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Proton magnetic resonance spectroscopy (1H-magnetic resonance spectroscopy (MRS)) is a translational modality with great appeal for

neuroscience since the two major excitatory and inhibitory neurotransmitters, glutamate, and GABA, can be noninvasively quantified

in vivo and have served to explore disease state and effects of drug treatment. Yet, if 1H-MRS shall serve for decision making in preclinical

pharmaceutical drug discovery, it has to meet stringent requirements. In particular, 1H-MRS needs to reliably report neurobiologically

relevant but rather small changes in neurometabolite levels upon pharmacological interventions and to faithfully appraise target

engagement in the associated molecular pathways at pharmacologically relevant doses. Here, we thoroughly addressed these matters

with a three-pronged approach. Firstly, we determined the sensitivity and reproducibility of 1H-MRS in rat at 9.4 Tesla for detecting

changes in GABA and glutamate levels in the striatum and the prefrontal cortex, respectively. Secondly, we evaluated the

neuropharmacological and neurobiological relevance of the MRS readouts by pharmacological interventions with five well-characterized

drugs (vigabatrin, 3-mercaptopropionate, tiagabine, methionine sulfoximine, and riluzole), which target key nodes in GABAergic

and glutamatergic neurotransmission. Finally, we corroborated the MRS findings with ex vivo biochemical analyses of drug exposure and

neurometabolite concentrations. For all five interventions tested, 1H-MRS provided distinct drug dose-effect relationships in GABA and

glutamate over preclinically relevant dose ranges and changes as low as 6% in glutamate and 12% in GABA were reliably detected from

16mm3 volumes-of-interest. Taken together, these findings demonstrate the value and limitation of quantitative 1H-MRS of glutamate

and GABA for preclinical pharmaceutical research in mental disorders.
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INTRODUCTION

In vivo 1H-magnetic resonance spectroscopy (MRS) has
been put forward as a unique translational tool for non-
invasively monitoring neurobiological alterations in mental
disorders and neuropharmacological effects of treatment in
man and animal models. Dysfunction of glutamatergic and
GABAergic neurotransmission with accompanying excita-
tory-inhibitory imbalance has been identified as a major
substrate of numerous mental disorders (Carlsson et al,
2001; Sanacora and Saricicek, 2007) and novel strategies for
pharmacological treatments aim at rectifying the respective
neural circuitries (Hashimoto et al, 2004; Krystal et al, 2002;

Moghaddam and Javitt, 2012). In this respect, in vivo MRS
has great appeal in that numerous clinical and preclinical
studies have demonstrated that the major excitatory and
inhibitory neurotransmitters glutamate and GABA are
readily amenable by 1H-MRS and thus could potentially
serve as biomarkers for disease state and treatment efficacy
(for reviews see: (Lee et al, 2012; Mattson et al, 1998)). Yet,
the value of such in vivo 1H-MRS readouts as quantitative
tools for decision making in preclinical drug discovery in
neurology remains to be further established.

In the field of mental disorders, the primary challenges
for pharmacological in vivo 1H-MRS (subsequently termed
‘pharmacoMRS’) of neurometabolites implicated in
GABAergic and glutamatergic neurotransmission are to
reliably assess neurobiologically relevant but rather small
changes in respective neurometabolite levels elicited upon
pharmacological interventions and to faithfully report
target engagement in the associated molecular pathways at
pharmacologically relevant doses. PharmacoMRS is thought
to report bulk metabolite levels at a macroscopic spatial
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resolution. Yet, although present at millimolar concentra-
tions in the central nervous system, the pools of glutamate
and GABA and their precursor glutamine are compartmen-
talized and neurotransmission is primarily driven by mere
relocation of neurotransmitters among these compartments.
To date, only few preclinical pharmacoMRS studies with
focus on these latter neurometabolites have been conducted
in the domains of mental disorders. For example, the
aggregate glutamate–glutamine pool in rat brain was shown
to be increased by the vigilance-enhancing drug modafinil
(Pierard et al, 1995). Likewise, a pronounced increase in the
glutamine/glutamate ratio was reported in the frontal cortex
of rats after single administration of the psychotomimetic
phencyclidine (Iltis et al, 2009). Recently, antidepressant
treatment with despiramine was shown to revert the forced
swim test-induced increase in cerebral glutamate in mice
(Kim et al, 2010). Furthermore, increased cerebral GABA
levels were reported in several studies on rats treated with
the anti-epileptic vigabatrin, eg (de Graaf et al, 2006; Preece
et al, 1994). Although these studies suggest that the funda-
mental notion of pharmacoMRS of glutamate and GABA is
viable, a systematic and comprehensive assessment of
sensitivity and reliability of the readouts and their neuro-
pharmacological and neurobiological relevance is pending.

Here, we set out to complement previous work by
comprehensively evaluating the merits and limitations of
pharmacoMRS as a standard tool for preclinical drug
discovery in mental disorders. For this purpose we adopted
a three-pronged approach. Firstly, we determined the
generic sensitivity and reproducibility of pharmacoMRS
at 9.4 T for detecting changes in neurometabolite levels in
two neurobiologically distinct regions of rat brain, ie the
striatum and the prefrontal cortex as representatives with
strong GABAergic and glutamatergic innervation, respec-
tively. Secondly, the pharmacological and neurobiological
relevance of pharmacoMRS readouts was evaluated in these
regions using five well-characterized pharmacological inter-
ventions that specifically modulate key nodes of GABAergic
and glutamatergic neurotransmission, respectively. Drug
dose-effect relations over preclinically relevant dose ranges
were established to assess the fidelity of pharmacoMRS in
reporting mechanism-driven alterations in GABA, gluta-
mate, and glutamine levels. Finally, pharmacoMRS findings
were further validated with ex vivo biochemical analyses of
drug exposure and cerebral concentrations of GABA and
glutamate.

MATERIALS AND METHODS

Animals and Pharmacological Interventions

All procedures with animals were conducted in strict
adherence to the Swiss federal ordinance on animal pro-
tection and welfare.

PharmacoMRS assessments were carried out within a
period of 15 months on five cohorts of male Sprague–
Dawley rats (Charles River Laboratories, France) weighing
340 g þ /� 30 g. In a vehicle-controlled parallel design, each
cohort (referred to as ‘study arm’ in the following) was
subjected to an acute-pharmacological intervention with
either vigabatrin (30, 100, and 300 mg/kg intraperitoneally
(i.p.)), tiagabine (10, 20, and 40 mg/kg per os), 3-mercap-

topropionate (3-MP; 20, 30, and 40 mg/kg i.p.), riluzole
(3, 6, and 12 mg/kg i.p ), or L-methionine sulfoximine
(MSO; 50, 100, and 200 mg/kg i.p.). All conditions were
tested with 6–8 animals per dose group.

For pharmacoMRS, animals were maintained under
anesthesia (1.8–2.4% isoflurane in 1 : 5 oxygen:air mixture
supplied by face mask) and rectal temperature, respiration
rate and end-tidal CO2 monitored, and tightly regulated.
The total duration of pharmacoMRS including animal
preparation was 60 min. After completion of the pharma-
coMRS measurements, animals were killed by decapitation
and tissues sampled for further ex vivo analyses.

In vivo 1H pharmacoMRS and MRI
1H PharmacoMRS was carried out on a Biospec 9.4T/20 cm
animal scanner (Bruker, Ettlingen, Germany) equipped with
a volume resonator for excitation and a surface coil for
signal reception. Two regions of interest of 16 mm3 volume
in the right striatum and the medial prefrontal cortex,
respectively, were investigated. Local magnetic field homo-
geneity was adjusted and pharmacoMRS was performed
with point-resolved spectroscopy at TR/TE¼ 2000 ms/10 ms,
4 kHz spectral width, 2048 data points and 512 averages
collected over a total acquisition time of 17 min with outer
volume and water suppression (a more detailed description
is available in the Supplementary Material). Quantitative
and unbiased evaluation of the spectral data was performed
with LCModel (Provencher, 1993) integrated into a fully
automated analysis pipeline.

Ex vivo Quantification of GABA and Glutamate Levels
and Drug Exposure

Tissue levels of GABA and glutamate were quantified by
means of isotope dilution measured with liquid chroma-
tography–tandem mass spectrometry (LC–MS/MS). Tissue
extracts were prepared from biopsies of the striatum and the
prefrontal cortex and spiked with an isotope standard before
injection into the LC–MS/MS. The analytes were eluted from
the column with a binary mobile phase gradient and the
specific transitions associated with the mass-to-charge ratios
m/z¼ 104-87, m/z¼ 148-84, and m/z¼ 110-93 were monitored
for the quantification of GABA, glutamate, and the isotope
standard (2,2,3,3,4,4-D6)-GABA, respectively.

Drug exposures were assessed by LC–MS/MS in extracts
prepared from plasma and brain tissue. Respective drugs
were eluted with binary mobile phase gradients and detected
by monitoring single transitions from parent to specific
fragments. Drug quantification was accomplished by
referencing to a previously established calibration curve.

Statistical Analyses

Statistical analyses were performed using JMP 8.0.1 (SAS
Institute). The spectra of two animals were excluded from
analysis as a consequence of inappropriate drug dosing and
highly aberrant neural glutamine metabolism, respectively.
A variance components analysis based on the vehicle-treated
animals of all five study arms was conducted to appraise
between-subject variability of metabolite concentrations
and between-group reproducibility. Unbounded variance
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estimates of the study arm factor served as measure of
between-group reproducibility in this analysis with study
arm and animal (nested within study arm) as random
effects.

Brain region-specific differences and changes in neuro-
metabolite concentrations upon drug treatment were
assessed separately for GABA, glutamate and glutamine by
two-way ANOVAs with treatment as grouping factor and
brain region as within-subject factor. Post-hoc t-tests were
used to compare single drug doses to vehicle, whereas dose-
effect relations were assessed by linear-trend tests. To
provide most generic data, significances are given uncor-
rected for multiple testing except where indicated otherwise.
Data are presented as mean±standard error of the mean.

RESULTS

Quality, Reliability and Sensitivity of In vivo 1H
pharmacoMRS

Quantitative in vivo 1H pharmacoMRS in the striatum and
the prefrontal cortex was performed under conditions of
routine operation over five study arms comprising 155 rats
and resulted in more than 300 individual spectra that were
evaluated. All spectra were of high quality as is exemplified
in Figure 1 with representative data obtained from indivi-
dual animals that received ascending doses of vigabatrin.
The well-described resonances of cerebral metabolites
including glutamate, glutamine, and GABA are clearly
discerned. Spectral analysis with LCmodel provided
quantitative appraisals of metabolite concentrations,
Cramer–Rao lower bounds (CRLBs) as an estimate for the
accuracy of their quantification, and measures of spectral
quality. An average overall signal-to-noise (SNR) ratio of
11.5 and 15.3, and an average line width of the water
resonance of 10.1 and 8.7 Hz were routinely achieved in the
striatum and the prefrontal cortex, respectively. The inset in
Figure 1 tangibly supports the excellent spectral resolution:
the resonances of phosphocreatine (PCr) and creatine (Cr),
which lie merely 0.017 ppm (6.8 Hz at 9.4T) apart, were
regularly resolved as partially separated peaks. In all
spectra, CRLBs for glutamate, glutamine and GABA were
well below the usual goodness-of-fit exclusion criterion of
20% and average CRLBs were lower than 3% (upper 95th
percentile, 4%), 8% (upper 95th percentile, 10%), and 9%
(upper 95th percentile 12%), respectively.

A variance components analysis on the pooled data of the
vehicle groups in all study arms delivered estimates for the
biological and technical variability of metabolite quantifica-
tion as shown in Figure 2 for GABA, glutamate, and
glutamine. Advantage was taken of the study’s outline in
that data acquisition for each study arm was completed
within 5 days whereas the five study arms were spread over
a period of 15 months. Between-group variability of the
vehicle-treated animals across study arms was not sig-
nificantly different from zero (ie, the lower 95% confidence
limit was negative), thus indicating excellent long-term
stability. Between-subject variability, as a measure of
biological variability in the population, was below 4.5, 8
and 11% for glutamate and GABA, respectively. Prospective
statistical power calculations project that minimal changes
of 6% in glutamate, 12% in GABA, and 16% in glutamine

can be detected with a power of 80%, a¼ 5%, and a group
size of n¼ 8 animals (plain parallel-group design with
unpaired t-test).

Figure 1 Representative in vivo 1H pharmacoMRS spectra of rat
prefrontal cortex obtained under routine conditions at 9.4 T. Spectra
were recorded over 17min from 16mm3 volumes-of-interest in individual
animals upon acute-pharmacological intervention with different doses of
vigabatrin. High-spectral quality (inset demonstrates spectral resolution by
separated peaks of the phosphocreatine and creatine resonances) and
reproducibility was attained, allowing a drug dose-related change in GABA
levels (arrows) to be observed. Data were processed with 1Hz exponential
line broadening (main display) or Gaussian broadening (inset). Ala, alanine;
Cr, creatine; GABA, gamma-aminobutyric acid; Glu, glutamate; Gln,
glutamine; Ins, myo-inositol; Lac, lactate; NAA, N-acetylaspartate; PCr,
phosphocreatine; Tau, taurine.

Figure 2 Variance components analysis on GABA, glutamate, and
glutamine concentrations detected by in vivo 1H pharmacoMRS in rat
striatum (solid bars) and prefrontal cortex (hatched bars) of all vehicle-
treated animals. Data were collected in five study arms distributed over 15
months. Each study arm was completed within 5 days. Between-group
variability (dark bars) was not significantly larger than zero, hence indicating
excellent long-term stability. Between-subject variability (light bars) depicts
biological variability in the population. Error bars indicate 95% confidence
intervals.
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In vivo 1H pharmacoMRS Detects Pharmacological
Modulations of GABA and Glutamate
Fidelity and sensitivity of pharmacoMRS for reporting
changes in neurometabolite levels in response to pharma-
cological interventions was assessed by specifically mod-
ulating key nodes of GABAergic and glutamatergic
neurotransmission with five well-characterized pharmaco-
logical agents as schematically depicted in Figure 3.
Accordingly, drug dose-effect relations over preclinically
relevant dose ranges were established for GABA, glutamate,
and glutamine by means of pharmacoMRS in the striatum
and the medial prefrontal cortex. Figure 4 summarizes the
quantitative outcomes.

First, GABA catabolism was inhibited with vigabatrin, a
clinically used irreversible inhibitor of the GABA-transaminase
(GABA-T). A strong dose-dependent increase (po0.001,
corrected for multiple testing) in GABA was observed both
for the striatum and the prefrontal cortex and reached a
maximum of 50 and 110% over baseline (vehicle),
respectively (c.f. Figure 1 for raw data). For the intermediate
dose of 100 mg/kg of vigabatrin an unambiguous increase in
GABA of 17% (po0.05) was detected in the prefrontal
cortex, whereas in the striatum the effect was 12% and
missed significance (p¼ 0.12). In addition to the repercus-
sions on GABA, vigabatrin also had distinct downstream
effects that revealed a significant drop in glutamate level by
5% in the prefrontal cortex at a dose of 300 mg/kg
vigabatrin, and a dose-independent increase in the striatal
glutamine of 10–17% that reached significance (po0.05) at
the doses of 30 mg/kg and 300 mg/kg, respectively.

In the second study arm, GABA synthesis was blocked at
the glutamic acid decarboxylase (GAD) with the competitive
inhibitor 3-MP. Accordingly, 3-MP dose-dependently de-
creased GABA in the striatum (po0.05; corrected for
multiple testing). Notably, doses of 30 and 40 mg/kg 3-MP
resulted in significant reductions of GABA by 8% (po0.05)

and 12% (po0.01), respectively. GABA in the prefrontal
cortex, however, was unaffected and remained at baseline
levels. In contrast, 3-MP had an indirect effect on glutamate
in the prefrontal cortex and at doses of 20 and 30 mg/kg led
to a small but significant drop of 5% (po0.05) from
baseline level. Glutamine levels remained unchanged upon
intervention with 3-MP.

Thirdly, upon treatment with the clinically used selective
GABA transporter (GAT) subtype 1 inhibitor tiagabine
GABA levels in the striatum were found to be consistently
but not dose-dependently elevated by 9% (po0.05), 7 and
8% (po0.14), whereas in the prefrontal cortex no change
was observed. Yet, the pharmacoMRS data suggest a dose-
dependent decrease in glutamate. This secondary effect was
more pronounced (� 5%) in the prefrontal cortex and
reached statistical significance (po0.05) at the mid and
higher doses of tiagabine. Furthermore, a significant
(po0.01, corrected for multiple testing) dose-dependent
increase in glutamine was observed in the striatum (18% at
the dose of 80 mg/kg tiagabine, po0.01), but not in the
prefrontal cortex.

Analogous to the specific modulations of the GABAergic
system, glutamatergic neurotransmission was targeted
pharmacologically in two more arms of the study. Recycling
of synaptically released glutamate in the glial-neuronal
glutamate–glutamine cycle was blocked with the irreversible
glutamine synthetase (GS) inhibitor MSO. Glutamate was
found to be reduced significantly and dose-dependently in
the prefrontal cortex (po0.01, corrected for multiple
testing), whereas in the striatum the effect barely missed
significance (po0.06, corrected for multiple testing). At all
doses tested, MSO lead to a significant (po0.05) drop in
glutamate of B8% and more. In addition, the highest dose
of MSO also had repercussions on the GABAergic system
and led to a significant reduction in the striatal GABA by
9% from baseline (po0.05) and a substantial increase in

Figure 3 Schematic view of GABAergic (a) and glutamatergic (b) neurotransmission and neurometabolism, and their targeting by specific pharmacological
interventions. Pharmacological relevance of pharmacoMRS was ascertained by modulating key nodes of the respective neurotransmitter system with the
prototypical GABAergic agents vigabatrin, tiagabine and 3-mercaptopropionate, and the glutamatergic agents riluzole and L-methionine sulfoximine. BGT1,
betaine-GABA transporter 1; EAAT1/2, excitatory amino acid transporter 1/2; GABA-T, GABA-transaminase; GAD, glutamate decarboxylase; GAT1,
GABA transporter 1; GS, glutamine synthetase; MSO, L-methionine sulfoximine; 3-MP, 3-mercaptopropionate.
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glutamine of B30% (po0.05) in the striatum and B50%
(po0.001) in the prefrontal cortex.

Finally, riluzole, a marketed drug with glutamatergic
polypharmacology, was used to down-modulate presynaptic

vesicular release and to enhance glial scavenging of gluta-
mate. Glutamate was significantly and dose-dependently
reduced in the striatum (po0.05; corrected for multiple
testing). In the prefrontal cortex this dose-effect was

Figure 4 Modulation of cerebral GABA, glutamate, and glutamine levels as detected by in vivo 1H pharmacoMRS in rat striatum and prefrontal cortex
upon pharmacological interventions. Drug dose-effect relations are shown for GABAergic and glutamatergic interventions with vigabatrin, 3-
mercaptopropionate (3-MP), tiagabine, L-methionine sulfoximine (MSO), and riluzole, respectively. Data are represented as mean±SEM across 6–8
animals per group. Significance levels are indicated by asterisks for single doses tested against vehicle and for linear-trend tests across dose groups (arrows,
corrected for multiple testing): (*)trend at po0.1, *po0.05, **po0.01 and ***po0.001. Dashed arrows denote a linear trend at po0.1.
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somewhat less pronounced but resulted in a highly
significant reduction of glutamate by B7% (po0.05 and
po0.01) at the higher doses. Glutamine levels remained
unchanged upon intervention with riluzole

Ex vivo Quantification of Drug Exposure and GABA and
Glutamate Levels

The findings obtained by in vivo pharmacoMRS were
further validated with ex vivo LC–MS/MS analyses of GABA
and glutamate levels and drug exposures in tissue samples
harvested from the same animals. All pharmacological
interventions tested (except 3-MP, which was not assessed)
showed nearly dose-proportional exposures in blood and
brain tissue and reached the expected tissue levels (see
Supplementary Material).

Table 1 compares the outcomes of pharmacoMRS and
LC–MS/MS measurements of cerebral GABA and glutamate
concentrations in the animals of the vigabatrin arm. LC–
MS/MS qualitatively corroborated the brain region-related
and drug-induced differences in neurometabolite levels
observed in vivo by pharmacoMRS. GABA and glutamate
concentrations reported by LC–MS/MS however were
systematically higher by a factor of B1.2 and B1.3, respec-
tively, when assuming a density of 1.044 g/ml for brain
tissue (DiResta et al, 1990).

DISCUSSION

The goal of the present study was to ascertain the value and
limitations of in vivo 1H parmacoMRS as a quantitative
modality for noninvasively reporting levels of neurometa-
bolites implicated in GABAergic and glutamatergic neuro-
transmission as putative biomarkers of state and

pharmacodynamics in preclinical drug discovery in mental
disorders.

Quality, Reliability, and Generic Sensitivity under
Routine Operation

Preclinical drug discovery environments are characterized
by extensive routine operation which stands up for
standardization, reproducibility, and high throughput
across all steps of the experimental procedures. For
pharmacoMRS to be of added value in these settings, it
has to seamlessly integrate and provide sensitive, quantita-
tive, and relevant readouts. Here, the experimental duration
was limited to less than 1 h per animal to mellow the
potential impact on physiology as well as to increase
throughput. Quantification of the spectral data was based
on standard LCModel analysis that was fully automated to
avoid user bias. All spectra and their LCModel fits obtained
under these conditions of routine operation were of
sustained high quality. Water line widths were at the
propitious lower end of the 8–15 Hz range reported
previously (Mlynarik et al, 2008; Tkac et al, 2003). The
normalized SNR (normalized to volume and number of
transients acquired but uncorrected for field strength) in
the striatum and the cortex reached favorable values of 32
(cm� 3 � transient� 1/2) and 43 (cm� 3 � transient� 1/2),
thus approaching the SNR of B42 (cm� 3 � transient� 1/2)
reported for 1H-MRS in rat brain at the higher field strength
of 16.4 T (Hong et al, 2011b). CRLBs for GABA, glutamate,
and glutamine quantification were at the favorable very low
end of the few values disclosed in previous preclinical
studies (Cudalbu et al, 2009; Hong et al, 2011a; Pfeuffer
et al, 1999; Tkac et al, 2004). At study level, variance
components analysis on our data evidenced outstanding
technical long-term stability over many months and
remarkable biological consistency across different batches
of rats. It is of further note that overall variability of GABA,
glutamate, and glutamine measurements were on par with
CRLBs, thus providing further support for well-balanced
contributions of biological and technical variability. Taken
together, spectral quality and reliability achieved here in
routine investigations translate to propitious sensitivity
limits for pharmacoMRS of GABA, glutamate, and gluta-
mine that lie well within the range of tissular alterations
reported for psychiatric disorders and respective pharma-
cological treatments in humans (Blum and Mann, 2002;
Hashimoto et al, 2007).

Neuropharmacological Relevance

We further assessed the neuropharmacological relevance of
pharmacoMRS readouts by probing their fidelity and
sensitivity of reporting changes in neurometabolite levels
in response to pharmacological interventions specifically
targeting GABAergic and glutamatergic neurotransmission.
Inhibition of glial GABA catabolism by vigabatrin has been
shown by biochemical analysis of tissue, microdialysis, and
MRS to substantially increase extracellular as well as
intracellular levels of cerebral GABA (Errante and Petroff,
2003; Preece et al, 1994). Conversely, inhibition of GABA
synthesis by 3-MP has been reported by biochemical
procedures and microdialysis to lead to a reduction of

Table 1 Comparison of In vivo 1H pharmacoMRS and Ex vivo
LC–MS/MS Readouts of GABA and Glutamate Levels in Striatum
and Prefrontal Cortex of Sprague–Dawley Rats Subjected to
Pharmacological Interventions with Vigabatrin

Vigabatrin dose

0mg/kg 30mg/kg 100mg/kg 300mg/kg

GABA

Striatum

PharmacoMRS (mmol/ml) 2.01±0.05 2.06±0.06 2.24±0.07 3.02±0.22

LC–MS/MS (mmol/g) 2.60±0.17 2.38±0.17 2.55±0.10 4.08±0.34

PFC

PharmacoMRS (mmol/ml) 1.84±0.05 1.82±0.04 2.15±0.07 3.89±0.27

LC–MS/MS (mmol/g) 1.81±0.08 1.91±0.03 2.33±0.06 3.89±0.27

Glutamate

Striatum

PharmacoMRS (mmol/ml) 7.17±0.09 7.11±0.12 7.27±0.16 7.33±0.13

LC–MS/MS (mmol/g) 9.05±0.25 8.85±0.20 8.68±0.16 8.50±0.34

PFC

PharmacoMRS (mmol/ml) 8.89±0.06 8.78±0.16 8.75±0.15 8.45±0.11

LC–MS/MS (mmol/g) 10.95±0.12 10.67±0.28 10.62±0.15 9.77±0.32

Data are presented as mean±SEM.
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tissular- and extracellular-GABA levels (Adcock and
Taberner, 1978; Karlsson et al, 1974). Tiagabine is expected
to have the least pronounced effect of the three GABAergic
interventions tested. Its mode-of-action, which is based on
the specific inhibition of presynaptic-GABA reuptake
through GAT1 without affecting GABA scavenging by glia
(GAT2/3), suggests that tiagabine increases primarily
the local extracellular, presumably intrasynaptic levels of
GABA. In fact, microdialysis studies revealed an up to
fourfold increase in extracellular GABA after tiagabine
administration (Fink-Jensen et al, 1992; Richards and
Bowery, 1996) whereas biochemical analyses of cortices of
mice subchronically treated with tiagabine reported the
tissular-GABA pool to be unaffected (Leach et al, 1997). It is
of particular note that pharmacoMRS, although it is thought
to report predominantly on tissular neurometabolites,
detected a small but evident increase in the striatal GABA.
This observation suggests that the sensitivity of pharma-
coMRS is sufficient to reveal relevant neurochemical
changes in subcompartments and that assessments are not
limited to pharmacological interventions with gross effects
on bulk concentrations.

On the glutamatergic side, inhibition of the glutamine
synthetase by MSO is known to result in a pronounced
reduction of cerebral glutamate (Fonnum and Paulsen, 1990;
Ghoddoussi et al, 2010). Likewise, riluzole is supposed to
reduce neural glutamate levels by its polypharmacological
action as suppressor of presynaptic vesicular glutamate
release and enhancer of EAAT-mediated glutamate scaven-
ging that together convey anticonvulsant and neuroprotective
therapy (Banasr et al, 2010; Kim et al, 2007). Hence, our
pharmacoMRS assessments have indeed faithfully reported
these anticipated primary pharmacological effects of the latter
prototypical GABAergic and glutamatergic interventions.

Our data also bolster the neuropharmacological relevance
of pharmacoMRS from a quantitative stance. PharmacoMRS
reported clear drug dose and exposure-dependent effects on
GABA and glutamate over dose ranges that are pharmaco-
logically sensible and have been shown to be behaviorally
active in preclinical settings (Nielsen et al, 1991;
Vinogradova et al, 2005). The experimental pro-convulsive
drugs 3-MP and MSO were dosed according to precedent
preclinical investigations and framed the respective seizure
thresholds for nonanaesthetised rats at 30 (Lamar, 1970)
and 150 mg/kg (Gershoff and Elvehjem, 1951), respectively.
For the clinically approved drugs dose equivalents were
compared on a mg/m2 basis. Vigabatrin doses thus covered
a 0.1–1.0 fold equivalent of the maximum recommended
human dose of 3000 mg/day (Drugs at FDA, http://
www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm).
Tiagabine was administered at doses typically used in rats
(Fink-Jensen et al, 1992; Richards and Bowery, 1996),
covering a 0.7–2.7fold equivalent of the recommended
human dose of 30 mg/day for therapeutic sustenance
(Drugs at FDA, http://www.accessdata.fda.gov/scripts/cder/
drugsatfda/index.cfm). Riluzole was given at 0.3–1.2 fold
equivalents of the recommended daily human dose
of 2� 50 mg (Drugs at FDA, http://www.accessdata.fda.gov/
scripts/cder/drugsatfda/index.cfm). Importantly, the mini-
mal changes in GABA and glutamate levels reliably detected
by pharmacoMRS were all elicited by drug doses well within
the equivalent pharmacologically relevant dose range used in

human studies (eg, (Petroff et al, 2000; Petroff and Rothman,
1998)), thus reaffirming that pharmacoMRS’ sensitivity be
suitable for investigating in vivo neuropharmacology in rats.

Neurobiological Relevance

The present data also underpins the neurobiological
relevance of pharmacoMRS. Notably, pharmacoMRS re-
vealed higher basal GABA and lower glutamate levels in the
striatum than in the prefrontal cortex, thus confirming
previous in vivo and ex vivo findings in drug naı̈ve animals
(Tkac et al, 2004; Tkac et al, 2003) and relating to the
distinct neurofunctional features of the two entities. The
striatum mainly comprises GABAergic medium spiny
neurons whereas the prefrontal cortex has a predominantly
glutamatergic innervation. Both areas are considered to be
strongly implicated in the pathogenesis and etiology of
numerous mental disorders. In this respect it is of particular
note that the extent of GABA, glutamate, and glutamine
responses to specific pharmacological interventions were
found to be region-specific. For example, vigabatrin elicited
a stronger change in GABA in the prefrontal cortex than in
the striatum whereas for 3-MP and tiagabine this preference
was reversed. Such region-specific responses are in
concordance with previous studies (Halonen et al, 1991;
Sheikh and Martin, 1998) and, although their basis is not
fully explored, they may be rationalized by the intrinsic
differential target expression, target occupancy, metabolic
flux rates, and feedback regulation in the striatum and the
prefrontal cortex. GABA-T and GAD65/67 have been
reported to be more expressed in the striatum than in the
prefrontal cortex whereas for GAD1 this preference is
reversed (Durkin et al, 1995; Gale et al, 1984; Laprade and
Soghomonian, 1999). Yet, forecasting directionality of
correlations between expression levels and changes in
metabolite pool sizes remains a challenge because fluxes
through the pathways addressed by the respective pharma-
cological intervention were not directly amenable in the
present study. In fact, changes in GABA levels observed
after short-term treatment with GABA-T inhibitors have
previously been used as a measure of GABAergic turnover.
It also should be noted that isoflurane anesthesia used for
the present in vivo assessments adds an inherent bias to the
outcome in that it acts on GABAA receptors and other
targets and thus affects the state of the neurotransmitter
systems potentially also in a region-specific manner
(Herring et al, 2009). Notwithstanding these anesthesia-
related effects, if tightly controlled by standardised condi-
tions, do not curtail the outcome of the study.

GABAergic and glutamatergic neurotransmission are
intricately intertwined both at the neurofunctional and
neurochemical level (see Figure 3). Notably, pharmacoMRS
unveiled such interactions. Vigabatrin and tiagabine with
their explicit GABAergic modes-of-action elicited distinct
downstream modulations of the glutamate pools in a
region-specific and dose-dependent manner, thus further
strengthening the neurobiological relevance of pharma-
coMRS findings. In this respect, tiagabine may serve as an
attractive example in that it revealed a modest and capped
primary pharmacological effect on the striatal GABA pool
whereas glutamate levels in the prefrontal cortex kept
decreasing and the striatal glutamine steadily rose at
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increasing drug doses. For interventions with vigabatrin
(Fonnum and Paulsen, 1990) and MSO (de Graaf et al, 1991;
Ghoddoussi et al, 2010), previous studies reported decreased
levels of glutamine that oppose our results. Particularly for
MSO, with its inhibitory activity on GS, in a linear system,
accumulation of the substrate (glutamate) and depletion of
the product (glutamine) would be expected. However,
upstream and downstream effects in the multi-compart-
ment system of the neuronal-glial glutamate/GABA–gluta-
mine cycle with its feedback loops at the neurometabolic
and neuroactivity tiers are more complex and underscore
the value of comprehensive assessments. In this respect,
pharmacoMRS in conjunction with 13C-labeled substrates as
tracers may provide complementary information on neu-
rometabolite trafficking as has been recently demonstrated
by Chowdhury et al (Chowdhury et al, 2008) who reported
increased glutamate–glutamine cycling at stable glutamate
and glutamine levels in response to chronic riluzole treat-
ment. The latter observation is in discordance with our
finding of reduced glutamate levels after acute administra-
tion of riluzole. However, major differences between the two
studies in treatment duration (repeated versus single dose),
drug exposure (off drug versus acute exposure) and
anesthesia may explain this apparent divergence.

Finally, additional corroborative support of the neuro-
biological and neuropharmacological findings gathered with
in vivo pharmacoMRS was obtained from biochemical
analyses with LC–MS/MS on tissue samples collected in the
vigabatrin arm. Basal GABA and glutamate levels, and drug-
induced changes measured by both modalities ran parallel.
On an absolute scale, however, LC–MS/MS systematically
reported higher tissue concentrations than pharmacoMRS,
thus deserving further discussion. For pharmacoMRS,
referencing to tissue water was used for absolute scaling
on the premise of a constant water concentration and with
no correction for T1- and T2-relaxation effects. Although
this approach may have indeed introduced a bias, it avoids
excessive variability to accrue from ancillary measurements
required for scale adjustments. Additionally, it has been
hypothesized that neural metabolites might be partially
MRS invisible (Kauppinen and Williams, 1991). At the LC–
MS/MS end, the major blemish is tissue dehydration during
the resection of small biopsies which leads to spurious and
hardly controllable increases in metabolite concentrations.
Most importantly, and in spite of the minor difference in
absolute scaling, the present data imply that pharmacoMRS
reliably reports localized changes in the pools of GABA and
glutamate.

CONCLUSION

The current work has ascertained the value and limitations
of quantitative pharmacoMRS for drug discovery efforts in
preclinical research. In particular, sensitivity and fidelity of
pharmacoMRS for noninvasively reporting changes in
GABA and glutamate upon pharmacological interventions
have been determined. Our data demonstrate that pharma-
coMRS indeed provides neuropharmacologically and neu-
robiologically relevant readouts that can support decision
making in preclinical research in mental disorders with the
promise to be translational to clinical investigations.
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