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ABSTRACT 1H NMR spectra at 360.13 MHz were obtained
of the rat brain in vivo by using a surface coil placed over the skull.
Resonances of numerous metabolites were identified by compar-
ison with the 1H NMR spectra of excised rat brain tissue and acid
extracts of the tissue. Changes in cerebral lactate levels resulting
from the administration of gas mixtures low in oxygen were mon-
itored in the in vivo brain spectra with a time resolution of 2.3
min. The electroencephalogram and electrocardiogram were re-
corded simultaneously during the NMR experiment. Reversibility
of the hypoxic response was documented when, upon oxygen
administration, cerebral lactate returned to its prehypoxic level.
These experiments demonstrate the applicability of high-resolu-
tion 1H NMR to monitor pathophysiology of brain metabolism in
real time.

Nuclear magnetic resonance spectroscopy (NMR) is rapidly de-
veloping into a major tool for the study of metabolism in vivo.
Both 31p and 13C NMR have been used extensively in metabolic
studies of cellular suspensions and perfused organs (1, 2). The
recent introduction of surface coils (3) has led to the successful
application of topical 31P NMR to studies of the vital organs of
animals and man (4-6). Recently, topical 13C NMR has been
shown to be capable of monitoring glycogen stores and acyl gly-
cerides in vivo (7-9), greatly extending the kinds of metabolic
information that can be obtained.
The use of high-resolution 1H NMR for the study of metab-

olism in vivo has developed less rapidly. Although the relative
sensitivity of the 1H nucleus is much greater than that of 31p
or '3C, the high concentration of tissue water relative to the
metabolites of interest (104-105: 1) and the small chemical shift
range of the 1H spectrum (10 ppm) compared to the spectrum
of 31p (40 ppm) or 13C (200 ppm) has severely limited its use.
Therefore, the problems of dynamic range and resolution ne-
cessitate the use of some form of water suppression and the
highest possible field strength.

High-resolution 1H NMR studies of cells (10-13) and excised
tissues such as the adrenal gland (14) have shown the great po-
tential of 1H NMR for metabolic studies. As an aid in the as-
signments of proton resonances and in following the metabo-
lism of 13C-labeled compounds, techniques of 1H NMR ob-
servation have been used that select those protons coupled to
'3C (15, 16).
An in vivo high-resolution 1H NMR spectrum of human dys-

trophic muscle appeared in 1981 (17), but only resonances at-
tributable to the protons of the fatty acid chains of acyl glyc-
erides could be distinguished. No small metabolites were dis-

cerned due to low resolution and the presence of large water
and fatty acid resonances.
We report here the application of high-resolution 1H NMR

to the study of metabolic changes in the brain of the living an-
imal, employing selective suppression of the proton resonance
of tissue water.

MATERIALS AND METHODS
Animal Preparation for in Vivo 1H Experiments. Rats of the

Charles River strain (220-240 g), fed ad lib, were anesthetized
with halothane (1%), tracheotomized, mechanically ventilated
(25% 02/75% N20), and paralyzed with D-tubocurarine chlo-
ride (1.5 mg/kg, subcutaneously) and pancuronium bromide (1
mg/kg, subcutaneously). The animals were equipped with
electrocardiogram leads on the left extremities and scalp leads
for electroencephalogram recording. An incision was made along
the midline of the calvarium so that skin and temporalis mus-
cles-detached from the temporal ridge-could be retracted
and fixed in position away from the skull. The rat was mounted
vertically in a Plexiglass retainer and a small surface coil was
centered 6 mm occipital to the bregma. These precautions en-
sure that only the contents of the skull are observed.

Extract Preparation for 1H NMR. Extracts were prepared
from rat brain frozen in situ (18) in the following manner: frozen
cortical tissue was chipped away (68 mg) and extracted with 99%
MeOH/0. 1 M HCl (2:1, wt/vol) and 0.1 M perchloric acid (10:1,
wt/vol) according to well-established methods (19) with minor
modifications. In the extraction procedure, 0.1 M sodium phos-
phate (pH 7.2) was substituted for imidazole buffer (19). After
neutralization with 1.5 M KOH/0.3 M KCI the sample was ly-
ophilized and dissolved in 0.38 ml of a 0.1 M phosphate/2H20
buffer (pH 7.2) and placed in a 5-mm NMR tube for analysis.
Chemical shifts for resonances in excised and in vivo brain tis-
sue were referenced to N-acetylaspartate at 2.023 ppm relative
to sodium 3-trimethylsilyl[2,2,3,3-2H]propionate under extract
solution conditions given for Fig. 1, spectrum A. In vitro 1H
NMR spectra of acid extracts and excised brain tissue were ob-
tained by using the Bruker 5-mm outside diameter 1H probe.
NMR Measurements and Sensitivity Comparisons. High-

resolution 1H NMR spectra were acquired on a WH-360 wide-
bore spectrometer (Bruker Instruments) operating at 360.13 MHz
in the pulse Fourier transform mode. A probe was constructed
to restrain a rat vertically within the magnet. A small single-turn
surface coil (12 x 16 mm) was designed for use at 360.13 MHz.

Magnetic field homogeneity was optimized by shimming on
the water signal of brain tissue, using a pulse width that gave
the greatest signal intensity. During in vivo experiments, the

Abbreviations: S/N, signal-to-noise ratio; FID, free induction decay;
GABA, y-aminobutyric acid.
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water signal was suppressed (20) by a saturating rf (radio fre-
quency) field (2 W) that was swept over a 200-Hz range (cen-
tered on water) and recycled 10 times every 0.4 sec. The in-
terpulse interval was 4.3 sec.

Measurement of 1% ethylbenzene in a 5-mm NMR tube ad-
jacent to the surface coil gave a signal-to-noise ratio (S/N) of
3.7 mM'- (scan)-1/2. This is 1/7th the sensitivity of the Bruker
5-mm 1H probe on the same sample. The broader linewidths
of sample resonances (6 Hz) using the surface coil probe com-
pared to the commercial probe (1 Hz) accounts for a factor of
2.4 in reduced sensitivity. The remaining factor of 3 results from
the smaller filling factor, which is unavoidable when using sur-
face coils. Under in vivo conditions, additional S/N losses are
encountered due to broad linewidths, which require resolution
enhancement and the introduction of noise. Calculation of the
S/N through quantitation of the lactate resonance from the in
vivo spectrum (see Fig. 3 legend) gave a S/N of 1.7 mM-1
(scan)'1/2 where linewidths are typically 25-30 Hz after res-
olution enhancement. This is comparable to the above figure
of 3.7 mM'1 (scan)-1/2 for ethylbenzene when differences in
sample position and linewidths are considered.

RESULTS
Spectrum A of Fig. 1 is the 1H spectrum of an acid extract of
the brain of a tracheotomized rat breathing 20% 02/80% N20.
The extract spectrum contains several resonances that have been
assigned by comparison with the chemical shifts of the pure
compounds and by the characteristic spin-echo J-coupling pat-
terns. The resonances of phosphocholine, phosphocreatine,
creatine, aspartate, glutamate, N-acetylaspartate, y-aminobu-
tyric acid (GABA), alanine, and lactate are labeled in the figure.
-Comparison of the extract spectrum with the resolution-en-
hanced spectrum of excised rat brain tissue (Fig. 1, spectrum
B) shows that most of the metabolites are easily discernible in
theltter; additional contributions from lipid resonances (0.9-
1.7 ppm) are also present. Comparisons made between the in
vitro spectra (Fig. 1, spectra A and B) and the spectrum of the
rat brain in vivo (Fig. 1, spectrum C) show that the major res-
onances, though broadened in the intact tissue, are present in
all three spectra.

Fig. 2 shows the results of a continuous accumulation of in
vivo 1H NMR spectra of the rat brain obtained during a period
when the fraction of inspired oxygen was lowered from 25% to
4%. The rise in the lactate resonance (8, 1.32 ppm) in the ox-
ygen-deprived brain can be easily distinguished from the back-
ground lipid resonances present. Recovery from hypoxia through
oxygen administration led to a reduction in the lactate content
to prehypoxic levels, demonstrating the ability of 1H NMR to
document the reversibility of this metabolic perturbation in vivo.

Fig. 3 shows the temporal relationship of lactate production
and clearance to the heart rate during three successive hypoxic
insults, each followed by complete recovery of lactate levels in
the reoxygenation period. The average rates of rise for lactate
during hypoxia at inspired 02 values of 5% and 4% were cal-
culated to be 0.25 and 0.47 jmol g-1 min-', respectively. The
former value is similar to that obtained with rats subjected to
hypoxic hypoxia [arterial 02 pressure of 25 torr (3.3 kPa)] for
periods of 30 min followed by in situ freezing of the brain (24).
Corresponding apparent first-order rate constants for lactate
clearance during the two recovery periods (25% inspired 02)
were estimated to be -0.064 and -0.044 sec-.

DISCUSSION
The time resolution in these studies was 2.3 min, giving a S/
N after resolution enhancement for the lactate resonance of 1.7
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FIG. 1. High-resolution 1H NMR spectra of the rat brain. (Spec-
trum A) Acid extract of the in situ frozen brain of a rat breathing 20%
02/80% N20. The extracted and lyophilized brain powder was sus-
pended in 0.38 ml of 0.1 M phosphate buffer in 2H20 (pH 7.2). The spec-
trum is the sum of 3,800 free induction decays (FIDs) using a 450 flip
angle. PCho, phosphocholine; PCr, phosphocreatine; Cr, creatine; GABA,
y-aminobutyric acid; Asp, aspartate; Glu, glutamate; N-AcAsp, N-ace-
tylaspartate; Ala, alanine; Lac, lactate; Lip, lipid; *, added EDTA.
(Spectrum B) 'H NMR spectrum of excised brain tissue from a decap-
itated rat. A small amount of 2H20 was added with the tissue and the
magnetic field was shimmed onthe deuterium resonance. The H20 sig-
nal was suppressed by a saturating rf field that was centered on the
resonance for a period of 2 sec during each scan cycle. The spectrum is
the sum of 16 FIDs. Spectrum resolution was enhanced by gaussian
multiplication of the FID before Fourier transformation (21). (Spec-
trumC) In vivo1H spectrum of the posthypoxic rat brain obtained with
a surface coil (animal condition is described for Fig. 2, spectrum D). To-
tal time per spectrum was 2.3 min (sum of 32 FIDs). Resolution was
enhanced by gaussian multiplication of the FID after removal of broad
components by the convolution difference method (22).

mM-1 (scan)'1/2. Under conditions of hypoxia or ischemia, in
which lactate levels reach several millimolar, it should be pos-
sible to obtain reasonably good S/N for time periods as short
as 30 sec. Such time resolution would allow correlations be-
tween lactate production and clearance in vivo with other vari-
ables that can be measured noninvasively. These include in-
tracellular pH and the state of phosphate energy stores obtained
from 31P NMR experiments (6, 25), the functional state of the
brain as reflected in the electroencephalogram, and possibly
cerebral blood flow (26). These prospects are particularly in-
teresting in light of the probable role of high lactate concen-
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FIG. 2. 'H NMR time course of in vivo lactate production and clear-
ance during hypoxia and recovery in the rat brain. Phosphocreatine and
creatine (PCr/Cr), N-acetylaspartate (N-AcAsp), and lactate (Lac) res-
onances are labeled. (Spectrum A) Normoxic, 25% 02. (Spectrum B)
Hypoxic, 5 min after administration of 4% 02. (Spectrum C) After 17
min at 4% 02. (Spectrum D) Recovery, 14 min after administration of
25% 02. (Spectrum E) After 41 min at 25% 02. All gas mixtures were
balanced with N20. Total time per spectrum was 2.3 min (sum of 32
FIDs). Conditions for spectrum accumulation are given inthe text; res-
olution enhancement is described for Fig. 1, spectrum C.

trations in the etiology of irreversible brain damage (27, 28).
It has been demonstrated that cerebral lactate levels during

cardiovascular arrest or profound hypoxia depend directly upon
blood glucose levels preceding the -insult and that widespread
edema and necrosis of the hemispheres are found after resus-
citation in those animal brains in which lactate approaches or

exceeds 25 ,umol g-1 (29). Convincing evidence linking high
lactate concentrations to derangements in energy metabolism
comes from studies of complete or incomplete ischemia in rat
brain. It was shown that the adenylate energy charge fell when
cerebral lactate rose beyond 20-25 .amol gel (30). Although the
actual mechanisms involved in lactate-mediated tissue damage
are unknown, it is apparent that lactate in excessive amounts
is associated with metabolic, morphologic, and functional de-
rangements within the brain. Therefore, it is desirable to un-

derstand the factors involved in the regulation of the produc-
tion and clearance of lactate during anoxic brain injury so that
more effective therapeutic procedures may be developed to cir-
cumvent or alleviate the pathophysiological consequences seen

in the clinical setting.
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FIG. 3. Cerebral lactate levels and heart rate during three succes-
sive hypoxic insults with recovery. In vivo lactate concentrations were
calculated from 'H NMR spectra by using the unresolved phospho-
creatine and creatine resonance as an internal concentration stan-
dard. Peak heights for both lactate and the total creatine pool were
measured and the ratio of the lactate peak to the total creatine peak
was multiplied by the concentration of the total creatine pool [11 ,umol
per g wet weight (23)]. Peak amplitudes were corrected for saturation
resulting from the water suppression rf field. It was noted throughout
the experiment that all resonances experienced a pronounced line
broadening upon the administration of hypoxic gas mixtures. The ef-
fect was time dependent and reversible upon oxygenation. Its cause is
not yet known. The electroencephalogram showed slowing at 5% and
4% inspired 02.

We have identified several metabolites from brain tissue in
addition to lactate, including the important putative neuro-
transmitters glutamate and GABA. Further experiments are
necessary to define the sensitivity and selectivity of this tech-
nique to monitor these metabolites in vivo and at the lower
magnetic field strengths of 1.9 T that are available for studies
of larger animals.

In conclusion, we have shown that it is possible to obtain high-
resolution 'H NMR spectra with excellent S/N and time res-
olution from the brains of living animals while simultaneously
recording relevant physiological parameters. During hypoxia,
in vivo 'H NMR spectra revealed the presence of cerebral lac-
tate, its production being sensitive to the depth and duration
of oxygen lack. The clearance of lactate after oxygen admin-
istration documented the reversibility of this hypoxic stress in
vivo.
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AM-27121 and a grant from the Esther A. and Joseph Klingenstein
Foundation.

1. Shulman, R. G., Brown, T. R., Ugurbil, K., Ogawa, S., Cohen,
S. M. & den Hollander, J. A. (1979) Science 205, 160-166.

2. Sillerud, L. O. & Shulman, R. G. (1983) Biochemistry 22, 1087-
1094.

3. Ackerman, J. J. H., Grove, T. H., Wong, G. G., Gadian, D. G.
& Radda, G. K. (1980) Nature (London) 283, 167-170.

4. Ross, B. D., Radda, G. K., Gadian, D. G., Rocker, G., Esiri, M.
& Falconer-Smith, J. (1981) N. EngL J. Med. 304, 1338-1342.

5. Chance, B., Nakase, Y., Bond, M., Leigh, J. S., Jr., & Mc-
Donald, G. (1978) Proc. NatL Acad. Sci. USA 75, 4925-4929.

6. Prichard, J. W., Alger, J. R., Behar, K. L., Petroff, 0. A. C. &
Shulman, R. G. (1983) Proc. NatL Acad. Sci. USA 80, 2748-2751.

7. Alger, J. R., Sillerud, L. O., Behar, K. L., Gillies, R. J., Shul-
man, R. G., Gordon, R. E., Shaw, D. & Hanley, P. E. (1981) Sci-
ence 214, 660-662.

8. Neurohr, K. J., Barrett, E. J. & Shulman, R. G. (1983) Proc. NatL.
Acad. Sci. USA 80, 1603-1607.

9. Canioni, P., Alger, J. R. & Shulman, R. G. Biochemistry, in press.

Biochemistry: Behar et al.



4948 Biochemistry: Behar et al

10. Brindle, K. M., Brown, F. F., Campbell, I. D., Grathwohl, C.
& Kuchel, P. W. (1979) Biochem. J. 180, 37-44.

11. Brown, F. F., Campbell, I. D., Kuchel, P. W. & Rabenstein, D.
C. (1977) FEBS Lett. 82, 12-16.

12. Agris, P. F. & Campbell, I. D. (1982) Science 216, 1325-1327.
13. Ogino, T., Arata, Y. & Fujiwara, S. (1980) Biochemistry 19, 3684-

3691.
14. Daniels, A., Williams, R. J. P. & Wright, P. E. (1976) Nature

(London) 261, 321-323.
15. Sillerud, L. O., Alger, J. R. & Shulman, R. G. (1981)J. Magn. Re-

son. 45, 142-150.
16. Walker, T. E., Han, C. H., Kollman, V. H., London, R. E. &

Matwiyoff, N. A. (1981)J. BioL Chem. 257, 1189-1195.
17. Edwards, R. H. T., Wilkie, D. R., Dawson, M. J., Gordon, R. E.

& Shaw, D. (1982) Lancet i, 725-731.
18. Ponten, U., Ratcheson, R. A., Salford, L. G. & Siesj6, B. K. (1973)

J. Neurochem. 21, 1127-1138.
19. Folbergrovd, J., MacMillan, V. & Siesjd, B. K. (1972) J. Neuro-

chem. 19, 2497-2505.
20. Campbell, I. D., Dobson, C. M., Jeminet, G. & Williams, R. J.

P. (1974) FEBS Lett. 49, 115-119.

Proc. NatL Acad. Sci. USA 80 (1983)

21. Ernst, R. R. (1966) in Advances in Magnetic Resonance, ed. Waugh,
J. S. (Academic, New York), Vol. 2, pp. 1-132.

22. Campbell, I. D., Dobson, C. M., Williams, R. J. P. & Xavier, A.
V. (1973)J. Magn. Reson. 11, 172-181.

23. Ljunggren, B., Norberg, K. & Siesj6, B. K. (1974) Brain Res. 77,
173-186.

24. Norberg, K. & Siesjo, B. K. (1975) Brain Res. 86, 31-44.
25. Thulborn, K. R., du Boulay, G. H., Duchen, L. W. & Radda, G.

(1982) J. Cerebral Blood Flow Metab. 2, 299-306.
26. Buonanno, F. S., Pykett, I. L., Kistler, J. P., Vielma, J., Brady,

T. J., Hinshaw, W. S., Goldman, M. R., Newhouse, J. H. & Po-
host, G. M. (1982) Radiology 143, 187-193.

27. Myers, R. E. (1979) in Advances in Perinatal Neurology, eds..Ko-
robkin, R. & Guilleminault, C. (Spectrum, New York), pp. 85-
114.

28. Myers, R. E. (1979) in Advances in Neurology, eds. Fahn, S.,
Davis, J. N. & Rowland, L. P. (Raven, New York), pp. 195-213.

29. Myers, R. E. & Yamaguchi, M. (1976) J. Neuropathol Exp. Neu-
rol 35, 301.

30. Rehncrona, S., Rosen, I. & Siesj6, B. K. (1980) Acta Physiol Scand.
110, 435-437.


