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Rapid Enhancement of Glutamatergic Neurotransmission
in Bipolar Depression Following Treatment with Riluzole
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Glutamatergic abnormalities may underlie bipolar disorder (BD). The glutamate-modulating drug riluzole may be efficacious in bipolar
depression, but few in vivo studies have examined its effect on glutamatergic neurotransmission. We conducted an exploratory study of
the effect of riluzole on brain glutamine/glutamate (GIn/Glu) ratios and levels of N-acetylaspartate (NAA). We administered open-label
riluzole 100-200 mg daily for 6 weeks to 14 patients with bipolar depression and obtained imaging data from 8-cm? voxels in the anterior
cingulate cortex (ACC) and parieto-occipital cortex (POC) at baseline, day 2, and week 6 of treatment, using two-dimensional J-resolved
proton magnetic resonance spectroscopy at 4 T. Imaging data were analyzed using the spectral-fitting package, LCModel; statistical
analysis used random effects mixed models. Riluzole significantly reduced Hamilton Depression Rating Scale (HAM-D) scores (d=34;
p<0.001). GIn/Glu ratios increased significantly by day 2 of riluzole treatment (Cohen's d=1.2; p=0.023). NAA levels increased
significantly from baseline to week 6 (d=1.2; p =0.035). Reduction in HAM-D scores was positively associated with increases in NAA
from baseline to week 6 in the ACC (d= 1.4; p =0.053), but was negatively associated in the POC (d=9.6; p<0.001). Riluzole seems
to rapidly increase GIn/Glu ratios—suggesting increased glutamate—glutamine cycling, which may subsequently enhance neuronal
plasticity and reduce depressive symptoms. Further investigation of the GIn/Glu ratio as a possible early biomarker of response to

glutamate-modulating therapies is warranted.

INTRODUCTION

Bipolar disorder (BD) is a serious mental illness. The manic
phase of this disorder is often debilitating, but the depressive
phase contributes at least comparable morbidity and
mortality (Post, 2005). Although the neurobiology of BD
remains incompletely understood, recent evidence has
increasingly implicated abnormal glutamatergic neurotrans-
mission (Kugaya and Sanacora, 2005; éngﬁr et al, 2008;
Sanacora et al, 2003). Lacking refined in vivo assays to
measure brain glutamate levels, few studies have accurately
assessed glutamatergic activity in patients with BD.
Magnetic resonance spectroscopy (MRS) can measure
brain glutamate levels in vivo, but signal/noise and spectral
resolution problems have forced most studies to quantify
glutamate together with glutamine as a composite measure-
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ment labeled ‘Glx.” Increased Glx levels have been shown in
the depressed (Bhagwagar et al, 2007; Frye et al, 2007),
manic (Cecil et al, 2002; Michael et al, 2003), and euthymic
(Dager et al, 2004) phases of BD, as well as in rapid-cycling
BD (Michael et al, 2009). However, the physiological
significance of Glx is unclear—underscoring the need for
separate glutamate and glutamine measures.

Glutamate is continuously recycled between neurons and
glia: neuronal glutamate is released into the synapse, taken
up by glial cells, and converted to glutamine, which is then
shuttled back to neurons and reconverted to glutamate
(Rothman et al, 2003). Glutamate levels by themselves do
not accurately reflect glutamatergic neurotransmitter activ-
ity, because cellular metabolism contributes to the synthesis
of glutamate through the tricarboxylic acid (TCA) cycle.
Furthermore, static measurements of glutamate and gluta-
mine do not reflect the constant flux though the glutamate-
glutamine cycle. An aggregate measure, the glutamine/
glutamate (GIn/Glu) ratio, may function as a better
(although imperfect) index of glutamatergic neurotransmis-
sion than either metabolite alone, because it is more
sensitive to changes in the glutamate-glutamine cycle—a
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physiological process that is particularly amenable to this
approach, given the reciprocal nature of glutamine and
glutamate. As theorized by several other groups, increased
Gln/Glu ratios reflect intensified flux through the gluta-
mate-glutamine cycle and an overall increase in glutama-
tergic neurotransmitter activity (Igarashi et al, 2001; Iltis
et al, 2009; Mlynarik et al, 2008; C)ngiir et al, 2008; Theberge
et al, 2003, 2002). It has recently become possible to
measure this ratio, using J-resolved proton MRS (*H-MRS),
a sequence that acquires spectra at multiple echo times
(TEs), allowing improved metabolite quantification (Jensen
et al, 2009). Thus, "H-MRS can measure glutamate and
glutamine levels separately, allowing calculation of Gln/Glu
ratios. A recent study using '"H-MRS has shown increased
GIn/Glu ratios in acutely manic patients, suggesting
glutamatergic overactivity in mania (Ongiir et al, 2008).

To further investigate glutamatergic activity in BD, one
can use 'H-MRS to assess longitudinal changes in
glutamatergic activity after administration of a glutamate-
modulating drug probe. This design is especially suited for
the depressed phase of the illness, because several
antidepressant agents have effects on glutamatergic neuro-
transmission (Sanacora et al, 2008). Using one of these
agents as a drug probe, one could simultaneously analyze
changes in both glutamatergic activity and mood symptoms
after drug administration. A good candidate for this
purpose is riluzole, an FDA-approved medication for the
treatment of amyotrophic lateral sclerosis (ALS), which has
been shown to potently and rapidly inhibit presynaptic
release of glutamate in both in vitro and in vivo studies
(Cheramy et al, 1992; Doble, 1996). Riluzole has shown
antidepressant effects in preliminary open-label studies of
unipolar (Sanacora et al, 2007; Zarate et al, 2004) and
bipolar depression (Zarate et al, 2005), and thus represents
a promising glutamate modulator/antidepressant probe.

We administered riluzole for 6 weeks to 14 bipolar-
depressed patients and used J-resolved 'H-MRS to calculate
GIn/Glu ratios at baseline, day 2, and at week 6 of treatment.
We obtained "H-MRS data from the anterior cingulate cortex
(ACC), a known locus of pathology in BD (Phillips et al,
2003), and from the parieto-occipital cortex (POC), a locus
implicated only in unipolar depression (Sanacora et al, 2004),
to assess for regional specificity in the biological effects of
riluzole. We also analyzed the association between improve-
ment on the 21-item Hamilton Depression Rating Scale
(HAM-D) and change in GIn/Glu ratios at day 2 and week 6.
We hypothesized that riluzole would improve depression,
and that this improvement would be associated with a
reduced Gln/Glu ratio in the ACC at day 2 and week 6. On the
basis of previous studies showing an increase in N-
acetylaspartate (NAA), a marker of neuronal integrity, after
riluzole treatment (Kalra et al, 1998; Mathew et al, 2008), we
also hypothesized that riluzole would increase NAA levels in
the ACC at week 6, but not at day 2, given the slow turnover
rate of NAA (Choi and Gruetter, 2004).

PATIENTS AND METHODS
Participant Selection

Through advertisements, we recruited participants aged
18-65 years, meeting the DSM-IV criteria for BD (type I
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or II), currently depressed, scoring >18 on the HAM-D at
screening and baseline. Exclusion criteria were as follows:
history of schizophrenia or obsessive-compulsive disorder,
active psychosis, suicidal risk, alcohol or substance
dependence (other than nicotine) within 3 months of
enrollment, electroconvulsive therapy within 3 months
of enrollment, positive urine drug screen for substances of
abuse, previous riluzole treatment, current pregnancy or
lactation, history of seizure disorder or organic brain
disease, clinically significant medical disease, or MRI
contraindication.

During the study, we excluded clozapine, lamotrigine,
lithium, carbamazepine, opiates, psychostimulants, atomox-
etine, tricyclic antidepressants, and fluvoxamine on the
basis of (1) substantial evidence of glutamatergic activity
(lamotrigine), (2) previous "H-MRS evidence of effects on
brain glutamate levels (lithium, opiates, psychostimulants,
and atomoxetine), (3) potential effect on riluzole levels
(tricyclic antidepressants and fluvoxamine), or (4) risk of
neutropenia (clozapine and carbamazepine). Participants
taking an excluded medication could enroll after a
medication washout of at least five half-lives supervised
by the treating psychiatrist or by the study investigator.
Participants taking stable doses of nonexcluded medications
for >4 weeks before enrollment were included, provided
they required no significant dose changes during the
study. No new psychiatric medications were permitted
during the study.

Clinical and 'H-MRS Evaluation

Participants received a screening evaluation, at the time of
which they signed informed consent as approved by the
McLean Hospital Institutional Review Board. We then
obtained demographic information, medical/psychiatric
history, the Structured Clinical Interview for DSM-IV,
physical examination, vital signs, electrocardiogram, and
clinical laboratory tests. Thereafter, we administered our
primary clinical outcome measure, the HAM-D, and three
secondary clinical outcome measures, namely the Mon-
tgomery-Asberg Depression Rating scale (MADRS), Clinical
Global Impression Scale for Severity (CGI-S), and the Young
Mania Rating Scale (YMRS).

Eligible participants returned in ~1 week for a baseline
visit to assess adverse events, concomitant medications,
vital signs, HAM-D, MADRS, CGI-S, and YMRS. In
addition, participants underwent a 'H-MRS scan and
started a 6-week open-label course of riluzole, 50 mg twice
daily (bid) for 14 days, increasing if tolerated to 50 mg in the
morning and to 100 mg at bedtime at week 3, and to 100 mg
bid at week 4. Participants who were unable to tolerate
higher doses could reduce the drug intake to a minimum
dose of 50 mg bid. We used riluzole doses over the FDA-
approved dose of 100 mg daily on the basis of the mean
doses used in previous unipolar (Zarate et al, 2004) and
bipolar depression (Zarate et al, 2005) studies.

Participants initiated riluzole on the morning of the day
after baseline (day 1). They returned on day 2, after their
morning dose, for a second 'H-MRS scan, and were assessed
for adverse events, concomitant medications, and vital
signs, but received no clinical measures. Participants were
then seen weekly at weeks 1 through 6. At each visit, we
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administered the same outcome measures as at baseline,
plus the CGI-I (Clinical Global Impression Scale-Improve-
ment). We conducted liver function tests and a complete
blood count every 2 weeks, more frequently than the
recommended 4 weeks, to closely monitor participants for
hepatotoxicity or neutropenia. At week 6, participants
received the third "H-MRS scan, and began tapering riluzole
by 50 mg per week, with discontinuation after 1 week at
50 mg bid.

MRI/MRS Scans

Subjects underwent standard T1-weighted structural MRI in
a Siemens 3-T Trio scanner (Erlangen, Germany). Those
with structural abnormalities as determined by an official
radiology report were excluded.

We have previously described the details of MRS
acquisition and data analysis (Jensen et al, 2009; Ongﬁr
et al, 2008). Briefly, 'H-MRS acquisitions were conducted
on a 4-T scanner (Varian/Unitylnova, Varian, Palo Alto,
CA, USA), using a volumetric-birdcage coil (Robarts
Research Institute, London, Canada). After acquisition of
scout images, manual global shimming of unsuppressed
water signal and T1-weighted imaging, a 2 x 2 x 2 cm voxel
was placed on the ACC midsagittally, anterior to the genu of
the corpus callosum (Figure 1). After manual shimming, a
point-resolved  spectroscopy sequence modified for
J-resolved '"H-MRS was used. The two-dimensional (2D)
J-resolved sequence collected 48 TE-stepped spectra from
the voxel, with the TE ranging from 30 to 500 ms in 10-ms
increments (TR=2.0s, acquisition bandwidth =2kHz,
repetitions = 16; nominal voxel volume =8 cm? approxi-
mate scan duration =28 min). This was repeated on a
midsagittal 2 x 2 x2cm POC voxel (Figure 1). The total
time in magnet was 75-90min. The water resonance
full-widths at half-maximum were 9.9%14 and 9.3z
0.8Hz for scan 1, 10.1t+1.3 and 8.9+ 0.7Hz for scan 2,
and 9.9+ 1.0 and 9.1 £ 0.7 Hz for scan 3 (in the ACC and
POC, respectively; no between-scan differences).

MRS Data Processing and Analysis

For each voxel, the 48 free-induction decays (FIDs) were
Gaussian filtered, zero padded, and Fourier transformed in
f1 to produce 128 J-resolved spectral FIDs over the 100-Hz
bandwidth. We used the spectral-fitting package, LCModel
(version 6.0-1) (Provencher, 1993) and a serial, one-
dimensional (1D) spectral-fitting technique, developed in
this laboratory, for the quantification of the central 50 Hz
region (—25 to +25Hz; 64 spectral FIDs) of the 100 Hz
J-resolved spectral data series (Figure 2). Briefly, our serial,
1D J-resolved spectral quantification procedure involves
breaking down the J-resolved data set into separate, 1D
spectral extractions. Each separate extraction is then fitted
by the LCModel using a GAMMA-simulated template, in
which the spectral basis set for each J-resolved extraction
has been theoretically modeled. Once all of the 64 J-resolved
spectral extractions are fitted, the raw, metabolite integrals
for each extraction over the central 50-Hz region in fl are
summed up to produce a final metabolite integral. Our
serial 1D quantification approach improves spectral quan-
tification by using all available signals rather than by fitting
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Figure | Parasagittal (top) and axial (bottom) views of the brain from
Tl-weighted images illustrate the anterior cingulate cortex (ACC) and
parieto-occipital cortex (POC) voxel placement in one subject.

select single J-resolved extractions (Jensen et al, 2009;
Schulte and Boesiger, 2006a; Schulte et al, 2006b), and has
been shown to greatly improve the accuracy and precision
of separate measurements of the coupled and highly
overlapped resonances of glutamate and glutamine. Details
of our fitting procedure, including GAMMA generation of
theoretical spectra for use as basis sets and fitting of
individual spectral extractions, were previously reported
(Ongiir et al, 2008).

LCModel provides Cramer-Rao lower bounds (CRLBs),
an estimate of the variance associated with fitting. Each
voxel yielded 64 CRLBs for each metabolite, ranging from
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Figure 2 (a) Contour plots of real 2D spectra from the anterior cingulate cortex (ACC) and parieto-occipital cortex (POC) in one subject. In each
case, the X axis is frequency (f2 in p.p.m.) and the Y axis is | (fI in Hz). The spectral region from approximately —40 to +40Hz is shown. The main
metabolite resonances recognizable in the plots are labeled. Although myo-inositol (ml) and glutamine (GIn) resonances are not well resolved in these
plots, the additional information available from 2D MRS allows improved fitting of these metabolites. Cho, choline; Cr, creatine; Glu, glutamate,
GSH, glutathione; H,O, water; MMs, macromolecules; NAA, N-acetylaspartate. (b) Sample 1D spectra extracted from the same 2D data sets at | =0.0 Hz.
Raw data are visible as a black line and the LCModel spectral fit is in red, with the residual shown in the top panel. Metabolite resonances identifiable
in this spectral extraction are labeled; it must be noted that glutamine (GIn) resonances are not apparent at /]=0.0Hz Cho, choline; Cr, creatine;
Glu, glutamate; ml, myo-inositol; NAA, N-acetylaspartate. The color reproduction of this figure is available on the html full text version of the

manuscript.

<5% in regions of high certainty (close to J=0Hz), to
>50% in regions of low certainty. To accurately reflect the
reliability of the 2D-fitting procedure, we report an average
CRLB value weighted by the signal-to-noise ratio (SNR) of
each spectral extraction (Table 1) on the basis of the NAA
resonance. Owing to the T2-weighted signal decay with
increasing TE, the signal weighting in the J-resolved spectral
series is very biased, with the highest SNR being in the
central (J=0.0Hz) region and decreasing rapidly toward
the outer, higher-frequency regions in fl. As the metabolite
amplitudes from the central J-resolved spectral extractions
with high SNR contribute more to the summed metabolite
integral, we deemed it appropriate to weigh the CRLB values
for each metabolite from each spectral extraction by this
weighting function derived from NAA. The use of standard
quadratic error propagation calculations to derive our final
CRLB would be invalid as the noise in our J-resolved
spectral series is highly correlated because of the Fourier
transform, resulting in an underestimation of the true error.
Conversely, linear addition of the CRLB values across fl1

would unfairly bias our final error estimate by the high
CRLB values from the low SNR, higher-frequency spectral
extractions, resulting in overinflated error estimates. We
found that our weighted average calculation best represents
the test-retest metabolite variance observed in repeated
measures using this J-resolved technique (Jensen et al,
2009), and is thus the best compromise to providing
realistic CRLB error estimates for our summed metabolite
values. There were no between-scan CRLB differences. As
the mean group CRLBs were very good, we did not exclude
data points on the basis of high CRLBs in this study.
Therefore, we report higher CRLBs in some cases (eg, for
creatine and choline in the POC in scan 3) as compared with
the remaining data set. We report data from six metabolites
reliably and consistently quantlﬁed ina prev1ous test-retest
study (Ongur et al, 2008). Our primary imaging measure,
GIn/Glu is reported as a ratio. Other metabolite levels are
reported in arbitrary units (AU) to avoid introduction of
bias through systematic drifts in the magnitude of the
creatine resonance.
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Table | Mean (£ SD) Signal-to-Noise-Ratio-Weighted Cramer—Rao Lower Bounds Averages®

Glutamate Glutamine Creatine NAA Choline Myo-inositol

Baseline

ACC 6.1 1.7 20388 2.1+£07 |

POC 49% 1.1 26.1 £9.6 14102 .6+ + +
Day 2

ACC 68124 19.7+39 ENE

POC 55% 1.1 2861121 l.6+ .7+ + 42+
Week 6

ACC 60£25 235%73 1.9+07 27%10 42%10 45%2.1

POC 58+38 226t6.1 8.6+230 22+24 9.7+ 174 78+ 13.1

Abbreviations: ACC, anterior cingulate cortex; NAA, N-acetylaspartate; POC, parieto-occipital cortex.

“Values are presented in percentage averages.

Image Segmentation

Tissue segmentation of T1-weighted images into GM, WM,
and cerebrospinal fluid (CSF) was performed using FMRIB’s
Automated Segmentation Tool (Oxford, UK). The percen-
tage of GM in the ACC and POC was 61 £ 6% and 58 + 4%,
59+ 9% and 57 + 3%, and 62 + 8% and 60 £ 5% for scans 1,
2, and 3, respectively, whereas that of WM was 18 £ 4% and
30 + 3%, 19 + 5% and 31 + 3%, and 18 + 3% and 28 + 3% for
scans 1, 2, and 3, respectively. There were no between-scan
differences in these values.

Statistical Analysis

For the primary analysis of the change in MRS measures
and clinical measures over time, and the association of
change in MRS measures with change in HAM-D, we used
random regression models, which we refer to as our
‘longitudinal analysis.” These models allow inclusion of all
observed data and account for the correlation of observa-
tions from the same individual (Diggle et al, 1994;
Fitzmaurice et al, 2004; Gibbons et al, 1993). For these
models, we used generalized estimating equations (GEEs) to
adjust SEs for the correlation of observations within
individuals.

For change in clinical measures over time, the model
included the clinical measure as the outcome and time
(modeled as a continuous variable). The coefficient for the
time term in this model quantifies the rate of clinical
improvement, which we expressed as the estimated change
in the measure at week 6.

For change in MRS measures over time, our model
included the MRS measure as the outcome, time (baseline,
day 2, and week 6, modeled as unordered categories), and
region (ACC or POC). We first tested for a time-by-region
interaction, and if there was no significant interaction
(p<0.10), we tested for main effects of time. If there was a
significant main effect of time (p <0.05), we performed two-
way comparisons for each time point against the other two.

For the association between change in MRS measures and
change in HAM-D, our model included the clinical measure
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as the outcome, change from baseline to day 2 or
week 6 in the MRS measure, time, and change-by-time
interaction. The coefficient for the interaction term in
this model quantifies the rate of change in HAM-D
associated with change in the MRS measure. An interaction
coefficient significantly different from zero indicates that
change in the MRS measure is associated with change in
HAM-D.

As secondary analyses for the change in clinical measures
and for the association of change in MRS measures with
change in HAM-D, we used change from baseline to week 6
(as measured by week 6 value minus baseline value, with
missing values for week 6 imputed by last observation
carried forward) as the measure of change in clinical
measures; we refer to these models as our ‘end point
analysis.” To assess the change in clinical measures, we used
a one-sample t-test to evaluate the null hypothesis that the
value of the difference between baseline and week 6 values
was equal to zero. To assess the association of change in
MRS measures with change in HAM-D, we used random
regression models, with GEE to account for the correlation
of MRS measures from both the ACC and POC within
individuals.

All analyses were performed using Stata 9.2 software. As
CSF contains negligible amounts of any metabolites, and as
there was variation in the amount of CSF in each voxel, we
adjusted for CSF content by dividing the metabolite level by
the proportion of non-CSF content, so that the levels were
normalized to where they would be if there were no CSF
content, based on the average metabolite level observed for
a non-CSF tissue (it must be noted that no adjustment is
necessary for the Gln/Glu ratio, which remains the same
regardless of the proportion of CSF content). It is
noteworthy that results without correction for CSF content
were virtually identical to those with correction. We used
Cohen’s d (Cohen, 1977) as a measure of effect size. o was
set at 0.05, two-tailed. It must be noted that our results are
presented without correction for multiple comparisons,
given that the large number of correlated outcome measures
makes proper adjustment for multiple comparisons diffi-
cult. Accordingly, the reader should bear in mind that some



results, especially those of marginal significance
(0.01 <p<0.05), may represent chance associations.

RESULTS
Clinical Trial Analyses

Participants. A total of 31 participants signed informed
consent documents for the study from 6 September 2007 to
17 December 2008. Of these, 16 were withdrawn from the
study before receiving treatment (medical or laboratory
contraindication (N =5), did not meet full criteria for BD,
currently depressed (N=3), unable to tolerate MRI scan
(N=2), participant decision (N=2), active substance
dependence (N = 1), active psychosis (N=1), positive urine
drug screen (N=1), active self-injurious impulses (N=1)).
One additional participant was withdrawn during the study
after discovery of a structural brain abnormality on MRI.
This participant’s data were not included in the final
analysis. Baseline clinical features are presented in Table 2.

Of the 14 evaluable participants, 11 completed 6 weeks of
treatment and 3 withdrew; 1 of these had no post-baseline
clinical evaluations. Of the 13 participants with at least one
post-baseline clinical visit, 11 were titrated to 150 mg of
riluzole daily, and 9 of the 11 participants continuing in the
study after 3 weeks reached 200 mg daily. Three of these
participants subsequently returned to 150 mg daily because
of adverse events at 200 mg. The mean (SD) dose at end
point was 181.8 (25.2) mg daily.

Nine participants were taking concomitant psychotropic
medications as follows: (1) venlafaxine, lorazepam, and

Table 2 Participant Demographics and Clinical Information

Characteristics N=14
Age, mean (SD) 44.5 (12.0)
Range 24-60
Sex

Female, N (%) 7 (50)

Male, N (%) 7 (50)
Caucasian non-hispanic, N (%) 14 (100)
Bipolar type

Type I, N (%) 4 (29)

Type 2, N (%) 10 (71)
Treatment resistance (current episode)

Medication naive, N (%) 321

<2 failed medication trials, N (%) 321

> 2 failed medication trials, N (%) 8 (58)
Hamilton Depression Rating Scale, mean (SD) 223 (32)
Montgomery—Asberg Depression Rating Scale, mean (SD) 27.1 (3.6)
Young Mania Rating Scale, mean (SD) 29 (1.7)
Clinical Global Impression-Severity Scale, mean (SD) 4.5 (0.5)

Riluzole in the treatment of BD
BP Brennan et al

e

zolpidem, (2) quetiapine and ziprasidone, (3) bupropion,
trazodone, and diazepam, (4) lorazepam, (5) ziprasidone,
venlafaxine, and clonazepam, (6) fluoxetine, clonazepam,
and zolpidem, (7) quetiapine, citalopram, duloxetine, and
trazodone, (8) escitalopram and trazodone, and (9) omega-3
fatty acids. Two of these participants entered the study after
the washout of excluded medications, such as (1) lamo-
trigine, amphetamine/dextroamphetamine, and acetamino-
phen/oxycodone and (2) amitriptyline. Five participants
were taking no psychotropic medications during the study.
One of these five participants electively discontinued
citalopram 2 weeks before study entry.

Adverse events reported by more than one participant
included nausea (N=6), headache (N=4), diarr-
hea (N=4), insomnia (N=4), constipation (N=3), seda-
tion (N=3), neck pain (N=3), dyspnea (N=2), dizziness
(N=2), dry mouth (N=2), and back pain (N=2). No
participant experienced a serious adverse event. There were
no changes in vital signs or clinical laboratory values
suggestive of drug-related toxicity.

Clinical measures. In both the random regression and end
point analyses, we found a highly significant decrease, with
very large effect sizes (Cohen’s d>2.0), in HAM-D, MADRS,
and CGI-S scores (Figure 3; Table 3); YMRS scores
decreased significantly in the end point analysis, but not
in the random regression analysis (Table 3).

Metabolite Analyses

GIn/Glu ratio. The mean metabolite levels for each time
point and region are presented in Table 4. As shown in
Figure 4, the mean GIn/Glu ratio increased markedly from
baseline to day 2. Although the pattern of changes was more
pronounced in the ACC than in the POC (Figure 4), there
was no significant brain region-by-time interaction
(p=0.19). The mean GIn/Glu ratio showed a significant
main effect of time (p =0.049). The difference between day
2 and baseline was a large and statistically significant effect
(estimated mean difference day 2 minus baseline (95%
confidence interval) 0.10 (0.01, 0.18); d = 1.2; p =0.023), but
the differences between week 6 and baseline and between
week 6 and day 2 were not significant (mean difference
week 6 minus baseline 0.05 (—0.06, 0.16), p=0.35; and

25
20
15

10

Mean HAM-D Score

Week

Figure 3 The mean scores on the Hamilton Depression Rating Scale
(HAM-D) over 6 weeks of riluzole treatment. Error bars represent 95%
confidence interval.
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Table 3 Clinical Outcome Measures Before and After 6 Weeks of Treatment with Riluzole and Analysis of Change in Outcome Measures

in 14 Individuals with Bipolar Depression

Longitudinal analysis® End point analysis®

Outcome measure Baseline Last observation
(N=14) (N=13) 6-week change 6-week change
Mean (SD) Mean (SD)
Estimate (95% Cl) P-value d° Estimate (95% Cl) P-value d°
Hamilton Depression Rating Scale 222 (3.2) 1.0 (6.6) —126 (—=165 —-86) <000l 34 —125(—=177,-72) <000l 3.0
Montgomery—Asberg Depression Rating Scale  27.1 (3.6) 14.5 (0.74) —130 (-180, —80) <000l 28 —129 (—186, —72) <000l 28
Clinical Global Impression-Severity 4.5 (0.5) 30 (1.2) .6 (=24, -08) <000l 22 —1.5 (=25, -0.6) 0004 20
Young Mania Rating Scale 29 (1.7) 1.4 (1.3) —0.6 (—2.0,07) 038 049 —15(—42 -07) 0009 1.8
“Based on all observations from all 14 participants at all visits from baseline to last observation.
®Based on change from baseline to last observation from |3 participants who completed at least one post-baseline evaluation.
“Cohen'’s d effect size.
Table 4 Mean (£ SD) Metabolite Levels®
GIn/Glu ratio Glu® GIn® Glu+GIn® cr® NAA Cho® ml®

Baseline

ACC 0.34%0.11 2131067 0.69+£025 282+0.79 227+031 [.71 £040 0.26 £0.06 1.86+043

POC 0.30%0.12 [L19£0.19 036%0.16 [.55+0.30 1.20+0.17 143+028 0.08 £0.02 092%0.16
Day 2

ACC 047%0.11 1.85+0.64 0.84+029 269 %086 220£055 1.68+0.63 026 +0.10 1.90+0.58

POC 0.34+0.10 .01 £0.19 034+0.14 1.36+0.30 [.15+£0.20 1.32+£0.23 0.08+0.01I 084+0.14
Week 6

ACC 0.38%02 201 £048 0.69£0.30 2.69+049 237%022 194+042 0.25+0.05 2041042

POC 0.36%026 I.17+0.26 040%0.21 [.57+0.34 [.11+£038 1.53+027 0.08 £0.02 0.86+029

Abbreviations: ACC, anterior cingulate cortex; Cho, choline; Cr, creatine; GIn, glutamine; Glu, glutamate; ml, myo-inositol; NAA, N-acetylaspartate; POC, parieto-

occipital cortex.

“Metabolite levels are represented in arbitrary units and are adjusted for voxel cerebrospinal fluid content.
®We did not have a priori hypotheses regarding change in these metabolites. Exploratory analysis assessing differences in levels of each metabolite over time showed

no significant effect of time for any metabolite (P>0.25 for all comparisons).

mean difference week 6 minus week 2—0.04 (—0.12, 0.03),
p = 0.25, respectively). There were no significant differences
between time points across the study in the total pool of
glutamate plus glutamine (p =0.68 for main effect of time),
glutamate (p =0.25), or glutamine (p = 0.44).

N-acetylaspartate. NAA showed little change from baseline
to day 2, but increased from baseline to week 6 (Figure 5).
The mean NAA level showed a significant effect of time
(p=0.001). There was no significant brain region-by-time
interaction (p = 0.48), but the pattern of findings was more
pronounced in the ACC (Figure 5). The difference between
week 6 and baseline was a large effect (d=1.2) that was
statistically significant (mean difference week 6 minus
baseline 1.9 (0.01, 3.6) AU; p =0.035), as was the difference
between week 6 and day 2 (mean difference week 6 minus
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day 2 2.4 (1.1, 3.8) AU; d =1.9; p<0.001), but the difference
between day 2 and baseline was not significant (mean
difference day 2 minus baseline —0.5 (—2.4, 1.3) AU;
p=0.57).

Association of clinical response with change in metabo-
lites. We found no significant association between clinical
response (as measured by change from baseline to week 6 in
HAM-D) and change from baseline to week 2 or from
baseline to week 6 in the GIn/Glu ratio with clinical
response, using either longitudinal or end point analyses
(Table 5).

The association between change in NAA and baseline to
week 6 change in HAM-D showed a significant brain region-
by-NAA interaction from baseline to day 2 (p =0.010) and
from baseline to week 6 (p<0.001) for the longitudinal



analysis. Therefore, we analyzed associations separately by
region (Table 5). For change in NAA from baseline to day 2,
we found no significant association with change in HAM-D
in the ACC, but a very strong negative association (d = 9.6)
with clinical improvement in the POC. For change in NAA
from baseline to week 6, we found a strong positive
association with clinical improvement (d =1.4) in the ACC,
approaching statistical significance (Figure 6), and again a
strong negative association (d =2.3) in the POC (Figure 7).

We also carried out an a posteriori analysis of the
association between the change in NAA at week 6 and the

—e— ACC
0.6 - a POC
- ACC + POC
0.5 -
)
S 0.4
2
O
€ 0.3
O
0.2 4
0.1

" Baseline Day 2 Week 6

Time

Figure 4 The glutamine/glutamate (GIn/Glu) ratio in the anterior
cingulate cortex (ACC) and parieto-occipital cortex (POC) as measured
by J-resolved proton magnetic resonance spectroscopy ('H-MRS) at
baseline, day 2 of riluzole treatment, and week 6 of riluzole treatment.
Dashed line shows the mean GIn/Glu ratio in combined ACC and POC as
measured by 'H-MRS at baseline, day 2 of riluzole treatment, and week 6
of riluzole treatment. Error bars represent 95% confidence interval.
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change in the GIn/Glu ratio at day 2, using random linear
regression, with the former measure as outcome and the
latter as predictor. We found a significant brain region-by-
change in GIn/Glu ratio interaction (p=0.006), and
consequently used linear regression to assess the associa-
tion within each region. In the ACC, we found a strong
(d=1.6) association approaching statistical significance
(coefficient —22.4 (—53.0, 4.2); p = 0.082), but no significant
association in the POC (coefficient —2.1 (—6.6, 2.3);
p=10.30).

2.4 4 —e— ACC

& POC
2.2 1 ~#= ACC + POC

1.8 1

NAA (AU)

1.6 1

1.4

1.2 4

1
Baseline Day 2

Week 6
Time

Figure 5 The N-acetylaspartate (NAA) level in the anterior cingulate
cortex (ACC) and parieto-occipital cortex (POC) as measured by
J-resolved proton magnetic resonance spectroscopy ("H-MRS) at baseline,
day 2 of riluzole treatment, and week 6 of riluzole treatment. Dashed line
shows mean NAA level in combined ACC and POC as measured by
'"H-MRS at baseline, day 2 of riluzole treatment, and week 6 of riluzole
treatment. NAA levels are represented in arbitrary units (AU). Error bars
represent 95% confidence interval.

Table 5 Association Between Change in Hamilton Depression Rating Scale (HAM-D) Scores® and Change in MRS measures (Glutamine/

Glutamate Ratio and NAA)

Longitudinal analysis

MRS measure

End point analysis

Estimate® (95% CI) P-value d Estimate® (95% CI) P-value d
Glutamine/glutamate ratio (ACC and POC combined)
Baseline to day 2 change 37 (=7.1, 145) 0.50 0.36 7.5 (=46, 19.6) 0.22 0.68
Baseline to week 6 change 35 (—62,132) 0.48 0.42 7.7 (=43, 19.6) 0.25 0.58
NAA (ACC and POC separately®)
ACC
Baseline to day 2 change —1.1 (=54,33) 0.64 0.30 —0.7 (=9.0, 7.6) 0.86 0.12
Baseline to week 6 change —4.0 (-80, 0.0) 0.053 1.4 —6.0 (16.7,4.7) 0.23 093
POC
Baseline to day 2 change 314 (262, 36.7) <0.001 9.6 382 (—=53,817) 0.073 1.8
Baseline to week 6 change 27.1 (79, 46.3) 0.006 2.3 26.3 (—9.8, 62.4) 0.13 [.1

“Estimate represents mean increase in the difference in HAM-D score from baseline to week 6 (week 6 minus baseline) for each increase of | in the difference in MRS
measure (either glutamine/glutamate ratio or N-acetylaspartate (NAA) level (in arbitrary units)) from baseline to either day 2 or week 6 (day 2 or week 6 minus

baseline).

PResults reported separately for each region because of significant interaction effect of region on association.
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Figure 6 Scatter plot for change in N-acetylaspartate (NAA) in the
anterior cingulate cortex (ACC) vs change in Hamilton Depression Rating
Scale (HAM-D) from baseline to week 6 of riluzole treatment. Change in
NAA is represented in arbitrary units (AU). It must be noted that this figure
has one less data point than does Figure 7 because of technically
unevaluable data in the ACC for one subject.
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Figure 7 Scatter plot for change in N-acetylaspartate (NAA) in the
parieto-occipital cortex (POC) vs change in Hamilton Depression Rating
Scale (HAM-D) from baseline to week 6 of riluzole treatment. Change in
NAA is represented in arbitrary units (AU).

Finally, to further explore the stability of our findings, we
conducted additional statistical analyses (1) restricted to
study completers (N=11), (2) comparing those who were
taking concomitant psychotropic medications (N=9) with
those who were not (N=15), and (3) comparing those with
treatment resistance (defined as two or more failed
medication trials during the current episode (N=8)) with
those who had failed only one medication trial or those who
were medication naive (N=6). These exercises produced
generally similar estimates of the magnitude of effects to
those of the analyses reported above.

DISCUSSION

In 14 bipolar-depressed participants, riluzole produced (1)
a rapid and pronounced increase in the Gln/Glu ratio by day
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2, followed by a decline by week 6, (2) an increase in NAA
levels at week 6, and (3) a significant reduction in
depression symptoms, which was positively associated with
increase in NAA from baseline to week 6 in the ACC, but
negatively associated in the POC.

Riluzole and Glutamatergic Neurotransmission

The marked increase in the GIn/Glu ratio at day 2 of riluzole
treatment was unexpected, given previous in vitro findings
that riluzole decreases presynaptic glutamate release (Doble
et al, 1992; Martin et al, 1993; Prakriya and Mennerick,
2000; Wang et al, 2004). However, animal studies provide
some support for our finding. For example, studies in rats
treated chronically with riluzole have shown increased
glutamate-glutamine cycling, hypothesized to result pri-
marily from increased oxidative metabolism through the
TCA cycle both in neurons (Chowdhury et al, 2008) and in
glia (Banasr et al, 2008; Valentine and Sanacora, 2009).
Interestingly, this result is consistent with other studies
(Kalra et al, 2006; Mu et al, 2000), suggesting that riluzole
may have mitochondrial-enhancing properties, in addition
to its previously suggested glutamate-modulating effects.

Strikingly, riluzole significantly increased GIn/Glu ratios
by day 2, before antidepressant response, but this change
seemed to have largely dissipated by week 6, when the
clinical response had emerged (although it should be noted
that the decline from day 2 to week 6 did not reach
statistical significance). Possibly, the early impact of riluzole
on glutamate-glutamine cycling increased the Gln/Glu ratio,
which then returned to baseline levels by week 6 after a new
steady-state level was reached. Interestingly, the total pool
(glutamate plus glutamine) was stable over the course of the
study; the day 2 increase in the GIn/Glu ratio reflected a
simultaneous increase in glutamine and decrease in
glutamate, with both metabolites returning to their
approximate baseline levels, along with the Gln/Glu ratio,
at week 6. This reciprocal relationship between glutamate
and glutamine seems to be consistent with a shift in the
glutamate-glutamine cycle after riluzole treatment. Collec-
tively, the above-mentioned findings suggest that riluzole
acutely upregulates glutamate-glutamine cycling in vivo. It
is also intriguing that this pattern was more pronounced in
the ACC (which is implicated in processing emotional
stimuli) than in the POC, although this pattern did not
reach statistical significance.

Riluzole and NAA

Our finding of increased NAA after 6 weeks of riluzole
treatment is consistent with a previous finding of increased
hippocampal NAA in patients with generalized anxiety
disorder who showed a clinical response after 8 weeks of
riluzole treatment (Mathew et al, 2008)—although one
cannot be certain that the mechanisms of NAA increase
were similar in both cases. Although not completely
understood, reduced NAA levels are widely interpreted to
indicate reduced neuronal health, either through neuronal/
axonal loss or through compromised neuronal metabolism
(Moffett et al, 2007). In contrast to our finding of no acute
change in NAA after treatment, a previous study in patients
with ALS has shown an increase in NAA after only 1 day of



riluzole treatment (Kalra et al, 2006), which the authors
theorized was a result of rapid metabolic enhancement.
However, there are several potential reasons for the
discrepancy between the two studies, most notably differ-
ences in the disorders (ALS vs BD) and regions of interest
(ACC and POC vs motor cortex) studied. Importantly,
previous studies have indicated that the turnover rate of
NAA is in the range of 2-3 days (Choi and Gruetter, 2004;
Moffett et al, 2007), suggesting that day 2 of treatment may
be too early to observe significant increases in NAA
resulting from rapid enhancement of mitochondrial func-
tion. Therefore, although not reflected in NAA measure-
ments at day 2, it is plausible that riluzole treatment acutely
results in metabolic enhancement and increased glutamate-
glutamine cycling which chronically leads to neural
plasticity and symptom improvement, as suggested by
others (Mathew et al, 2008). The significant association
between increase in the ACC GIn/Glu ratio from baseline to
day 2 and increase in NAA at week 6 seems to support this
hypothesis. Clearly, further studies examining the impact of
riluzole treatment on mitochondrial functioning are re-
quired to explain these findings more thoroughly.
However, there are alternative interpretations of a larger
NAA resonance. For example, prolongation in NAA
transverse (T2) relaxation time could lead to larger NAA
resonance without changes in metabolite levels. T2 relaxa-
tion times reflect the molecular microenvironment and can
be modulated by cell size, cell membrane turnover, and
brain blood volume. Notably, abnormalities in T2 relaxation
time have been identified in bipolar patients (Ongiir et al,
2009b), and brain water T2 relaxation time changes have
been reported in patients with BD after treatment with
omega-3 fatty acids (Hirashima et al, 2004). Therefore,
further work is required to determine whether riluzole
treatment induces changes in T2 relaxation times.

Association with Clinical Response

The positive association between clinical response and
increase in NAA in the ACC at week 6 suggests that
improvement in depression is associated with enhanced
neuronal integrity and function in the ACC. This finding is
consistent with the results of the study by Mathew et al
(2008), and provides additional evidence that NAA might
represent a surrogate end point for clinical trials of
plasticity-enhancing agents, such as riluzole, in psychiatric
illnesses. Given the significant association between increase
in the ACC GIn/Glu ratio from baseline to day 2 and
increase in NAA at week 6, one might also expect that the
former measure would predict later clinical response.
However, this was not borne out in our statistical
analysis—possibly as a result of small sample size or
incomplete imaging data sets as a result of subject attrition
and technically unevaluable imaging data. Thus, we might
have failed to detect medium or even large effects (as
reflected by our estimates of effect sizes from 0.36 to 0.68 in
our two analyses)—warranting further exploration of the
predictive value of the GIn/Glu ratio in larger similar
studies.

Surprisingly, clinical response was negatively associated
with NAA in the POC. It is possible that the POC may
harbor biological abnormalities distinct from the ACC and
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perhaps from other brain regions, resulting in different
effects on glutamatergic activity after riluzole treatment.
However, it will be necessary to collect additional data with
a larger sample to replicate these findings, and if replicated,
to more fully characterize these differences.

Overall, our findings augment the growing evidence that
glutamatergic abnormalities contribute to the neurobiology
of BD. Lacking a comparison group with BD, we cannot
confirm decreased GIn/Glu ratios at baseline—but our
findings suggest that riluzole may reset a pathologically
depressed level of synaptic glutamatergic activity, possibly
through the rapid enhancement of glutamate-glutamine
cycling. Interestingly, this increase seems temporary, with
return to baseline by 6 weeks (although this decline from
day 2 to week 6 did not reach statistical significance as
mentioned previously), perhaps after a new steady-state
glutamate-glutamine cycling rate has been achieved or
through autoregulatory processes that intervene after a new
synaptic strength ‘set point’ is established.

Possibly early riluzole-induced increases in glutamate-
glutamine cycling amplify postsynaptic «-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA) receptor
levels, leading to increased AMPA/N-methyl-D-aspartate
(NMDA) receptor stimulation, previously hypothesized as a
convergent mechanism for antidepressant action (Schloesser
et al, 2008; Zarate et al, 2006a). Increased AMPA receptor
‘throughput’ may ultimately cause downstream neuropro-
liferative effects through the induction of brain-derived
neurotrophic factor and multiple intracellular signaling
cascades (Lauterborn et al, 2000; Lauterborn et al, 2009;
Mackowiak et al, 2002; Voss et al, 2007; Wu et al, 2004;
Zhang et al, 2009). These speculations accord with previous
evidence (Schloesser et al, 2008). For example, riluzole
enhances the surface expression of GluR1 and GluR2 AMPA
receptor subtypes in cultured hippocampal neurons after
only 3 days of treatment (Du et al, 2007). Similarly, the
potent NMDA receptor antagonist ketamine elicits a similar
increase in AMPA/NMDA neurotransmission associated
with a rapid and prolonged antidepressant effect in animal
studies (Maeng et al, 2008). Moreover, ketamine infusion
increases ACC glutamine levels in healthy individuals,
possibly reflecting enhanced glutamatergic neurotransmis-
sion (Rowland et al, 2005). However, although there are
potential parallels between the antidepressant mechanisms
of riluzole and ketamine, there are likely differences in the
time to onset of these effects. Ketamine is reported to cause
clear antidepressant effects within 2h of administration
(Zarate et al, 2006b). We did not measure mood symptoms
at day 2 of this study, and were therefore unable to assess
for potential rapid antidepressant effects after riluzole
treatment. However, previous studies have shown a longer
time to onset of antidepressant effects with riluzole ranging
from 1 to 5 weeks of treatment (Sanacora et al, 2007; Zarate
et al, 2004, 2005). Notably, lamotrigine, which typically
takes several weeks to achieve antidepressant effects, shows
similar effects on AMPA receptor expression in vitro as
riluzole and ketamine (Du et al, 2007). Therefore, although
increased AMPA/NMDA neurotransmission may be a
common mechanism of antidepressant action shared by
all three of these medications, ketamine’s rapidity of action
may be derived from a unique pharmacological character-
istic, such as potency of effect.
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Although the primary mechanism of action of riluzole is
believed to be presynaptic inhibition of glutamate release, it
may also increase glutamate reuptake through the enhance-
ment of glial excitatory amino-acid transporter functioning
(Fumagalli et al, 2008; Valentine and Sanacora, 2009). Thus,
riluzole may rapidly enhance glutamate-glutamine cycling,
while increasing clearance of glutamate from the synapse.
These complementary effects increase synaptic glutamater-
gic activity while moderating the intensity of NMDA
receptor stimulation and limiting overflow of glutamate
into the extrasynaptic space where it can stimulate
extrasynaptic NMDA receptors—both hypothesized me-
chanisms of excitotoxicity (Hardingham, 2006).

Limitations

Several methodological limitations to this study should be
considered. First, the small sample size limits statistical
power. Second, our open-label design leaves open the
possibility of a placebo effect, making it difficult to
distinguish biological effects of riluzole from nonspecific
effects of clinical improvement. Third, although we
excluded patients using medications that have strong
evidence of glutamate-modulating properties such as
lamotrigine and lithium, we included several patients using
atypical antipsychotics, benzodiazepines, and selective
serotonin reuptake inhibitors. Although these latter agents
have not been shown to strongly impact glutamatergic
neurotransmission, such effects cannot be excluded. Given
the ethical and logistical problems posed by recruiting
unmedicated bipolar-depressed patients and the explora-
tory nature of this study, we believed that our approach
limited the potential contribution of concomitant medica-
tions while still allowing the enrollment of a larger
population of bipolar-depressed patients. Clearly, future
studies should ultimately attempt to obtain either unmedi-
cated patients or a sample large enough to examine the
impact of concomitant medications. Fourth, we did not
assess the menstrual cycle status in female participants,
although this factor has been shown to impact glutamater-
gic activity (Batra et al, 2008). Fifth, we report metabolite
levels in AU. We avoided internal referencing to creatine
because of recent reports suggesting creatine abnormalities
in BD (Frye et al, 2007; C)ngﬁr et al, 2009a) and internal
referencing to water was not possible, lacking usable water
unsuppressed spectra in this study. Our approach does not
correct for inter-subject sources of variance, but the
longitudinal within-subject design of our study and
statistical analysis mitigates the problems of variability
inherent to many cross-sectional MRS studies. Sixth, the
J-resolved 'H-MRS technique used in this study allows
reliable quantification of multiple important metabolites,
but not that of y-aminobutyric acid (GABA), the inhibitory
counterpart to the excitatory glutamate system. As gluta-
mate and glutamine are intimately involved in GABAergic
neurotransmission, measures of glutamate and glutamine
are not necessarily only related to glutamatergic neuro-
transmission. Therefore, GABA levels would be desirable to
more fully characterize riluzole’s mechanism of action.
Finally, it is worth noting that J-resolved 'H-MRS is not
unique in its ability to resolve glutamate and glutamine, and
others have used conventional (1D) MRS to quantify these
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metabolites at high magnetic field (Oz et al, 2006; Theberge
et al, 2002). As a result, the advantages of J-resolved 'H-
MRS (its ability to collect additional data on difficult-to-
quantify metabolites (Schulte et al, 2006b) and metabolite
T2 relaxation times) and its disadvantages (longer scan
times and potential drift in data quality during the scan)
must be weighed when designing future studies.

Summary

In bipolar-depressed patients, riluzole increased Gln/Glu
ratios at day 2, and by week 6 reduced depressive symptoms
and increased NAA—perhaps reflecting enhanced neuronal
plasticity. Further studies using J-resolved 'H-MRS should
pursue the possibility that Gln/Glu ratios represent an early
biomarker of response to therapies that enhance neuronal
plasticity.
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