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Abstract

Altered cerebral metabolism and mitochondrial function have been identified in experimental and clinical studies of

pediatric traumatic brain injury (TBI). Metabolic changes detected using 1H (proton) magnetic resonance spectroscopy

correlate with long-term outcomes in children after severe TBI. We previously identified early (4-h) and sustained (24-h

and 7-day) abnormalities in brain metabolites after controlled cortical impact (CCI) in immature rats. The current study

aimed to identify specific alterations of cerebral glucose metabolism at 24 h after TBI in immature rats. Rats (postnatal

days 16–18) underwent CCI to the left parietal cortex. Sham rats underwent craniotomy only. Twenty-four hours after

CCI, rats were injected (intraperitoneally) with [1,6-13C]glucose. Brains were removed, separated into hemispheres, and

frozen. Metabolites were extracted with perchloric acid and analyzed using 1H and 13C-nuclear magnetic resonance

spectroscopy. TBI resulted in decreases in N-acetylaspartate in both hemispheres, compared to sham contralateral. At 24 h

after TBI, there was significant decrease in the incorporation of 13C label into [3-13C]glutamate and [2-13C]glutamate in

the injured brain. There were no differences in percent enrichment of [3-13C]glutamate, [4-13C]glutamate, [3-13C]gluta-

mine, or [4-13C]glutamine. There was significantly lower percent enrichment of [2-13C]glutamate in both TBI sides and

the sham craniotomy side, compared to sham contralateral. No differences were detected in enrichment of 13C glucose

label in [2-13C]glutamine, [2-13C]GABA (gamma-aminobutyric acid), [3-13C]GABA, or [4-13C]GABA, [3-13C]lactate, or

[3-13C]alanine between groups. Results suggest that overall oxidative glucose metabolism in the immature brain recovers

at 24 h after TBI. Specific reductions in [2-13C]glutamate could be the result of impairments in either neuronal or

astrocytic metabolism. Future studies should aim to identify pathways leading to decreased metabolism and develop cell-

selective ‘‘metabolic rescue.’’
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Introduction

Traumatic brain injury (TBI) is the leading cause of

long-term disability in children ages 1–18 years. Despite re-

cent advances in neurointensive care and reduction in overall

mortality rate, long-term morbidity of severe TBI in children re-

mains high.1,2 In addition to regaining lost skills, young children

are expected to rapidly be developing new skills, making the bur-

den of TBI even greater. Additional studies elucidating the age-

specific mechanisms of secondary injury and recovery are essential

to target these mechanisms for effective neuroprotective treatments

in pediatric TBI.

Alterations in brain metabolism and mitochondrial function

have been identified in both experimental studies in immature

animal models3–7 and in infants and children after TBI.3–10

These alterations can occur early after injury and persist for days

or weeks.6,11 In clinical studies, metabolic changes detected

using 1H (proton) magnetic resonance spectroscopy correlate

with long-term functional outcomes in children after severe

TBI.12 Our previous work identified increases in lactate in the

ipsilateral hemisphere after controlled cortical impact (CCI) in

immature rats that began at 4 h after injury and persisted to

24 h.11 We also found decreases in N-acetylaspartate (NAA)

starting at 24 h and persisting to 7 days after TBI. Based on this

initial work, we designed the current study to obtain a more in-

depth assessment of cerebral oxidative metabolism at 24 h after

TBI, the time point when maximal metabolic disturbances were

observed by 1H spectroscopy. We hypothesized that oxidative

glucose metabolism would be diminished at 24 h after CCI in

immature rats, resulting in a shift to anaerobic metabolism, with

the most pronounced abnormalities noted in the ipsilateral

hemisphere of injured rats.
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Methods

Animals

This study was approved by the University of Maryland (Bal-
timore, MD) Animal Care and Use Committee. All care of rats was
in compliance with the National Institutes of Health guidelines.
Postnatal days (PNDs) 16–18, male Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA) were used in all studies. Rats
were housed with littermates both before surgery and after recovery
from anesthesia.

Traumatic brain injury

The TBI model used in this study was previously described.5

Briefly, anesthesia was induced in a Plexiglass chamber with iso-
flurane (4% for induction). After induction, anesthesia was main-
tained using a nose cone with 2% isoflurane and 30% oxygen for the
duration of the surgical procedure. The rat’s head was secured in a
stereotactic device, and a rectal probe was placed. Rectal temper-
ature was maintained at 37.0 – 0.5�C using a heating blanket con-
nected to the rectal probe. After a mid-line scalp incision, a left
parietal craniotomy was performed with a high-speed dental drill.
Brain temperature was maintained at 37.0 – 0.5�C with a heating
lamp, using a temperature probe placed in the contralateral tem-
poralis muscle. After a 20-min period of temperature stabilization,
CCI was induced using a 6-mm flat metal impactor tip at 5.5 m/sec,
duration of 50 msec, and depth of 1.5 mm. The craniotomy was then
resealed with acrylic mixture, and the scalp incision was closed
with interrupted sutures. Anesthesia was discontinued, and the rat
was awakened and returned to the dam with littermates. Sham
animals underwent all surgical procedures without sustaining the
cortical impact.

Twenty-four hours after CCI, rats were injected (intraperitone-
ally; i.p.) with [1,6-13C]glucose (200 mg/kg; 99% 13C enriched;
Cambridge Isotope Laboratories, Woburn, MA). This method of
injection (i.p.) shows comparable pharmacokinetics data to intra-
venous injections of glucose analogs in the rat13 and has been used
in previous studies by our group6 and others.14 One hour after
injection, rats were euthanized by decapitation, then brains were
rapidly removed and placed on a cooled brain matrice. The most
rostral 3 mm of brain tissue (uninjured) was discarded. The re-
maining peritrauma segment was separated into ipsi- (injured) and
contralateral (control) hemispheres and snap-frozen in liquid ni-
trogen, with a total ischemic time of < 30 sec from brain excision to
liquid nitrogen for all samples. Samples were stored at - 80�C until
extraction.

Brain tissue extraction and protein quantification

Frozen brain tissue samples were weighed and homogenized in
2 mL of ice-cold perchloric acid (PCA; 7%) and extracted for nu-
clear magnetic resonance (NMR) spectroscopy, as described by
Richards and colleagues.15 Neutralized, lyophilized samples were
stored at - 20�C until spectra were obtained.

The pellet from the PCA extraction was saved for protein assay.
For protein measurements, the PCA pellet was digested overnight
with 1 N of NaOH and the concentration was determined by the
methods of Lowry and colleagues.16

Carbon-13 nuclear magnetic resonance spectroscopy
and proton nuclear magnetic resonance spectroscopy

Lyophilized samples were dissolved in 0.8 mL of D2O (deuterated
water) containing 0.4% dioxane and 0.02% sodium 3-(trimethylsilyl)
propionate-2,2,3,3-d4 (TMSP) as internal standards.

Protein-decoupled 125.5-MHz carbon-13 (13C) NMR spectra
were obtained on a Varian Inova 500-MHz spectrometer (Varian
Medical Systems, Inc., Palo Alto, CA) with a broad-band detection

probe. Spectra were acquired with a 35-degree pulse angle, with an
acquisition time of 1.3 sec and relaxation time of 4.3 sec and total
number of scans typically 11,000–13,000. A line broadening of
5 Hz was used. Optimum shims were obtained before each spectra
was run, and factors for the nuclear Overhauser effects were applied
to all spectra. 1H NMR spectra, obtained using the same spec-
trometer, were acquired with a pulse angle of 90 degrees, acqui-
sition time of 1.36 sec, and relaxation delay of 10 sec. Total number
of scans was 256.

Chemical shifts and amounts of 13C and 1H in the different
metabolites were reported from the integrals of the relevant peaks
obtained relative to dioxane peak at 67.4 ppm (13C experiments)
and TMSP peak at 0 ppm.

Carbon-13 labeling in brain from metabolism
of [1,6-13C]glucose

The labeling pattern of brain metabolites after [1,6-13C]glucose
injection is well documented (Fig. 1).17 [1,6-13C]Glucose forms
[3-13C]pyruvate through glycolysis, which can be converted to
[3-13C]lactate or [3-13C]alanine or enter the tricarboxylic acid
(TCA) cycle by pyruvate dehydrogenase and lead to the formation
of [4-13C]glutamate (GLU C4) in neurons or [2-13C]GABA
(gamma-aminobutyric acid). The GLU C4 can be released by
neurons taken up by astrocytes and converted to the corresponding
[4-13C]glutamine (GLN C4). If the 13C label stays in the TCA cycle
for a second turn, it may go on to form [3-13C]glutamate (GLU C3),
[3-13C]glutamine (GLN C3), and [3-13C]GABA (not shown in
Fig. 1).18,19 In astrocytes, [3-13C]pyruvate formed from [1,6-13C]
glucose can enter the TCA cycle by the anaplerotic pyruvate car-
boxylase (PC) pathway and result in the formation of [2-13C]
glutamate (GLU C2), [2-13C]glutamine (GLN C2) from [2-13C]a-
ketoglutarate formed in the first turn. After release of GLN C2 by
astrocytes and uptake by neurons, GLU C2 and [4-13C]GABA
(GABA C4) can be formed.20 After the second TCA cycle turn,
glutamate and glutamine will be labeled in the [3-13C] positions
(not shown in Fig. 1; please see previously publish reports18,19 for
details of subsequent TCA cycle turns). We calculated cycling
ratios, which reflect relative labeling from the second and first turns
of the TCA cycle. These were calculated for GLU, GLN, and
GABA using the following ratios: GLU C3/GLU C4; GLN C3/
GLN C4; and GABA C3/GABA C2.21 Finally, we calculated total
TCA cycle metabolism using the following formulas: TCA1 = GLU
C4 + GLN C4 + GABA C2 + ASP C3 and TCA2 = GLU C3 + GLN
C3 + GABA C3 + ASP C3.

Statistical analysis

Data are expressed as mean – standard error of the mean for
metabolites and ratios. A power analysis was performed based on
effect size from previous studies,11 indicating that a sample size of
5–11 per group would give a power of 0.8 using an alpha of 0.05.22

Based on these estimates, we selected a sample size of 8 per group.
Data were analyzed using one-way analysis of variance, controlling
for the paired nature of ipsi- and contralateral samples, with
p < 0.05 using Stata statistical software (StataCorp LP, College
Station, TX).

Results

TBI resulted in significant decreases in NAA in both ipsi- and

contralateral hemispheres, compared to sham contralateral. The

concentration of other amino acids was not different between

groups. The concentration of total GABA tended to be decreased in

TBI rats in both sides and sham ipsilateral (craniotomy only), but

did not reach statistical significance (Table 1).
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Incorporation of carbon-13 into glutamate, glutamine,
and gamma-aminobutyric acid at 24 h after traumatic
brain injury

At 24 h after TBI, 60 min after injection of [1,6-13C]glucose,

there was no difference in labeling of GLU C4 between TBI and

sham rats, on both ipsi- and contralateral sides. However, labeling

of GLU C3 was decreased in the TBI ipsilateral side, and label

incorporation into GLU C2 was significantly decreased in both ipsi-

and contralateral sides on TBI rats (Fig. 2). No difference in 13C

label incorporation was observed in GLN C4, GLN C3, and GLN

C2 and GABA C4, GABA C3, and GABA C4.

After injection of [1,6-13C]glucose, there were no differences in

percent enrichment of GLU C3 or GLU C4 between TBI and sham

rats on both ipsi- and contralateral sides (Fig. 2). In addition, per-

cent enrichment of GLN C3 and GLN C4, formed from the GLU C3

and GLU C4 in neurons, was the same in TBI and sham rats (Fig. 2).

Although the mean percent enrichment of all four metabolites

(GLU C3, GLU C4, GLN C3, and GLN C4) was consistently

highest in sham contralateral samples, these were not statistically

different from the other groups. Percent enrichment of GLU C2 was

significantly decreased in both TBI sides and sham ipsilateral,

compared to sham contralateral, samples (Fig. 2; p < 0.05 sham

contralateral vs. sham ipsilateral, TBI ipsilateral, and TBI contra-

lateral). There were no significant differences in ipsi- or contra-

lateral labeling of GABA C4, GABA C3, or GABA C2 between

TBI and sham rats (data not shown).

Incorporation of carbon-13 into lactate
and aspartate after traumatic brain injury

Values of LAC C3 percent enrichment in this study (1.98–3.42%

enrichment [5.4 – 0.6 – 6.3 – 0.9 13C nmol/mg protein]) are com-

parable to those reported for both immature and adult rat brain.23

However, incorporation of [1,6-13C]glucose into LAC C3 was not

different in ipsi- or contralateral samples between TBI and sham

rats at 24 h after injury. There were no significant differences in

ipsi- and contralateral labeling of aspartate (ASP) C3 between

TBI and sham rats (data not shown). There were no significant

FIG. 1. Labeling pattern from the metabolism of [1,6-13C]glucose in the brain. Specific details are discussed in the Methods section. PDH,
pyruvate dehydrogenase complex; PC, pyruvate carboxylase; OAA, oxaloacetate; KG, a-ketoglutarate; TCA, tricarboxylic acid cycle.

Table 1. Metabolite Concentration
a

Measured

by
1H NMR Spectroscopy

Sham TBI

Ipsilateral Contralateral Ipsilateral Contralateral

Lactate 152.8 – 8.23 150.1 – 16.4 141.2 – 10.9 139.6 – 9.9
Glutamate 176.1 – 5.8 144.5 – 19.8 156.4 – 11.3 168.5 – 12.0
GABA 57.4 – 2.3 71.2 – 7.7 54.9 – 4.2 57.8 – 3.6
Glutamine 95.6 – 4.5 102.8 – 10.4 96.9 – 8.0 91.2 – 5.9
Aspartate 39.4 – 8.1 52.3 – 6.3 36.0 – 3.9 39.3 – 2.9
NAA 121.8 – 5.5 144.5 – 14.2* 103.2 – 6.9 121.9 – 9.1
Succinate 11.6 – 0.4 12.8 – 0.9 11.1 – 0.6 11.3 – 0.7

anmol/mg protein.
*p < 0.05, sham contralateral versus TBI ipsilateral and TBI contralat-

eral.
NMR, nuclear magnetic resonance; GABA, gamma-aminobutyric acid;

NAA, N-acetylaspartate; TBI, traumatic brain injury.
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differences in ratio of labeling in Lac/TCA cycle or ASP C3/GLU

C4 ratio between groups (data not shown).

Metabolic cycling ratios and total tricarboxylic
acid metabolism

Metabolic cycling ratios of metabolites labeled from the second

turn/first turn of the TCA cycle, including GLU C3/GLU C4, GLN

C3/GLN C4, and GABA C3/GABA C2, were all the same between

groups (data not shown). Total TCA cycle metabolism was not

different between TBI and sham rats (data not shown).

Discussion

The key finding of this study is that brain oxidative metabolism

of glucose is maintained at 24 h after moderate-to-severe TBI, as

opposed to a shift to anaerobic metabolism, and it is, for the most

part, comparable to sham-operated animals. We hypothesized that

oxidative glucose metabolism would be diminished at 24 h after

TBI, because extensive histological data demonstrate that sig-

nificant neuronal cell death occurs in the first 24 h after brain

trauma.24,25 Our previous work showed early mitochondrial dys-

function (1–4 h) after CCI in immature rats5 and peak metabolic

alterations observed at 24 h using 1H NMR spectroscopy.11 Spe-

cifically, we observed reductions in NAA in injured brain, sug-

gesting neuronal mitochondrial dysfunction and/or neuronal death.

Similar to these findings in current experiments, we found that

NAA was decreased after TBI (Table 1). In addition, total GABA

showed a trend to be decreased in both sides of the injured brain, but

did not reach statistical significance. In contrast to our previous

report, showing delayed metabolism and hypermetabolism in

injured brain at 5–6 h after TBI,6 in this study, at 24 h after TBI, we

did not observe differences in amount of glutamate, glutamine,

aspartate, and lactate between injured and sham-operated animals.

These results are consistent with data from Bartnik and col-

leagues,26 who demonstrated that adult rat brain after CCI had

increased cerebral metabolism at 3.5 h after trauma and, at 24 h

after TBI, observed no difference in total amount of glutamate and

glutamine, as well as no difference in 13C label incorporation be-

tween injured and sham rats.

We determined that incorporation of 13C label in GLU C2 as

well as percent enrichment of GLU C2 were reduced in TBI rats in

both ipsi- and contralateral sides. GLU C2 is derived from the GLN

C2 that is labeled from glucose metabolism by PC in astrocytes.27

GLU C2 can also be formed in neurons as a result of labeling from

multiple turns of the TCA cycle. There were no differences in

percent enrichment of GLN C2 between TBI and sham rats, sug-

gesting that the decrease in GLU C2 may not be the result of early

astrocytic dysfunction. However, label incorporation in GLU C3

was decreased in the injured side. These observed changes suggest

that multiple turns of TCA cycle in neurons may be impaired,

where astrocyte metabolism at 24 h is comparable to sham controls.

Because we observed decreased NAA level in injured brains, re-

sults of these 13C experiments demonstrate that oxidative glucose

metabolism in glutamatergic neurons at 24 h after TBI is impaired,

when astrocytic and GABAergic metabolism is comparable to

sham controls.

It is also possible that GLU C2 was reduced as a result of im-

pairment of PC in astrocytes, especially considering that neuronal

GLU C4 production was not decreased. Because we did not observe

a correlative reduction in GLN C2, this might suggest that

FIG. 2. Top panels show incorporation of label from the metabolism of [1,6-13C]glucose and bottom panels show percent 13C
enrichment into glutamate (GLU C2, GLU C3, and GLU C4), glutamine (GLN C2, GLN C3, and GLN C4), and GABA (GABA C2,
GABA C3, GABA C4) 24 h after CCI. Both incorporation of [1,6-13C]glucose and percent enrichment of 13C into [2-13C]glutamate
(GLU C2) were higher in sham contralateral, compared to all other groups (*p < 0.05 vs. sham contra, TBI ipsi, and TBI contra). In
addition, incorporation of [1,6-13C]glucose into [3-13C]glutamate (GLU C2) was lower in TBI ipsilateral, compared to sham contra-
lateral. There were no differences in [1,6-13C]glucose incorporation or 13C percent enrichment into GLU C4, GLN C3, or GLN C4
between groups, comparing trauma ipsilateral, trauma contralateral, sham ipsilateral, and sham contralateral hemispheres. Incorporation
of [1,6-13C]glucose into [2-13C]GABA (GABA C2), [3-13C]GABA (GABA C3), and [4-13C]GABA (GABA C4), as well as percent
enrichment of 13C into GABA C2, GABA C3, and GABA C4, were not different between groups. Values are mean – standard error of
data for nmol 13C incorporated/mg protein and for percent 13C enrichment. GABA, gamma-aminobutyric acid; CCI, controlled cortical
impact; TBI, traumatic brain injury.
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neuronally produced GLU C2 is compensating and this isotopomer

is being supplied to astrocytes through the glutamate-glutamine

cycle. However, this is not likely, because neurons are dependent

on the anaplerotic reactions of astrocytes to replenish TCA cycle

intermediates.28,29 Ultimately, if PC were to be impaired, with a

reduction in GLU C2 production, overall neuronal metabolism

would be impaired, because neurons are dependent on astrocytes

for sustained oxidative metabolism and glutamate production.28

We determined that the 13C label incorporation into glutamate

was decreased at 24 h after TBI, and the amount of 13C label in-

corporation into GABA was unchanged compared to sham. GABA

synthesis occurs by glutamic acid decarboxylase (GAD), which is

present in two isoforms, 65 or 67 (GAD65/67). GAD65 is enriched

in nerve endings and is essential for biosynthesis of synaptic GABA

from the precursor, glutamine, where GAD67, localized in the

cytosol of GABAergic neurons, is important for GABA synthesis

by TCA cycle and from the precursor, glutamine.30 No studies to

date have assessed GAD65/67 expression in immature brain trau-

ma; but, in adult rat brain TBI, O’Dell and colleagues reported no

alteration in the amount of GAD65 messenger RNA at 12 and 24 h

after fluid percussion injury (FPI).31 Further, Kobori and Dash

demonstrated that TBI did not affect the level of GAD65 and sig-

nificantly increased the level of GAD67 within hours and remained

elevated for at least 28 days after injury.32

Glutamatergic and GABAergic neurons rely on a constant

supply of the precursor, glutamine, supplied by astrocytes to sustain

neurotransmitter homeostasis. This relationship, known as the glu-

tamine-glutamate-GABA cycle, entails release of glutamate or

GABA from neurons and prompt uptake into astrocytes, thus

tightly controlling excitatory or inhibitory signal within the syn-

aptic cleft.33,34 Astrocytes can use glutamate as a metabolic fuel or

return the carbon skeleton to neurons as glutamine generated by

glutamine synthetase.28,35 Thus, neurons are dependent on properly

functioning astrocytes, and perturbations in astrocyte specific en-

zymes, including glutamine synthetase, have been described in

many pathological conditions.36–38 Glutamine synthetase is local-

ized in astrocytic cytoplasm, and one of its main roles is to detoxify

glutamate and ammonia by converting them into glutamine. The

rate of glutamine synthesis can be directly determined by label

incorporation into glutamine. Our results did not show any differ-

ence in label incorporation and percent enrichment in glutamine at

24 h after immature brain trauma between injured and sham brains.

Redell and Dash showed that the amount of glutamine synthetase

was unchanged at 24 h after adult brain trauma in the same rat

model (CCI).39 In immature rats, Kochanek and colleagues showed

that glutamine synthetase was significantly increased at 14 days

after TBI.40 It should be noted that the glutamate-glutamine cycle is

not stoichiometric, and glutamate may have many fates in neurons,

astrocytes, and other brain cells.33 One such fate is extensive use of

glutamate for energy, thus resulting in loss of glutamate from the

glutamate-glutamine cycle.33 Adenosine triphosphate production is

significantly decreased in the TBI brain at 24 h in both the cortex

and hippocampus,41 so it is possible that an observed decreased

glutamate is a result of increased oxidation of glutamate.

A potentially important finding of this study is the relatively

similar metabolic profile of the injured (ipsilateral) and uninjured

(contralateral) hemispheres after TBI. Though there is no overt cell

loss contralateral to CCI in our immature rat model,5 we hypoth-

esized that there could be reversible metabolic alterations in the

uninjured hemisphere. Other groups have demonstrated altered

metabolism in the contralateral hemisphere after FPI in adult

rats.42,43 These transient metabolic changes could reflect alterations

in glucose transport and uptake, glutamate synthesis, or catechol-

amine release. An unexpected finding of the present results was that
13C glucose metabolism in the sham ipsilateral samples looked

comparable to metabolism in the TBI samples. Although studies in

adult rats have suggested mild histologic changes in the sham ip-

silateral hemisphere44; to our knowledge, this study is the first to

report minor metabolic changes. Our results and those of others

show the importance of independently measuring metabolism

in both hemispheres after focal injury models as well as comparing

to both ipsi- and contralateral sham samples.6,42 Based on our

findings, the sham contralateral hemisphere may be the best

‘‘control’’ in CCI studies.

One limitation of this study is that at the age studied (PNDs 16–

18), rats are still suckling and therefore consuming a high-fat diet

with significant brain uptake and utilization of ketones, which

differs from human pediatric TBI in older children, where the brain

is utilizing glucose. This transition from ketone to glucose utili-

zation is summarized in detail in a recent review by Prins.45 Despite

higher brain ketone utilization, many features of energy metabo-

lism in the developing brain at this age (PNDs 16–18) are relevant

to pediatric TBI. Mitochondrial function is still maturing at this

age, with a peak in mitochondrial respiration rate and enzyme ac-

tivity in the third to fourth week of life in the rat.46,47 Further,

ketones account for only*30% of energy metabolism at PNDs 15–

20,48 and glucose plays a large role in the synthesis of glutamate,

glutamine, and GABA by this age.49 Another limitation of this

study is that glucose metabolism was studied only at one time point

after CCI. Previous work in our lab demonstrate that there are very

early (1–4 h) metabolic alterations after CCI in immature rats.5,11

Results of this study would suggest that there is recovery of oxi-

dative metabolism in surviving cells by 24 h. Future studies should

therefore investigate additional times after injury (48 h to 14 days)

to determine whether there is a subsequent decline in metabolic

function, as was observed in adult rats after FPI.50 Confirmation of

this phenomenon would suggest a ‘‘window of opportunity’’ for

metabolic rescue in the first 24 h after TBI in the developing brain.

It would also be important to correlate metabolic alterations with

functional deficits. Prins and Hovda4 showed a correlation between

glucose metabolism and spatial learning (Morris water maze) after

TBI in PNDs 17 and 28 and adult rats. Earlier studies in adult rats

showed a stronger correlation between longitudinal metabolic

patterns and behavioral recovery.51

In conclusion, our results suggest that by 24 h after TBI, oxi-

dative glucose metabolism recovers in 16- to 18-day-old rat brain.

Specific reductions in [2-13C]glutamate could be the result of im-

pairments in either neuronal or astrocytic metabolism. This sug-

gests that the first 24 h are crucial in the metabolic support of the

injured developing brain.
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