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ABSTRACT
Although studies have shown alterations in cerebral metabolism after traumatic brain injury (TBI),
clinical data in the developing brain is limited. We hypothesized that post-traumatic metabolic
changes occur early (24 h) and persist for up to 1 week. Immature rats underwent TBI to the left
parietal cortex. Brains were removed at 4 h, 24 h, and 7 days after injury, and separated into ipsilateral (injured) and contralateral (control) hemispheres. Proton nuclear magnetic resonance (NMR)
spectra were obtained, and spectra were analyzed for N-acetyl-aspartate (NAA), lactate (Lac), creatine (Cr), choline, and alanine, with metabolite ratios determined (NAA/Cr, Lac/Cr). There were
no metabolic differences at any time in sham controls between cerebral hemispheres. At 4 and 24
h, there was an increase in Lac/Cr, reflecting increased glycolysis and/or decreased oxidative metabolism. At 24 h and 7 days, there was a decrease in NAA/Cr, indicating loss of neuronal integrity.
The NAA/Lac ratio was decreased (15–20%) at all times (4 h, 24 h, 7 days) in the injured hemisphere of TBI rats. In conclusion, metabolic derangements begin early (24 h) after TBI in the immature rat and are sustained for up to 7 days. Evaluation of early metabolic alterations after TBI
could identify novel targets for neuroprotection in the developing brain.
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INTRODUCTION

T

RAUMATIC BRAIN INJURY (TBI) is a leading concern
in children and young adults in the United States,
with more than 3,000 deaths and 29,000 hospitalizations
annually (Centers for Disease Control and Prevention).
Present intensive care management does not offer any
neuroprotective therapies that have correlated with improved long-term outcome. Even after recovery, many
children face significant neurologic sequelae, which potentially persist into adulthood (Hawley, 2003; Keenan
et al., 2007). In an effort to minimize long-term morbid-

ity, it is essential to understand the basic mechanisms occurring in the brain following injury. Alterations in cerebral metabolism after TBI have been described in both
clinical and experimental studies in all ages (Ashwal et
al., 2000; Bartnik et al., 2005; Kochanek et al., 2000;
Thomas et al., 2000; Yoshino et al., 1991). These associated changes in metabolism may contribute to the longterm learning, memory, and psychologic consequences
seen after TBI in the pediatric population.
Proton (1H) nuclear magnetic resonance (NMR) spectroscopy provides a non-invasive method of evaluating
alterations in brain metabolism and provides insight into
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the structural and metabolic integrity of brain tissue (Ashwal et al., 2006b; Barkovich et al., 1999; Pascual et al.,
2007). The majority of data from in vivo 1H-NMR spectroscopy of brain after TBI is from the adult population,
where the extent of metabolic change is related to the
severity of injury and correlates with neurologic outcome
(Brooks et al., 2001; Garnett et al., 2000). At this time,
the pediatric studies are limited. A series of studies by
Ashwal and colleagues have used NMR spectroscopy to
evaluate TBI in the pediatric population. They reported
an association between abnormal metabolite ratios and
the presence of lactate with a poor neurologic outcome
in infants and children following closed head injury (Ashwal et al., 2000, 2004; Holshouser et al., 1997). However, given the instability of critically ill pediatric patients, the mean time of a patient’s scan was 6–9 days
after injury. This time point may be beyond the optimal
time for neuroprotective measures. The limitations in obtaining data noted in human studies can be overcome
through the use of an animal model. Use of an animal
model allows for evaluation of metabolism early (24
h) after injury, prior to irreversible cell death. In adult
rats, ex vivo NMR studies have demonstrated early (4
h) increases in lactate in the injured hemisphere after controlled cortical impact (CCI) injury (Bartnik et al., 2005;
Schuhmann et al., 2003). To our knowledge, no study to
date has used the advanced technology of 1H-NMR spectroscopy to describe the time course of cerebral metabolic alterations following TBI in the developing brain.
This study tested the hypothesis that in a clinically relevant rat model of pediatric TBI, alterations in brain metabolism occur early after injury and are sustained for at
least 1 week.

METHODS
Animals
This study was approved by the University of Maryland Animal Care and Use Committee. All care and handling of the rats were in compliance with the National
Institutes of Health guidelines. In order to model pediatric TBI, immature (postnatal days 16–17), male
Sprague-Dawley rats (Charles River Laboratories)
weighing 32–40 g were used in all studies and were
housed with littermates both before surgery and after recovery from anesthesia.

Traumatic Brain Injury Model
Brain trauma was induced using an established rat
model of TBI with modifications for immature rats previously described by Robertson et al. (2007). Surgical

anesthesia was induced in a Plexiglas chamber using
isoflurane inhalation (4% for induction). Once anesthetized, animals were secured in a stereotactic device,
receiving maintenance anesthesia (2% isoflurane) via
nose cone with 30% oxygen for the remainder of the
surgery. A rectal probe and heating blanket were used to
maintain a rectal temperature of 37.0  0.5°C . A midline incision was made over the skull, and a high-speed
dental drill was used for creating a left parietal craniotomy. A brain temperature probe was placed in the contralateral temporalis muscle with cranial temperature
maintained at 37.0  0.5°C using a heating lamp. Rats
were allowed a 30-min period of stable brain and rectal
temperatures prior to TBI.
CCI injury was generated with a 6-mm flat-tipped impactor at 5 m/sec velocity, 50 msec duration, and depth
of 1.5 mm. Following impact, the craniotomy was resealed using an acrylic mixture, and the surgical site was
closed with interrupted sutures. After surgery was completed, anesthesia was discontinued, and the rat was
awakened and returned to the dam with littermates. A
separate group of sham animals underwent the same procedure without sustaining cortical injury.

Brain Preparation
At specified time points after injury (4 h, 24 h, 7 days),
the animals were euthanized by decapitation. Brains were
rapidly removed, placed on a cooled brain matrice, and
the most rostral 3 mm of brain tissue (uninjured) was
excised and discarded. The remaining peritrauma segment was quickly separated into ipsilateral (ipsi, trauma)
and contralateral (contra, control) hemispheres. These
peritrauma segments were rapidly frozen in liquid nitrogen (Viant et al., 2005) and stored at 80°C until analysis.
Brain tissue was weighed and homogenized with ice
cold 7% perchloric acid (PCA, Tenbroeck, 7-mL tissue
grinder) and extracted for NMR spectroscopy as described by Richards et al. (2007). Homogenates were
transferred to 15-mL Corex round bottomed tubes, and
centrifuged at 5,000g for 5 min (Beckman J2-MC, Rotor
25.5, 4°C). The supernatants were then removed and
saved. The PCA pellets were extracted with 2 mL of icecold deionized water, resuspended by vortexing, and centrifuged as above. The combined supernatants were neutralized to a pH of 6.5–7.0, centrifuged at 5,000g for 10
min to remove any particulate matter, shell frozen and
lyophilized overnight. Lyophilized samples were stored
at 70°C until spectra were obtained. The pellet from
the PCA extraction was saved for protein assay.
Prior to spectroscopy, samples were resuspended in
0.8 mL of D20, containing 0.02% sodium 3-trimethyl-
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silyl proprionate-2,2,3,3-d4 (TMSP) as internal concentration standard. Samples were neutralized to pH 6.5–7.0
prior to placement in NMR tube (Wilmad-LabGlass,
Buena, NJ).

Protein Assay of PCA Extracted Pellet
The PCA pellet was digested overnight with 1N NaOH,
and the protein content was determined by the method of
Lowry et al. (1951).
1H-NMR

Spectroscopy

1H-NMR

spectra were obtained using a Varian Inova
500-MHz spectrometer with a broad-band detection
probe. Spectra were acquired using a pulse angle of 30
degrees, an acquisition time of 2.8 sec, relaxation delay
of 1 sec, and a total of 256 repetitions. A line broadening of 1 Hz was used. Optimum shims were obtained before each spectra was run.
Chemical shifts were identified relative to the TMSP
internal standard at 0.0 ppm and by comparison with previously reported values (Harris et al., 1997). The known
amount of TMSP added to samples was used to calculate the concentration of compounds identified in the 1H
spectra, including lactate (Lac), N-acetyl-aspartate
(NAA), total creatine (Cr), choline (Cho), and alanine
(Ala), as described by Harris et al. (1997). The peak
height of each metabolite relative to the peak height of
creatine was determined (Gasparovic et al., 2001;
Richards et al., 2007; Hazany et al., 2007) and data used
for statistical analysis. Other metabolite ratios (e.g.,
NAA/Lac, Lac/Ala) were also calculated. The ipsilateral
(injured) side was compared with the contralateral (control) side from the same animal. Comparisons were also
made between different times in the metabolite ratios of
samples from the ipsilateral hemisphere of injured rats.
In cases of doublets, such as lactate and alanine, the two
peak heights were quantified, and the mean height calculated. The mean height was used for further statistical
analysis of ratios.

Absolute Concentration of Metabolites
Quantitative analysis of the metabolites was obtained
using the methodology previously described by Harris et
al. (1997), by integrating the peak areas from the one dimensional spectra relative to TMSP using the following
calculation to yield the final concentration of metabolite:
mmol/100 g protein 



0.8
Met Peak
TMSP-Pr
    (TMSP Amt)  
0.65
TMSP Peak
Met-Pr

mg protein



“Met Peak” denotes the metabolite of interest’s peak
height on the spectra, while “TMSP Peak” is the height
of TMSP (standard). “TMSP-Pr” and “Met-Pr” are the
number of protons per resonance of TSP and metabolite
of interest, respectively. “TMSP Amt” is the micromoles
of TMSP added to the NMR sample. The ratio 0.8/0.65
is a volume correction factor, as the lyophilized sample
is suspended in a volume of 0.8 mL, and then 0.65 mL
of this solution is placed in NMR tubes for spectroscopic
analysis. “Mg protein” is the total protein content in each
NMR sample.

Statistical Analysis
All values were reported as the mean  SEM for the
ipsilateral (injured) and contralateral (uninjured) peritrauma regions at 4 h, 24 h, and 7 days post-injury (or
sham). A paired t-test was used to compare the ipsilateral to the contralateral hemispheres in each animal.
Comparison across groups or times (e.g., comparison of
metabolic ratios at three time points in injured hemispheres) were performed with one-way analysis of variance (ANOVA) testing with post-hoc Holm-Sidak comparisons, or with Kruskal-Wallis one-way ANOVA on
ranks with post-hoc Dunn’s comparisons. A probability
level of 0.05 was considered to be significant.

RESULTS
High-quality 1H-NMR spectra were obtained with
good signal-to-noise ratio from perchloric acids extracts
of brain from TBI and sham-operated rats. Representative spectra from both the ipsilateral (injured) and contralateral (control) sides of brain are shown in Figure 1.
In sham-operated controls, there were no significant differences at any time point between the ipsilateral and contralateral sides of brains in any of the ratios evaluated.

N-Acetyl-Aspartate and Lactate Relationship
Evaluation of both NAA and lactate were made using
creatine as a reference, as total creatine (creatine  phosphocreatine) is relatively constant in the brain after injury (Yeo et al., 2006) and during rat brain development
(Burri et al., 1990). At 4 h after TBI (Fig. 2A), a significant increase in the Lac/Cr ratio was found on the injured side (Lac/Cr ipsi  1.25  0.11, contra  1.03 
0.08, p  0.01). At 24 h after TBI (Fig. 2B), the injured
side showed a persistence of the increase in Lac/Cr
(ipsi  1.31  0.11, contra  1.05  0.08, p  0.01),
accompanied by a significant decrease in the NAA/Cr ratio on the injured side (NAA/Cr ipsi  0.75  0.01, contra  0.81  0.02, p  0.01). Seven days after injury

605

CASEY ET AL.

FIG. 1. Representative 1H spectra from ipsilateral hemisphere (A), contralateral hemisphere (B), or ipsilateral sham control (C)
at 24 h after traumatic brain injury (TBI) or sham surgery. The spectra demonstrate good signal-to-noise ratio, with readily measurable peaks for key metabolites. NAA, N-acetyl-aspartate; Lac, lactate; Cr, creatine; Cho, choline; ala, alanine; TMSP,
trimethylsilyl proprionate, internal standard.

(Fig. 2C), the decrease in NAA/Cr in the ipsilateral side
persisted (ipsi  0.68  0.01, contra  0.74  0.02,
p  0.01). In contrast to the prolonged decrease in
NAA/Cr, the elevation in Lac/Cr seen in the ipsilateral
side of the brain at 4 and 24 h was no longer present.
There were no differences in the NAA/Cr or Lac/Cr ratios between the contralateral hemisphere of injured rats
and both hemispheres of sham controls at any time points.
To facilitate comparison between our study and others
in developmental acute brain injury, we also determined

the ratio of NAA to lactate at each of the time points.
The NAA/Lac ratio was significantly decreased
(11–19%) in the injured cortex compared to the contralateral cortex (p  0.05 vs. contralateral) at all times
points (4 h, 24 h, and 7 days; Fig. 3). At 4 h after TBI,
the NAA/Lac ratio was 17% lower on the ipsilateral
side (0.62  0.04) compared to contralateral side of brain
(0.75  0.04, p  0.001). At 24 h after TBI, the
NAA/Lac ratio remained lower (19%) on the ipsilateral side (0.60  0.01) compared to contralateral side of
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Absolute Concentrations of NAA,
Lactate, and Creatine
The absolute concentrations of NAA, lactate, and creatine were calculated and expressed as mmol/100 g brain
protein as shown in Table 1. The absolute concentration
of NAA was significantly decreased in the injured (ipsilateral) hemisphere compared to the control (contralateral) hemisphere of brain at all three time points after
TBI (4 h, 24 h, 7 days; p  0.05 vs. contralateral). Interestingly, at 24 h after TBI, there was a significant decrease in the absolute concentration of creatine noted in
the ipsilateral side. Although the ratio of lactate to other
metabolites was altered by TBI as noted above, the absolute amount of lactate in brain was not different in the
ipsilateral and contralateral sides of brain. There were no
differences in absolute metabolite concentrations between ipsilateral and contralateral sides of brain in sham
rats.

Choline and Alanine

FIG. 2. Ipsilateral and contralateral hemispheric ratios of Nacetyl-aspartate to creatine (NAA/Cr) and lactate to creatine
(Lac/Cr) at 4 h (A), 24 h (B), and 7 days (C) after traumatic
brain injury (TBI). The Lac/Cr ratio was increased ipsilateral
to injury at 4 h (A; *p  0.05 vs. contralateral). At 24 h, the
NAA/Cr ratio had decreased and Lac/Cr remained increased ipsilateral to injury (B; *p  0.05 vs. contralateral). By 7 days,
the ipsilateral NAA/Cr remained decreased (C; *p  0.05 vs.
contralateral).

To gather additional information about post-traumatic
cerebral metabolism, we also measured two other important metabolites, choline and alanine. There was a significant increase in Cho/Cr ratio in the ipsilateral side of
brain 7 days after TBI (Fig. 5). However, the Cho/Cr ratio in both TBI hemispheres was lower than the ratio from
both sham samples at 7 days (Fig. 5), suggesting loss of
lipid from both sides of the injured brain.
Consistent with the increases in Lac/Cr, we also found
an increase in Ala/Cr ratio in the ipsilateral side of brain
4 h after TBI (ipsi  0.11  0.02 vs. contra  0.08 
0.01, p  0.05), which was not seen in sham rats. In order to evaluate the reason for ipsilateral increases in
Lac/Cr, we also examined lactate to alanine (Lac/Ala) ratios, since this ratio can change in parallel to lactate to
pyruvate ratios. There was no difference in the Lac/Ala
ratio between ipsilateral and contralateral hemispheres in

brain (0.74  0.01, p  0.001). At 7 days after TBI, the
reduction in NAA/Lac persisted in the ipsilateral side
(0.76  0.03 vs. 0.86  0.03, p  0.01).
The complete time course of each metabolite ratio from
TBI and sham rats is displayed in Figure 4. Differences
between ipsilateral and contralateral hemisphere ratios in
TBI rats as described above are displayed in this figure.
Additionally, there were differences in metabolite ratios
across times in TBI rats in the ipsilateral hemisphere.
Both the NAA/Cr and Lac/Cr ratios were lower at 1 week
than at 4 or 24 h in TBI ipsilateral samples (Fig. 4). The
NAA/Lac ratio was higher at 1 week than at 24 h in TBI
ipsilateral samples (Fig. 4).

FIG. 3. The N-acetyl-aspartate to lactate (NAA/Lac) ratio
was decreased ipsilateral to injury at all time points studied in
injured rats (4 h, 24 h, and 7 days; all *p  0.05 ipsilateral vs.
contralateral).
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FIG. 4. Full time-course plots of the trends in metabolic ratios of N-acetyl-aspartate to creatine (NAA/Cr; A), lactate to
creatine (Lac/Cr; B), and N-acetyl-aspartate to lactate
(NAA/Lac; C) in traumatic brain injury (TBI; solid lines) and
sham (dashed lines) rats, with ipsilateral samples represented
by closed marks and contralateral with open marks (*p  0.05
TBI ipsilateral vs. contralateral). Both the Naa/Cr and Lac/Cr
ratios were lower at 1 week than at 4 or 24 h in TBI ipsilateral
samples (p  0.05 1 week vs. 4 and 24 h). The NAA/Lac ratio was higher at 1 week than at 24 h in TBI ipsilateral samples (p  0.05 1 week vs. 24 h).

injured rats at any time point (4 h, 24 h, 7 days; data not
shown).

DISCUSSION
Magnetic resonance spectroscopy provides a noninvasive method to evaluate alterations in cerebral metabolism after injury. Hence, it could be a valuable tool in determining the optimal time for neuroprotective measures

to be utilized in humans. To our knowledge, this is the
first study to use 1H NMR spectroscopy to elucidate the
time course of clinically relevant markers of structural
and metabolic integrity of the brain after TBI in the immature rat. We determined that there was a significant
increase in the ratio of Lac/Cr at 4 h and 24 h after TBI
in the injured hemisphere relative to the contralateral side,
which was not seen in the sham controls. Likewise, there
was a significant decrease in the ratio of NAA/Cr in the
injured hemisphere at both 24 h and 7 days after injury.
The decreases in NAA/Cr were also correlated with a decrease in the absolute concentration of NAA present in
the tissue examined. Finally, there were TBI-induced alterations in the Ala/Cr and Cho/Cr ratios at 4 h and 7
days, respectively.
Increases in cerebral lactate after TBI typically begin
early (minutes to hours) after injury in adult animal models of both fluid percussion (Cohen et al., 1991; Inao et
al., 1988; McIntosh et al., 1987) and CCI (Brooks et al.,
2001; Schuhmann et al., 2003). Increased lactate can result from several potential mechanisms, such as post-injury increases in glycolysis (Kawamata et al., 1995;
Yoshino et al., 1991) and reduced oxidative metabolism,
with oxidative injury to key metabolic enzymes (Bogaert
et al., 2000; Kochanek et al., 2006; Martin et al., 2005;
Opii et al., 2007; Richards et al., 2006; Robertson et al.,
2007). Another source of lactate after TBI is from infiltration of inflammatory cells, such as macrophages
(Lopez-Villegas et al., 1995; Schuhmann et al., 2003;
Petroff et al., 1992). In addition, astrocytes can produce
lactate, serving as a post-traumatic energy substrate for
nearby neurons (Pellerin et al., 1998; Schuhmann et al.,
2003; Soustiel et al., 2005; McKenna et al., 1994).
Regardless of the sources of lactate, increases in this
metabolite have been associated with poor neurologic
outcome in human TBI studies using 1H spectroscopy
(Marino et al., 2007; Brooks et al., 2001; Ashwal et al.,
1997; Holshouser et al., 1997; Ross et al., 1998). Pediatric studies showed that the detection of lactate in the
uninjured tissue was strongly correlated with poor neurologic outcome up to several years after injury (Ashwal
et al., 2000; Brenner et al., 2003). Other forms of pediatric acute brain injury, such as perinatal asphyxia
(Barkovich et al., 1999; Malik et al., 2002; Shu et al.,
1997) and inflicted head injury (Makoroff et al., 2005)
have linked increased brain lactate with poor neurologic
outcome. Using our immature rat model, Lac/Cr ratio is
elevated at both 4 and 24 h in the ipsilateral hemisphere,
resolving by 7 days. Future studies will evaluate times
between 24 h and 7 days. Since extraction time was comparable amongst all samples, any ex vivo production of
lactate during the brain extraction (Serres et al., 2004)
should not have influenced our results.
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FIG. 5. Time-course plot of the choline to creatine (Cho/Cr)
ratio in traumatic brain injury (TBI; solid lines) and sham
(dashed lines) rats, with ipsilateral samples represented by
closed marks and contralateral with open marks. There was a
significant increase in the Cho/Cr ratio at 7 days in TBI rats ipsilateral to injury (*p  0.05 vs. TBI contralateral).

Similar to the increases in Lac/Cr, we also found increases in the Ala/Cr ratio in the ipsilateral side of brain
4 h after TBI. Alanine is commonly produced by transamination of pyruvate, and is often elevated with increased
glycolysis and/or TCA cycle metabolism impairment.
Furthermore, deamination of alanine in the astrocyte produces pyruvate, which is rapidly converted to lactate
(Zwingmann et al., 2001). Therefore, it is not surprising
that increases in the Lac/Cr ratio were observed at the
same time (4 h) as early increases in the Ala/Cr ratio.
Since pyruvate is not detectable by 1H-NMR spectroscopy, we could not assess the lactate to pyruvate ratio. We used alanine, which is formed by the transamination of pyruvate, since changes in pyruvate can be
reflected as parallel changes in alanine. There was no difference in Lac/Ala ratios between hemispheres after TBI,
supporting the hypothesis that decreased oxidative metabolism, rather than hyperglycolysis, is a main contributor to increases in Lac/Cr ratios.
NAA is a key metabolite in the nervous system (Clark,
1998). Studies have demonstrated that NAA is synthesized intramitochondrially, in an energy-dependent fashion (Meijer and van Dam, 1974). Found in all areas of
the brain, it is the second most abundant amino acid in
the central nervous system after glutamate (Clark, 1998;
Tallan et al., 1956). It has been used clinically as a measure of neuronal or mitochondrial integrity, and decreased
concentration of NAA is found in many neurodegenerative diseases (Davies et al., 1995; Federico et al., 1997;
Godbolt et al., 2006). The precise role of NAA continues to be investigated. It is a postulated source of acetate
for lipid and myelin synthesis of oligodendrocytes
(Satrustegui et al., 2007). As the immature rat brain develops, rapid increases in NAA are detected during the
time of peak myelination (D’Adamo and Yatsu, 1966;

Bates et al., 1989; Burri et al., 1990). Using purified rat
brain mitochondria (Patel and Clark, 1979), the synthesis and transport of NAA out of mitochondria increased
with brain development in concert with myelination.
NAA may also act as an osmolyte involved in fluid balance in the brain, thus providing protection to neurons
(Taylor et al., 1995). Alterations in NAA observed by
1H-NMR are well described in clinical studies in adults
after TBI (Holshouser et al., 2006; Marino et al., 2007;
Choe et al., 1995; Garnett et al., 2000; Ross et al., 1998),
and reductions were predictive of impairment in cognitive function (Brooks et al., 2000; Friedman et al., 1999).
Pediatric TBI studies have described reductions in the
NAA/Cr ratio, but few analyses were performed 72 h
after TBI, with a mean time from injury to spectra acquisition of 4–5 days in infants and 6–9 days in children
(Ashwal et al., 2000; Brenner et al., 2003). Early reductions (at 14 days) in NAA/Cr were correlated with longterm impairments in cognitive function (Ashwal et al.,
2000; Brenner et al., 2003). This correlation persisted
even when spectra were obtained up to 3 years after injury (Hunter et al., 2005). As the developing brain may
have unique responses to TBI (Robertson et al., 2004,
2006), it is important to use a developmental rat model
to study the age-dependent metabolic response. Data
from the present study suggest that alterations in NAA/Cr
occur very early (24 h) after TBI and persist for at least
7 days, which may represent neuronal loss or loss of mitochondrial metabolic integrity in developing brain.
Consistent with decreased NAA/Cr ratios, we found
reduced absolute concentrations of NAA in the ipsilateral hemisphere of brain at all three times (4 h, 24 h, 7
days) after TBI. We also saw decreases in the absolute
concentration of creatine in the ipsilateral hemisphere at
24 h after TBI. Total creatine (creatine plus phosphocreatine) is generally considered to be stable in brain, making it ideal for comparative spectroscopy ratios. However, decreases in the total creatine have been reported
after TBI in tissue near the contusion (Schuhmann et al.,
2003). Therefore, it is possible that creatine synthesis was
decreased, or degradation was increased in the first 24 h
after injury in our study. We did not detect hemispheric
differences in lactate concentration in the brains of TBI
rats, despite significant increases in the ipsilateral Lac/Cr
ratio at 4 and 24 h. Although the reasons for this apparent discrepancy between the concentration data and ratios are not clear, reduction in creatine at 24 h may have
contributed to increases in Lac/Cr ratio. It is also important to recognize the complex nature of lactate balance
in brain which includes synthesis and possible transport
between and within astrocytes and neurons (McKenna et
al., 2006). The intracellular content of lactate is influenced by changes in the glycolytic rate, activity of the
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lactate and pyruvate dehydrogenase enzymes, TCA cycle activity and the rate of lactate efflux from the brain
(Dienel and Cruz, 2003; McKenna et al., 2006; O’Brien
et al., 2007). In addition, aspects of lactate balance can
change during brain maturation, since the expression of
lactate dehydrogenase (LDH) isozymes is developmentally regulated (McKenna et al., 2006). It is important to
note that most clinical trials correlating spectroscopic
measurements with outcome have used metabolite ratios
(e.g., NAA/Cr, Cho/Cr), giving our metabolic ratio data
greater clinical relevance. Pediatric TBI studies have not
quantified brain lactate concentration.
Trauma also induced changes in Cho/Cr ratios in this
pediatric TBI model. Although there was a relative increase in the ipsilateral Cho/Cr ratio at 7 days, Cho/Cr
ratios were lower in both TBI hemispheres compared to
sham. Choline is primarily a membrane marker, and increases in choline on spectroscopy are thought to represent gliosis, membrane breakdown and/or inflammation
(Ashwal et al., 2006a; Brooks et al., 2001). Acutely, elevations in choline also have value in detecting diffuse
axonal injury (Holshouser et al., 2005). Longer-term
(days) increases in choline can be secondary to gliosis
(Garnett et al., 2001), while long-term decreases can represent demyelination following injury (Liu et al., 2006).
In pediatric and adult TBI studies, increases in Cho/Cr
ratios were associated with poor neurologic outcome
(Ashwal et al., 2000; Brenner et al., 2003; Hunter et al.,
2005; Shutter et al., 2004; Brooks et al., 2000; Garnett et
al., 2000). We found relative ipsilateral increases at 7
days, which could be consistent with gliosis in the injured hemisphere. However, this could be underestimated
by the lower ratios of Cho/Cr in both hemispheres in injured rats, possibly representing diffuse, bilateral demyelination after TBI (Liu et al., 2006). Future studies
could more directly evaluate the course and severity of
white matter damage in this immature rat model.
In conclusion, the most important observation of the
present study is that there are significant alterations in
metabolite ratios very early after TBI in developing brain
and that some alterations persist for at least 7 days. We
found early (4 and 24 h) increases in Lac/Cr and delayed
(24 h, 7 days) decreases in NAA/Cr, with significant decreases in the NAA/Lac ratios at all times studied after
CCI in immature rats. The present study and others (Pascual et al., 2007) demonstrate that the use of NMR spectroscopy in clinically relevant animal models of pediatric
TBI can allow description of the time course and severity of metabolic alterations after injury. Importantly, altered metabolic ratios at 4 and 24 h occur prior to significant cell death, reflecting potentially reversible
metabolic dysfunction of intact cells. Future studies could
use this methodology to develop and test early neuro-

protective strategies targeting cerebral energy failure in
the developing brain after TBI.
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