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Background: There has been growing support for dys-
functions of the excitatory glutamatergic system and its
implications for the psychophysiology of schizophrenia.
However, previous studies reported mixed results regard-
ing glutamate concentrations in schizophrenia with varying
deviations across brain regions. Methods: We used an opti-
mized proton magnetic resonance spectroscopy procedure to
measure absolute glutamate concentrations in the left hip-
pocampal region and the anterior cingulate cortex (ACC) in
29 medicated patients with schizophrenia and in 29 control
participants without mental disorder. Results: The gluta-
mate concentrations were significantly lower in the ACC but
higher in the hippocampus of patients compared to controls.
ACC and hippocampal glutamate concentrations correlated
positively in patients but not in controls. ACC glutamate was
weakly associated with Clinical Global Impression score
and duration of illness in patients. Conclusion: Glutamate
concentrations in schizophrenia deviate from controls and
show associations with disease severity. A higher concen-
tration of hippocampal glutamate in schizophrenia com-
pared to controls is shown. The association between ACC
and hippocampus glutamate concentrations in patients with
schizophrenia suggests an abnormal coupling of excitatory
systems compared to controls as predicted by previous glu-
tamate models of schizophrenia.
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Introduction

Schizophrenia research has recently turned its atten-
tion to deficits in the glutamatergic system as a potential

etiological factor. Studies demonstrated that antagonist
administrations of the glutamate receptor N-methyl-D-
aspartate (NMDA) induced symptoms of schizophre-
nia in healthy subjects.! In patients with schizophrenia,
these drugs exacerbated both positive and negative symp-
toms.>” Furthermore, a review® reported that enhanced
NMDA receptor function reduces negative symptoms
and improves cognitive functioning in medicated schizo-
phrenic patients. The excitatory glutamatergic system
is implicated in the pathophysiology of schizophrenia,
developing the “glutamatergic hypothesis of schizophre-
nia.””* Carlsson AN and Carlsson ML proposed that
projections from the glutamate system in the cortex mod-
ulate the dopaminergic system in the substantia nigra/
ventral tegmental area (VTA) and deficits in this pathway
would ultimately result in psychosis and other symptoms
of schizophrenia. Investigation into the neurotransmit-
ter activity of glutamate is necessary to test this model
and would support developments in pharmacotherapy of
schizophrenia.

The anterior cingulate cortex (ACC) and the hippo-
campus are interesting targets for the assessment of glu-
tamate because they have been associated with structural
and functional changes in schizophrenia. In the ACC,
studies with patients revealed abnormal activation, most
commonly hypoactivation, in this region.!! Imaging stud-
ies have largely concluded that the hippocampus is smaller
in patients compared to healthy subjects.!>!* Other imag-
ing studies report abnormal hippocampal activity that
could suggest abnormal function circuitry to other con-
nected regions, including the prefrontal cortex.!'*!3

Within these regions, there have been efforts to investigate
the excitatory glutamatergic system for abnormal activation
within schizophrenia. Magnetic resonance spectroscopy
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(MRS) provides in vivo information on glutamate con-
centrations in specific areas of the brain.'® A meta-analysis
found lower concentrations of glutamate in the frontal
region, including the ACC, of patients with schizophrenia
compared to healthy participants'” but other studies have
found no differences.'®"” Within the hippocampus, there
is some evidence of altered ionotropic glutamate receptor
activity.” % However, other studies'”" found no differences
between patients and healthy participants. Recent work has
demonstrated that glutamate may be elevated in the early
stages of schizophrenia,? 2 in unmedicated patients'*?” and
in nonremitted patients®® but unchanged or reduced below
normal in chronic and medicated patients.”®3' Although
the exact characterization of the glutamate abnormalities
in schizophrenia has yet to be determined, this research
suggests there is a relationship between the impact of the
illness and glutamate concentration.

This in vivo spectroscopy study investigates the gluta-
mate concentrations within the ACC and the hippocam-
pus of medicated patients with schizophrenia compared
to healthy control participants without schizophrenia
(controls). We expect to find differences in the glutamate
concentrations between the 2 groups, which would sup-
port the assumption that abnormalities in the glutama-
tergic system are pathophysiological characteristics of
schizophrenia. Furthermore, we set out to investigate the
relationship between ACC and hippocampal glutamate
concentrations in patients and healthy controls.

Methods and Materials

Participants

Twenty-nine patients with schizophrenia (19 males)
were compared to 29 controls (19 males) matched for
gender. Demographic and additional data describing

Table 1. Demographic and Clinical Data of all Participants

patients and controls are presented in table 1. Patients
were recruited among inpatients (z = 13) and outpatients
(n = 16) of the Charité Department of Psychiatry and
Psychotherapy, Campus Mitte. Diagnosis was assessed
with the Structured Clinical Interview for Axis | DSM-IV
Disorders® by an experienced senior consultant psychia-
trist. Twenty-eight patients had been treated with risperi-
done at the time of the scan (17 had been treated less than
1y, 7 longer than 1 y, and 4 longer than 5 y; mean dose
4.1£1.56mg). Three of the patients additionally received
benzodiazepines. One patient was treated with haloperi-
dole. Psychopathological symptoms were assessed with
the Positive and Negative Syndrome Scale (PANSS)*
and the Clinical Global Impression Scale (CGI).* The
duration of illness was assessed years between the first
episode and the current investigation. Patients with other
psychiatric Axis I disorders were excluded.

Controls were recruited through newspaper adver-
tisements. According to personal interviews (Mini-
International ~ Neuropsychiatric Interview?®), these
participants were free of medical, neurological, and psy-
chiatric disorders. Healthy participants with a family his-
tory (first degree) of Axis I disorder were excluded. In
addition, exclusion criteria for all subjects were abnor-
malities in the magnetic resonance imaging, general
medical disorders, or any clinically relevant abnormali-
ties. The study was approved by the ethics committee of
Charité University Clinic, Berlin, Germany. After com-
plete description of the study to the subjects, informed
written consent was obtained from all participants.

Magnetic Resonance Spectroscopy

For each subject, magnetic resonance measurements
were carried out on a 3-T-scanner (MEDSPEC 30/100;

Healthy Patients

Controls (7 = 29)* (n=29) Statistics
Variable Mean SD Mean SD ¥ 1 df P
Age (y) 30.9 8.4 27.6 6.8 -1.64 56 018
Gender (male/female) 19/10 19/10 0.00 1 1
Education (y) 12.0 1.6 11.1 1.5 -2.03 53 985
# Smoker/ex-smoker/nonsmoker 13/1/14 21/2/4 7.76 2 .021
# Cigarettes smoked per day 6.9 10.1 14.2 11.6 2.51 53 .015
Age at disease onset (y) 22.9 3.8
Duration of illness (y) 3.8 4.1
CGI score 4.9 0.7
PANSS positive subscore 17.8 6.7
PANSS negative subscore 19.5 5.2
PANSS general subscore 354 8.3

Note: CGI, Clinical Global Impression Scale; PANSS, Positive and Negative Syndrome Scale.

229 patients and 29 controls were included in the sample. Missing data included: 1 control and 2 patients from smokers’ data, 1 patient
from disease onset, 1 patient from duration of illness, and 1 patient from CGI.

bStudent’s 7 for age, education, and number of cigarettes smoked per day; %? for gender and smoker status.
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Bruker Biospin, Ettlingen, Germany) using a circularly
polarized head coil. After automated global shim of the
linear, xz, z?, and x* — y? field components, T1-weighted
images were acquired using Modified Driven Equilibrium
Fourier Transform (echo time [TE] = 3.8 ms, repetition
time [TR] = 20.53ms; 128 contiguous slices, 1.5mm
thick; 1-mm inplane [x — y] resolution). Magnetic reso-
nance spectra were acquired from 2- X 3- X 2-cm? vox-
els, including the left hippocampus, and from 2.5- X
4- X 2-cm?® voxels, including the ACC (see figure 1).
After manual shimming to achieve water line widths
(full width at half maximum) of 7-9 Hz and 6-7 Hz
for the 2 brain voxels, respectively, the radiofrequency
power needed for a 90° excitation pulse was determined.
Subsequently, calibration of water suppression (3 chem-
ical-shift selective radiofrequency pulses with Gaussian
modulation of 43 Hz full width at half maximum) was
carried out, followed by acquisition of spectra with the
PRESS (point-resolved spectroscopy) sequence using a
Shinnar-LeRoux-optimized 90° pulse and Mao refocus-
ing pulses.’® Eight subspectra of 16 phase-cycled scans
were each recorded with TR = 3 seconds, yielding 128
averages, followed by acquisition of unsuppressed water
spectra (n = 8). Since we focused on glutamate quanti-
fication with little interference by glutamine, an TE of
80 milliseconds was chosen as described elsewhere.’” The
spectra also permit deducing concentrations of metabo-
lites like total choline (tCho), total creatine (tCr), and
N-acetylaspartate (NAA). Metabolite quantification was
based on a previous procedure using an external phantom
approach described by Schubert and colleagues.’” The
radio frequency power p and the water signal a calculated
by fitting in the time domain and corrected for relaxation
effects were used for later scaling. Since we did not aim to
quantify resonances downfield of tCho, 3.5-1.5 ppm was
chosen as the frequency range of interest. The metabolite
basis set was formed using phantom spectra from voxels
in the center of spherical glass bottles containing metab-
olites (glutamate, glutamine: 100 mmol/l each, NAA:
50 mmol/l) in phosphate buffer, pH 7.2, at 37°C, using the
procedure described for the calibration phantom but with

Glutamate in the ACC and Hippocampus

32 averaged scans. Before further processing, the 8 indi-
vidual in vivo metabolite subspectra were corrected for
eddy currents using water-unsuppressed spectra (n = 8).
Spectra quantification was carried out using a program
package based on a time domain-frequency domain-fit-
ting procedure.®®** In the present spectra, the resonances
of tCho, tCr, NAA, glutamate, and glutamine were fit-
ted by including phantom spectra for the latter 3, and
imposing the following prior knowledge®’: constant fre-
quency differences for glutamate, glutamine, and NAA;
equal line widths; and adjustment of signal line shape to
purely Lorentzian. Although at 3 T and the chosen TE
of 80 milliseconds interfering macromolecule resonances
have largely decayed, the baseline was not entirely flat.
Since no macromolecular prior knowledge was used, the
fitting procedure routinely includes estimation of the
baseline nonparametrically by regularization, as previ-
ously described in detail.* The regularization parameters
were chosen after extensive testing.* The fitting method
yields values for the uncertainties of both the metabolite
amplitudes (Cramér-Rao lower bounds) and the baseline.
Extensive tests yielded mean uncertainties (correspond-
ing to Cramér-Rao lower bounds plus uncertainties from
baseline modeling) for the fitting of glutamate of 13.1%
for the hippocampus voxel and 10.5% for the ACC voxel.
Uncertainties for NAA, tCr, and tCho were substantially
lower while those for glutamine were above 30% in most
cases, prohibiting their further consideration. The metab-
olite concentrations were calculated from their ampli-
tudes with a formula as described by Schubert et al’.
The transverse relaxation times (in milliseconds) of
metabolites were used as previously determined?’ apply-
ing TEs of 50, 80, 135, 250, and 330 milliseconds (n = 3,
SD in parenthesis): 194 (37) for Glu, 278 (31) for NAA,
179 (9) for tCr, and 282 (45) for tCho in the ACC; and
171 (22), 267 (15), 198 (31), and 291 (13), respectively,
for the hippocampus voxel. For glutamine, the T2 values
of glutamate were used. No correction for longitudinal
relaxation effects was carried out. The deviation caused
by the T1 effect at TR = 3 seconds and an assumed T1
of glutamate at 3 T of about 1.2 seconds* was largely

glutamate
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Fig. 1. Spectroscopic voxel positions analyzed in the present work together with typical magnetic resonance spectra. Top: hippocampus,

bottom: anterior cingulate cortex.
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compensated by the deviation estimated for the aqueous,
buffered glutamate phantoms where TR was set at 5 sec-
onds and T1 was determined to be 1.47 seconds.

Gamma-aminobutyric acid (GABA), a major candi-
date interferent in the quantification of the glutamate
C4 resonance, was not included in the spectrum analysis.
However, our fitting procedure was largely insensitive to
GABA contribution because of the fair separation of the
2 resonance signals at the chosen TE of 80 milliseconds.?’
Likewise, aspartate is a compound likely to contribute to
the fit in the chosen spectral region. We therefore tested
the effect of including fixed aspartate amplitudes corre-
sponding to concentrations at and above the physiologi-
cal level (ie, from 1 to 3 mmol/l)** in the fit. Fitting of
spectra from the hippocampus voxels of 11 subjects gave
mean increases of the predicted glutamate level of at
most 0.5% at 3 mmol/l aspartate, regardless of the GABA
resonance. Therefore, the present method of glutamate
fitting can be considered unaffected by aspartate con-
tribution. Segmentation into gray matter, white matter,
and cerebrospinal fluid (CSF) of the T1-weighted images
was performed using spm2.#* Classification of pixels was
based on which spm?2 tissue classification had the greatest
probability. To correct the metabolite concentrations for
the CSF fraction in the voxels studied, the concentration
values were divided by (1 — CSF fraction).

Data Analysis

ANCOVA were used for the effect of diagnosis (schizo-
phrenia vs no schizophrenia) on concentrations of glu-
tamate and other metabolites in the ACC with age and
gender as covariates. A second ANCOVA was performed
for the metabolites in the hippocampus. Partial correla-
tion analyses controlling for age and gender, 2-tailed,
were conducted to determine the relationship of the

glutamate concentrations of the participants with schizo-
phrenia with age of disease onset, number of episodes,
Chlorpromazine equivalents, PANSS scores, and CGI
scores. Partial correlational analyses were also conducted
to assess the relationship between the glutamate concen-
trations of the 2 brain regions in both samples. Missing
metabolite values were due to low signal quality and not
included in the final analyses (see table 2). We decided a
priori to evaluate statistical significance using a 2-sided
design with alpha set at .05.

Results

Covariates

Since there is evidence that age and gender have an effect
on glutamate concentrations in the ACC and hippocam-
pus,* they were included as covariates in all analyses.
However, the 1-way ANCOVA on glutamate levels in
ACC revealed no significant effect of covariates, neither
age, F(1,54) =2.690, P = .107, nor gender, F(1,54) = 1.260,
P = .267. The ANCOVA on glutamate concentration in
hippocampus showed a significant effect of the covariate
age, F(1,52) = 8.387, P = .006, but no significant effect
of gender, F(1,52) = 0.006, P = .941. To further elucidate
the influence of age, correlation analyses with glutamate
were conducted for both groups separately. In controls,
no significant relationship was observed between age
and ACC glutamate, r(27) = —.15, P = .449, but there
was a significant relationship with hippocampal glu-
tamate, r(25) = —.39, P = .043. In the patients group,
there was no significant relationships among age and
ACC, r(27) = —.26, P = .182, or hippocampal glutamate,
r(27) = —.36, P = .055.

Our patients with schizophrenia smoked significantly
more cigarettes per day than the controls (see table 1).
Nevertheless, we found no significant correlation between

Table 2. Group Comparisons of Metabolite Concentrations in the Hippocampus and ACC

Hippocampus ACC

Controls Patients Controls Patients

(n=29) (n=29) Statistics (n=29) (n=29) Statistics
Metabolite Mean® (SD) Mean® (SD) Flr Df P Mean® (SD) Mean® (SD) Flr df P
Glutamate 10.42 (1.53) 12.10 (1.47) 14.58 1 <.001 15.17 (1.11) 14.46 (1.56) 5.56 1 .022
NAA 11.43 (1.04) 11.04 (0.80) 5.26 1 .026 13.23 (1.17) 12.70 (0.99) 5.22 1 .026
Choline 2.34(0.25) 2.37(0.26) 0.027 1 .869 2.42(0.27) 2.26 (0.27) 4.01 1 .048
Creatine 9.47 (0.90) 9.85(1.14) 1.24 1 270 10.59 (0.89) 10.17 (1.00) 2.61 1 112
Grey matter 0.61 (0.06) 0.63 (0.05) 1.32 56 192 0.56 (0.03) 0.57 (0.03) 1.49 56 141
White matter 0.33 (0.06) 0.31 (0.05) -1.2 56 234 0.27 (0.04) 0.29 (0.05) 2.32 56 .024
CSF 0.06 (0.02) 0.06 (0.02) -0.32 56 747 0.17 (0.03) 0.14 (0.04) -3.86 56 <.001

Note: ACC, anterior cingulate cortex; CSF, cerebral spinal fluid.

229 patients and 29 controls were included in the sample. Owing to insufficient spectra quality, some results are missing: 2 for Glu, 1 for
tCho, and 1 for tCr from hippocampus of controls and 1 for tCr from ACC of patients.

®Mean concentrations in mmol/l.

°F for Glu, NAA, tCho, andtCr. Student’s ¢ for grey matter, white matter, and CSF.

428



number of cigarettes smoked per day and the glutamate
in the hippocampus, (25) = —.21, P = .297, or the ACC,
r(25) = .10, P = .630, of patients with schizophrenia, nor
with the glutamate in the hippocampus, r(25) = —.08,
P =716, or the ACC, r(26) = —.3, P = .127, of controls.
Furthermore, a study by Gallinat and Schubert® found no
significant association between smoking and glutamate
concentrations in the ACC or hippocampus. Therefore,
we did not include smoking data as a covariate.

Main Results

A significant main effect of diagnosis was observed for
glutamate in ACC, F(1,54) = 5.556, P = .022 (figure 2).
In ACC, glutamate concentration was significantly
lower in participants with schizophrenia (M = 14.46,
SD = 1.56 mmol/l) than in controls (M = 15.17,
SD = 1.11 mmol/l). In the hippocampus, glutamate con-
centration in participants with schizophrenia (M = 12.1,
SD = 1.47 mmol/l) was significantly higher than in con-
trols (M = 10.41, SD = 1.53 mmol/l), reflected in a main
effect of diagnosis, F(1,52) = 14.581, P < .001 (figure 2).
Group comparisons for all measured metabolites are
shown in table 2.

A positive correlation between the ACC glutamate
concentrations and hippocampal glutamate concentra-
tions was observed in schizophrenic patients, r(25) = .388,
P = .045, but not in controls #(23) = .008, P = .969 (fig-
ure 3). A Fisher’s r-to-z transformation determined there
was a significant difference between these 2 correlations
(z=-5.65, P <.001). We also found a significant negative
correlation between the CGI scores and the glutamate con-
centrations in the ACC, r(24) = —.409, P = .038, but not
in the hippocampus, r(24) = —.007, P = .972. Glutamate
concentrations in the ACC or the hippocampus did not
correlate significantly with participants with schizophre-
nia’s PANSS positive scores, 1(24) = .034, P = .868 and
r(24) = .153, P = 457, or negative scores, r(24) = .114,
P =.578 and r(24) = .137, P = .504, respectively.

187 F(1,54)=5.556, p=.022
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Glutamate in the ACC and Hippocampus

The duration of illness had a significant relationship
with ACC glutamate, r(24) = .497, P = .010, but not in
the hippocampal glutamate concentration, r(24) = .028,
P = .891. There was no relationship between the age at
first manifestation and both the hippocampal glutamate,
r(24) = —.226, P = .268, and the ACC glutamate concen-
tration, r(24) = —.289, P = .152. There was no significant
relationship between the number of episodes and the hip-
pocampal, r(24) = .260, P = .200, or the ACC glutamate
r(24) = .210, P = .304. There was no significant relation-
ship between the Chlorpromazine dosage equivalent and
the hippocampal glutamate, #(20) = —.135, P = .549,
or the ACC glutamate concentration, r(20) = —.210,
P = .348. When all correlation analyses were corrected
for multiple testing (Bonferroni), no association reached
significance.

Discussion

Our study focused on the comparison of glutamate in
2 important brain regions in patients with schizophre-
nia and controls. As predicted, we found differences in
glutamate levels within both the ACC and hippocampus
in patients with schizophrenia compared to controls.
In addition to glutamate, we quantified NAA, tCr, and
tCho. For the quantification of all these metabolites, we
used a spectroscopic method that detects this substance
reliably and with fair selectivity over other compounds,
especially glutamine.”’#*¢ Such selectivity is hardly attain-
able using PRESS at 3 T and (usually the shortest pos-
sible) TE of 30 milliseconds, in which frequently only the
sum of glutamate + glutamine (GIx) can be measured
with acceptable precision. We avoided interference by
macromolecules with our moderately long TE of 80 mil-
liseconds, where these resonances have nearly completely
decayed and their residuals are fittable by a rather smooth
baseline. In contrast to other methods for glutamate
using the quite reliable TE-averaging*’ or rather complex
editing schemes,*** our method is based on the PRESS

3

F(1,52)=14.581, p<.001
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Fig. 2. Absolute glutamate concentration in the anterior cingulate cortex (left) and hippocampus (right) in controls and patients with

schizophrenia.
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Patients with Schizophrenia

Controls

15| r(25)=388, p=045

r(23)=.088, p=.969

15

Hippocampus glutamate concentration (mmol/l)

ACC glutamate concentration (mmol/l)

Fig. 3. Correlations between the absolute glutamate concentration in the anterior cingulate cortex and the absolute glutamate
concentration in the hippocampus in controls (right) and patients with schizophrenia (left).

sequence available at most MR scanners and thus lends
itself to clinical application at a large scale.

The higher hippocampal glutamate concentration in
patients with schizophrenia offers an interesting contribu-
tion to this line of research. Some MRS studies reported
increased GIx levels in the hippocampus of schizophrenic
patients compared to controls,**' or increased Glx to cre-
atine ratio,!® while others observed no Glx differences.’>%
However, GIx is a combined measure of Glu, Gln, and
GABA levels, and the isolation of glutamate levels of
the hippocampus is relatively unexplored. By focusing on
glutamate with 3 Tesla or higher field strength, the cur-
rent investigation is one of the first to provide evidence
for an abnormally high absolute concentrations of gluta-
mate in the hippocampus.'%-%5

The glutamate concentration in the ACC of patients
with schizophrenia was significantly lower than in the
ACC of controls. This finding supports previous evidence
of lower glutamate levels in patients in the ACC.!” There
was a significant negative relationship between the ACC
glutamate and the CGI, a subjective general rating of
illness severity, although this correlation did not survive
Bonferroni correction. This relationship is in line with
previously found associations of glutamate abnormalities
with measures of dysfunction such as the Life Skills Profile
rating scale,® current symptom exacerbation,’’ cognitive
performance,* and negative symptomatology.?® The weak
association of glutamate and CGI suggests a more general
role of glutamate for the schizophrenia phenotype, apart
from psychopathological ratings. Further investigation of
glutamate activity and objective measures of symptoms
or illness severity would make a stronger case.

These results are predicted by the model of gluta-
mategic modulation of the dopamine system put forth
by Carlsson AN and Carlsson ML.!" Deficiency in the
glutamate system would decrease mesocortical dopa-
mine activity and might affect the mesolimbic dopamine
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pathway.®® Thus, hypoactivity of the ACC could inter-
rupt the modulation of the dopaminergic pathway in the
VTA region, which would then in turn alter activity in the
hippocampus through the mesolimbic pathway. A posi-
tive correlation between the glutamate concentration in
the ACC and hippocampus was only found within the
schizophrenic sample, which further suggests a system-
atic aberration associated with the disorder. However,
these results only provide suggestive evidence for this
model and would require further investigations that take
into account the connectivity of these regions and data
on both dopaminergic and glutamatergic activity.

Abnormalities in the NMDA receptor activity may
provide an explanation for our results the concerning
glutamate levels. Animal studies have demonstrated that
phencyclidine or ketamine administration alters fore-
brain dopaminergic activity.>*®! In healthy human par-
ticipants, administrations of ketamine have been linked
with increases in glutamine® and glutamate® in the ACC.
It is therefore necessary that future investigations should
involve linking NMDA receptor function to glutamate
level abnormalities.

We only observed a positive association between dura-
tion of illness and glutamate concentrations in patients’
ACC. These results differ from reports of decreased
prefrontal glutamate (GIx) in chronic schizophrenic
subjects.®* In a longitudinal study by Aoyama and col-
leagues,® there was a significant decrease of the total
glutamatergic metabolites (tGL) in the thalamus in
unmedicated schizophrenic patients over the follow-up
period of 80 months. The decline of glutamate-associated
metabolites was interpreted as part of a disease progres-
sion, which is not the case in our glutamate data. This
may be due to a relatively short duration of illness since
we investigated relatively young patients at the mean age
of 27.6 years. Previous research reported no change of
glutamate and associated metabolites in a sample with



early schizophrenia in the course of a 12-month neuro-
leptic treatment.>*

We assessed other metabolites to further clarify the
nature of our observed glutamate levels. A recent study®
showed 20% higher glutamine in the ACC of schizophre-
nia patients. Although the spectral signal used for our
quantification of glutamate has been shown to be clearly
dominated by glutamate, it may contain a slight contami-
nation by glutamine.’” Additionally, the signal-to-noise
ratio for glutamine in our spectra is low, leading to fit-
ting uncertainties mostly above 30%, but we can roughly
estimate the level of this compound in ACC. Since the
mean values of this estimate are not statistically differ-
ent between control subjects (2.17 mmol/l) and patients
(2.24 mmol/l), we do not confirm the previous findings.*

A reduced NAA concentration was observed in both
the hippocampus and ACC in patients compared to
controls. Regardless of disease condition, the metabo-
lite concentrations in our study were computed using
their transverse relaxation times as determined in the
appropriate voxels in 3 healthy volunteers. However, T2
of NAA in white matter of patients with schizophrenia
has been found to be shorter by 6.4%% and 10%°” which
might account for the reduced NAA level we find in
ACC as well as in hippocampus. A similar effect may be
responsible for the lower tCho concentration observed in
the ACC voxel in our study, since shorter T2 for tCho
has been determined in a similar anterior cingulate voxel
in schizophrenia patients.® However, to our knowledge,
T2 values for glutamate in schizophrenia patients have
not been determined as yet. Future studies should mea-
sure transverse relaxation times of glutamate in patients
as well, because, beyond allowing for appropriate cor-
rection, this might add valuable information about this
metabolite.

Our study has several limitations. First, we lack of
information regarding GABA activity. Carlsson’s model'°
includes GABA function as an important component in
the modulation of dopamine pathways. One model® pro-
poses that NMDA receptor activity regulates the func-
tion of GABAergic neurons, which corresponds to the
inhibitory and excitatory pathways of Carlsson’s glu-
tamate degeneration hypothesis. Accordingly, studies
that examine both glutamate and GABA deviations in
schizophrenia have found a similar elevation®’ or reduc-
tion* of these metabolites in patients with schizophrenia
compared to controls. Data on GABA function in con-
junction with glutamate function would be important in
explaining the mechanisms of glutamate’s role in schizo-
phrenia in our sample. Secondly, the present study is
cross-sectional and cannot provide evidence of progres-
sion of glutamate degeneration.!” Finally, the explanatory
power of the results is subject is limited since only 20%
of the glutamate signal, measured by H-MRS, are from
the neurotransmitter pool stored and synthesized in syn-
aptic nerve terminal or presynaptic glia. The remaining

Glutamate in the ACC and Hippocampus

80% represent the general major metabolic function of
glutamate in the brain.”” However, reported associations
between MRS measured glutamate concentrations and
cerebral function can be interpreted as argument that the
signal also represents neurotransmission.*

Conclusion

This in vivo spectroscopy study revealed differences in
glutamate concentration within both the ACC and hip-
pocampus in patients with schizophrenia compared to
healthy control participants without schizophrenia. The
glutamate levels in the ACC region were significantly
lower and the levels in the hippocampus were largely
higher in patients with schizophrenia compared to con-
trols. These results support the glutamate degeneration
hypothesis of schizophrenia'® and imply that abnor-
malities in the glutamatergic system in these regions are
associated with schizophrenia and the severity of the
illness.
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