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Extract

The in vivo incorporation of radioactivity from [U-'*C]glucose
was reduced in undernourished rat pups at ages 6, 10, and 17 days
for brain lipids, and at age 10 days for brain amino acids. Brain
glucose concentrations were lower at age 20 days (controls 1.58 +
0.26 vs. test 1.14 + 0.07 umol/g) but other alterations in brain
glucose, glycogen, ATP, or phosphocreatine concentrations were
not found.

Brain mitochondrial glutamate dehydrogenase activity was 21%
and 30% lower in undernourished animals at ages 10 and 20 days,
respectively. Brain mitochondrial and supernatant isocitrate dehy-
drogenase activities and pyruvate kinase activity were similar for
undernourished and control animals.

Brain glycogen levels were 2-4 times higher in late fetal and new-
born control animals (13.6 and 15.3 yumol/g) than in older animals
(4.2-5.7 umol/g). Brain glucose, ATP, and phosphocreatine levels
increased from the 15-day fetus to the newborn, but thereafter
showed no further increase.

Speculation

Reduced utilization of glucose to form lipids could account for
the previously described reductions in brain lipids resulting from
undernutrition.

The effects of postnatal undernutrition on brain biochemical
development and on intellectual development have been summa-
rized in several recent reviews (5, 10, 12, 31). Studies in experimen-
tal animals and in humans have shown alterations in brain weight,
cell number, and in myelin lipids as a result of undernutrition. The
mechanism of these alterations is as yet unknown, but could
involve reduced brain glucose utilization. Glucose is the primary
substrate utilized by the human or experimental animal infant
brain as a source of energy, and is an important substrate in the
formation of many brain intermediates. Low blood glucose levels
have also been shown to be common in children dying of
malnutrition (30). The present paper reports studies in undernour-
ished and control rat pups of brain and liver utilization of
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[U-“C]lglucose in the formation of lipids and amino acids; of brain
glucose, glycogen, ATP, and phosphocreatine levels; and of the
activities of four enzymes important in glucose metabolism.

MATERIALS AND METHODS
ANIMALS

Sprague-Dawley rats (32) were placed, within 12 hr after birth
into nursing litters of either 4 animals to 1 mother for good
nutrition or 16 animals to | mother for poor nutrition. Poorly
nourished animals used for adult experiments were raised in the
large nursing litters until age 21 days, and were then fed a low
protein (8%) diet (33) until time of death at age 90 days. Animals
were killed at appropriate ages by decapitation, except for those
experiments described below in which glucose, glycogen, ATP, and
phosphocreatine were determined. The pups were not fasted before
time of death for any experiments.

[U-C]JGLUCOSE INCORPORATION INTO LIPIDS AND
AMINO ACIDS

At ages 6, 10, 17, and 24 days, animals were injected intraperito-
neally with 2.5 uCi [U-**C]glucose (3.0 uCi/mM} (34) and 0.2 mg
carrier glucose/60 g body weight, and killed | hr after injection.
The brains and livers were each divided into two parts: one part to
measure the in vivo rate of lipid formation and the remaining part
to measure the in vivo rate of amino acid formation. The portion of
brain or liver used for measurement of lipid formation was
extracted in 2:1 chloroform-methanol (35) by the method of
Folch et al. (14), with further analysis as described previously (6).
Total brain lipid was determined gravimetrically. The amino acids
were separated from other constituents by the method of Gaitonde
and Richter (15) as previously described by a report from our
laboratory (8).

In order to determine the total quantity of radioactivity reaching
the brain, three control and three test 10-day-old rats were studied
at 10, 30, and 60 min after the [U-'*C]glucose injections. Animals
were killed using liquid nitrogen and duplicate perchloric acid-
precipitated samples from each brain prepared, as described below
under ATP. Samples were then homogenized by hand using a
ground glass homogenizer, and an aliquot was transferred to a
scintillation vial with 0.4 g Cab-O-Sil and 10 ml dioxane scintilla-
tion fluid. A 'C standard similarly counted gave a counting
efficiency of 94%.

ATP, PHOSPHOCREATINE, GLYCOGEN, AND GLUCOSE

Animals were killed by dropping into liquid nitrogen, and the
brains removed and pulverized in the frozen state (-80°) as
described by Lowry er al. (19). Duplicate samples of approxi-
mately 100 mg brain powder were weighed and prepared for
analysis as described previously by a report from this laboratory

103

(6). Glycogen and glucose (19), ATP (16), and phosphocreatine
(17) were then determined as described previously (7).

ENZYME DETERMINATIONS

After decapitation the brains and livers were removed immedi-
ately, blotted free of excess blood, weighed, and placed over ice.
Samples were homogenized in 10 ml/g tissue of cold homogenizing
medium containing 0.05 M Tris-HCI buffer, pH 7.4, with 1 mM
dithiothreitol, | mM EDTA, and 0.25 M sucrose. Mitochondria
were prepared by the method of Schneider and Hogeboom (24).
NADP-linked isocitric dehydrogenase (EC. 1.1.1.42) activities of
supernatant and mitochondria were determined by the method of
Baker and Newburgh (2). Mitochondrial glutamic dehydrogenase
(EC. 1.4.1.2) activity was determined by the method of Fahien er
al. (13). Supernatant pyruvate kinase activity (EC. 2.7.1.40) was
determined by the method of Tanaka et al. (28). All enzyme assays
were carried out in a Gilford 2000 (36) recording spectrophotome-
ter with automatic blank compensator and at a regulated tempera-
ture of 37°. All assays were performed in triplicate using at least
two enzyme levels and only enzyme concentration-dependent rates
were accepted. Blank cuvettes contained no substrate.

RESULTS

BRAIN AND BODY WEIGHTS

Animals raised in large nursing litters for poor nutrition had
significantly lower brain and body weights at all ages than did
animals raised in the small nursing litters for good nutrition (Table
1). The body weights of the poorly nourished animals at age 24
days, although statistically lower than for control animals (P <
0.02). were higher than those usually found (4). This is attributed
to an occasional mother doing exceptionally well with the large
nursing litter, and to some animals rehabilitating themselves more
rapidly as they began to eat the mothers’ food at about age 18
days.

IN VIVO GLUCOSE INCORPORATION

[U-**C]Glucose incorporation into brain lipids (Fig. 1) was
greatly decreased per g wet weight of brain or per total brain in the
malnourished animals. Brain lipid formation was already signifi-
cantly lower in the 6-day-old animals and was only 25% of the
value for well nourished control animals at age 10 days. At age 17
days, the peak time of brain lipid synthesis, the malnourished
brains had less than half the rate of lipid synthesis from glucose of
well nourished animals. No differences were found between lipid
formation in 90-day-old controls (580 + 104 cpm/100 mg brain)
and 90-day-old malnourished animals (495 + 112 c¢cpm/100 mg
brain).

[U-**C]Glucose incorporation into brain lipids was also ex-
pressed per mg dry lipid weight. Results, expressed in counts per

Table 1. Brain and body weights®

Body weights, g

Brain weights, g

Age, days Well nourished Poorly nourished Well nourished Poorly nourished
6 176 + 0.3 9.7+0.5 0.721 = 0.064 0.631 + 0.012
10 245+ 1.0 14.6 = 1.1 1.162 + 0.085 0.969 + 0.027
17 42,7 £ 3.1 163+ 1.2 1.502 + 0.064 1.194 £ 0.034
24 442 + 0.8 402 £ 24 1.457 + 0.016 1.416 + 0.035
30 71.4 + 4.5 45.0 + 10.0 1.494 + 0.052 1.399 + 0.053

1 Differences in body and brain weights are statistically different at P < 0.01 for well nourished versus poorly nourished animals at all ages except 24
days, where P < 0.02 for body and brain weights. Results represent the mean =+ | SD for the same four controls and test animals at each age as shown in
the figures. All standard deviations and t-tests were performed by standard methods of statistical analysis (25).
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min per mg of lipid, were statistically lower (P < 0.01) for poorly
nourished compared with well nourished animals at ages 6 days
(45.7 + 8.7 vs. 61.8 + 2.2), 10 days (17.9 2= 5.1 vs. 78.4 + 13.4),
and 17 days (33.4 + 3.6 vs. 62.1 = 10.1). The 24-day-old previously
undernourished animals had higher (P < 0.01) values (73.6 + 12.6
cpm/mg lipid) than the well nourished animals (39.8 = 6.3
cpm/mg lipid).

Brain amino acid synthesis from [U-**Clglucose was not lower
in the 6-day-old poorly nourished animals, but was less than half
the value for the control animals at age 10 days (Fig. 2). Signifi-
cant differences between control and test animals, however, were
not present at age 17 days or at age 90 days (P < 0.005). In con-
trast to brain lipid formation, brain amino acid formation did not
reach a peak in early life and continued to increase in older ani-
mals. Significant differences in amino acid formation were not
found between 90-day-old well nourished (5,365 + 640 cpm/100
mg brain) and poorly nourished (5,370 + 1.885 cpm/100 mg
brain) animals.

The patterns of [U-'*Clglucose incorporation into liver were
similar for both lipids and amino-acids (Figs. 3 and 4). Smail but
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Fig. 1. [U-*C]Glucose incorporation into brain lipids by well nourished
( ) and poorly nourished (- - -) infant rats. Each point in this figure and
in Figure 2 represents the mean of values from four animals and the vertical
lines represent one standard deviation. Results were statistically different
(P < 0.001) at ages, 6, 10, and 17 days.
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Fig. 2. [U-**C]Glucose incorporation into brain amino acids by the same
well nourished (——) and poorly nourished (- - -) infant rats as in Figure

1. Results were statistically different (P < 0.001) only at age 10 days.

CHASE ET AL.

—— WELL NOURISHED
- - -POORLY NOURISHED

(18
w
>
Z 600
o
€ 400
(@]
o
<
S 200-
[
(&)
L | T 1 1
BIRTH 6 10 7 24
AGE (DAYS)

Fig. 3. [U-*C]Glucose incorporation into liver lipids by the same well
nourished ( ) and poorly nourished (- - -) infant rats as in Figure 1.
Results were statistically different (P < 0.001) at ages 6 and 10 days.

—— WELL NOURISHED
- == POORLY NOURISHED

800 1
14
w
> 600
-
o
E 400
(@}
e \
S 2004 ‘}’
a
o
T T T L} 1
BIRTH 6 10 17 24
AGE (DAYS)
Fig. 4. [U-**C]Glucose incorporation into liver amino acids by the same
well nourished ( ) and poorly nourished (- - -) infant rats as in Figure

|. Results were statistically different (P < 0.01) at ages 6 and 10 days.

statistically significant differences were present between control
and test animals for both hepatic lipid and amino acid formation at
age 6 days, and three- to four-fold differences were present at
age 10 days. Lipid and amino acid formation were similar per g
wet weight of liver in the 17- and 24-day-old control and test
animals.

The total quantity of radioactivity, expressed in counts per min
per 0.1 g brain, was similar (P > 0.05) for control and test
animals, respectively, at 10 min: 4,882 vs. 6,230, 30 min: 11,048 vs.
11, 357, and 60 min: 11,929 vs. 13,947,

CONCENTRATIONS OF ATP, PHOSPHOCREATINE, GLYCOGEN, AND
GLUCOSE

The concentrations of ATP and phosphocreatine were not
significantly different in the brains of malnourished animals as
compared to controls at ages 10 or 20 days (Table 2). The brain
concentrations of both ATP and phosphocreatine were found to
increase markedly from the 15-day-old fetus to the newborn
animal (Table 2).

Glucose levels were statistically lower (P < 0.05) in the
malnourished brains at age 20 days (Table 2), but levels of other
intermediates did not vary between control and test animals (P >
0.05). Blood glucose concentrations were lower in malnourished
animals (91 + 12 mg/100 ml) than in well nourished animals (129
+ 4 mg/100 m1) at age 10 days, but were similar at age 20 days
when the pups had already initiated rehabilitation by eating the
mothers’ diet. Brain glucose concentrations increased from 1.54
umol/g in the 15-day-old fetus to 2.39 umol/g in the newborn, and
then fell slightly in older animals. Glycogen concentrations fell
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markedly in the brain after birth with 13- 1S umol/g brain in the
fetal and newborn animals, and levels of only 4.28 umol/g in
10-day-old animais. Levels of brain glycogen remained relatively
constant after age 10 days.

ENZYME ACTIVITIES

Mitochondrial glutamate dehydrogenase activity in brains from
matnourished animals was statistically lower (P < 0.01) at age 20
days (Table 3). Activity also was lower at age 10 days, but the
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difference was not statistically significant (P > 0.05). Activities in
the livers of the malnourished rats were 81% lower at age 10 days
(P < 0.01) and 49% lower at age 20 days (P > 0.05).

Supernatant and mitochondrial NADP-isocitric dehydrogenase-
specific activities were not decreased (P > 0.05) in the brains of
malnourished animals at ages [0 or 20 days (Table 3). Activities in
the liver mitochondria were statistically lower (P < 0.01) in
malnourished animals at age 10 days (Table 3), but other results
did not vary statistically (P > 0.05) between control and test
animals.

Table 2. Brain high energy intermediates®

Phosphoecreatine, Glycogen, Glucose,
Age of rats Body wt, g ATP, umol/g umol/g umol/g umol/g
15-day fetus 0.250 + 0.034 1.60 0.80 13.63 1.54
Newborn 6.1 +0.2 2.86 2.69 15.25 2.39
+0.27 +0.38 +4.54 +0.55
10-day-old
w/n 24 + 3 2.88 2.76 4.28 1.75
+0.37 +0.11 +0.53 +0.17
p/n 1342 2.80 295 3.89 1.35
+0.22 +0.26 +0.58 +0.34
15-day-old
w/n 372 2.85 3.27 4.55 1.80
+0.14 +0.27 +0.39 +0.56
p/n 18 + 1 2.83 3.20 4.28 2.29
+0.15 +0.15 +0.45 +0.57
20-day-old
w/n 44 1 | 2.81 2.19 4.41 1.58
+0.30 +0.31 +0.36 +0.26
p/n 21 + 1 2.81 2.29 4.03 1.142
+0.12 +0.45 +0.54 +0.07
Adult 85+ 6 244 2.52 5.73 1.63
+0.07 +0.31 +0.47 +0.49

! Each value represents the mean of duplicate determinations from four different animals + 1 SD. w/n: well nourished; p/n: poorly nourished.

2P < 0.05.
Table 3. Enzyme specific activities® in brains and livers of well nourished and poorly nourished rats
Mitochondrial Mitochondrial Supernatant
glutamate isocitrate isocitrate
dehydrogenase dehydrogenase dehydrogenase Pyruvate kinase
10 days old

Brain
Controls 385+54 422 + 6.7 40.1 = 4.9 820.0 + 160.0
Malnourished 30455 450 + 8.4 435 +10.2 730.0 + 50.0
% Change decrease 21 1

Liver
Controls 206.8 + 18.4 138.4 +20.3 172.2 + 32.3 210.0 + 30.0
Malnourished 39.5 +£9.12 70.5 £ 19.82 142.9 9.2 150.0 = 90.0
% Change decrease 81 49 17 29

20 days old

Brain
Controls 58.9 + 6.7 23.1 £0.2 18.7£26 1230.0 = 170.0
Malnourished 41.5 +8.28 223+ 14 213+ 19 1410.0 = 120.0
% Change decrease 30

Liver
Controls 3974 + 62.5 284.2 + 81.1 155.9 + 18.3 540.0 + 30.0
Malnourished 200.9 + 40.6 169.1 + 36.1 1750 = 179 180.0 + 40.02
% Change decrease 49 40 67

! Specific activities are defined as millimicromoles of product formed per mini.per mg of protein. Each value represents the mean + | SD of
determinations done (in triplicate, with the mean of three values used) on tissues of four animals, except pyruvate kinase, where eight animals were

studied.
2P < 0.0l.
#P < 0.05.
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Although pyruvate kinase activities were slightly lower in the
brains (11%) and livers (29%) of 10-day-old malnourished animals
(Table 3), the differences were not statistically significant (P >
0.05). At age 20 days there was no difference in brain pyruvate
kinase activity, although hepatic activity was lower (P < 0.01) in
malnourished animals. Pyruvate kinase activities in muscle were
not significantly different (P > 0.05) either at age 10 days (1.22 +
0.23 vs. 1.36 + 0.26 for controls) or 20 days (2.97 + 1.75vs. 5.22 =
0.82 for controls).

DISCUSSION

Glucose is the primary substrate used by the infant brain for
energy metabolism and also serves as a substrate in the formation
of many biochemical intermediates. The reduced incorporation of
radioactivity from [U-'“]glucose to lipids in the brains of the
malnourished rat pups could be the cause of lowered formation of
myelin or cell wall lipids, or could just be secondary to the
diminished quantities of these structures with a resultant lesser
need for lipid. It was considered possible that reduced availability
of glucose to the brain might occur, either because of brain uptake
or low blood glucose levels. Hypoglycemia is a frequent finding in
children dying of malnutrition (30). However, blood and brain
glucose levels were not in the range associated previously with
hypoglycemia and impaired myelin lipid development in infant rats
(7). Furthermore, the total radioactivity reaching the brain was
similar in control and test animals. This does not absolutely rule
out alterations in brain glucose uptake, however, particularly at a
subcellular level. It should also be noted that the rate of formation
of amino acids was unaltered at ages 6 and 17 days when lipid
synthesis was lower. If reduced glucose was reaching the brain it
might have been expected that the formation of both would have
been lower. Another possibility, which can not be ruled out from
the present experiments, is that the amino acid and energy needs of
the brain have priority in glucose utilization, with less substrate
available in compromised situations for lipid synthesizing path-
ways. Protein malnutrition may also be important in explaining
the reduced incorporation of radioactivity into lipids. The pups
from the large nursing litters are believed to be deficient in calories
and protein, and if inadequate essential amino acids are available,
altered ribosome function as described by Munro (20) in liver
and/or reduced enzyme formation and/or activity (4, 6) could be
responsible for reduced lipid formation.

Total radioactivity incorporated into brain lipid was expressed
per mg dry lipid weight as well as per 100 mg wet brain weight.
Incorporation per mg lipid might have been anticipated to have
been similar in well nourished and poorly nourished brain had
changes in brain lipid synthesis been the only alteration in the
poorly nourished animals. Results were not similar, with the
reduction in radioactivity per mg lipid weight (26-77% at ages
6-24 days) similar to the reduction per 100 mg wet brain weight
(Fig. 1), and consistently greater than the quantitative reduction in
dry lipid weight (11-25% at the various ages) in the poorly
nourished animals. These findings may be related to other
alterations in the availability or metabolism of glucose, or to
changes in utilization of other substrates to supply acetate for the
synthesis of cholesterol and other lipids. Patel and Tonkonow (22)
compared the in vitro utilization of [U-'*Clacetate and [U-
*Clglucose in rat brain slices, finding both substrates readily
incorporated into nonsaponifiable lipids and fatty acids. Rates of
incorporation and the ages of maximal incorporation varied for the
two substrates, and would be of interest to further evaluate in vivo
in control and poorly nourished rats.

Evidence was not found to suggest reduced availability of “high
energy intermediates,” which could occur as a result of impaired
glucose utilization. Glycolysis serves as a source of brain energy in
the formation of ATP, which is necessary for the continual
repolarization of nerve cells, as well as for other metabolic
functions. The storage of these compounds is so low in brain that
continued glycolysis is essential in maintaining ATP levels (21).

CHASE ET AL.

Levels of ATP, phosphocreatine, glycogen, and glucose have also
been found to be similar in 11-day-old malnourished and control
rats (29). Lowry et al. (19) found similar levels of ATP and
phosphocreatine in 10-day-old mouse brain as we found in
15-day-old rat brain. The lower levels of phosphocreatine than of
ATP in the 15-day-old fetal animals may represent hypoxia related
to the mothers’ ether anesthesia, as levels are usually similar or
higher for phosphocreatine (21) compared with ATP (19). Al-
though the brain glucose levels in this investigation are similar to
those described by Lowry er al. (19) in mouse brain, glycogen levels
are somewhat higher. This is most likely related to species
differences.

Also in support of adequate energy resources, the activity of the
soluble fraction of NADP-isocitric dehydrogenase, which is be-
lieved to form NADPH for lipid synthesis, was not reduced in the
brains of the undernourished animals (Table 3). In a previous
study, Swaiman er al. (26) found no reduction in the specific
activities of brain isocitric dehydrogenase or of 1,6-diphosphofruc-
tose aldolase (per mg DNA) in undernourished adult rats.
Pyruvate kinase activity, believed to be one of the rate limiting
steps in brain glycolysis (27), was similar in control and test brains
and would favor brain glycolysis not being reduced. The reduced
liver pyruvate kinase activity might, in contrast, suggest lowered
hepatic glycolysis. [t is possible that some glycolytic product, such
as acetate, might be less available to the brain tissue for lipid
synthesis as a result of reduced hepatic formation.

Glutamic dehydrogenase activity was reduced 21% and 30% in
the brains, and 49% and 81% in the livers of the 10- and 20-day-old
undernourished animals. Rajalakshmi er al. (23) have also de-
scribed reduced glutamic dehydrogenase activity in the brains of
undernourished infant rats. This enzyme catalyzes the initial step
in removal of a-ketoglutarate from the Krebs cycle to form
glutamate, which can then enter the important y-aminobutyric
acid (GABA) cycle in the brain. It has previously been shown that
the main amino acids formed in the brain after [U-"C]glucose
injection are glutamate (approximately 50%), aspartate (approxi-
mately 10% and also formed from glutamate), and GABA
(approximately 10%) (18). Reductions in activity of glutamic
dehydrogenase might explain the reduced incorporation of radio-
activity from [U-'*C]glucose into brain amino acids at age 10 days.
Brains from control 20-day-old rats had over 50% higher specific
activity than at 10 days (Table 3). Thus the 21% reduction in
activity in undernourished animals at age 10 days may be more
important physiologically than the 30% reduction at age 20 days.
The rise in specific activity of this enzyme, and possibly of other
enzymes of the GABA cycle, are likely related to the increased rate
of amino acid synthesis from [U-'*Clglucose with increasing age
(Fig. 2). Balazs and Patel (3) also found a reduction in the
age-dependent increase in the conversion of glucose carbon into
amino acids in undernourished rats, with a normal ratio of
glutamine to glutamate specific activity. At ages 10 to 17 days, in
the present study, the [U-*C]glucose incorporated into brain lipids
was much greater (6,000 8,000 cpm/g wet weight) than that
incorporated into brain amino acids (1.200-1,600 cpm/g wet
weight). As noted previously by Gaitonde and Richter (15), older
animals incorporate a larger percentage of radioactivity from
glucose into amino acids than do young animals. In older animals
brain amino acid synthesis utilizes a larger percentage of the
[U-'C]glucose than does lipid synthesis (Fig. 2). Undernutrition in
infant rats might thus be expected to have a greater effect on lipid
synthesis than on amino acid synthesis, as was found to be true,
whereas in older rats undernutrition might be expected to have a
greater impact on amino acid synthesis than on lipid synthesis.

Results from a previous study (18) in which similar quantities of
[U-*C]glucose were injected into adult control animals and adult
protein-starved animals of a much lower body weight showed
increased incorporation of [U-"*Clglucose into brain amino acids
of the poorly nourished animals. The increased incorporation in
the undernourished animals was likely due to the greatly reduced
body weights, with no reduction in brain weights, so that
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considerably more [U-'*Clglucose per g brain weight was given to
the protein-starved animals. Differences in the incorporation of
radioactivity into amino acids or lipids were not found between
protein-deprived and well fed adult control animals in the present
study when glucose was administered on the basis of body weight.
Agrawal et al. (1) studied 28-day-old undernourished and control
rats, and found a 25% reduction of [U-"*C]glucose into brain
protein, a 21% reduction into phospholipid, a 35% reduction into
glycolipid, and a 14% reduction into cholesterol in the brains of the
undernourished compared with the control animals. The litter sizes
were larger (22 pups/mother) than in the present study, and the
undernutrition greater. The 24-day-old animals in the present
study were rapidly rehabilitating themselves by eating the maternal
diet, and no longer had a reduction in the incorporation of
[U-'*C]glucose into brain lipids.

The fetal and newborn brain glycogen levels were found to be
3-4 times higher than in older animals. These results are somewhat
different than in a previous report (9) and may be due to the
recently developed methods of quick freezing to prevent glucose
and glycogen breakdown. The present method of glycogen deter-
mination relies on determination of total hydrolyzed glucose and it
is likely that small fractions of the glucose are contributed from
sources other than glycogen. The high fetal brain glycogen results
in a store of brain glycogen as the maternal glucose supply is cut at
birth and correlates with the previously described increased
concentrations of fetal liver glycogen in all species which have been
studied (11).

SUMMARY

Reduced radioactivity from [U-"Clglucose was incorporated in
vivo into brain lipids of undernourished rat pups at ages 6, 10, and
17 days, and into brain amino acids at age 10 days. Alterations in
brain ATP, phosphocreatine, glycogen, and glucose (except at age
20 days) were not found.
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