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Abstract Rationale: Brain waves reflect collective be-
havior of neurons and provide insight into distributed
network processing. Frontal and hippocampal theta oscil-
lations (4–7 Hz) were linked to cognitive tasks and animal
studies have suggested an involvement of glutamatergic
neurotransmission in integrative frontal-hippocampal
processing. Human evidence for such relationships is
lacking. Methods: Here, we studied the associations
between glutamate concentrations in the hippocampal
region, measured by a 3-T proton magnetic resonance
spectroscopy (1H-MRS), and EEG theta activity during
an auditory target detection paradigm. Results: A robust
relationship between hippocampal glutamate and frontal
theta activity during stimulus processing was found.
Moreover, frontal theta oscillations were related to
response speed. Conclusion: The results suggest a
functional coupling between the frontal cortex and hippo-
campal region during stimulus processing and support the
idea of the hippocampus as a neural rhythm generator
driven by glutamatergic neurotransmission. These pre-
liminary data show, for the first time, a relationship
between in vivo measured glutamate and basic cerebral
information processing in humans.

Keywords EEG . Theta . Oscillator . Oscillation .
Hippocampus . Glutamate

Introduction

Synchronous oscillations at distinct frequency ranges are
viewed as an important mechanism linking single-neuron
activity to behavior and mental disorders (Basar-Eroglu
et al. 1992; Gallinat et al. 2004). The crucial role of hippo-
campal theta oscillations (4–12 Hz) in mnemonic processes
(Miller 1989; Givens 1996) is increasingly targeted in the
accumulating body of literature. Synchronous activity of
hippocampal theta activity was closely linked to hippo-
campal key features, including long-term potentiation
(LTP) and synaptic plasticity (Maren et al. 1994). In the
hippocampus, theta activity was suggested to be a major
operational mode of grouping and segregating neuronal
assemblies; the activity assigns computational tasks to
these assemblies (Buzsaki 2002). In addition, theta oscil-
lations or phase-locked neuronal discharges were also
observed in hippocampal afferent and efferent structures,
i.e., the entorhinal cortex, the perirhinal cortex, and the
amygdala (Alonso and Garcia-Austt 1987; Pare and
Collins 2000), although these structures are not capable
of independently generating theta activity.

In human investigations, theta activity was recorded
during resting conditions and was shown to dramatically
increase during mental tasks like memory paradigms
(Kahana et al. 1999; Klimesch 1999), working memory
(Onton et al. 2005; Gevins et al. 1997), and in experiments
using the oddball paradigm (Yordanova et al. 2003; Basar-
Eroglu et al. 1992; Röschke and Fell 1997). The most
consistent increase in oscillatory theta activity was found at
frontal and central midline electrodes (Gevins et al. 1997).
In line with this, EEG- and MEG-based source modeling
of theta oscillations suggests a current generator in the
anterior cingulate cortex (ACC) (Gevins et al. 1997;
Reischies et al. 2005).

Task-related theta responses in both the scalp EEG and
hippocampal recordings were suggested to reflect temporal
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cooperation between the hippocampus and its immediate
efferent and afferent structures (Kirk and Mackay 2003;
Klimesch 1999; Buzsaki 2002). It was argued that theta
oscillations represent a basic resonance phenomenon me-
diating the information flow through the hippocampus,
thalamus, and frontal/temporal neocortex (Kirk and
Mackay 2003). Accordingly, paradigms eliciting hippo-
campal theta oscillations (e.g., oddball and visual maze) in
humans (Fell et al. 2004, 2005) were shown to induce
cortical theta oscillations (Kahana et al. 1999; Röschke and
Fell 1997). It was therefore hypothesized that scalp
recorded theta oscillations may serve as a window to
hippocampal activity (Kirk and Mackay 2003; Klimesch
1999), which is not directly volume-conducted to the scalp,
per se (Halgren et al. 1995).

However, there is also strong evidence that the gluta-
mate system is involved in mediating hippocampal theta
activity. For instance, the removal or isolation of gluta-
mate-containing pathways eliminates hippocampal theta
activity (Vanderwolf and Leung 1983; Buzsaki 2002).
Similar results were observed after urethane application
(Ylinen et al. 1995), which attenuates glutamate release
from presynaptic vesicles. At the microlevel, the NMDA
receptor is likely to mediate slow wave responses in the
hippocampus because antagonists (e.g., ketamine) were
observed to alter the frequency and power of theta os-
cillations (Vorob’ev et al. 1997; Dimpfel and Spuler 1990).
This follows the theory that glutamate is the major
excitatory neurotransmitter in the hippocampus, mediating
excitatory postsynaptic potentials (Kandel and Siegelbaum
2000) that are essential for EEG oscillations and evoked
potentials (Javitt et al. 1995). In contrast to the current
understanding of the neurochemical processes that pre-
sumably mediate oscillatory theta activity in animals, very
little is known about the neurotransmitter mechanisms of
the hippocampal-cortical interplay in humans at this point.

Here, we present a study examining the relationships
between the glutamate level in the hippocampal region
and scalp-recorded cerebral theta oscillations during au-
ditory stimulus processing. The concentrations of gluta-
mate in the left hippocampal region and in the ACC
were measured in 38 subjects using a dedicated proton
magnetic resonance spectroscopy (1H-MRS) method at 3 T
(Schubert et al. 2004; Gallinat et al. 2005; Elster et al.
2005). EEG was recorded for each subject in a separate
experimental session. The auditory oddball paradigm
was chosen because it elicits event-related theta activity
occurring in frontal lobe structures (Röschke and Fell
1997) and in the hippocampus (Fell et al. 2005), and
reflects different memory-based processing stages of au-
ditory target detection (Yordanova et al. 2003). Therefore,
the hypothesis was tested that glutamate concentration
in the hippocampal region is linked to theta activity.
In an exploratory analysis, the association of other
main frequency ranges with glutamate concentration was
investigated.

Materials and methods

Subjects

The study was approved by the ethics committee of the
Charité University Medicine, Campus Mitte (Berlin,
Germany). The subjects were healthy individuals of
German descent who were recruited through newspaper
advertisements. All subjects gave written informed con-
sent. Somatic and psychiatric health status was evaluated
by a structured psychiatric interview (Mini-International
Neuropsychiatric Interview) performed by a psychiatrist.
Subjects who met the criteria for an axis I or II disorder
according to Diagnostic and Statistical Manual of Mental
Disorders-IV criteria were excluded. Further reasons for
exclusion were neurological and general medical disorders
or clinically relevant abnormalities. A total of 19 male (age
35.8±9.6 years) and 19 female (age 35.5±11.3 years)
volunteers participated in the study. The magnetic reso-
nance spectroscopy session was carried out 24 h after the
recording of the EEG to ensure that the time of day was
kept constant across both measurements.

Magnetic resonance spectroscopy

For each subject, magnetic resonance measurements were
carried out on a 3-T scanner (MEDSPEC 30/100, Bruker
Biospin, Ettlingen, Germany) using a circularly polarized
head coil. After automated global shim of the linear, xz, z2,
and x2–y2 field components, T1-weighted images were
acquired using MDEFT [TE=5.5 ms, TR=23.4 ms; 64
contiguous slices, 2-mm-thick; 1-mm inplane (x–y) reso-
lution]. Magnetic resonance spectra were acquired from
2×3×2 cm3 voxels, including the left hippocampus, and
from 2.5×4×2 cm3 voxels, including the anterior cingulate
(Fig. 1). For metabolite quantification (see below), spectra
were also acquired from equal voxels in the center of
metabolite phantoms (0.1 Mmetabolite, pH 7.2, and 37°C).
After manual shimming to water, line widths (full width at
half maximum) of 7–9 Hz and 6–7 Hz for the two brain
voxels and radiofrequency power needed for a 90°
excitation pulse was determined. Subsequently, calibration
of water suppression (3 G chemical shift selective pulses of
25.6 ms duration) was carried out, followed by acquisition
of spectra with the PRESS (point resolved spectroscopy)
sequence using a Shinnar-LeRoux-optimized 90° pulse and
Mao refocusing pulses (Mao et al. 1986). Eight subspectra
of 16 phase-cycled scans were each recorded with TR=3 s,
yielding 128 averages. To ensure maximum selectivity for
the glutamate C4 resonance, an echo time of 80 ms was
chosen as per a recent extensive study (Schubert et al.
2004). Before further processing, these eight individual
metabolite subspectra were corrected for eddy currents
using water-unsuppressed spectra (n=8). Spectra quantifi-
cation was carried out using a program package based on a
time domain-frequency domain-fitting procedure (Elster
et al. 2005; Schubert et al. 2004). This method involves
automatic correction for frequency shifts caused by in-



voluntary subject motion and system instabilities, inclusion
of phantom basis spectra (see above) and prior knowledge
into the fit, and background estimation. In the present
spectra, the resonances of total choline, total creatine,
N-acetylaspartate (NAA), and glutamate and glutamine
resonances were fitted by inclusion of phantom spectra for
the latter three, and imposing the following prior knowl-
edge (Schubert et al. 2004): constant frequency differences
for glutamate, glutamine, and NAA; equal line widths; and
adjustment of signal line shape to purely Lorentzian. At the
chosen echo time of 80 ms, the baseline was not entirely
flat. To account for baseline features, the fitting procedure
routinely includes estimation of the baseline nonparamet-
rically by regularization (Elster et al. 2005). Extensive tests
yielded mean uncertainties (corresponding to Cramér-Rao
lower bounds with added uncertainties from baseline
modeling) for the fitting of glutamate of 13.1% for the
hippocampus voxel and 10.5% for the ACC voxel.
Metabolite amplitudes returned by the fitting procedure
were corrected for different coil loading by the phantoms
and the individual subject’s head (principle of reciprocity)
and for relaxation effects. The effective transverse relax-
ation time of glutamate was determined using echo times
of 50, 80, 135, 250, and 330 ms from three healthy vol-
unteers to be 171 (22) ms for the hippocampus and 194
(37) ms for the anterior cingulate voxel (standard deviation
in parentheses). No correction for longitudinal relaxation
effects was carried out. The deviation caused by the T1
effect at TR=3 s and an assumed T1 of glutamate at 3 T
of about 1.2 s (Mlynarik et al. 2001) was largely com-
pensated by the deviation estimated for the aqueous,
buffered glutamate phantom where TR was set at 5 s and T1
was determined to be 1.47 s. Thus, glutamate might, at
worst, be systematically underestimated by about 5%,
owing to unaccounted T1 effects, which would lead to
uniform scaling of the calculated concentrations. However,
because we did not determine the true T1 values of glu-

tamate in the voxels of interest, the correction remains
speculative and was therefore neglected.

It should be noted that GABA, a major candidate
interferent in the quantification of the glutamate C4 reso-
nance (and a neurotransmitter whose concentration might
change as well), was not included in the spectrum analysis.
However, extensive tests on both metabolite phantoms and
in vivo brain spectra indicated our fitting procedure to be
largely insensitive to GABA contribution, mainly because
of the fair separation of the two resonance signals at the
chosen echo time of 80 ms (Schubert et al. 2004). Like-
wise, 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 corresponding to
concentrations at and above the physiological level (i.e.,
from 1 to 3 mmol/l) (Govindaraju et al. 2000) 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 being included in the fit or not.
Therefore, the present method of glutamate fitting can be
considered unaffected by aspartate contribution. For the
sake of stability, both GABA and aspartate were omitted
from the fit.

To correct the metabolite concentrations for the fraction
of cerebrospinal fluid (csf) in the voxels studied, segmen-
tation into gray matter, white matter, and csf of the T1-
weighted images was performed using spm99 (Ashburner
and Friston 1997). Classification of pixels was based on
which spm99 tissue classification had the greatest prob-
ability. It should be noted that the possible error introduced
by erroneous estimation of csf fraction is marginal given
the small absolute fractions. Therefore, errors in csf esti-
mation caused by the small chemical displacement of the
metabolites and the deviation of the radiofrequency pulses
from perfect rectangularity were regarded as negligible.

Fig. 1 Voxel positions shown
on typical brain MDEFT
images. Left panel: anterior
cingulate cortex; right panel:
left hippocampus



EEG recording

Recording took place in a sound-attenuated and electrically
shielded chamber adjacent to the recording apparatus.
Subjects were seated in a slightly reclined chair with a
headrest. EEG was recorded from 32 channels referenced
to Cz during recording and off-line rereferenced to a
common average reference. Electrodes were positioned
according to the International 10/20 system with the
additional electrodes FC1, FC2, FC5, FC6, CP1, CP2,
CP5, CP6, PO9, PO10, TP9, and TP10. Fpz served as
ground. Eye movements were recorded across an electrode,
which is 1 cm lateral to the left eye (Lo1). Electrode im-
pedance was less than 10 kΩ. Recording was performed
(Brain Amp, MES, Munich; 500 Hz sampling rate) while
the subjects’ eyes were closed, using an auditory oddball
paradigm with pseudorandomized presentation of rare
targets (55 sinus-tones at 1,000 Hz, 83 dB sound pressure
level; 40 ms duration including 10 ms rise and 10 ms fall
time) among frequent nontargets [175 double-clicks with
500 ms ISI (international sensitivity index), 1 ms square
waves at 83 dB]. Stimuli were presented binaurally using
headphones with an ISI ranging between 1.5 and 4.6 s.
Subjects were instructed to pay attention and make a
speeded button response with their right thumb when a
target stimulus was presented. Spectral frequency analysis
was performed with the BrainVision Analyser, MES,
Munich.

Analysis of frequency band activities

Fast Fourier transformation (FFT) (256-point segmenta-
tion, frequency resolution=1.525 Hz) was performed for
the analysis of frequency band activities. The focus of the
analysis was the auditory target stimuli. The frequency
band activities were separately computed for prestimulus
(−1,500 to 0 ms) and poststimulus (0 to 1,500 ms) time
intervals. Frequency band partition for theta activity was
4.5–8.0 Hz. In addition, delta (0.5–4.0 Hz), alpha (8.5–
12.5 Hz), beta-1 (13.0–18.0 Hz), beta-2 (18.5–30.0 Hz),
and gamma (35.0–45.0 Hz) frequency band activities were
computed. For the statistical analysis, the power of each
frequency band was separately computed relative to the
total power of all frequency bands (0.5–45.0 Hz). This
normalization procedure was successfully applied pre-
viously (Gasser et al. 1982; Herrmann et al. 1983). For
every subject, at least 30 artifact-free (activity did not
exceed ±100 μV) prestimulus and poststimulus EEG
epochs were submitted to the FFT analysis. Due to pre-
viously observed task-related theta increase at frontal
midline electrodes (Gevins et al. 1997), the frontal elec-
trodes F3, F4, F7, F8, Fc1, Fc2, and Fz were selected and
pooled for further analyses.

Analysis of glutamate concentrations and frequency
band activities

The association between glutamate concentrations and
frequency band activities was investigated in a multiple
regression using the glutamate concentration as dependent
variable and the frequency band activities as predictor
variables. In addition, separate regression analyses were
performed using the hippocampal and ACC glutamate
concentrations as dependent variables. Furthermore, to
control whether the glutamate concentrations are specifi-
cally related to stimulus processing, separate analyses were
conducted using either the prestimulus or the poststimulus
frequency band activities as predictor variables. Thus, a
total of four different multiple regression analyses were
performed. The independent variables in these analyses
were entered in one single step. In cases where a significant
association was found between the predictor variables and
the dependent variable, partial correlation analyses were
conducted to control for the mediating effects of age and
gender.

Analysis of reaction times, frequency band activities,
and glutamate concentrations

To study the relationships between reaction times (RTs),
frequency band activities, and glutamate concentrations,
multiple regression analyses with the independent factors,
poststimulus frequency band activities and glutamate
concentrations, were performed. Multiple regression ana-
lyses were separately computed for hippocampal and ACC
glutamate concentration, and for the pre and poststimulus
frequency power. In cases where a significant result was
found, partial correlation analysis was conducted to control
for mediating effects of age and gender.

Results

Magnetic resonance spectroscopy

A typical PRESS spectrum acquired from a voxel
containing the hippocampus (Fig. 2) shows, along with
the flat baseline, good resolution in the glutamate C4
region where glutamine and GABA make only minor
contributions (see also Schubert et al. 2004). Figure 3
demonstrates spectra of metabolites as they were predicted
from the fit along with the baseline and residual. The
glutamate concentration was determined to be 10.9±1.4
(range 8.4–14.6) mmol/l in the left hippocampus and
11.7±1.2 (range 8.5–14.0) mmol/l in the ACC.

Frequency band activities

FFT of frequency band activity revealed a significant
increase in poststimulus (0 to 1,500 ms poststimulus) in
comparison to prestimulus (−1,500 to 0 ms) power in the



delta, theta, and beta-1 frequency bands (Fig. 4). No sig-
nificant amplitude increase was found for either alpha or
gamma power, while the beta-2 power significantly
decreased (t=−2.676 and p=0.011). Because no significant
poststimulus change in alpha and gamma power was
observed, we excluded these frequency bands from further
examination of the relationships between frequency band
power and glutamate concentration in hippocampus and
ACC.

Glutamate concentrations and frequency band
activities

The multiple regression analyses for glutamate concen-
tration in the hippocampal region using poststimulus
frequency power as predictor variables revealed a sig-
nificant effect of the predictor theta frequency band
(T=2.324 and p=0.026). No other frequency band (i.e.,
delta, beta-1, and beta-2) showed a significant relationship
to the hippocampal glutamate concentration. The partial
correlation analysis performed to control for age and
gender effects revealed a significant correlation between
frontal poststimulus theta activity and hippocampal gluta-
mate (r=0.416 and p=0.012), demonstrating that age and
gender do not account for the association between the two
variables (see Fig. 5 for a scatterplot of the age- and gender-
corrected theta activity and hippocampal glutamate data).
The multiple regression analysis of hippocampal glutamate
concentration using the prestimulus frequency bands as
predictor variables, however, did not reveal any significant
effects. Likewise, the multiple regression analyses of ACC
glutamate concentrations using the prestimulus or the
poststimulus frequency bands as predictor variables did not
show any significant effects.

Reaction times, frequency band activities,
and glutamate concentrations

The relationships between RTs with poststimulus frequen-
cy band activities (theta, delta, beta-1, and beta-2) and
glutamate concentrations (hippocampus and ACC) were
examined in multiple regression analysis using RTs as
dependent variable and poststimulus frequency band activ-
ities and glutamate concentrations as independent vari-
ables. The analysis revealed a significant relationship
between RTs and the predictor variable theta band activity
(T=−2.401 and p=0.022). Partial correlations between the
control variables age and gender also showed a significant
relationship between theta activity and RTs (r=−0.361 and
p=0.031; Fig. 6), indicating that high theta activity is linked
to short RTs. No other significant associations between RTs
and frequency band activity or glutamate concentrations
were found in the multiple regression analysis.

Discussion

Hippocampal glutamate concentration and oscillatory
theta activity

Our study revealed evidence demonstrating an association
between the glutamate concentration of the hippocampal
region and theta oscillations over frontal scalp areas
during auditory signal processing in humans. This associ-
ation was observed for oscillations in the theta frequency
range but not for other frequency ranges, suggesting that
theta activity mediates neuronal coupling between the

Fig. 2 Typical PRESS spectrum (TR=3 s and TE=80 ms) acquired
from a voxel containing the hippocampus. The C4 proton multiplet
resonance of glutamate used for quantification is highlighted. tCr
total creatine, tCho total choline, and NAA N-acetylaspartate

Fig. 3 Typical fitting results for an in vivo spectrum. Predicted
components (shifted for better visibility): res residual, Glu gluta-
mate, Gln glutamine, NAA N-acetylaspartate, tCr total creatine, and
tCho total choline. The original spectrum is dotted and the spectrum
and baseline fits not shifted



(frontal) cortex and the hippocampus via glutamatergic
neurotransmission.

The increase in theta power corresponds to previous
studies on auditory target detection (Basar-Eroglu et al.
1992; Röschke and Fell 1997), selective attention (Basar-
Eroglu et al. 1992), working memory (Gevins et al. 1997),
and memory encoding (Klimesch 1999). Theta activity,
which was shown to be functionally relevant for cognitive
processing in humans (Klimesch 1999), is the most stable
task-related component in animal recordings (Basar et al.
2001). Further studies have also observed theta band
activity across sensory modalities (Basar et al. 2001;
Gevins et al. 1997). This suggests that theta plays a fun-
damental role in stimulus evaluation and memory pro-
cessing, which corresponds to our finding of negative

correlations between theta activity and RTs. Further, a
negative correlation between the RTs and the p300 am-
plitude elicited in an oddball paradigm was previously
reported (Ford 1999). Recently, theta activation was ob-
served in or near the hippocampus as revealed by MEG
recordings and source reconstruction of working memory
responses in humans (Tesche and Karhu 2000). This
supports earlier findings of intracranially recorded hippo-
campal theta activity modulated by behavioral and per-
ceptive conditions in epileptic patients (Meador et al.
1991).

Brain imaging studies and intracerebral recordings
showed a coactivation of the hippocampus and cerebral
cortex during episodic memory (Maguire et al. 2000),
working memory (Gazzaley et al. 2004), and oddball
paradigms (Halgren et al. 1995). However, the body of

Fig. 4 Boxplot of the absolute
power in the different frequency
bands for a prestimulus and
a poststimulus interval. Signifi-
cant poststimulus increases
in power were observed in
the delta, theta, and beta-1
frequency band

Fig. 5 Scatterplot of hippocampal glutamate concentrations and
frontal theta activity during poststimulus auditory processing. A
significant positive correlation between hippocampal glutamate and
frontal theta oscillations was observed (p<0.02). Residual values
after linear correction of age and gender effects are plotted and can
therefore consist of negative values

Fig. 6 Scatterplot of reaction times and frontal poststimulus theta
band activity during task performance. A significant negative
correlation between RTs and frontal theta oscillations was observed
(p<0.04). High theta band activity predicted short RTs. Residual
values after linear correction of age and gender effects are plotted



literature still lacks direct evidence demonstrating parallel
theta measures in hippocampal and cortical areas (Kahana
et al. 1999). Principally, the temporal integration in long
distance (interareal) neuronal networks was shown to
involve slow frequency theta activity (Sarnthein et al.
1998). Because the hippocampus has widespread anatom-
ical and functional connections to all parts of the cortex
(Sirota et al. 2003) and possesses intrinsic oscillatory
properties (Buzsaki 2002), this structure is in a key position
to modulate large-scale network oscillations in the theta
frequency range. Accordingly, the encoding of new infor-
mation, which is related to hippocampal activity, synchro-
nizes theta in a small frequency window in the human scalp
recordings (Klimesch 1999). In turn, lesions or agents that
block theta oscillations, impair performance in learning and
working memory paradigms (Kirk and Mackay 2003).

Neurotransmitter systems that account
for the generation of theta oscillations

Different neurotransmitter systems are suggested to play
a role in the genesis of theta oscillations (Vanderwolf
1988). The association of frontal theta with hippocampal
glutamate concentration observed here corresponds to the
strong glutamatergic influence upon hippocampal theta
activity found in animal studies (Leung and Shen 2004;
Vanderwolf and Leung 1983). The results of the present
study suggest that the function of the hippocampus as a
rhythm generator is also mediated by glutamatergic neuro-
transmission in humans. Further, this is compatible with the
key role of glutamatergic neurotransmission in memory
processes and hippocampal LTP (Bliss and Collingridge
1993), which in turn, is predicted by hippocampal theta
oscillations (Maren et al. 1994). Evidence of the influence
of glutamatergic neurotransmission on theta activity was
also shown in scalp-recorded human EEG, specifically
in a decrease in theta activity after administration of
caroverine, an agent with glutamate-antagonistic effects
(Saletu et al. 1995). Theta modulation after exposure to
different NMDA receptor antagonist was also observed in
animal experiments in the frontal cortex, along with the
hippocampus and other areas (Dimpfel and Spuler 1990).
In this study, however, we did not find a significant cor-
relation between the glutamate level measured in the ACC
and frontal theta activity. This may indicate that oscillatory
activity generated in the ACC is not related to the local
glutamate concentration. The result further underlines the
role of the hippocampus as a rhythm generator acting on
current generators in cortical areas, which in turn may be
related to other neurotransmitter mechanisms, e.g., GABA
(Drexler et al. 2005).

General considerations about in vivo glutamate
measurement

It is well known that the extracellular and vesicle pool of
neurotransmitter-related glutamate comprise only a fraction

of total cerebral glutamate, the rest being involved in the
cells’ energy metabolism (Hamberger and Nystrom 1984;
Pouwels et al. 1999). This raises the question of a true
association of our EEG results to neurotransmission. The
following considerations, however, support a close rela-
tionship between neurotransmitter-related glutamate and
metabolic glutamate. First, human and animal studies
using in vivo brain microdialysis during epileptic seizures
showed abnormally increased extracellular glutamate con-
centrations (Ding et al. 1998), confirming pathophysiolog-
ical epilepsy models of abnormal excitability. Increased
concentrations of glutamate and/or glutamine were also
found in homogenized brain samples or single voxel 1H-
MRS measurements containing the epileptic focus, reflect-
ing multiple physiological compartments of brain tissue
(Petroff et al. 1995; Savic et al. 2000). Although the
extracellular glutamate concentration is tightly regulated,
these findings indicate a distinct relationship between
whole-tissue glutamate (as detected by a single voxel
MRS) and transmitter glutamate (released into the extra-
cellular space). However, findings in epilepsy may not
be relevant in physiological conditions and it cannot be
ruled out that the glutamate measured in the present study
largely reflects neurons’ metabolic glutamate pool, which
might be independent of glutamatergic neurotransmission.
Therefore, the correlation of this signal with frontal theta
activity may reflect a more general function of glutamate
for cellular mechanisms and metabolism within the hippo-
campal area. Future studies must clarify which part of
the cellular glutamate fraction is responsible for neuronal
oscillations.

Conclusion

The current data show, for the first time, a functional
relationship between in vivo measured brain glutamate
concentrations and cerebral theta activity during auditory
stimulus processing in humans. Although the present
evidence is preliminary, we suggest that glutamatergic cells
may collectively modulate oscillatory theta activity, there-
by promoting coherent processing and plasticity across
distributed cortical networks during behavioral and cogni-
tive processing. Thus, the determination of hippocampal
glutamate concentration, together with functional brain
measures, opens the door for future research on neuro-
transmitter-driven hippocampal network processing in
humans.
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