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Brain Development: 'H Magnetic Resonance Spectroscopy
of Rat Brain Extracts Compared With Chromatographic

Methods

R. Burri?, P. Bigler?, P. Straehl?, S. Posse?®, J.-P. Colombo?, and N. Herschkowitz!

INTRODUCTION

(Accepted August 3, 1990)

We compared in vitro *H magnetic resonance spectroscopy (MRS) measurements of rat brain
extracts (rats: 2-56 days old) with chromatographic measurements and in a further step also with
results of in vivo MRS. The following substances can be reliably measured in brain extracts by in
vitro MRS : N-acetylaspartate (NAA), total creatine (Cr), phosphorylethanoloamine (PE), taurine
(Tau), glutamate (Glu), glutamine (Gln), y-aminobutyrate (GABA) and alanine (Ala). Two dif-
ferent methods of MRS data evaluation compared with chromatographic data on Cr and NAA are
shown. During development of the rat from day 2-56 brain concentrations of PE, Tau and Ala
decrease, those of NAA, Cr, Glu and GIn increase, while GABA does not change. The devel-
opmental patterns of these substances are the same, whether measured by in vitro MRS or by
chromatographic methods. Quantification of NAA, Cr, Tau, GABA and PE leads to the same
results with both methods, while Glu, Gln and Ala concentrations determined by in vitro MRS are
apparently lower than those measured chemically. The NAA/Cr ratios of 7 to 35-day-old rats were
determined by in vivo *H MRS. These results correlate with chromatographic and in vitro data.
Using appropriate methods in the in vivo and in vitro MR-technique, the obtained data compare
well with the chromatographic results.
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compared to other nuclei: highest sensitivity, 100% nat-
ural abundance, and it is found in all metabolites (1).
Intensive analytical work has been focused on the

"H magnetic resonance spectroscopy (*H MRS) in
vitro and in vivo has become an important tool in study-
ing brain metabolism in normal and pathological con-
ditions. The *H nucleus has several significant advantages
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brain, either in extracts or in homogenates (2-8). The
development of wide bore magnets allows in vivo 'H
MRS of the brain in animals and humans (9-19). Prob-
lems not solved yet in all instances are the assignment
of peaks in the MR spectrum to single chemical com-
ponents and the accuracy of quantitative measurements
by the MR technique. In vitro 'H MRS has a higher
spectral resolution and sensitivity compared to in vivo
MRS (2, 15, 20, 21) which is due to both the usually
stronger static fields and the smaller and more homo-
geneous samples - leading to an increased homogeneity
of the magnetic field and hence sharper resonance sig-
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nals. This is certainly of some advantage for studying
the crowded proton spectra arising from the various me-
tabolites in rat brain extracts. The aim of the in vitro
study was, therefore, to resolve, to identify and to de-
termine the concentrations of a few metabolites in rat
brain and compare thése data with chromatographic re-
sults. As age-dependent changes of compounds in the
brain are of considerable interest for the investigation of
normal and abnormal development, we undertook this
investigation in rat brains from day!2 to 56 postiatally.

In vivo *H MRS does not allow yet the measure-
ment of absolute concentrations of brain metabolites,
and therefore, data are usually given as ratios of the
observable and identifiable components. In order to val-
idate such ratios, we compared the NAA/Cr ratios ob-
tained by in vivo MRS with in vitro MRS and
chromatographic estimations.

We do not propagate in vitro MRS as an alternative
to regular chemical determination methods for amino
acids; our study is thought as a first step to monitor brain
development in vivo in rats and later also in humans.

EXPERIMENTAL PROCEDURE

Sprague-Dawley rats were housed in a:temperature- and light-
controlied room (22 °C, 12-hour light/dark cycle). Food (NAFAG,
Gossau, Switzerland) and water were supplied ad libitum. Newborn
rats were grouped in litters of 8 animals, 4 females and 4 males.
Weaning was at day 25. At the following time points rats from one
litter were sacrificed by decapitation between 1 and 2 p.m.: postnatal
day 2, 7, 14, 21, 28, 35, 56. Brains were excised, immediately frozen
on dry ice and stored at ~80 °C prior to chromatographic or in vitro
MR determinations. For all time points 4 animals were measured.

Sodium pentobarbital was from Serva, New York, USA, 3-(tri-
methylsilylpropionic acid sodium salt from EGA-Chemie, Steinhau-
sen, W. Germany and tetrabutylammonium phosphate from Sigma,
St. Louis, USA. All other substances were, from Sigma or Merck,
Darmstadt, W. Germany.

HPLC Determinations of N- Acetylaspartate and Creatine. Brains
were homogenized 1:2 in 0.1 M HCIO, by sonication. Homogenates
were centrifuged at 44,000 g. Depending on the concentration of each
compound the supernatants were diluted in H;O prior to HPLC analy-
sis. . .

HPLC parameters for NAA determinations were: Aquapore RP-
300 column, 220x4.6 mm, 7 wm particle size (Brownlee Labs, Santa
Clara, USA); the mobile phase was adapted according to (22): 0.05%
KH,PQ,, 0.04% tetrabutylammonium phosphate (TBAP), pH 3.7 ad-
justed with phosporic acid; flow rate 0.75 ml/min. NAA was detected
according to Koller at al. (23) at 210 nm (Spectrophotometer UVIKON
720 L.C, Kontron, Ziirich, Switzerland). For peak quanitification an
HP 3380A integrator was used.

HPLC parameters for creatine determinations were: Aquapore RP-
300 column, 220x4.6 mm, 7 wm particle size; mobile phase: to 930
mi of a 2:1 (v:v) mixture of 0.02 M citric acid and 0.02 M Na,PO,,
0.58 g octylsulfonic acid (final: 2.5 mM), 18.6 mg EDTA (final: 0.05
mM) and 70 ml methano! were added (24). The pH of his solution

was between 3.10-3.20; flow rate 0.75 ml/min. Creatine was detected
according to Juengling and Kammermeier [22] at 210 nm.

Determination of Brain Amino Acids. For amino acid analysis 30-
60 mg brain tissue was homogenized in 0.5 M HCIO, containing
norvaline (0:08 mM) as internal standard (1:20, w:v). After centri-
fugation at 10,000 g an aliquot was analyzed using automated ion
exchange chromatography (Biotronic LC 7000, Munich, F.R.G.) (25).

Determinaton of Phosphorylethanolamine (PE). PE was measured
according to Burri et al. (26). In brief, PE was extracted with 0.1 M
HCIO,, and separated with TLC. PE was thien made visible with nin-
hydrin. The resulting purple spots were scarined, integrated and com-
pared with standard solutions.

In Vitro MR Spectroscopy. For one measurement brains of 4-8
rats for each time point were pooled. In each pool the number of
females and males was the same. Brains were sonicated in 1.5 M
HCIO, (1:2, wv). The homogenates were kept on ice for 15 min. to
precipitate proteins. Samples were centrifuged at 44,000 g. pH was
adjusted to 7.0 by adding 1 M KOH. During this procedure KCIO,
was formed which was removed by centrifugation. The supernatants
were lyophilized and stored at ~20° C. For in vitro MR measuremerit
samples were dissolved in 1 ml deuterated water (deuteration degree
99.5%), and 0.5 ml of a 4 mM solution of sodium 3-(trimethyl-
silyl)propicnate (TSP} dissolved in deuterated water was added as’in-
ternal standard. The in vitro measurements were carried out on a
BRUKER AM 400 spectrometer operating at 9.3 T and equipped with
a process controller. The standard one-pulse experiment, slightly mod-
ified to preirradiate the strong residual water signal (preirradiation
delay 6 s) with a very low deconpling power, was applied. The closest
signal of interest (methine proton of NAA) was well outside of the
region for which perturbations arising from the irradiation frequency
have to be taken into account. The spectral window was 4000 Hz and
the acquisition time was 4.1 s corresponding to a digital resolution of
0.244 Hz/point. A relaxation delay of 6 s was introduced, sufficiently
long to allow complete relaxation of all protons. 40 scans were ac-
cumulated. To prove the assignment of known resonances (2, 20, 21)
and to look for accidental signal overlap, a phase sensitive COSY
experiment with double quantum filtering and preirradiation of the
residual water was applied.

The time responses of the 1D experiment were exponentially
weighted (line broadening 5 Hz), Fourier transformed and referenced
to the internal standard (TSP)21). For each of the investigated me-
tabolites the strongest and the best resolved signal (typically the signal
of a methyl group) was selected for quantification. Signal areas were
determined by using integrals or signal intensities and line widths at
half height.

Concentrations for the various metabolites were calculated from
a comparison of their signal areas with the signal area of the internal
standard TSP, both scaled according to the number of the correspond-
ing protons. According to rather different linewidths measured in the
proton spectra of brain extracts of 2 and 56 day-old rats, a strong
exponential weighting (LB 30 Hz) was applied to both FIDs prior to
Fourier transformation and subtraction of the corresponding spectra.
Prior to the calculation of the difference spectrum (Fig. 9) the spectra
were scaled to the TSP internal reference.

In Vivo MR spectroscopy. For measurements rats were anaesthe-
tized with sodium pentobarbital. The dosage was between 5 and 50
mg/g body weight depending on the age of the rats. For all time points
4 animals were measured. In vivo MR spectra were obtained on a 2T-
GE-CSI spectroscopy-imaging system equipped with 3 G/cm standard
gradients. The animal’s brain was positioned in the center of the mag-
net and a double turn 8 mm diameter coil positioned 1-2mm above the
skull. The position of the brain was verified using a standard spin echo
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imaging technique. Shimming was performed on the FID of the water
resonance resulting in a linewidth of 10 to 20 Hz. The flip angle was
determined by optimizing the signal strength of the water resorance
at 4.8 ppm and the suppression of the surface lipid resonances. Water
suppressed proton spectra were recorded using a 11-22 pulse sequence
(27) with maximum excitation at 2.5 ppm between the Cr and the
NAA resonances. The TE delay was 6 ms and the relaxation delay
was 1.5 s. Phase cycling was performed using the Exorcycle scheme.
512 transients were recorded with a digital resolution of 1.0 Hz and a
spectral width of 2 KHz.

Data analysis was performed with a resolution enliancement and
a convolution difference method (28) to remove broad components.
The resolution enhancement consisted of a double exponential multi-
plication with the function DM (10) provided by the CSI-software.
For the convolution difference the resolution enhanced spectrum was
linebroadened with 10 Hz and subtracted from the former spectrum.
The resulting spectrum was quantified by manually defining a baseline
and measuring the peak heights. Reproducibility was checked by hav-
ing three separate observers analyze the typical sample of data. Their
results agreed to within 10 %. After the spectral data were quantified,
the ratio NAA/Cr was determined. Since the NAA and Cr had similar
linewidths, the above data reduction procedure had little effect on the
relative heights of the two peaks.

RESULTS

1) Development Changes and Correlation Between
In Vitro MRS and Chromatographic Measuremenis. A
typical in vitro MR spectrum of a brain extract of 21-
day-old rats is shown in Figure 1. For each of the in-
vestigated metabolites the strongest and best resolved
signal was selected. For Cr, NAA and Tau we had the
choice of using integrals or intensities and line widths
at half height. Integrals would eventually lead to under-
estimated concentrations for metabolites with signals in
highly crowded spectral regions. This effect is shown in
Fig. 2. Similar signal area values were obtained with
both procedures for the methyl signal of Cr, slightly
overlapping with the triplet signal of GABA (y-CH), and
both agreed well with the HPLC data (a). A clear and
systematic deviation of the integral based value was ob-
served on the other hand for NAA (b), of which the
methyl signal appeared in a highly crowded spectral re-
gion. Therefore, we used for Cr, NAA and Tau graph-
ically calculated peak areas, for all other substances peak
integrals.

For NAA, Cr and Ala the resonance signal of the
methyl group was chosen. PE was visible at 3.98 ppm.
Its other resonance at 3.25 ppm was covered by Tau and
choline. This was one reason that Tau at 3.26 ppm and
choline at 3.22 ppm was not used for quantification.
Further, the choline resonance included also signals of
phosphorylcholine (PC), glycerophosphorylcholine (GPC)
and probably also the signal of the amino-carbon (N-

CH,) of glycerophosphorylethanolamine (GPE). Gln and
Glu could be quantified at 2.45 and 2.35 ppm, respec-
tively. However, these fesonances were complex (peak
multiplets) and, therefore; difficult to evaluate. For GABA
quantification we preferred the triplet at 2.30 ppm to the
quintet at 1.90 ppm, which contains also a signal from
acetate.

Creatine (Figure 2aj. Chromatographically mea-
sured total creatine increased during development stead-
ily between day 2 and day 28. Cr concentration increased
during this time period from 5.30+0.25 wmol/g brain
to 9.56+0.92 pmol/g brain. No further changes were
found between day 28 and 56. MRS measurements were
in good agreement with the HPLC data.

N-Acetylaspartate (Figure 2b). We found a signif-
icant increase in brain NAA concentration between day
7 and day 21. During this time period NAA concentra-
tions quadrupled. Between day 21 and day 56 NAA did
not change further. Concentrations detemined by in vitro
MRS were in good agreement with the HPLC measure-
ments.

Taurine (Figure 3). Tau decreased during devel-
opment from 21.89+1.00 pmol/g brain at day 2 to
6.91+1.21 pmol/g brain at day 28. Between day 28
and 56 Tau concentration did not change further. Tau
concentrations determined by in vitro MRS were com-
parable to those chromatographically determined.

GABA (Figure 4). GABA did not change much dur-
ing development. There was an increase in GABA mo-
larity from 1.53+0.14 pmol/g brain at day 2 to
2.41x0.34 pumol/g brain at day 56. GABA measured
by in vitro MRS correlates well with the values measured
by HPLC.

PE (Figure 5). By TLC measured brain PE was
high in 2- and 7-day-old rats. There was a decrease be-
tween day 7 and 21. Between day 21 and 56 no further
changes occurred. The in vitro MRS measurements gave
similar concentrations for young rats, while for older rats
MRS results were slightly higher.

Alanine (Figure 6). During development there was
a steep decrease in Ala concentration between day 2 and
7. Between day 7 and 56 Ala concentration was the same
for all time points. The developmental patterns were the
same with both methods used.

Glutamate (Figure 7) and Glutamine (Figure 8).
For both substances we found an increase during devel-
opment.

The chromatographically determined develop-
mental patterns of all substances measured agreed well
with the patterns determined by MRS. The correlation
coefficients between the chromatographic and the MRS
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Fig. 1. In vitro '"H MR brain spectrum of 21-day-old rats. Acquisition parameters: see methods, ppm relative to TSP.

data were: Cr: 0.83, NAA: 0.93, Tau: 0.94, GABA:
0.63, PE: 0.86, Ala: 0.91, Glu: 0.91, Gln: 0.71.

The calculated difference of a spectrum of 56-day-
old rats and a spectrum of 2-day-old rats (Figure 9) shows
the main changes occurring in the rat brain MR specta
during development. There were large increases in Cr,
NAA and lactate. Small increases between day 2 and 56
were measured for GABA, Glu, Gln, and inositol, de-
creases for Tau, PE, Ala, and total choline,

2) Comparison of Preliminary In Vivo MRS Data
with HPLC and In Vitro MRS Data. The processed in
vivo spectra (Fig. 10) generally show clearly resolved
signals from choline/phosphorylcholine (Chol.), crea-
tine/phosphocreatine (Cr), NAA and several less intense
resonances. The results show a strong increase of the
NAA/Cr ratio. This ratio (Table I) was 0.35+0.02 in
7-day-old rats and increased to 1.07+0.08 in 35-day-
old rats. The in vivo results are higher for day 7 (P<0.05)
and 35 (P<0.001) than the HPLC results. The devel-
opmental patterns of the NAA/Cr ratio of the three dif-
ferent methods were the same.

DISCUSSION

For in vitro MRS quantification we have selected
the strongest and best resolved peaks, typically the signal
of a methyl group (1, 2, 21, 22). MRS peaks could be
evaluated a) by using the integrals calculated by com-
puter (integrals), or b) by graphically calculating peak
areas using peak intensities and line widths at half height
(areas). For well resolved peaks both methods should
give the same results. This is the case for the methyl
signal of Cr at 3.04 ppm as shown in Fig. 2a. The Cr
signal at 3.04 ppm partially overlaps with a triplet signal
of GABA (y-CH,;). Two shoulders can be seen on the
right side of the singulet signal of Cr. The subtraction
of the integral value measured for the other GABA triplet
observed at 2.3 ppm from the integral measured for the
signal at 3.0 ppm is one of the possibilities to obtain the
Cr value. However, the signal at 2.3 ppm overlaps par-
tially with other signals and the differentiation and quan-
tification based on integrals is certainly not very accurate.
A better method in this case (strong singulet) is the quan-
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Fig. 2. Two in vitro calculation methods for Cr (aj and NAA (b).
Biochemical determinations: n=4 for all time points, means = SD;
in vitro MRS: pools of 4-8 rat brains.
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Fig. 3. Brain development: Taurine. Biochemical determinations: n=4
for all time points, means * SD; in vitro MRS: pools of 4-8 rat brains.

tification based on signal intensities (calculated from the
line heights and line widths). The intensity of the Cr
signal is increased by one of the outer signals of the
GABA triplet by at most 6%.

In the case of the methyl signal of NAA (Figure
2b) which is not well resolved from the B-protons of Glu

umol/g brain
3.0 7

----g---  GABA (HPLC)

107 —o— GABA(MRS)
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O.o T T T T L} 1
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Fig. 4. Brain development: GABA
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Fig. 5. Brain development: Phosphorylethanolamine
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Fig. 6. Brain development: Alanine
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and Gln, the integrals are smaller than the areas. Using
the intergral of a peak in a crowded spectral region prob-
ably leads to an underestimated concentration because
part of the peak at the peak’s base may be excluded from
the quantification. For small peaks like Glu, Gln, GABA,
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PE and Ala and also for complex peaks (Glu, Gln, PE)
the graphic measurements of areas could not be used.
We had to use integrals. This may be the reason why
Glu, Gln and Ala are apparently underestimated by in
vitro MRS. MRS results of Cr, NAA, Tau and GABA
are in excellent agreement with the chromatographic re-
sults. Our chromatographic results are in good agree-
ment with the results of other groups (20, 29-32).

We found also an increase with age in lactate con-
centration. However, lactate may depend on the freezing
time of the brain which is longer in large brains (day
56) than in small brains (day 2). Therefore, the lactate
concentrations in our brain extracts are not comparable
to the in vivo situation.

To our knowledge this is the first time that PE in
rat brain extracts has been identified by 'H MRS. The
resonances of PE were established by measuring PE
standards together with TSP and by the analysis of a 2D
COSY spectrum. The triplet of the proton pair close to
the amino group of PE can be found at 3.25 ppm. In
brain extracts this triplet is covered by the choline/Tau

Ala, Glu, Gin
Glu, GABA
NAA
tac

Ino
NAA, Asp
Glu, Gin

diftsrence 56-2

8
&

Tau, Chaline

2-day-oid rat

Fig. 9. Difference between the in vitro brain spectra of 56 day-old
and 2-day-old rats. Prior to the calculation of the difference spectrum
both spectra were scaled to the TSP internal reference. Acquisition

parameters: see nicthods, LB = 5, ppm relative to TSP.

NAA
Cr

Choal.

LM

A0 R A aad

IS L e o e s T T
3.4 3.2 30 2.8 26 2.4 2.2 2.0 1.8 1.8 PPM

Fig. 10. In vivo 'H MR brain spectrum of a 35-day-old rat. Acquisition
parameters: see methods. The spectrum is referenced to the water peak.

peaks in the same spectral region. The resonance of the
proton pair neighbouring the phosphoric acid group is at
4.00 ppm. In brain extracts this resonance can be used
for quantification. However, it is unclear if the quite
complex peaks at 4.00 ppm are only from PE.

As a standard for in vitro MRS quantification we
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Table I. Brain Development: NAA/Cr Ratio

NAA/Cr
MRS MRS
AGE HPLC in vitro in vivo
7 0.27 + 0.04 0.32 0.35 + 0.02
14 0.65 = 0.04 0.58 0.76 = 0.20
21 0.93 = 0.02 0.76 1.00 £ 0.21
28 0.84 = 0.06 0.78 1.08 = 0.23
- 35 0.82 = 0.01 0.79 1.07 = 0.08
Means += SD; n = 4; MRS in vitro: pools of 4-8 brains

used TSP (20). An interesting fact was that TSP had to
be added just before the MRS measurements. If TSP
was added to the samples before the extraction procedure
and was taken through the whole sample preparation the
results came out wrong. This may be because part of the
TSP is lost during the extraction procedure.

To compare the chromatographic developmental
pattern and the MRS developmental pattern for one sub-
stance the correlation coefficient of the two data sets can
be used. The correlation coefficient does not say any-
thing about how well HPLC and MRS results agree.
Examples: Even though the MRS Ala values are under-
estimated, the developmental patterns for Ala for both
methods look quite similar. The correlation factor is 0.91.
In contrast, GABA concentrations determined by both
methods are the same. The developmental patterns are
not in all parts parallel. The correlation coefficient is
only 0.63. To summarize, it can be said that the cor-
relations of the developmental patterns of MRS and
chromatographic measurements are good for Cr, NAA,
Tau, PE, Ala and Glu.

For the in vivo MRS we used a very small surface
coil with a diameter of only 8 mm. The sensitive volume
of such a coil reaches at most 4 mm deep into the head
of the rat. This distance is well within brain tissue, also
in the smallest rats, therefore, signals from the lower
skull could not influence our measurements. However,
signals from the surface tissue can be received from the
sides of the rat’s head. These signals are reduced by the
convolution difference method we used. In young ani-
mals of less than 14 days old the quantification of the
NAA resonance was more difficult due to its low inten-
sity as compared to the Cr signal and due to residual
lipid signals. These spectral contaminations could only
be suppressed to a certain degree with the chosen local-
ization scheme. The NAA peak at about 2.0 ppm is
partially overlapped by the resonances of the B-protons
of GIn/Glu at 2.1 ppm. However, also the Glu/Gln sig-

nal, which is a broad signal in vivo, is reduced by the
convolution difference method we used. The creatine
resonance includes the signal of the y-protons of GABA.
This signal influences Cr peak heights not mere than
6%, according to our in vitro calculations. Such overlap
problems may be the reason why in 7-day-old and 35-
day-old rats the NAA/Cr ratios measured by in vivo MRS
are significantly higher than measured by HPLC. In gen-
eral, the NAA/Cr ratios determined in vivo agree well
with the same ratios of in vivo MRS and HPLC. There-
fore, if brain Cr concentration is known, NAA concen-
tration in vivo can be calculated, and the results should
be within 25% of the ““correct’ chemical value.

The results emphasize the usefullness of MR in vivo
measurements to determine relative levels of abundant
metabolites in the developing brain. With more sophis-
ticated localization methods (33) using self shielded
switchable field gradients, the spectral quality may be
greatly improved. This will allow one to distinguish more
spectral resonances, while providing a substantially im-
proved spatial localization. It will then also be possible
to monitor the regional distribution of selected metabo-
lites during brain development.

Conclusions: a) Measurements of brain substances
by in vitro MRS and chrorhatographic methods lead to
the same results. Differences may result for small and
complex peaks because of difficulties in MRS quantifi-
cation. b) The developmental patterns of in vitro MRS
and chromatographic data correlate with correlation
coefficients between 0.63 and 0.94. ¢) Brain NAA/Ct
ratios estimated in vivo correlate well with the aequi-
valent in vitro MRS and chromatographic measure-
ments.

ACKNOWLEDGMENTS

The excellent technical assistance of M. Kokorovic is gratefully
acknowledged. This study was supported in part by the Swiss National
Science Foundation (grant 3.156-0.88), by the Swiss Multiple Scle-
rosis Society and by the Swiss Foundation for Encouragements of
Research in Mental Retardation.

REFERENCES

1. Petroff, O. A. C. 1988. Biological ‘H-NMR spectroscopy. Comp.
Biochem. Physiol. 90B 249-260.

2. Arus, C., Yen-Chang, and Barany, M. 1985. Proton nuclear mag-
netic resonance spectra of excised rat brain. Physiol. Chem. Phys.
Med. NMR 17:23-33.

3. Marinier, D. L. S., Brignet, A., and Delmau, J. 1985. Perspec-
tives d’emploi de la R.M.N pour I’étude biochimique de la sub-
stance blanche cerebrale. Arch. Int, Physiol. Biochim. 93:120-
140.



1016

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

. Middlehurst, C. R., Beilharz, G. R., Hunt, G. E., Kuchel, P.

W., and Johnson, G. F.-S. 1984, Proton nuclear magnetic reso-
nance spectroscopy of rabbit brain homogenate. J. Neurochem.
42:878-879.

. Ogino, T., Behar, K. L., and Shulman, R. G. 1986. Assignment

of resonances in the "H-spectrum of rat brain in vitro and in situ
by 2-D shift correlated and J-resolved spectroscopy. Abstracts
Soc. Magn. Reson. Med. 3:985-986.

. Young, R. S. K., Petroff, O. A. C., Dunham, S. L., and Cowan

B. E. 1987. Neurotransmitter activity during prolonged and brief
neonatal seizure. Pediatric Research 21:499A.,

. Young, R. S. K., Cowan, B. E., Petroff, O. A. C., Novotny,

E., Dunham, S. L., and Briggs, R. W. 1987. In vivo and in vitro
'H-NMR study of hypoglycaemia during neonatal scizure. Ann.
Neuro. 22:622-628.

. Young, R. S. K., Petroff, O. A. C., Dunham, S. L., and Cowan

B. E. 1987. What metabolic fuel is utilized by neonatal brain
when hypoglycaemia complicates seizure? A *H-NMR study.
Neurology 37:345.

. Ackermann, J. J. H., Grove, T. H., Wong, G. G., Gadian, D.

G., and Radda, G. K. 1980. Mapping of metabolites in whole
animals by 3P NMR using surface coils. Nature 283:167-170.
Barany, M., Spigos, D. G., Mok, E., Venkatasubramanian, P.
N., Wilbur, A. C., and Langer, B. G. 1987. Magnetic Resonance
Imaging 5:393-398.

Behar, K. L., den Hollander, J. A., Stromski, M. E., Ogino, T.,
Shulman, R. G., Petroff, O. A. C., and Prichard, J. W. 1983.
High-resolution 'H nuclear magnetic resonance study of cerebral
hypoxia in vivo. Proc. natn. Acad. Sci. 80:4945-4948.
Bottomly, P. A., Edelstein, W. A., Foster, T. H., and Adams,
W. A. 1985. In vivo solvent-suppressed localized hydrogen nu-
clear magnetic resonance spectroscopy: A window to metabolism?
Proc. natn. Acad. Sci. 82:2148-2152.

Frahm, J., Bruhn, H., Gyngell, M. L., Merboldt, K. D., Hénicke,
W., and Sauter, R. 1989. Localized high-resolution proton NMR
spectroscopy using stimulated echoes: initial applications to hu-
man brain in vivo. Magnetic Resonance in Medicine 9:79-93.
Petroff, O. A. C., Prichard, J. W., Behar, X. L., Rothman, D.,
Alger, J. R., and Shulman, R. G. 1984. In vivo phosphorus nu-
clear magnetic resonance spectroscopy in status eptilepticus. Ann.
Neurol. 16:169-177.

Petroff, O. A. C., Prichard, J. W., Behar, K. L., Rothman, D.,
Alger, J. R., and Shulman, R. G, 1985, Cerebral metabolism in
hyper and hypocarbia: 3P and *H NMR studies. Neurology
35:1681-1688.

Prichard, J. W., Alger, J. R., Behar, XK. L., Petroff, O. A. C.,
and Shulman, R. G. 1985. Cerebral metabolic studies in vivo by
3P NMR. Proc. natn. Acad. Sci. 80:2748-2751.

Prichard, J. W., and Shulman, R. G. 1986. NMR spectroscopy
of brain metabolism in vivo. A. Rev. Neurosvci. 9:61-85.
Rothman, D. L., Behar, K. L., Hetherington, H. P., and Shul-
man, R. G. 1984, Homonuclear *H doubleresonance difference
spectroscopy of the rat brain in vivo. Proc. natn. Acad. Sci.
81:6330-6334.

Young, R. S. K., Chen, B., Petroff, 0. A. C., Gore, I. C,,

20.

21.

22,

23.

24.

25.

26.

27.
28.

29.

30.

32.

33.

Burri, Bigler, Straehl, Posse, Colombo, and Herschkowitz

Cowan, B. E., Novotny, E. J., Wong, M., and -zuckerman, K.
1989. The effect of diazepam on neonatal seizure: In vivo 3P and
'H NMR study. Pediatric Research 25:27-31.

Cerdan, S., Parrilla, R., Santoro, J., and Rico, M. 1985. 'H NMR
detection of cerebral myo-inositol. FEBS Letters 187:165-172.
Fan, T. W. -M., Higashi, R. M., Lane, A. N., and Jardetzky,
0. 1986. Combined use of *H-NMR and GC-MS for metabolite
monitoring and in vivo H-NMR assignments. Biochimica and
Biophysica Acta 882:154-167.

Juengling, E., and Kammermeier, H. 1980. Rapid assay of ade-
nine nucleotides or creatine compounds in extracts of cardiac tis-
sue by paired-ion reverse-phase high-performance liquid
chromatography. Analytical Biochem. 102:358-361.

Koller, K. J., Zaczek, R., and Coyle, J. T. 1984. N-acetyl-as-
partyl-glutamate: Regional levels in rat brain and the effect of
brain lesions as determined by a new HPLC method. J. Neuro-
chem. 43:1136-1142.

Honegger, C. G., Burri, R., Langemann, H., and Kempf, A.
1984. Determination of neurotransmitter systems in human cere-
brospinal fluid and rat nervous tissue by high-performance liquid
chromatography with on-line data evaluation. J. Chromatography
309:53-61.

Bachmann, C., and Colombo, J. -P. 1983. Increased tryptophan
uptake into the brain in hyperammonemia. Life Sci. 33:2417-
2424,

Burri, R., Lazeyras, F, Aue, W. P., Strachl, P., Bigler, P., Al-
thaus, U., and Herschkowitz, N. 1988. Correlation between *'P
NMR phosphomonoester and biochemically determined phos-
phorylethanolamine and phosphatidylethanolamine during devel-
opment of the rat brain. Dev. Neuwrosci. 10:213-221.

Hore, P. J. 1983. Solvent suppression in Fourier transform nuclear
magnetic resonance. J. Magn. Res. 55:283-300.

Campbell, I. D., Dobson, C. M., Williams, R. J. P., and Xavier,
A. V. 1973. Resolution enhancement of protein PMR spectra
using the difference between a broadened and a normal spectrum.
J. Magn. Res. 11:172-183.

Agrawal, H. C., Davis, J. M., and Himwich, W. A. 1966. Post-
natal changes in free amino acids pool of rat brain. J. Neurochem.
13:607-615.

Birken, D. L., and Oldendorf, W. H. 1989. N-acetyl-L-aspartic
acid: A literature review of a compound prominent in *H-NMR
spectroscopic studies of brain. Neuroscience and Biobehavioral
Reviews 13:23-31.

. Miyake, M., and Kakimoto, Y. 1981. Developmental changes of

N-acetyl-L-aspartic acid, N-acetyl-a-aspartylglutamic acid and 8-
citryl-L-glutamic acid in different brain regions and spinal. cords
of rat and guinea pigs. J. Neurochem. 37:1064-1067.

Koller, K. J., and Coyle, J. T. 1984. Ontogenesis of N-acetyl-
aspartate and N-acetyl-aspartyl-glutamate in rat brain. Dev. Brain
Res. 15:137-140.

van Zijl, P. C. M., Moonen, C. T. W., Alger, J. R., Cohen, J.
S., and Chesnick S. A. 1989. High field localized proton spec-
troscopy in small volumes: Greatly improved localization and
shimming using shielded strong gradients. Magnetic Resonance
in Medicine: 10;256-265.



