size of MRS voxel. Volumes of gray matter,
white matter and CSF segments in this volume of interest were then
generated using FreeSurfer. The absolute glutamate concentrations
generated by the LCModel was corrected for CSF using the formula:
C=Cy % 1/(1 =fcse), where C is the corrected metabolite concentrations,
C, is the metabolite concentrations generated by LCModel output and fcs¢
is the fraction of the CSF volume.>** Investigators blinded to group
assignment conducted all image analyses.

Multivoxel chemical shift imaging

To complement single-voxel assessments, multi-voxel metabolite data
were acquired using chemical shift imaging (CSI) in exploratory analyses.
First, the axial brain image was placed on a grid measuring
164.8 x 164.8 mm subdivided into 16 x 16 voxels. Within this large grid, a
rectangular region comprising 8 x 10 voxels, which included the primary
regions of interest (subcortical regions), measuring 82.4x 103 mm was
selected for CSI data acquisition. Individual voxels were localized during
the scan and individual spectra were acquired from each voxel. The
primary regions of interest in this analysis were the basal ganglia regions,
and therefore a 2 x 3 voxel subregion spanning parts of the right and left
caudate, putamen and pallidum, and the intervening white matter
(internal capsule) were chosen for study. The scanning parameters
included a double spin-echo point-resolved spectroscopy sequence
(TR=1590 ms, TE=30ms, 1024 complex spectral points and 6 averages).
Mean data from 6 acquisitions of all 80 voxels (10.3x10.3x 15 mm?> each)
were averaged post hoc during the postprocessing using the LCModel. The
total acquisition time was as follows: water-suppressed metabolite
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Table 1. Sociodemographic and clinical characteristics of the study
sample
Variable Value
N 50
Age (years) (mean +s.d.) 38.6+10.8
Females (%) 68%
Race
Caucasian (%) 38%
African American (%) 62%
College graduate (%) 42%
Employed (%) 64%
BMI (mean +s.d.) 31.5+78
Duration of current depressive episode (months) 181.1+163.6
(mean +s.d.)
Age of onset (years) (mean +s.d.) 20.1+11.5
Number of depressive episodes (mean =+ s.d.) 1.6+2.0
Antidepressant trials during current episode 08+1.6
(mean +s.d.)
History of substance abuse (%) 36%
HAM-D (mean +s.d.) 232+3.2
IDS-SR total (mean +s.d.) 36.2+8.0
Abbreviations: BMI, body mass index; HAM-D, 17-item Hamilton depression
rating scale for depression; IDS-SR: inventory for depressive symptoms—
self-rated version.

scan: 11 min 13 s and non-water suppressed scan: 4 min 3 s. Metabolite by
creatine+phosphocreatine (Cr) ratios were used for these analyses,
because of the methodological challenges inherent to calculating absolute
metabolite values using CSI data including B, inhomogeneity and tissue
variations within the large number of CSI voxel spectra.”

Immune assessments

Blood was obtained in EDTA tubes through an indwelling catheter after
30min of rest and immediately centrifuged (1000g for 15 min at 4°C).
Plasma was collected and stored at —80°C until batched assay. CSF
samples were aliquoted into 1 ml vials and immediately frozen at —80 °C
until batched assay. CRP was measured by the immunoturbidometric
method, using the Beckman AU 480 chemistry analyzer and the Ultra WR
CRP reagent kit (Sekisui Diagnostics, LLC, Lexington, MA, USA)."2
Concentrations of IL-1f3, IL-6 and tumor necrosis factor, and their soluble
receptors were assessed in duplicate using multiplex bead-based assays
(R&D Systems, Minneapolis, MN, USA) and analyzed on a MAGPIX CCD
imaging system (Luminex Corporation, Austin, TX, USA). Mean inter- and
intra-assay coefficients of variation were reliably <10%.

Statistical analysis

Linear regression analyses were used to determine the association
between independent and dependent variables, controlling for relevant
covariates. The primary analyses examined the relationship between
plasma and CSF CRP, as well as other inflammatory markers and absolute
glutamate concentrations in the left basal ganglia and dACC as determined
by single-voxel MRS. The relationship between absolute glutamate con-
centrations and anhedonia and psychomotor speed were also considered
in the primary analyses. The association of CRP and other inflammatory
markers with CSI metabolite ratios were considered in exploratory
analyses. Age, sex, body mass index, smoking status (yes/no) and depres-
sion severity as measured by the Hamilton Scale of Depression were
included as covariates in all primary analyses. These covariates have all
been shown to be related to inflammation in previous reports and in our
own studies as well.>**5>8 In exploratory analyses, body mass index was
not included in the models because of its strong correlation with both the
plasma and CSF CRP (r=0.64, P <0.001 and r=0.57, P <0.001, respec-
tively). To examine stepwise relationships between inflammation and
absolute glutamate concentrations, depressed patients were also stratified
into low (CRP<1mgl™"), medium (CRP=1-3mgl~") and high
(CRP>3mgl™") inflammation groups based on recommended
guidelines.s9 To examine the main effects of inflammatory status (low,
medium and high) on absolute glutamate, one-way analysis of variance
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(ANOVA) was used followed by post-hoc testing using Bonferroni correction.
One-way ANOVA and Fisher's exact tests were used to determine differences
in sociodemographic and clinical variables among the inflammation groups.
For analysis of CSI data, to control for multiple comparisons, a non-biased
omnibus multivariate ANOVA was used to examine the relationship between
CRP and other inflammatory markers, and all relevant metabolites
(normalized to Cr) including n-acetyl aspartate (NAA/Cr), myo-inositol (ml/
Cr), choline (Cho/Cr) and glutamate (Glu/Cr) obtained concurrently from the
left and right basal ganglia regions. Before this analysis, it was confirmed that
Cr concentrations were not significantly correlated with CRP. In the case of a
significant overall multivariate ANOVA, a false discovery rate (FDR) of < 0.05
was employed to indentify individual metabolites that were significantly
associated with inflammatory markers.%° Non-normally distributed data were
natural log-transformed for all analyses. Statistical computations were
performed using IBM-SPSS (International Business Machines, New York, NY,
USA). Power assessments were measured using G*Power.®!

RESULTS
Patient characteristics

The sociodemographic and clinical characteristics of the study
sample are indicated in Table 1. Table 2 shows absolute
concentrations of glutamate in the regions of interest and
concentrations of cytokines in the plasma and CSF.

Relationship between plasma CRP and absolute glutamate
concentrations as measured by single-voxel MRS

Log CRP was the only significant predictor of log left basal ganglia
glutamate after exclusion of covariates (8=0.36, t=2.57, P=0.01,
Cohen’s =0.33, power=095; Figure 1). One-way ANOVA also
revealed a significant main effect of CRP group on log left basal
ganglia glutamate (F[2,43]1=4.42, P=0.02, d=0.90, power=0.80),
with the high CRP group (>3 mg |~ ', n = 14) exhibiting significantly
greater log glutamate concentrations than the low CRP group
(< 1mgl™", n=22; mean difference = 0.062, SE=0.021, Pco,,=0.02,
d=1.15, power=0.95; Figure 1). This relationship remained
significant after controlling for covariates including body mass
index, which was the only covariate which differed among CRP
groups (high CRP group: 38.7 +7.1; medium CRP group: 32.6+7.2;
low CRP group: 26.5+4.3; F[2,49]=17.7, P <0.001). Although log
plasma CRP was highly correlated with log CSF CRP (r=0.87,
P <0.001, d=3.53), log CSF CRP did not predict log left basal
ganglia glutamate concentrations (8=0.29, t=1.8, P=0.085,
Cohen’s =009, power=049), albeit the analysis was under-
powered. No significant associations were found between log
plasma or log CSF CRP and log absolute glutamate concentrations
in the dACC using linear regression or ANOVA (P=NS). Therefore,
the dACC was not considered in further analyses.

Relationship between other plasma and CSF inflammatory
markers and absolute glutamate concentrations in the left basal
ganglia as determined by single-voxel MRS

Log plasma concentrations of the chemokine monocyte chemoat-
tractant factor-1 was the only inflammatory marker that was
significantly correlated with the left basal ganglia glutamate
controlling for covariates (8=0.33, t=2.39, P=0.022).

Relationship of the left basal ganglia absolute glutamate

concentrations with anhedonia and psychomotor speed

After controlling for covariates, the left basal ganglia glutamate
was positively associated with anhedonia subscale scores (3=0.42,
t=3.03, P=0.004, Cohen’s £ =0.21, power=0.82, predictors = 8).
To correct for multiple comparisons between glutamate and the
measures of psychomotor speed, simple correlation coefficients
between log left basal glutamate and neurocognitive assessments
were calculated using an FDR < 0.05. Three measures, that is,
mean finger-tapping frequency in the dominant hand (r=-0.42,
DP(FDRorr) =—0.032), simple reaction time (ms; r=0.32,
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Figure 1. Association between plasma C-reactive protein (CRP) and the left basal ganglia glutamate in depressed patients. Plasma CRP was

positively associated with the left basal ganglia absolute glutamate in both a linear (a) and step-wise manner (b), in medication-free patients
with major depressive disorder. (a) Increased log plasma CRP correlated and log left basal ganglia absolute glutamate concentrations in
depressed subjects after controlling for age, sex, race, smoking status, body mass index and 17-item Hamilton Depression Rating Scale scores
(B=0.36, t=2.57, P=0.014). (b) Group-wise comparison of log left basal ganglia absolute glutamate concentrations among patients grouped
by CRP revealed a significant main effect of group (F[2,43] =4.42, P=0.018). *P < 0.025.

Table 2. Brain glutamate concentrations and plasma and CSF
inflammatory markers

Variable Value (mean +s.d.)

Absolute glutamate concentrations
dACC glutamate (n=45)
Left basal glutamate (n=44)

8.99 + 1.67 (mmolkg™")
6.53+0.93 (mmol kg™ ")

Plasma (n=50) CSF (n=43)

Immune markers

CRP 2384235 (mgl™") 11.64+ 1444 (ngml~")
IL6 1.70+1.18 (pgml ™) 2.69+1.35 (pgml™")
sIL6R 15.75+3.38 (ngml ™) 709.62 +366.29 (pgml~")
TNF-a 5.58+2.25 (pgml ™) 1.30£0.41 (pgml™")
STNFR2 2.50+0.90 (ngml™") 120.58 +65.86 (pgml ™ ")
IL1beta 0.42+0.22 (pgml™") 0.37+0.24 (pgml™")
ILTra 1.75+2.31 (ng ml—1) 9.88+17.82 (pg ml~")
MCP-1 131.78+£51.92 (pgml™")  276.16+94.89 (pgml~")
IL-10 0.6+0.6 (pgml™") 0.5+0.17 (pgml~")

Abbreviations: CRP, C-reactive protein; CSF, cerebrospinal fluid; dACC,
dorsal anterior cingulate cortex; IL-6, interleukin 6; IL-10, interleukin 10;
IL1B, interleukin 1pB; IL1ra, interleukin 1-receptor antagonist; MCP-1,
monocyte chemoattractant protein-1; sIL6R, soluble interleukin 6 receptor;
sTNFR2, soluble TNF receptor type 2; TNF, tumor necrosis factor.

p(FDRcor) = 0.048) and Digit Symbol Substitution Test performance
(r=-0.36, p(FDRo) =0.048), survived FDR correction and thus
were considered in subsequent analyses. Log left basal ganglia
glutamate positively predicted a simple reaction time (8=0.32,
t=2.18, P=0.035, Cohen's #=0.11, power=0.66, predictors=S8;
Figure 2) and negatively predicted mean frequency of taps on the
finger-tapping test and performance on the Digit Symbol
Substitution Test (8=-0.38, t=2.95, P=0.005, Cohen’s £=0.32,
power=0.90 and B=-0.36, t=2.54, P=0.01, Cohen’s £=0.15,
power =0.74, predictors = 8, respectively; Figure 2).

Relationship between plasma CRP and other metabolites in basal
ganglia as measured by CSI

We conducted a non-biased exploratory analysis of all metabolites
acquired simultaneously from both basal ganglia using CSI. An
omnibus analysis using multivariate ANOVA was employed to test
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the association between log plasma CRP concentrations and
log-transformed values of MRS metabolites after adjusting for
covariates (see Subjects and methods). The overall model was
significant (Roy’s largest root (F[8,35]=2.66, P=0.02, partial
n*=0.38, power =0.86). Three metabolites, that is, the left basal
ganglia Glu/Cr (F[6,48]=3.22, p(FDRon)=0.03, partial n*=0.35
power=0.90), the left basal ganglia ml/Cr (F[7,48]=34,
P(FDRor) < 0.02, partial n°=0.37, power=0.93) and the right
basal ganglia ml/Cr (F[7,49]1=4.36, p(FDR.o) < 0.008, partial
n*=0.43, power=0.97), remained significant after correcting for
FDR (< 0.05) and were considered in subsequent analyses. Log
left basal ganglia Glu/Cr was significantly associated with both log
plasma (3=0.32, t=2.55, P=0.01) and log CSF CRP (8=0.29,
t=2.07, P=0.04), validating the association of glutamate with
plasma CRP using single-voxel MRS. Log left basal ganglia ml/Cr
was also significantly associated with both log plasma (8=0.29,
t=2.37, P=0.02) and log CSF CRP (8=0.32, t=2.40, P=0.02) as
was log right basal ganglia ml/Cr (log plasma CRP: 3=0.42,
t=3.68, P=0.001 and log CSF CRP: 3=0.40, t=3.22, P=0.003).

Relationship between other inflammatory markers and glutamate
and myoinositol as measured by CSI

FDR-corrected independent regression analyses were run to
explore the association between metabolite ratios obtained using
CSI and plasma, and CSF immune markers other than CRP. Both
log CSF IL-13 and log plasma IL-Treceptor antagonist predicted
log left basal ganglia Glu/Cr (3=0.31, t=2.27,P=0.03 and $=0.35,
t=2.80, P=0.008, respectively). Similarly, log plasma IL-1receptor
antagonist positively predicted log ml/Cr in both the left and right
basal ganglia (8=0.24, t=2.04, P=0.05 and $=0.23, P=2.05,
P=0.05, respectively), whereas log plasma tumor necrosis factor
receptor type 2 predicted log right basal ganglia ml/Cr (3=0.30,
t=271, P=0.01). Log plasma concentrations of the anti-
inflammatory cytokine IL-10 were negatively associated with log
right basal ganglia ml/Cr (3=-0.29, t=-2.53, P=0.02). Finally, in
univariate analyses, log left and right basal ganglia ml/Cr was
significantly associated with the left and right total basal ganglia
volume (r=-0.45, N=50, P=0.001 and r=-0.38, N=50, P < 0.01,
respectively) as measured by Freesurfer software including the
caudate, putamen and pallidum. After controlling for relevant
covariates, these associations were no longer significant.
No relationship was found between log left or right basal ganglia
Glu/Cr and the left or right total basal ganglia volume.
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Correlations between the left basal ganglia glutamate and anhedonia and psychomotor speed in depressed patients. (a) Logged

values of absolute glutamate concentrations in the left basal ganglia were correlated with the IDS-SR—-Anhedonia subscale (3=0.42, t=3.03,
P=0.004). (b) Log absolute basal ganglia glutamate concentrations were correlated with finger-tapping frequency on the FTT (3=-0.40,
t=-2.96, P=0.005). (c) Log absolute basal ganglia glutamate concentrations were correlated with log simple reaction time assessed using the
CANTAB (8=0.35, t=2.44, P=0.019). (d) Log absolute basal ganglia glutamate concentrations were correlated with performance on the DSST
(B=-0.36, t=—2.57, P=0.01). Statistical values controlling for covariates including age, sex, race, body mass index, smoking status, Hamilton
Scale of Depression scores and plasma CRP are indicated in parentheses. CANTAB, Cambridge automated neuropsychological test battery;
DSST, digit symbol substitution test; FTT, finger-tapping test; IDS-SR, inventory for depressive symptoms-self rated.

DISCUSSION

The data support a relationship between inflammation and
glutamate metabolism in patients with major depression as
manifested by a linear and stepwise association between plasma
CRP and absolute concentrations of glutamate in the left basal
ganglia as measured by MRS. These findings are consistent with
previous work by our group demonstrating that administration of
IFN-a is associated with increased left basal ganglia glutamate in
otherwise non-depressed subjects with hepatitis C.3*** Consistent
with our findings with IFN-a, we also found that changes in
glutamate concentrations were in turn associated with anhedonia
and psychomotor slowing.33>* Taken together, these data support
the notion that inflammation may not only serve as a biomarker of
altered glutamate metabolism in depression and other psychiatric
disorders, but also may represent a pathophysiologic pathway by
which inflammation has an impact on the brain to influence
behavior.

We have previously demonstrated that administration of IFN-a
increased glutamate in the left basal ganglia and the dACC333*
However, in our previous study, we measured the Glu/Cr ratio. In
the current study, we measured absolute glutamate concentra-
tions, making it difficult to compare changes in glutamate as a
function of inflammation across studies. Nevertheless, using our
CSI measures of Glu/Cr in the left basal ganglia from the current
study, we were able to compare results with those from IFN-a-
treated patients. Interestingly, our low inflammation depressed
group exhibited a Glu/Cr ratio almost indistinguishable from that

seen in our control subjects in the IFN-a study (1.06 s.d. 0.09
versus 0.95 s.d. 0.23, t=0.82, P=0.41). Moreover, the absolute
magnitude of the difference between the high and low
inflammation depressed groups was roughly half of that observed
following IFN-q, a powerfully potent inflammatory stimulus (0.08
s.e. 0.03 versus 0.17 s.e. 0.08, t=5.73, P=0.001). The comparison
between these studies and their results suggests that there is
good consistency in our measures of glutamate across study
populations and across time, and that the impact of increased
inflammation appears to be somewhat dose dependent regardless
of whether the source is exogenous or endogenous. Moreover, as
noted above, our findings in both studies, examining a host of
metabolites, were largely significant for glutamate. These findings
suggest that the effects of inflammation may be relatively
exclusive to glutamate, albeit in the current study we also found
evidence of increased myoinositol. In both studies we also found
associations between inflammation-related changes in glutamate
to be related to behaviors suggestive of basal ganglia dysfunction.
These data are compatible with a growing literature, suggesting
that a primary target of cytokines in the brain is the basal
ganglia.*”*~"" Finally, in both studies we found the left-lateralized
effects of inflammation consistent with the left-lateralized micro-
structural alterations in the striatal region of IFN-a-treated patients
as measured by quantitative magnetization transfer imaging.®?
Consistent with the regulation of extracellular glutamate
concentrations by astrocytes,%> we also found that myoinositol
in the basal ganglia was associated with increased inflamma-
tory markers. Myoinositol is believed to be a glial marker of
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astrocytes®*®° and its positive relationship with inflammation may

be evidence of inflammation-induced astrocytic activation or
dysfunction.?® Indeed, recent data have provided evidence of
astrocytic dysfunction in postmortem samples of depressed
subjects.®” Thus, further studies examining the relationship among
glutamate, myoinositol and inflammation in depression are
warranted. In addition, the association between plasma monocyte
chemoattractant factor-1 and glutamate lends support to
preclinical evidence that invading macrophages recruited into
the brain during activated inflammatory states (including depres-
sion) might also contribute to increased glutamate.®®

A recent meta-analysis of glutamate concentrations in cortical
regions of depressed patients versus controls revealed consider-
able heterogeneity in the findings.?* Given our results, inflamma-
tion may serve as an important between-subjects factor that may
account for a significant amount of the variance in glutamate
concentrations, especially as it relates to the basal ganglia. Thus,
these data indicate that inflammatory biomarkers may identify
patients with altered glutamate metabolism who might be ideal
candidates for glutamate-targeted therapies alone or in combina-
tion with anti-inflammatory treatments.

There are several strengths and limitations of the study. All
patients were medication free and the sample was diverse
regarding sex and race. In addition, study procedures were
standardized to limit circadian variations and ordering effects.
However, the study did not contain a healthy control group and
whether glutamate concentrations in patients with high inflam-
mation are greater than healthy controls cannot be determined.
Nevertheless, as noted above, our low inflammation group had
glutamate concentrations similar to the control group in our
previous study on IFN-a. It should also be noted that MRS
measurements of glutamate do not differentiate intracellular
versus extracellular glutamate, albeit the majority of glutamate is
intracellular. However, a relationship between MRS-assessed
glutamate and a transcranial magnetic stimulation-based measure
of global cortical excitability has been documented, suggesting
that MRS measurements of glutamate reflect neural glutamatergic
activity.%° Relative to our assessments of behavior, we used a
subscale of the Inventory of Depressive Symptoms-Self Rating to
measure anhedonia. Although this subscale has shown good
correlations with other scales of anhedonia,’® the study would
have benefitted from more objective measures of motivation
including tasks of effort-based motivation, which we and others
have shown to be altered by inflammatory stimuli.”"”? In addition,
as we recruited exclusively medication-free subjects for this study,
our sample was less likely to include patients who had multiple
antidepressant trials or were treatment resistant. Finally, we did
not find any changes in dACC glutamate in depressed patients as
a function of inflammation. The lack of changes in dACC
glutamate is in contradistinction to our previous findings with
IFN-a. One explanation for this discrepancy is that IFN-a-induced
increases in dACC glutamate were associated with IFN-a-induced
development of depression. However, in the current study, all
patients were depressed, thereby obviating any indirect effects of
inflammation on the development of depression, which may have
in turn contributed to the effects of IFN-a on dACC glutamate.
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