rived instead from LDL-transported
cholesterol (/7). Dehydroepiandroste-
rone sulfate is-a majot secretory product
of the adrenal gland and is believed to be
desulfated perlpherally Hence it is not
clear why plasina and urinary dehydro-
epiandrosteronelevels'(18) are not elevat-
ed consistently in RXLI patients. Sulfat-
ed estrogens are believed to be excreted
in bile, desulfated by intestinal bacteria,
and reabsorbed and conjugated in the
intestinal mucosa as glucuronides (19).
Such desulfation by intestinal bacteria
might prevent the accumulation of sulfat-
ed steroids in RXLI patients or, alterna-
tively, steroid sulfation might be de-
creased, In any event, the high choles-
terol sulfate concentration indicates that
this is a physiologic substrate for steroid
sulfatase and that the enzyme deficiency
has somé direct biochemical conse-
quences in vivo.

Our finding that cholesterol sulfate is
increased in the LDL fraction of patients
with RXLI suggests a role for LDL in the
transport of the sterol in plasma. Fur-
ther, it is likely that an increased content
of cholesterol sulfate is responsible for
the increased electrophoretic mobility of
LDL in patients with this disease.
Whether other properties of LDL or of
LDL metabolism are also affected by the
increased sulfated sterol content remains
to be determined,

_ The relatively rapid migration of LDL
in-patients with RXLI should be detect-
able by routine lipoprotein electrophore-
sis now performed in many clinical labo-
ratories and hence should provide a diag-
nostic test that is simpler and more wide-
ly available than measurement of steroid
sulfatase activity, However, for detec-
tion of carriers of the trait, the latter still
is necessary (2).

Note added in proof: Following sub-
mission of this manuscript, Bergner and
Shapiro (20) increased cholesterol sul-
fate in plasma and erythrocytes of pa-
tlents with RXLI.
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In vivo Carbon-13 Nuclear Magnetic Resonance

Studies of Mammals

Abstract. Natural abundance carbon-13 nuclear magnetic resonances (NMR)
from human arm and rat tissués have been observed in vivo. These signals arise
primarily from triglycerides in fatty tissue. Carbon-13 NMR was also used to follow,
in a living rat, the conversion of C-1-labeled glucose, which was introduced into the
stomach, to C-I-labeled liver glycogen. The carbon-13 sensitivity and resolution
obtained shows that natural abundance carbon-13 NMR will be valuable in the study
of disorders in fat metabolism, and that experiments with substrates labeled with
carbon-13 can be used to study carbohydrate metabolism in vivo.

During the past several years nuclear
magnetic resonance (NMR) studies of
living cells and perfused organs have
shown how metabolic information can be
obtained in situ. In *C NMR studies
with labeled substrates metabolic fluxes
have been quantitated in a variety of
cells and tissues (I, 2). Very récently,
high-resolution *'P NMR spectra with
good signal-to-noise ratios have been ob-
tained from organs such as the liver and
brain in living rats, and also from human
arms. These studies have shown that 3'P
NMR can noninvasively assay the ener-
getic status and the pH of the tissue (3).

In this report we show how '*C NMR
can be used in the study of whole ani-
mals. Two different preliminary experi-
ments are presented. In one we show
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that the natural abundance °C in fats
give well-resolved NMR spectra which
contain information about the amount,
composition, and structures of the en-
dogenous triglycerides. In the second we
show that incorporation of '*C-labeled
glucose -into liver glycogen can be fol-
lowed in vivo with *C NMR.

We acquired the 20.2-MHz *C NMR
spectra by using a surface coil (¢) with a
superconducting magnet having a mag-
netic field of 1.89 T and a 20-cm bore
diameter. With this large diameter it was
possible to make measurements on hu-
man arms and on intact living animals.
High-resolution C NMR spectra re-
quire decoupling by irradiating the pro-
ton resonances. In conducting samples it
is necessary to prevent excessive heating

SCIENCE, VOL. 214, 6 NOVEMBER 1981



due to absorption of the 80.3-MHz de-
coupling radio-frequency field (5). With
the decoupler gated on only during the
free induction decay, no heating was
observed in phantom samples (150 mM
KCI solutions), nor were deleterious ef-
fects noticed in rats. Nevertheless, the
potential risks to humans presented by
'H decoupling are not completely under-
stood, and so the *C spectrum of a
human arm presented herein was not
decoupled.

The natural abundance '*C spectra of
rat head, rat abdomen, rat hind leg, and
human arm have resonances that can be
assigned to triglycerides and lipids (Fig.
1). These lines are generally less than 50
Hz wide but in some instances appear
broader because of overlapping reso-

-CHp-
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a —Ge0- N(CHa)s
b
RCOOR’ . ~CHg
S A A
c Glycerol C-1,3

Glycerol C—‘2

FF

L . { L L L ¢

L L
180 140 100 60 20
Parts per million

L

Fig. 1. In vivo 20.2-MHz natural abundance
BC NMR spectra of mammalian tissue. In
acquiring the spectra we used an Oxford
Research Systems TMR-32 spectrometer with
a surface coil (2.5 c¢m in diameter) placed
against (a) rat head, (b) rat abdomen, (¢) rat
hind leg, and (d) human arm; B, field focus-
ing was not used. Acquisition conditions were
as follows: (a) 0.20-second acquisition time,
0.5-second delay, 3600 transients; (b) 0.20-
second acquisition time, 2.0-second delay,
452 transients; (c) 0.20-second acquisition
time, 0.50-second delay, 900 transients; and
(d) 0.10-second acquisition time, 0.5-second
delay, 600 transients. The pulse widths
used gave close to optimum signal-to-noise
ratios per unit time. We accomplished 'H
decoupling by transmitting, during the free
induction decay, a noise-modulated 80.3-
MHz radio-frequency field from a 5-cm half
saddle coil, which was perpendicular to the
surface coil and 4 cm from its center. The
spectrum in (d) was not decoupled. The spec-
tra were processed with the use of standard
resolution enhancement and digital filtering
techniques. During acquisition of the signals
from rat tissue, the subject was immobilized
in deep surgical anesthesia. The less excitable
human subject did not require anesthesia.
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nances. The rather narrow lines are in-
dicative of rapid molecular motion, and
the resonances therefore arise from fats
in triglyceride droplets and mobile parts
of membranes. By measuring the intensi-
ties of the glycerol, choline, and fatty
acid resonances, the relative contribu-
tions of triglycerides and membranes can
be assessed (6). The composition of the
fatty acids can be determined from the
intensities of the CH, resonances near 30
parts per million (ppm) [which are par-
tially resolved because different CH, po-
sitions in the acyl chains have different
shifts (7)], from the methyl groups near
14 ppm, the double-bonded carbons near
130 ppm, and the carboxyl carbons near
170 ppm. In addition, there is a peak at
158 ppm in the rat head spectrum (Fig.
1a) which can be assigned to the arginine
{ carbon, presumably a constituent of
the myelin basic protein in the brain (8).
The natural abundance '*C spectra of
fatty material in human and animal tissue
are easily observed. The human arm
spectrum (Fig. 1d) required only 6 min-
utes accumulation; the rat abdomen,
head, and muscle spectra required 17,
42, and 33 minutes, respectively. The
fatty acid composition data (9) predict
that as much as 70 percent of the olefinic
resonance intensity arises from carbon in
the essential polyunsaturated fatty acids
(9, 10). The amount of these essential
fatty acids in the pool of storage fats is
expected to be reflected in the intensity
of the olefinic resonance. Thus spectra
of this type should be valuable in charac-
terizing nutritional fat deficiency and ab-
normalities in the fatty acid pathways.
For '3C NMR to be useful in studies of
other pathways, it is necessary to devel-
op procedures for introducing '*C-la-
beled components into metabolic pools.
In our procedure we used '*C-labeled
glucose introduced into the stomach by
intubation. To improve the probability
that the injected glucose would be stored
in the liver as glycogen, we reduced the
endogenous unlabeled glycogen by not
feeding the rat prior to experimentation.
The *C spectra in Fig. 2 were obtained
with the surface coil placed adjacent to
the liver after intubation of 100 mg of p-
[1-"*Clglucose. The signals in Fig. 2a at
96.8 and 92.3 ppm, which are not present
in the unlabeled rat (Fig. 1b) and are not
present 14 hours after intubation (Fig.
2g), are the C-1 resonances from the 8
and o anomers of glucose. These glucose
signals may arise from the stomach or
the intestinal tract as well as from the
liver, because of the limited spatial selec-
tivity of the surface coil. The selectivity
might be improved if B, (external mag-
netic field) field focusing (/1) were used

in conjunction with the surface coil.
Figure 2b clearly includes an additional
resonance at 101 ppm, which has been
assigned to the C-1 carbons of glycogen
(12). Glycogen is present at high concen-
tration only in the liver, so that by 75
minutes an appreciable fraction of the
added glucose has been transported to
the liver and stored as glycogen. In sub-
sequent spectra (Fig. 2, ¢ through f) the
glycogen signal grew as the glucose sig-
nals decayed. After 14 hours, during
which the rat was not fed, the glucose
and glycogen signals had disappeared,
presumably because the glycogen was
mobilized.

An analysis of the sensitivity and reso-
lution available from '3C label experi-
ments is needed to evaluate the potential -
of this method for metabolic studies.
Experiments with ?C NMR are current-
ly being performed on perfused organs at
magnetic fields of 8.46 and 4.27 T (2);
1.89 T is the largest field currently avail-
able for animals larger than rats. The
glucose *C line widths in the 1.89-T rat
abdomen spectrum (Fig. 2¢) are approxi-
mately 20 Hz before the filtering convo-
lution was applied, whereas glucose res-
onances observed in perfused liver at
8.46 T are approximately 40 Hz wide
prior to filtering (/3). Comparisons of the
resolution obtainable with perfused liver
at high field and with whole animals at
1.89 T are very indirect but suggest that
the resolution obtainable at 1.89 T may
not be reduced linearly with the field

o) 14 hours
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Fig. 2. In vivo rat abdomen '*C spectra after
feeding D-[1-"*Clglucose. The spectra were
collected in 0.5-hour blocks as described in
Fig. 1, with a 0.1-second acquisition time and
a 0.5-second delay. The time between glucose
feeding and the spectrum acquisition is given
for each spectrum. Standard resolution en-
hancement and digital filtering techniques
were used in the data processing. The signals
at 101, 96.8, and 92.3 ppm arise, respectively,
from the C-1 carbons of glycogen and the B
and « anomers of p-glucose.
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because the lines appear to be narrower
at the lower field.

We have determined the absolute sen-
sitivity available from the TMR-32 spec-
trometer for a phantom sample com-
posed of 4 ml of lean hamburger meat
mixed with 150 mM KCI to which 12 mg
of 90 percent p-{1-'3Clglucose had been
added so that the labeled glucose con-
centration in the ‘‘tissue’” was 15 mM.
After optimization of pulse width for an
interpulse delay of 1.1 seconds and opti-
mal digital filtering, a signal-to-noise ra-
tio of 20:1 was obtained in 12 minutes.
Extrapolating from this value, one would
expect to be able to identify (with a
signal-to-noise ratio of 4) a 'C-labeled
metabolite having a concentration of 3
mM in 4 ml of tissue in [2 minutes.
Furthermore, the 20-cm bore of the 1.89-
T magnet makes it possible to perform
experiments on the larger organs of larg-
er animals such as cats, and, in general,
the sensitivity is expected to increase
with the organ volume because the filling

factor, which is quite small in the present

experiments, can be increased apprecia-
bly. The filling factor can also in some
cases be improved if minor surgery is
performed to place the coil as close as
possible to the organ of interest. Howev-
er, such procedures are often not desir-
able. Hence, there will be no difficulty in
observing in vivo the more abundant
metabolites by *C NMR, provided that
the pools can be fully labeled with *C.
Despite the similarity of cellular sus-
pensions and perfused organs to in vivo
conditions, there may be significant dif-
ferences between the quantitative meta-
bolic fluxes measured by *C NMR ex-
periments in cells and perfused organs
and in vivo conditions, particularly when
there are physiological interactions such
as those modulated by hormones. We
have shown that the major carbohydrate
storage pathway of the rat liver is acces-
sible to 3C NMR studies in vivo where
previously it could be studied in a per-
fused organ. Experiments of this type
are needed if we are to better understand
the physiological control of this pathway
in vivo.
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Electroconvulsive Shock Increases Tyrosine Hydroxylase
Activity in the Brain and Adrenal Gland of the Rat

Abstract. A single application of electroconvulsive shock produced a rapid but
short-lasting increase in tyrosine hydroxylase activity above control values in the rat
adrenal medulla and striatum. After repeated electroconvulsive shock treatment
(once per day for 7 days), tyrosine hydroxylase activity increased significantly in the
locus ceruleus, nucleus of the tractus solitarius, hippocampus, cerebellum, and
Sfrontal cortex and remained elevated for 4 to 8 days. Adrenal tyrosine hydroxylase
activity increased 1 day after the termination of repeated electroconvulsive shock
treatments and remained elevated for at least 24 days, possibly reflecting the
establishment of a new and higher steady-state level of catecholamine biosynthesis
in the adrenal. These findings suggest that the persistent changes in tyrosine
hydroxylase activity produced by repeated electroconvulsive shock may be a factor
contributing to the long-lasting antidepressant effects of this treatment.

Electroconvulsive shock (ECS) is the
most effective therapy available for the
treatment of endogenous depression (1),
although the precise mechanism underly-
ing the antidepressant effects of ECS
remains unclarified. Understanding the
antidepressant mechanism of ECS would
not only aid in the development of more
effective treatments for depression but
also might provide insight into the etiolo-
gy of depression. In order to elucidate
the biochemical mechanism of the anti-
depressant effects of ECS, two crucial
factors should be taken into account: (i)
the antidepressant effects of ECS appear
only after repeated treatments, and (ii)
the antidepressant effects of ECS persist
for an extended period of time after the
termination of treatment. It therefore
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appears likely that any biochemical
change that might explain the mecha-
nism underlying the antidepressant effect
of ECS should also persist for a period of
time after the termination of a series of
ECS treatments (2).

A variety of biochemical changes oc-
cur in the central nervous system (CNS)
after repeated ECS treatment that are
not apparent after a single ECS treat-
ment, including an increase in norepi-
nephrine turnover (3, 4), an increase in
norepinephrine tissue concentrations (3),
a decreased affinity for norepinephrine
of the high-affinity neuronal uptake sys-
tem (5), a decrease in postsynaptic beta
receptor density (6), and a decrease in
the activity of the norepinephrine-stimu-
lated adenosine 3',5'-monophosphate
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