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Abstract

In vivo magnetic resonance spectroscopy (MRS) enables non-invasive longitudinal tracking of brain
chemistry changes that can accompany aging, neurodegenerative disease, drug addiction and
experimental manipulations in animals modeling such conditions. J-coupled resonances, such as
glutamate, which are highly relevant to neuropsychiatric conditions are difficult to resolve on a
clinical 3T MR scanner using conventional one-dimensional MRS sequences. We, therefore,
implemented Constant Time PRESS (CT-PRESS) to quantify major metabolite and neurotransmitter
biochemical signals, including glutamate, in two brain regions of the rat—basal ganglia and
cerebellum. We acquired spectra at two distinct time points in two independent groups of six rats
and analyzed metabolite levels using either creatine or water as a reference. Our results provide
evidence that CT-PRESS at 3T is adequate and reliable for in vivo detection and quantification of
glutamate in the rat brain and that regional differences occur in the signal intensities of the major
metabolites. That the directionality of the differences depends on whether creatine or water is used
as a reference for metabolite levels emphasizes the benefit to in vivo MRS of incorporating methods
to establish absolute baseline metabolite concentrations.
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1. Introduction

In vivo magnetic resonance spectroscopy (MRS) permits non-invasive longitudinal tracking
of brain chemistry changes that can accompany aging, neurodegenerative disease, drug
addiction and experimental manipulations in animals modeling such conditions
(Adalsteinsson, et al., 2006;De Stefano, et al., 1998;Filippi, et al., 1999;Pfefferbaum, et al.,
2006). While MRS has proven invaluable as an in vivo assessment tool, there have been
technical limitations to overcome. For example, the direct in vivo detection of the
neurotransmitter glutamate (Glu) at a field strength of 3T has been challenging because of
spectral overlap with signals from other metabolites, most notably, glutamine (GIn). Indeed,
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the detection of Glu is hampered by a complicated multiplet structure due to strong J-coupling.
Another limitation has been that brain chemistry changes are most often expressed as
metabolite ratios, which although useful, can lead to ambiguous interpretation of data.

In vivo MRS studies have revealed reduced N-acetyl-aspartate (NAA), inferred from NAA/
creatine (Cr) ratios, in frontal (Bendszus, et al., 2001;Fein, et al., 1994;Jagannathan, et al.,
1996;0’Neill, et al., 2001) and cerebellar (Bendszus, et al., 2001;Jagannathan, et al.,
1996;Mann, et al., 1998;Parks, et al., 2002) regions in alcoholics compared with controls.
Fewer in vivo studies have been conducted in animal models of alcoholism, but those, too,
indicate the sensitivity of NAA to the detection of tissue compromise induced by alcohol plus
nutritional deficiency (Pfefferbaum, et al., 2006). In addition to NAA, Glu is of particular
interest in studies of alcoholism (Kalivas, et al., 2005). In vitro electrophysiology, radioligand
binding (Morrisett, et al., 1991;Snell, et al., 1993) and in vivo microdialysis (Moghaddam and
Bolinao, 1994) studies have implicated the glutamatergic system in the development and
maintenance of ethanol dependence and withdrawal from it. Preliminary MRS findings suggest
arole for Glu in response to acute intraperitoneal alcohol infusion in rats (Adalsteinsson, et
al., 2006).

Constant Time PRESS (CT-PRESS) (Dreher and Leibfritz, 1999) was introduced as an in vivo
method to detect J-coupled resonances with high signal-to-noise ratio (SNR) by using effective
homonuclear decoupling. Here, we tested the feasibility of using CT-PRESS optimized for the
detection of Glu (Mayer and Spielman, 2005) in the rat to dissociate the biochemical profile
of two brain regions affected in alcohol dependence (Koob, 1999;Sullivan, etal., 2003;Sullivan
and Pfefferbaum, 2005). Based on the hypotheses that the development of alcohol dependence
is mediated by basal ganglia circuitry (Koob, 1999), whereas maintenance of alcohol addiction
entails changes in frontocerebellar circuitry (Sullivan, et al., 2003;Sullivan and Pfefferbaum,
2005), we choose to establish baseline levels of major metabolites and neurotransmitters in the
basal ganglia and the cerebellum. Analysis of our results using either creatine (Cr) or water as
a reference suggest that care must be taken when interpreting data using Cr as an internal
standard.

2. Methods

2.1 Subjects

Two groups of six healthy male adult Wistar rats (Harlen, Indiana), ranging in weight from
395 to 525 g, were examined. Approval was granted from SRI1 and Stanford University review
boards to conduct in vivo MR imaging studies.

2.2 Anesthesia

As previously described (Adalsteinsson, et al., 2004;Pfefferbaum, et al., 2004), the animals
were held in an MR-invisible structure, which provided support for the radio frequency (RF)
coil and a nose cone for the delivery of isoflurane anesthesia (2-3.5%) and oxygen (~1.5 I/
min). Rectal temperature and oxygen saturation from the hind limb were monitored throughout
the experiment. Heating was provided by pre-warmed bags of saline solution placed under the
animal tray. Rats were scanned in sessions of ~1.5 h each.

2.3 MRS acquisition

All measurements were performed on a GE 3T MR scanner equipped with self-shielded
gradients (40 mT/m, 150 mT/m/ms). A custom-made rat brain quadrature head coil (d = 44
mm) was used for both RF excitation and signal reception.
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The implemented CT-PRESS sequence consisted of a modified PRESS module in which the
position of the last refocusing pulse was shifted to encode the chemical shift (CS) in the second
time dimension (t;). The pulse was shifted in 129 steps with an increment At;/2 = 0.8 ms
corresponding to a spectral width (SW+) of 625 Hz in f1. The average echo time (TE) of the
sequence was 139 ms, optimized for the detection of Glu. To increase the SNR, the data
acquisition (2K complex points at SW, = 5000 Hz) started immediately after the last crusher
gradient of the second refocusing pulse. CT-PRESS was preceded by a 3-pulse chemical shift
selective sequence for water suppression and an outer-volume suppression module using very
selective saturation pulses. The repetition time (TR) was 2 s and 4 excitations were performed
without data acquisition to achieve a steady state. With 6 averages, the acquisition time
(Tacq) per spectrum was ~ 27 min. For the second group of rats an acquisition without water
suppression was carried out with 17 CS encoding steps (4t1/2 = 6.4 ms, 8-fold undersampling)
and 2 averages (Tacq = 1:16 min) to measure the tissue water content which was used to
normalize the signal intensities of the metabolite data.

For each rat, spectra were acquired from two voxels, placed in the basal ganglia and the
cerebellum (Figure 1); the order of voxel acquisition was balanced across the rats. The voxel
dimensions were 8.6 mm (L/R), 5 mm (A/P), and 4.8 mm (S/I). The voxels were positioned
using high-resolution images acquired with a 3-plane localizer (gradient recalled echo (GRE),
TE/TR = 2.3/9.8 ms, FOV = 6x6 cm?, 256x128, 5 mm thick, 3 slices/plane) and coronal fast
spin-echo (FSE, TEL/TE2/TR = 12.5/62.6/3000 ms, FOV = 8x4 cm?, 256x128, 1 mm thick).
The scanning parameters were slightly modified for the second experiment (GRE: TE/TR =
1.6/6.7 ms, FSE: TEL/TE2/TR = 12.7/63.7/3900 ms). In the A/P direction, the basal ganglia
voxel extended from approximately 2.3 to —2.6 mm and the cerebellar voxel from
approximately —9.2 to —14.2 mm, relative to bregma, according to the rat brain atlas of Paxinos
and Watson (Paxinos and Watson, 2004). The basal ganglia voxel included the striatum,
nucleus accumbens, globus pallidus, anterior portions of the thalamus and hippocampus,
relevant midline structures and small sections of the corpus callosum and lateral ventricles.
The cerebellar voxel contained mostly the cerebellum and fragments of other structures such
as visual cortex and pons.

2.4 Data Analysis

The amount of tissue water in a voxel was estimated from the data set acquired without water
suppression. For each CS encoding step, i.e., for each TE step, only the time domain data from
the time of the echo on was used. The data were apodized in t, with a 5-Hz Gaussian line
broadening and zero-filled up to 4096 points. The data for each TE step were phase-corrected
by removing the zero and first order phase as estimated by linear regression for the first 100
points. After performing a fast Fourier transform (FFT) along ty, the water spectra were
evaluated by peak integration with an interval of £50 Hz. The amount of cerebral spinal fluid
(CSF) and tissue water was estimated by fitting the data across the 17 TEs to a bi-exponential
model. To improve numerical stability of the nonlinear fit, the CSF T2 was fixed at a long T2
value of 500 ms and the remaining short T2 component of tissue determined from a
minimization search (Pfefferbaum, et al., 2006).

Apodization of the water-suppressed data comprised multiplication with sine-bell functions in
both time dimensions and zero-filling up to 4Kx1K data points. A t;-dependent shift was
applied in t, correcting for the different start of data acquisition. After performing a 2D FFT,
effectively decoupled 1D CT-PRESS spectra were obtained by integrating the signal along
f, within a £10 Hz interval around the spectral diagonal. Metabolite signals in the 1D spectra
were determined by peak integration with an interval of £6 Hz. The data from both experiments
were evaluated with signals normalized to the methyl signal of total creatine (tCr), and data
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from the second experiment were additionally normalized to the amount of tissue water in the
voxel.

3. Results

The quality of the spectra allowed evaluation of signals from NAA (2.02 ppm), tCr (3.03 ppm
and 3.93 ppm), choline containing compounds (Cho, 3.24 ppm), Glu (2.36 ppm), Glu+GIn
(Glx, 3.78 ppm), myo-inositol (ml, 3.58 ppm), and taurine (Tau, 3.44 ppm).

3.1 Metabolite signals expressed as ratios to tCr

Signal intensities relative to the methyl signal of tCr for both the basal ganglia and cerebellum
from the two experiments are given in Table 1. Repeated-measures, within-subject analysis of
variance tested metabolite ratio differences between the two brain regions. For both
experiments, significant region of interest effects (exp. 1: F(1,5)=279.836, P=0.0001; exp. 2:
F(1,5)=197.489, P=0.0001) and region-by-metabolite interactions (exp. 1: F(5,25)=42.713,
P =0.0001; exp. 2: F(5,25)=66.052, P =0.0001) indicated that the ratios of the basal ganglia
were greater than those of the cerebellum for certain metabolites. Follow-up paired t-tests
indicated that these differences were significant for NAA (t(5)=9.223, P =0.0003), Cho (t(5)
=12.008, P =0.0001), Glu (t(5)=5.100, P =0.0038), and GIx (t(5)=4.760, P =0.0051) in the first
experiment and NAA (t(5)=13.619, P =0.0001), Cho (t(5)=12.033, P =0.0001), Glu (t(5)
=9.917, P =0.0002), GIx (t(5)=6.716, P =0.0011) and additionally Tau (t(5)=4.709, P =0.0053)
in the second experiment.

Although there were few disparities in metabolite ratios between the first and second
experiments, an ANOVA compared the metabolites in the two regions to examine potential
differences between the two experiments. The metabolite-by-experiment interaction was
significant (F(5,50)=5.14, P=0.0007), indicating that overall the metabolite ratios in the second
experiment were higher than those in the first. Differences were statistically significant for the
ratios of Cho (t(5)=-5.561, P = 0.0026) and Glu (t(5)=—3.581, P = 0.0159) in the basal ganglia
voxel and Cho (t(5)=—3.571, P = 0.0160) in the cerebellar voxel. Nonetheless, the region-by-
experiment interaction was not significant (F(1,1)=0.075, P=0.7894).

3.2 Metabolite signals expressed as ratios to tissue water

CT-PRESS spectra from a single rat (a) and an average of 6 rats (b) relative to the water signal
in both brain regions from the second experiment are shown in Figure 2. Coefficients of
variance for each absolute measure in the basal ganglia versus cerebellum were as follows:
NAA 0.07 vs. 0.08, Cho 0.09 vs. 0.06, tCr 0.08 vs. 0.07, Glu 0.10 vs. 0.16, Tau 0.14 vs. 0.11,
ml 0.15 vs. 0.10, GIx 0.05 vs. 0.11. Repeated-measures, within-subject analysis of variance
revealed a significant region-by-metabolite interaction (F(6,30)=26.809, P = 0.0001) (Figure
3). Follow-up paired t-tests indicated that these regional differences were significant for tCr (t
(5)=-5.350, P =0.0031) and ml (t(5)= —4.793, P = 0.0049), with both metabolite peaks higher
in the cerebellum than basal ganglia.

4. Discussion

Only recently has the reliable detection of Glu at 3T been improved by applying 2D MRS
techniques such as CT-PRESS (Mayer and Spielman, 2005) and TE-averaged PRESS (Hurd,
et al., 2004). Evidence that alcohol alters the glutamatergic system is largely derived from in
vitro experiments (Hoffman, et al., 1990;Lovinger, 2002). Most in vivo studies of the alcohol/
glutamate interaction have relied on microdialysis, a technique limited by its applicability to
longitudinal studies (Plock and Kloft, 2005). Our study demonstrates the feasibility of using
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in vivo CT-PRESS, a technique conducive to longitudinal studies, to reliably measure J-
coupled resonances such as Glu in the rat brain at 3T.

The similarities of metabolite ratios relative to tCr between the first and second experiments
reveal internal consistency in our acquisitions. We speculate that the significant differences
between the two experiments are due to reduced variance in the second experiment (see Table
1). An alternative explanation includes slightly different voxel placements between the
experiments.

Regional neurochemical heterogeneity has been observed in previous MRS studies of rodents
(Peeling, etal., 1993;Tkac, et al., 2004; Tkac, et al., 2003) and humans (Grachev and Apkarian,
2000;Parks, et al., 2002). When metabolite signals are expressed as ratios relative to tCr, the
levels of NAA, Cho, Glu, and GlIx appear significantly higher in the basal ganglia than
cerebellum in both of our experiments. This observation comports with data from an in vitro
MRS study using perchloric acid extracts of rat brain regions including the basal ganglia and
cerebellum (Peeling, et al., 1993). In this in vitro study, metabolites, relative to tCr, are
generally higher in the basal ganglia (NAA=0.695+0.082, Cho=0.218+0.015, Glu=1.10£0.03,
GIn=0.0389+0.039) than in the cerebellum (NAA=0.485+0.052, Cho=0.125 +0.011,
Glu=0.780+0.060, GIn=0.297+0.016).

The use of metabolite ratios, typically relative to tCr, to quantify target metabolites assumes
that tCr is robust to potential variation across CNS region. Here we have shown that relative
to the water signal, tCr signals are significantly higher in the cerebellum than in the basal
ganglia. Indeed, in contrast to the in vitro report of Peeling et al. are in vivo mouse data from
a group reporting absolute concentrations acquired at 9.4T (Tkac, et al., 2004) where baseline
levelsof NAA, Cho, Glu, ml, and Crwere higher in the cerebellum (NAA=8.9 umol/g, Cho=2.0
pumol/g, Glu=10.5 pmol/g, inositol=6.8 pmol/g, Cr=8.5 pmol/g) than the basal ganglia
(NAA=7.8 umol/g, Cho=1.8 pmol/g, Glu=9.0 pmol/g, ml =4.2 umol/g, Cr=5.8 umol/g) (Tkac,
et al., 2004). Our data indicate that when NAA, Cho, Glu and GIx are expressed as ratios of
tCr they appear higher in the basal ganglia than cerebellum. This inference is inaccurate in
light of the water-referenced results which demonstrate that the levels of tCr are lower in the
basal ganglia than cerebellum. In addition to regional differences in the levels of Cr, studies
that have calculated absolute metabolite values have documented that Cr can change with age
(Pfefferbaum, et al., 1999b) and disease (Pfefferbaum, et al., 1999a). Consequently, care must
be taken when interpreting data using Cr as an internal standard (Jansen, et al., 2006;Miller,
1991).

Higher levels of tCr in the cerebellum might imply a higher energy demand compared with the
basal ganglia (Tedeschi, et al., 1995). However, further interpretation of this finding would
require studies using phosphorus-31 MRS to measure tissue concentrations of phosphorus
metabolites involved in energy and membrane phospholipid metabolism (Bottomley and
Hardy, 1989).

A possible explanation of the higher ml signals in the cerebellum compared with the basal
ganglia may be that the phosphatidylinositol second messenger system, of which ml is a major
constituent, is a more important signal transduction mechanism or that there are relatively more
glia in the cerebellum than basal ganglia (Adalsteinsson, et al., 2002). The latter interpretation
is uncertain because recent findings suggest that high levels of ml are also present in neurons
(Moore and Galloway, 2002;Novak, et al., 1999).

Our findings emphasize the benefit to in vivo MRS of incorporating methods to establish
baseline metabolite signals relative to water. Such advances will contribute to validating an
animal model of chronic alcoholism, a disease which induces glutamatergic neurotransmitter
system changes in striatal regions (Melendez, et al., 2005;Weiss and Koob, 2001) and structural
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(O’Neill, et al., 2001;Sullivan, 2003) and biochemical (Jagannathan, et al., 1996;Martin, et al.,
1995;Parks, et al., 2002) changes to cerebellar regions.
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Figure 1.

(a) Basal ganglia and (b) cerebellar voxel placement. To the left are coronal FSE images from
the center of each voxel from which spectra were acquired. To the right are the first (top),
center (middle) and last (bottom) coronal slices included in each voxel (from the atlas of
Paxinos and Watson).
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(a) Representative (N=1) and (b) averaged (N=6) CT-PRESS spectra from voxels in the basal
ganglia (solid blue) and cerebellum (dashed red). Spectral signal intensities are reported in
arbitrary units (a.u.), after normalization to the amount of tissue water in each voxel.
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B basal ganglia
B cerebellum

NAA Cho tCr Glu Tau ml Glx
Metabolite

Major metabolite signal intensities in arbitrary units (a.u.), relative to water in the basal ganglia
(blue) and cerebellum (red). * (P<0.005).
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