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Elevated Endogenous GABA Level Correlates
with Decreased fMRI Signals in the Rat
Brain During Acute Inhibition of

GABA Transaminase
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Vigabatrin and gabaculine, both highly specific inhibitors
of GABA (y-aminobutyric acid) transaminase, cause sig-
nificant elevation of endogenous GABA levels in brain.
The time course of GABA concentration after acute GABA
transaminase inhibition was measured quantitatively in the
a-chloralose-anesthetized rat brain using in vivo selective
homonuclear polarization transfer spectroscopy. The blood
oxygenation level-dependent (BOLD) effect in functional
magnetic resonance imaging (fMRI) has been considered
to be coupled tightly to neuronal activation via the met-
abolic demand of associated glutamate transport. Cor-
related with the rise in endogenous GABA level after
vigabatrin or gabaculine treatment, the intensity of
BOLD-weighted fMRI signals in rat somatosensory cor-
tex during forepaw stimulation was found to be reduced
significantly. These results are consistent with previous
findings that inhibition of GABA transaminase leads to
augmented GABA release and potentiation of GABAergic
inhibition. © 2004 Wiley-Liss, Inc.
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v-Aminobutyric acid (GABA) is the major inhibi-
tory neurotransmitter in the mammalian cortex (McCor-
mick, 1989). GABA is synthesized from its metabolic
precursor glutamate in a single a-decarboxylation step
catalyzed by glutamate decarboxylase (GAD) (Martin and
Rimvall, 1993). GABA is catabolized to succinic semial-
dehyde and then to succinate by the sequential actions of
GABA transaminase (GABA-T) and succinic semialde-
hyde dehydrogenase (SSADH) (Jung et al., 1977). When
GABA-T is inhibited by its irreversible inhibitors such as
vigabatrin (y-vinylGABA) or gabaculine, there is substan-
tial accumulation of both cytosolic and vesicular GABA in
the brain (Jung et al., 1977; ladarola and Gale, 1981;
Loscher, 1982; Mattson et al., 1994; Preece and Cerdan,
1996). In cell culture studies, GABA-T inhibition has
been shown to enhance depolarization-evoked release of
endogenous GABA (Wood et al., 1988; Wu et al., 2001).
Similarly, increased electrical stimulation-evoked GABA
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release has also been observed in brain slices treated with
GABA-T inhibitors (Kihara et al., 1988). In studies in
vivo, elevated GABA levels in brain, generated by admin-
istration of vigabatrin or gabaculine or by transplanted
genetically engineered GABA-producing cells, have been
found to correlate with protection against experimentally
induced seizures in rodents (Loscher, 1982; Bernasconi et
al.,, 1988; Gernert et al., 2002). Increased presynaptic
availability and GABA release resulting from GABA-T
inhibition are believed to cause the anticonvulsive eftects
of vigabatrin and gabaculine (Iadarola and Gale, 1981;
Jackson et al., 1994; Golan et al., 1996). Vigabatrin has also
been shown to have anxiolytic and antipanic properties
(Sherif et al., 1994; Dalvi and Rodgers, 1996). Recently,
it has been reported that increasing GABA levels in rostral
agranular insular cortex using either vigabatrin or gene
transfer mediated by a GAD67-encoding viral vector leads
to elevated nociceptive threshold, producing long-term
analgesia in rats (Jasmin et al., 2003).

Clinical studies have demonstrated that vigabatrin is
an effective anticonvulsant drug in drug-resistant partial
epilepsy, with the elevated GABA concentration in the
brain correlating with improved seizure control (Ben-
Menachem et al., 1989; Riekkinen et al., 1989; Petroff et
al., 1996). The inhibition of GABA-T by vigabatrin leads
to augmented presynaptic availability and release of en-
dogenous GABA and therefore reduced cortical excitabil-
ity, which has been considered the mechanism by which
vigabatrin exerts its anticonvulsant action in epileptic pa-
tients (Schechter and Sjoerdsma, 1990; Schousboe et al.,
1990). Vigabatrin has also been shown to depress cerebral
metabolic rate for glucose (CMR,.) and cerebral blood
flow (CBF) in epileptic patients as measured with '°F-
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fluorodeoxyglucose and '>O-water positron emission to-
mography (PET). The decrease in CMR . was found to
correlate with the increase in total cerebrospinal fluid
(CSF) GABA concentration (Spanaki et al., 1999).

In vivo functional magnetic resonance imaging
(fMRI) measures the brain’s hemodynamic responses to
neuronal activation, including the susceptibility-based
blood oxygenation level-dependent (BOLD) image con-
trast and the change in regional CBF (rCBF) (van Zijl et
al., 1998; Silva et al., 1999; Silva and Koretsky, 2002).
Both effects are highly coupled to neuronal activities
(Hoge et al., 1999; Ogawa et al., 2000; Logothetis et al.,
2001; Silva and Koretsky, 2002). BOLD fMRI signal
changes in response to activation stimuli are accompanied
by an increase in regional oxygen consumpt1on and rCBF.
The increase in rCBF exceeds the increase in oxygen
consumption; consequently, there is a reduction in re-
gional concentrations of deoxyhemoglobin, which acts as
an endogenous susceptibility contrast agent. The increase
in regional signal intensity caused by a reduction of de-
oxyhemoglobin forms the basis of the BOLD effect. {IMRI
techniques have been applied recently to pharmacologic
studies of animal models (Silva et al., 1995; Marota et al.,
2000), providing a powerful tool for studying the kinetics
of drug eftects. Similar to PET, fMRI could be a very
useful in vivo tool for assessing the role of GABA metab-
olism and GABAergic activities in the control of cortical
excitability. Complementary to fMRI, magnetic reso-
nance spectroscopy (MRS) allows in vivo measurement of
regional cerebral concentration of GABA (Shen et al.,
2002a; Shen, 2003; Choi et al., 2004). The kinetics of
GABA synthes1s after Vlgabatrm or gabaculine treatment
can be monitored using in vivo MRS (Behar and Boehm,
1994; Mattson et al., 1994; Petroff et al., 1996; Shen et al.,
2004).

In the present work, fMRI and MRS were com-
bined to study the effects of acute GABA-T inhibition on
the hemodynamic response to somatosensory stimulation
in a-chloralose anesthetized rats. It was hypothesized that
increased endogenous GABA should decrease the intensity
of the BOLD response to somatosensory stimulation.
fMRI experiments were carried out to characterize the
changes in BOLD-weighted fMRI signal after vigabatrin
treatment. The time course of GABA concentration in the
rat cortex after acute vigabatrin administration was mea-
sured using quantitative in vivo MRS. Results indicated a
significant correlation between increases in GABA con-
centration as measured by MRS and the decrease in the
BOLD response as measured by fMRI. To corroborate
such findings, experiments were also repeated using gaba-
culine (Rando, 1977; Wood et al., 1982; Patel et al., 2001)
for acute GABA-T inhibition.

MATERIALS AND METHODS

Animal Preparation

Male adult Sprague-Dawley rats (185 £ 25 g) were orally
intubated and mechanically ventilated with a mixture of 70%
N,/30%0, and 1.5% isoflurane. A femoral artery and a femoral

vein were cannulated for monitoring arterial blood gases (pO,,
pCO?2), pH, arterial blood pressure, and for intravenous infusion
of a-chloralose (initial dose 80mg/kg supplemented with a
constant infusion of 26.7 mg/kg/hr throughout the experiment)
and for acute vigabatrin (500 mg/kg, 0.6 cc; Sigma-Aldrich, St.
Louis, MO) or gabaculine (100 mg/kg, 0.6 cc, BIOMOL Re-
search Laboratories, Inc.) administration. Untreated animals
served as controls. For the control group, saline instead of
vigabatrin or gabaculine was injected 1.v. After surgery, isoflu-
rane was discontinued and pancuronium bromide was adminis-
tered (2 mg/kg every 90 min i.v.) for immobilization. All
physiologic parameters were kept within the normal limits:
arterial blood pO, was within 120-150 mmHg, pCO, within
25-35 mm Hg, mean arterial blood pressure within 180 =
30 mm Hg (a transient ~20% decrease in mean arterial blood
pressure was observed upon acute gabaculine injection, which
was reversed quickly and did not reoccur), and plasma pH
within 7.35-7.45. Ventilation and plasma pH were adjusted
based on periodic blood sampling. Rectal temperature was
monitored during scanning and maintained at ~37°C with
heated circulating water. End-tidal CO,, tidal pressure of ven-
tilation, and heart rate were also monitored. For fMRI studies,
both forepaws were stimulated through needles inserted in be-
tween digits 1, 2 and digits 3, 4. The needles were connected to
an electrical simulator that generated pulses (2 mA, 0.3 msec) at
a frequency of 3 Hz (Silva et al.,, 1999; Silva and Koretsky,
2002). All experiments were carried out under protocols ap-
proved by NIMH Animal Care and Use Committee.

fMRI Experiments

Nuclear magnetic resonance (NMR) experiments were
carried out on two 11.7 Tesla Bruker AVANCE spectrometers
(Bruker Billerica, MA) with either a 31-cm inner diameter (i.d.)
horizontal bore magnet or 8.9-cm i.d. vertical bore magnet
(Magnex Scientific, Abingdon, UK). The NMR probe con-
sisted of either an actively decoupled volume coil transmission
(5-cm 1.d.)/surface coil (1.5-cm i.d.) reception system or a
surface transceiver coil (1.5-cm 1.d.). The surface coils were
centered 0—1 mm rostral to bregma. Three-slice (coronal, hor-
izontal, and sagittal) scout rapid acquisition with relaxation
enhancement (RARE) images were used to position the rat
inside the magnet. For fMRI studies, three-slice single-shot
coronal spin-echo echo planar imaging (EPI) was used to mea-
sure BOLD-weighted fMRI responses to forepaw stimulation in
the primary somatosensory cortex (slice thickness = 2 mm; field
of view [FOV] = 2.56 cm with a 64 X 64 matrix corresponding
to an in-plane resolution of 400 pm X 400 wm; repetition
time/echo time [TR/TE] = 500—1,000/25 msec). The stimu-
lation paradigm consisted of an initial 15-30-sec baseline period
followed by a 20—-sec stimulation period and finalized with a
15-30-sec baseline period.

In Vivo GABA Editing

For spectroscopy studies, a 4.5 mm X 2.5 mm X 4.5 mm
voxel located inside the EPI slice package was selected and
shimmed using FASTMAP/FLATNESS (Gruetter, 1993; Shen
et al., 1999a; Chen et al., 2004) to correct all first-order, all
second-order, and the z°, z>x shims. An adiabatic point-resolved
spectroscopy (PRESS) sequence (Chen et al., 2004) was used to



obtain a short-TE scout spectrum and to measure the resonance
frequency of the creatine methyl group from the selected voxel
(number of scans (NS) = 64-256; TR/TE = 2,000/15 msec).
The pulse sequence used a 90-degree adiabatic half-passage pulse
(1 msec) for excitation and six 180-degree slice-selective adia-
batic hyperbolic secant pulses (w = 5, 2 msec) for three-
dimensional spatial localization. Chemical shift selective
(CHESS) pulses were used for water suppression.

A one-dimensional selective homonuclear polarization
transfer method (Shen et al., 2004) was used to acquire edited
GABA spectra (NS = 256; TR/TE = 2,000/68 msec). Briefly,
the thermal equilibrium GABA-4 signal at 3.0 parts per million
(ppm) and the overlapping creatine, glutathione, and macromol-
ecules were suppressed completely in a single-shot using
CHESS. The edited 3.0-ppm GABA peak was then generated
anew from the thermal equilibrium GABA-3 signal at 1.91 ppm
via homonuclear polarization transfer. Single-shot spatial local-
ization was achieved using a five-lobe sinc (0.5 msec) for slice-
selective excitation along the x-dimension and slice-selective
adiabatic hyperbolic secant pulses (W = 5, 2 msec) for spatial
localization along the y- and z-dimensions. The ] evolution
between GABA-2 and GABA-3 was refocused using a 15-msec
(B, = 375 Hz) double-band numerically optimized 180-degree
Hermite-based pulse during the preparation of GABA-3 and
GABA-4 antiphase coherence (Shen et al., 1999b; Shen et al,,
2002a). The final GABA-4 spin state before data acquisition was
(I, + I, + 4LS,S; + 41S,S))/2, which represents the full
intensity of the outer two lines of the GABA-4 triplet under the
weak coupling approximation. The double-band optimized
Hermite-based pulse also generated minimal excitation of the
macromolecules at 1.72 ppm, leading to negligible macromol-
ecule contamination to the regenerated GABA-4 at 3.0 ppm,
which was verified using a metabolite null experiment. The
intense signal from N-acetyl asparate (NAA) methyl group at
2.02 ppm in the edited GABA spectra served as an internal
reference for zero-order phase and concentration.

In Vitro Experiments

To quantify the cerebral GABA concentration, the me-
tabolism of the rat brain was arrested using a microwave fixation
system (Model TMW-6402C; Muromachi Kikai Co., Tokyo,
Japan) immediately after in vivo spectroscopy data acquisition.
The microwave system inactivates enzymatic processes in
~1 sec without affecting the level or the distribution of GABA
(Tappaz et al., 1977; Ishikawa et al., 1983; Miller et al., 1990).
The rat was then decapitated. The brain tissue corresponding to
the spectroscopy voxel was removed and weighed. Extraction
using perchloric acid (PCA) (12%, 3—4 ml/g) was carried out as
described previously (Dimitrijevic et al., 2001; Patel et al.,
2001). Brain extracts were centrifuged at 13,000 rpm for 20 min
at 4°C. The filtered supernatant was repeatedly lyophilized and
redissolved in D,O (pH 7.4). GABA concentrations at the end
of in vivo spectroscopy data acquisition were measured using
standard high-resolution pulse-acquire experiment (NS =
4,096; TR/TE = 6,000/0 msec; flip angle = 45 degrees) in
D,O on the vertical widebore 11.7 Tesla spectrometer using a
2.5-mm broadband inverse probe. As an internal standard for
chemical = shift, 3-(trimethylsilyl) propionic-2,2,3,3-d, acid
(TSP-d,) was added.
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Data Analysis

The EPI Nyquist ghosts were corrected based on a one-
dimensional phase modulation of the spectra of even or odd
echoes derived from the imaging data (Buonocore and Gao,
1997). Activation maps were generated using the STIMULATE
software (written by J.P. Strupp, University of Minnesota,
Minneapolis, MN) from pixels presenting a minimum cross-
correlation coefficient (CCC; Bandettini et al., 1993) of 0.3. To
compare relative fMRI signal changes in the somatosensory
cortex, regions of interest (a cluster of 4 X 4 pixels) were chosen
based on the center of the highest intensity in activation maps on
both sides of the cortex. Student’s t-tests were carried out to
compare differences in fMRI signal intensities. Spectroscopy
data were processed using XWINNMR v3.1 software (Bruker-
Biospin, Billerica, MA). In vigabatrin- or gabaculine-treated
rats, the concentration of GABA as a function of time was
calculated based on the in vivo intensity of the edited GABA
peak at 3.0 ppm and the concentration of GABA at the end
point measured from PCA extracts assuming the concentration
of total NAA is 9.4 pmol/g wet weight (Pfeuffer et al., 1999).
The time course of GABA concentration after vigabatrin treat-
ment was fitted to the following exponential equation:

[GABA](t) = [GABA], exp( — t/t;,,) + [GABAL.
(1 —exp( = t/t10) (1)

where t, ,, is the halftime of the exponential function, [GABA],
and [GABA],, are the initial and equilibrium GABA concentra-
tion. The time course of GABA concentration after gabaculine
treatment was fitted to a linear equation (Behar and Boehm,
1994).

RESULTS

Effect of Acute Vigabatrin Administration on
BOLD-Weighted fMRI Signals

EPI images of a control rat and those of a vigabatrin-
treated rat were compared in Figure 1. The activation
maps were overlaid on the single-shot EPI images per se.
As seen in Figure 1, in contrast to the control, acute
vigabatrin administration (500 mg/kg, 0.6 cc i.v.) pro-
duced specific BOLD-weighted fMRI signal changes
manifested as a general decrease in both the volume of
activated tissue and the intensity of the response to fore-
paw stimulation. Figure 2 shows the temporal effects of
vigabatrin (shaded bar, 500 mg/kg, 0.6 cci.v.; n = 11) and
saline (blank bar, 0.6 cc i.v.; n = 5) administration on the
relative % changes in fMRI signal intensity. For each time
point, the fMRI signal from the selected cluster of 4 X
4 pixels was averaged over the duration of forepaw stim-
ulation. In contrast to the control group, the vigabatrin-
treated group showed a gradual decrease in the intensity of
the MRI response. At the 30-min point after vigabatrin
administration, the relative changes in fMRI signal be-
tween the two groups started to differ with statistical
significance (P << 0.01). Before this point, differences in
the changes in fMRI signal between the two groups were
not statistically significant (P > 0.20). Five vigabatrin-
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treated rats were also measured for up to 140 min after
vigabatrin administration, and the depression in fMRI
responses was found to be sustained. Because no time-
matched data from the control group were acquired, those
fMRI data were not included in the statistical analysis.

Effect of Acute Vigabatrin Administration on
Cerebral GABA Concentration

Figure 3A shows typical in vivo MR spectra of the
GABA-4 signal at 3.0 ppm edited using the one-
dimensional homonuclear polarization transter method at
different points after acute vigabatrin treatment (500 mg/
kg, 0.6 cc1.v.; n = 5). A clear doublet consistent with the
theoretically derived GABA-4 spin state was observed in
all spectra acquired, indicating minimal contamination
from other signals. No statistically significant changes in
the concentration of other metabolites were found in
either the unedited short-TE (15 msec) PRESS spectra
over the duration of the in vivo experiment or in the
high-resolution spectra of the PCA extracts (data not
shown). Figure 3B shows a plot of the cerebral GABA
concentration as a function of time after acute vigabatrin
administration, with the solid line indicating the temporal
fit according to equation (1). From the exponential fit, the
halftime (t, ,,) = 110 £ 33 min (mean = SD, n = 5) and
[GABA].. = 3.1 £ 0.7 pwmol/g wet weight (mean £ SD,
n = 5). [GABA], = 1.2 * 0.1 pmol/g wet weight

Fig. 1. Time points from a set of coro-
nal EPI images of a control rat (A) and
a vigabatrin-treated rat (B; 500 mg/kg,
0.6 cc i.v.) obtained during forepaw
stimulation (slice thickness = 2 mm;
field of view [FOV] = 2.56 cm with a
64 X 64 matrix corresponding to an
in-plane resolution of 400 pm X
400 pm; repetition time/echo time
(TR/TE) = 500-1,000/25 msec. The
slice was centered approximately 0—
1 mm rostral to bregma. The activation
maps were overlaid on the single-shot
EPI images from which the activation
maps were generated. The acute
vigabatrin administration produced
BOLD-weighted fMRI signal changes
manifested as a general decrease in
both the volume of activated tissue and
the intensity of the response to fore-
paw stimulation.

(mean = SD, n = 11) (Shen et al., 2004), determined from
rats without vigabatrin or gabaculine administration, was
used in the exponential fit.

Effects of Acute Gabaculine Administration

Acute gabaculine administration (100 mg/kg,
0.6 cc 1.v.; n = 7) also produced a general decrease in
both the volume of activated tissue and the intensity of
the response to forepaw stimulation in the BOLD-
weighted fMRI maps. The temporal effects of gabacu-
line on the relative changes in fMRI signal (in % change
of fMRI signal) were analyzed. For each point, the
fMRI signal from the selected cluster of 4 X 4 pixels
was averaged over the duration of forepaw stimulation.
At the 20-min point after gabaculine administration, the
relative changes in fMRI signal between the control
group and the gabaculine-treated group started to difter
with statistical significance (P < 0.01). At 70 min, an
averaged ~65% decrease in fMRI signal was observed
as compared to that before gabaculine injection. The
cerebral concentration of GABA as a function of time
was also measured using the in vivo selective homo-
nuclear polarization transfer method for up to 2.5 hr
after acute gabaculine administration (100 mg/kg,
0.6 cc i.v.; n = 5). The concentration of GABA as a
function of time was fitted to a linear equation. From
least-square linear regression analysis, A|{GABA]/At was
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Fig. 2. The temporal eftects of vigabatrin administration on the relative
changes in BOLD-weighted fMRI signal. For each time point, the
fMRUI signal from the selected cluster of 4 x 4 pixels was averaged over
the duration of forepaw stimulation. Shaded bar, vigabatrin-treated
group (500 mg/kg, 0.6 cc i.v.; n = 11); blank bar, control group (saline,
0.6 cc i.v.; n = 5). In contrast to the control group, the vigabatrin-
treated group showed a gradual decrease in the intensity of the fMRI
response. At the 30-min point after vigabatrin administration, the
relative changes in fMRUI signal between the two groups started to differ
with statistical significance (P < 0.01). Before this point, differences in
the changes in fMRUI signal between the two groups were not statisti-
cally significant (P > 0.20).

determined to be 0.020 £ 0.005 wmol/g wet weight/
min (mean * SD, n = 5).

Correlation between BOLD-Weighted
fMRI Signal Intensity and Cerebral
GABA Concentration

The concentrations of GABA as a function of time
after vigabatrin or gabaculine treatment determined using
in vivo MRS in separate groups of rats were fitted to an
exponential or linear function as described above. The
concentrations of GABA during the course of fMRI mea-
surement in vigabatrin- or gabaculine-treated rats were
calculated from the fits to the posttreatment time course of
GABA concentration. For vigabatrin treatment, [GA-
BA](t) = (1.2 wmol/g wet weight) (exp[—t/110 min]) +
(3.1 pmol/g wet weight)(1 — exp[—t/110 min]) was
used. For gabaculine treatment, [GABA](t) = 1.2 wmol/g
wet weight + (0.020 wmol/g wet weight/min)(t) was
used. The relative changes in fMRI signal intensities due
to vigabatrin or gabaculine treatment were plotted in
Figure 4 as a function of endogenous GABA concentra-
tion during acute inhibition of GABA-T. As shown in
Figure 4, the reduction in the brain BOLD response to
somatosensory stimulation clearly correlates with the in-
crease in endogenous GABA concentration after acute
vigabatrin or gabaculine administration.
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DISCUSSION

The basal GABA concentration in rat brain measured
using in vivo selective homonuclear polarization transfer
spectroscopy was 1.2 £ 0.1 wmol/g wet weight (mean *
SD, n = 11), which is in agreement with previous neuro-
chemical measurements using microwave fixation for in-
stantaneous 1nactivation of brain metabolism (Tappaz et
al.,, 1977; Miller et al., 1990). Higher basal brain GABA
concentrations measured using decapitation and rapid
freezing with liquid nitrogen, which have been reported
previously in the literature (Miller et al., 1990), have been
attributed to rapid postmortem GABA anabolism. The
GABA concentration in o-chloralose-anesthetized rat
brain increased significantly upon acute administration of
vigabatrin (Fig. 3). The GABA accumulation after acute
vigabatrin administration (500 mg/kg, 0.6 cc i.v.) extrap-
olated from equation (1), and the [GABA],,, [GABA]., and
t,,» values measured in this study are in agreement with
the range of values reported previously using similar dos-
age of vigabatrin (Jung et al., 1977; Manor et al., 1996;
Errante and Petroft, 2003). Gabaculine is a more potent
GABA-T inhibitor than vigabatrin. Correspondingly, we
found that the rate of GABA accumulation after
100 mg/kg intravenous injection of gabaculine was
0.020 £ 0.005 pmol/g wet weight/min, which is in
agreement with previous in vivo MRS measurements
using a similar intravenous administration protocol (Behar
and Boehm, 1994).

Correlated with the spectroscopic results, our func-
tional imaging data demonstrated that acute vigabatrin
(500 mg/kg, 0.6 cc 1.v.) or gabaculine (100 mg/kg, 0.6 cc
1.v.) administration significantly reduced BOLD-weighted
fMRI response to forepaw stimulation in somatosensory
cortex. In contrast, the fMRI response of the control
group showed no significant variations over the duration
of the fMRI measurement. The correlation between the
decrease in fMRI signal intensity and increase in GABA
levels in brain measured using in vivo MRS (Fig. 4)
suggests that in acute GABA-T inhibition, the suppression
of cortical excitability is related directly to the elevation of
cerebral GABA concentration. Our results are in agree-
ment with previous neurochemical studies that have es-
tablished that GABA-T inhibitors such as vigabatrin and
gabaculine raise the overall brain GABA level, as well as
those in the nerve endings, accompanied by augmented
stimuli-evoked GABA release (Gram et al., 1988; Kihara
et al., 1988; Wu et al., 2001).

The findings of the present study therefore suggest
that increased availability of endogenous GABA caused
by GABA-T inhibition suppresses MR signal intensity
in ai-chloralose-anesthetized rat brain. Although a-chlo-
ralose itself has been shown to enhance GABA, recep-
tor activities (Garrett and Gan, 1998), the statistically
significant difference in the time course of fMRI signal
intensity between the control group and vigabatrin- and
gabaculine-treated groups demonstrated that the ob-
served depression in somatosensory response to forepaw
stimulation under a-chloralose anesthesia is caused by
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Fig. 3. A: Time points from a set of localized homonuclear polar-
ization transfer spectra of GABA-4 methylene protons at 3.0 ppm in
the cerebral cortex of a-chloralose-anesthetized rats on acute viga-
batrin administration (500 mg/kg, 0.6 cc i.v.; n = 5). TR/TE =
2,000/68 msec; voxel size = 4.5 mm X 2.5 mm X 4.5 mm; NS =
256; line-broadening (LB) = 5 Hz). Bottom trace, 0 hr; middle
trace, 1 hr; top trace, 2 hr after vigabatrin injection. All spectra were
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Fig. 4. Correlation between endogenous GABA concentration and
fMRI intensity after acute vigabatrin and gabaculine treatment. The
concentration of GABA was calculated from the fits to the experi-
mentally determined posttreatment time course of GABA concen-
tration. For vigabatrin treatment, [GABA](t) = (1.2 pmol/g wet
weight)(exp[—t/110 min]) + (3.1 pmol/g wet weight)(1 — exp
[—t/110 min]) was used. The fMRI intensities of vigabatrin-treated
rats are the same as those shown in Figure 2. For gabaculine
treatment, [GABA](t) = 1.2 pmol/g wet weight + (0.020 pmol/g
wet weight/min)(t) was used.
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phased using zero-order phase only without any baseline correc-
tions. The same intensity scales were used. B: Exponential fit (solid
line) to the concentrations of GABA (filled triangle) as a function of
time from a vigabatrin-treated rats using equation (1). Halftime
t,,, = 110 £ 33 min (mean £ SD, n = 5); [GABA].. = 3.1 *
0.7 pmol/g wet weight (mean * SD, n = 5); [GABA], = 1.2 £
0.1 pmol/g wet weight (mean = SD, n = 11).

vigabatrin or gabaculine. The increase in GABA release
after GABA-T inhibition has been attributed to a Ca®" -
independent process mediated through the reversal in
the direction of GABA transporters (Szerb, 1982; Wood
et al., 1988; Attwell et al., 1993; Wu et al., 2001, 2003).
The following thermodynamic equation has been
proposed (Attwell et al., 1993), which describes the
dependence of concentration of extracellular GABA
([GABA],) on that of intracellular GABA ([GABA],)
and the concentrations of Na* and Cl™:

[GABA]. = [GABA]([Na"],/[Na"],)?
X ([CI7]/[CI7].)exp(VE/RT) (2)

where V is the membrane potential, F is Faraday’s con-
stant, R is the gas constant, and T is the absolute temper-
ature. During repetitive stimulation (e.g., the forepaw
stimulation at a frequency of 3 Hz used in this study),
which leads to increased [Na™|,, the elevated [GABA], due
to GABA-T inhibition would generate a condition allow-
ing for an increase in the reversal of GABA transporters,
leading to increased transporter-mediated GABA release.
In hippocampal slices from rats, electrical stimulation at
the frequency range of 2.5-10 Hz causes activity-
dependent depression of GABA-mediated inhibition that
has been shown to be reversed when the rats were pre-
treated with vigabatrin (Jackson et al., 2000). The corre-
lation observed here of the reduction in fMRI signal
intensity, due presumably to augmented GABA-mediated
inhibition with elevated endogenous GABA concentra-



tion resulting from GABA-T inhibition, is therefore con-
sistent with previous electrophysiologic studies (Attwell et
al., 1993) and could be explained by the mechanism of
GABA-T inhibition-induced reversal of GABA transport-
ers (Szerb, 1982; Wood et al., 1988; Wu et al., 2001,
2003).

Because vigabatrin is structurally analogous to
GABA and so as to act as a suicide inhibitor of GABA-T
(Jung et al., 1977), vigabatrin could also interact with
GABAergic neurotransmission at other sites. Previous
studies have suggested that vigabatrin also has a secondary
inhibitory effect on GABA reuptake (Jackson et al., 1994,
2000). In addition to increasing GABA release, inhibition
of GABA uptake itself also leads to augmentation of
GABA-mediated synaptic inhibition (ladarola and Gale,
1981; Golan et al., 1996; Angehagen et al., 2003). Al-
though not demonstrated specifically, gabaculine (also a
structural analogue of GABA) (Rando, 1977) therefore
may similarly influence GABA neurotransmission. The
secondary effects of vigabatrin and possibly of gabaculine
on GABA reuptake should also have contributed to the
observed correlation in the present acute GABA-T inhi-
bition study (see Fig. 4). For anticonvulsant agents such as
valproate and tiagabine that do not cause an overall ele-
vation of GABA concentration (Gram et al., 1988; Ange-
hagen et al., 2003), the correlation between cerebral total
GABA concentration measured by in vivo MRS and
BOLD-weighted fMRI intensity is not expected. Val-
proate seems to selectively increase the GABA concentra-
tion in the synaptic pool (ladarola and Gale, 1981). Tiaga-
bine is a potent inhibitor of GABA uptake (Angehagen et
al., 2003). Their effects on BOLD-weighted fMRUI signals
have not yet been elucidated.

The exact mechanism by which increased local neu-
ronal activities trigger the increase in rCBF, which is
essential to the BOLD eftect, remains under investigation.
Several mechanisms have been suggested that involve an
array of vasodilatory agents: CO,, H*, K", adenosine,
and NO. When administered exogenously, GABA causes
vasodilation and increases CBF; however, the endogenous
GABA concentration has been shown to be insufficient to
affect cerebral microvascular tone (Fergus and Lee, 1997).
It is unlikely that the observed reduction in BOLD re-
sponse after acute GABA-T inhibition is due to focal
vasodilation by increased GABA release, which would
have caused an increase in the BOLD fMRI signal
intensity.

In conclusion, we have shown that vigabatrin and
gabaculine, both highly specific inhibitors of GABA-T,
causes elevation of endogenous GABA in the rat brain.
Brain GABA level is quantified readily using in vivo
selective homonuclear polarization transfer spectroscopy.
Correlated with the rise in GABA level, the intensity of
BOLD-weighted fMRI signals in somatosensory cortex
during forepaw stimulation is reduced significantly. The
present in vivo fMRI results are consistent with previous
neurochemical and neurophysiologic studies of GABA-T
inhibition, which has been demonstrated to lead to aug-
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mented GABA release (Kihara et al., 1988; Wu et al.,
2001) and activity-dependent reinforcement of inhibition
(Jackson et al., 2000). Further studies of drugs targeting
GABAergic system using whole brain BOLD and chem-
ical shift images of high spatial resolution should facilitate
experimental assessment of regional (e.g., in thalamus)
significance and differences in the inhibitory processes. In
vivo GABA release and reuptake can also be investigated
further using MRS to measure the kinetics of '*C-label
incorporation into GABA, glutamate, and glutamine
through diftferent metabolic pathways (Manor et al., 1996;
Patel et al., 2001; Shen et al., 2002b; Waagepetersen et al.,
2003).
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