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Abstract

Traumatic brain injury (TBI) is a leading cause of death and long-term disability worldwide.
Although chronic disability is common after TBI, effective treatments remain elusive and chronic
TBI pathophysiology is not well understood. Early after TBI, brain metabolism is disrupted due to
unregulated ion release, mitochondrial damage, and interruption of molecular trafficking. This
metabolic disruption causes at least part of the TBI pathology. However, it is not clear how
persistent or pervasive metabolic injury is at later stages of injury. Using untargeted 1H-NMR
metabolomics, we examined ex vivo hippocampus, striatum, thalamus, frontal cortex, and
brainstem tissue in a rat lateral fluid percussion model of chronic brain injury. We found altered
tissue concentrations of metabolites in the hippocampus and thalamus consistent with
dysregulation of energy metabolism and excitatory neurotransmission. Furthermore, differential
correlation analysis provided additional evidence of metabolic dysregulation, most notably in
brainstem and frontal cortex, suggesting that metabolic consequences of injury are persistent and
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widespread. Interestingly, the patterns of network changes were region-specific. The individual
metabolic signatures after injury in different structures of the brain at rest may reflect different
compensatory mechanisms engaged to meet variable metabolic demands across brain regions.

Keywords

NMR metabolomics; Chronic TBI; Lateral fluid percussion; Network structure; Correlations-
based analysis

Introduction

Traumatic brain injury (TBI) is a leading cause of accidental death in individuals under the
age of 45, affecting 2.8 million people in the USA annually [1, 2], at a projected annual cost
of ~ $60 billion [3]. Less than 1/3 of patients symptomatic 1 year after TBI show further
recovery, and as a result TBI is one of the most common causes of long-term disability [4,
5]. To date, there have been no successful clinical trials for disease-modifying agents after
TBI, and progress in this area is slowed by a paucity of studies exploring the
pathophysiology of chronic TBI.

Despite gaps in the understanding of TBI pathophysiology, it is known that changes in brain
metabolism after TBI correspond to altered neurologic function in both animal models and
TBI patients. Acute TBI modifies ion flux, neurotransmitter release, and glucose metabolism
and these alterations are causally linked to functional deficits after injury [6-8]. Likewise,
functional recovery after TBI parallels the recovery of glucose metabolism [9]. Acute
measurements of brain energy metabolism, such as N-acetylaspartate (NAA):creatine ratio
[10] and absolute levels of lactate and NAA [11], may reflect severity of injury.

This relationship between post-TBI brain metabolism and function is consistent with the
current understanding of brain activity-metabolism linkage in general. Maintaining ionic
gradients required for neurotransmission is energetically costly and accounts for 80-85% of
brain energy usage [12]. Neuronal activation in response to environmental stimuli and
cognitive effort initiates additional glucose uptake and metabolic activity, requiring a rapid
and dynamic response from neurons and astrocytes [13, 14]. If metabolic demands cannot be
met, cognitive processes cannot be sustained [15, 16].

Even though the link between brain metabolism and early post-injury cognitive symptoms is
well established [6-8], metabolism is rarely studied in chronic TBI. Studies directly
assessing metabolic dysregulation in human chronic TBI patients are infrequent, and
available studies are limited to quantification, relative abundance, or uptake of individual or
small numbers of metabolites [17-20]. Additional methods, such as functional MRI (fMRI),
provide indirect assessments of brain metabolism and link metabolism to brain activity, as
the stoichiometry of oxygen utilization: glucose metabolism: glutamate cycling is 6:1:1 [21,
22]. During task performance, the fMRI BOLD signal is higher in TBI patients than in
control subjects, irrespective of any performance decrements [23]. The implication is that
the post-TBI brain can compensate to meet demand but is less efficient, incurring increased
physiological costs for equivalent mental activity [23]. Combined, these data support a role
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for dysregulated metabolism in chronic TBI pathology. They also underscore the need for
larger scale investigations of brain metabolism in chronic TBI.

Metabolomics is a systems biology approach that simultaneously measures large numbers of
small molecule metabolites. These metabolites represent the end-products of gene and
protein activity, more closely reflecting the physiological phenotype of an organism than
genomic or proteomic approaches [24]. Metabolomics studies in TBI to date have focused
on metabolism in the acute post-injury period [25], with only a few studies following
subjects as long as 7-14 days post-injury [26-28].

Metabolism is often described as a collection of pathways; in reality, these pathways
intersect at numerous points providing multiple routes to a single metabolic endpoint [29,
30]. This redundancy permits dynamic responses to changes in the supply of intermediates
and demands within the network [30]. However, this redundancy also complicates
interpretation of metabolic data, as metabolite levels may vary under identical circumstances
[31], or may remain stable even with significant changes to the underlying metabolic
pathways [32]. However, correlations-based analysis methods address some of these
challenges. Correlations between metabolite concentrations imply relationships between
individual members of a network [33] and changes in correlations provide critical
information about the network structure, independent of metabolite concentrations [34].
Although correlated metabolites are not necessarily closely apposed in a single metabolic
pathway [35], they likely have shared metabolic regulation [36]. In other words, the degree
of correlation between metabolites reveals how closely related they are from a regulatory
standpoint [37, 38].

Functionally distinct brain nuclei have specialized cell types, cellular compositions, primary
transmitter systems, and energetic requirements that contribute to unique metabolic
signatures within different brain regions [39]. However, the metabolic vulnerability or
resilience of different areas of the brain to chronic injury is unknown. Here, we examined
resting metabolic profiles using untargeted 1H NMR metabolomics across five brain regions
in a rat lateral fluid percussion TBI model to determine relative metabolic dysregulation of
different regions in chronic injury (60 days from injury). Tissue concentrations of some
metabolites were altered in chronic TBI in hippocampus and thalamus. Additionally, we
used correlations-based analyses to further probe relationships between metabolites,
uncovering evidence of lasting changes in the regulatory structure of metabolic networks
throughout the brain after TBI in resting animals. These correlation changes show that the
supply of metabolic substrates is maintained, but the utilization/regulation of metabolic
resources is altered. These changes reflect both compensatory and ongoing pathological
processes in chronic TBI. Ultimately, these results may represent deficits in the chronically
injured brain’s ability to mobilize resources to completely meet the demands of
neurotransmission and cognitive processing.
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Materials and Methods

Subjects

Thirty adult male Sprague-Dawley rats (275-300 g Envigo, Indianapolis, USA) were used
for these studies. The animals were housed at the University of Cincinnati in a climate-
controlled vivarium on a 12:12 light:dark cycle with ad libitum access to food and water and
standard housing enrichment. The animals were pair-housed except for 1 week after surgery
to allow the incision to heal. Upon arrival at the animal facility, animals were randomly
assigned to either the control (n7=15) or TBI (7= 15) group. All procedures used in these
experiments were reviewed and approved by the University of Cincinnati Institutional
Animal Care and Use Committee.

Lateral Fluid Percussion Injury

TBI was produced via a lateral fluid percussion injury as previously described [40]. Briefly,
a 4-mm craniectomy was placed centered over the parietal cortex midway between the
bregma and lambda sutures and midway between the sagittal suture and the temporal ridge
under 2.5-3% isoflurane anesthesia. A hub made from the base of a 20-g syringe needle was
secured over the craniectomy with cyanoacrylic glue, dental cement, and a surgical screw. A
Luer-loc cap attached to the hub protected the brain surface. Animals received
buprenorphine (.03 mg/kg s.c.) and acetaminophen (100 mg/kg p.o.) for 36 h after
craniectomy surgery [41]. Ninety-six hours after craniectomy, animals receiving TBI were
anesthetized for 5 min with 4% isoflurane. The cap was removed, the animals were attached
directly to the lateral fluid percussion device (Custom Design and Fabrication, Richmond
VA) and a fluid pulse was delivered to the brain surface at a pressure of 2 atm [41]. The
animals were immediately placed on their back and allowed to recover. Approximate injury
severity was gauged by duration of apnea (time to first breath), and length of time required
to return to upright (reflex righting time). Once upright, the animal was placed back under
isoflurane anesthesia (2.5-3%), the hub and cement were removed, and the skin sutured
closed. Control animals were handled but did not receive surgery or analgesics. The animals
were weighed daily for the first week after surgery, then twice weekly until the end of the
study. Incisions were monitored daily from the time of craniectomy until 1 week after TBI
for signs of inflammation or infection. No animals developed infections. Craniectomies were
completely healed at the time of euthanasia.

Sample Collection

Un-anesthetized animals were euthanized by rapid decapitation 60 days after TBI. Brains
were removed from the skull and divided into left and right hemispheres. Individual brain
regions were then dissected on wet ice from the right (ipsilateral to injury) hemisphere using
anatomical landmarks in the same order for each animal. Tissue samples were placed into
pre-weighed bead tubes (Precellys, Cayman Chemical, Ann Arbor, MI), reweighed for wet
tissue weight, and snap frozen in liquid nitrogen. All samples were stored at — 80 °C until
use. Collection times for each brain region were measured from the time of decapitation to
the time of metabolic quenching in liquid nitrogen and consistency in the dissection protocol
was verified via principal component analysis (PCA).

Mol Neurobiol. Author manuscript; available in PMC 2020 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McGuire et al. Page 5

Tissue Sample Preparation

The total water content of each tissue was determined prior to this experiment using pooled
rat brain control material (RBCM) which was 81%. Based on the weights of wet tissues, the
solvent volumes used for extraction were calculated for each sample. In each extraction set,
seven or eight experimental samples along with QC samples, RBCM, and blank, were
extracted using a modified Bligh and Dyer extraction [42, 43]. Briefly, cold methanol and
water were added to the samples in bead tubes with 2.8-mm beads, and samples were
homogenized for 30 s. The samples were transferred into glass tubes containing cold
chloroform and water. The final methanol:chloroform:water ratio was 2:2:1.8. The mixture
was vortexed for 30 s, incubated on ice for 10 min, then centrifuged at x 2000g,, for 5 min.
The polar phase was transferred into a 1.5-mL Eppendorf tube and dried by vacuum
centrifuge for 2-3 h at room temperature. The dried metabolites were resuspended in 200 pL
of NMR buffer. A final volume of 180 pL of each sample was transferred into a 3-mm NMR
tube (Norell, Morgantown, NC) for data collection.

NMR Spectroscopy Acquisition and Processing

One-dimensional 1H NMR spectra were acquired on a Bruker Avance 11 600 MHz
spectrometer. All data were collected at a calibrated temperature of 298 K using noesyprld
(or noesygpprld) pulse sequence in the Bruker pulse sequence library. Experiments were run
with 4 dummy scans (DS) and 256 acquisition scans (NS) with an acquisition time (AQ) of
3.4 s and a relaxation delay (D1) of 3.0 s for a total repetition cycle (AQ + D1) of 6.4 s. The
NOESY mixing time was 6 ms. The spectral width was 16 ppm, and 64 K real data points
were collected. All free induction decays (FIDs) were subjected to an exponential line-
broadening of 0.3 Hz. Upon Fourier transformation, each spectrum was manually phased,
baseline corrected, and referenced to the internal standard, trimethylsilylpropanoic acid
(TMSP) at 0.0 ppm using a Topspin 3.5 software (Bruker Analytik, Rheinstetten, Germany).
The signal-to-noise (S/N) of each spectra was calculated using sino command in TopSpin
with signal frequency region (SIGF) 0.5-10.0 ppm and noise frequency region (NOISF)
11.0-12.0 ppm. The lowest S/N of each tissue types were FC 2595.31, BS 4900.33, T
1297.01, H 2056.02, ST 925.48, and RBCM 5337.64 (Online resource 1).

For a representative sample, two-dimensional data were collected for metabolites assignment
(Online resource 2). 1H-!H total correlation spectroscopy (TOCSY) data, a relaxation delay
equal to 2 s, isotropic mixing time of 80 ms with a B field strength of 10 kHz were used for
2048 data points with 128 scans per increment were acquired with spectral widths of 14
ppm. In addition, 2D 1H-13C heteronuclear single quantum coherence (HSQC) data, a
relaxation delay equal to 1.5 s was used between acquisitions and a refocusing delay of 3.45
ms was implemented. The 2048 data points with 128 scans per increment were acquired
with spectral widths of 11 ppm in F2 and 180 ppm in F1 (13C).

Spectral Analysis/Metabolites Identification

Chemical shifts were assigned to metabolites based on 1D 1H, 2D TOCSY, and HSQC NMR
experiments with reference spectra found in databases, Human Metabolome Database
(HMDB) [44, 45], and Chenomx® NMR Suite profiling software (Chenomx Inc. version
8.1). The concentrations of the metabolites in polar extracts were calculated using Chenomx
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Processor. The Chenomx software consists of a large number of metabolite reference spectra
at several pH conditions. The software allows fitting of the reference spectra onto the
experimental data and based on the internal standard concentration 1.0 mM TMSP, the
concentration of identified metabolites are calculated. The tissue polar metabolites
concentrations were then normalized to the original tissue weights prior to further analysis.

Data Analyses

The data analysis workflow is depicted in Fig. 1. Body weight and metabolite concentrations
were analyzed by ftest or by two-way ANOVA with Holm-Sidak correction for multiple
comparisons, as appropriate. Collection times were analyzed by two-way repeated measures
ANOVAwith Holm-Sidak correction. Correlations of metabolite concentration to collection
times were performed using multiple regressions with Bonferroni correction. When a
metabolite was not detected in all 30 samples, it was removed from further analyses. Across
the 5 brain regions we had 2 metabolites, both in thalamus that did not have a detectable
reading for all 30 subjects in the study. In both these metabolites, there were multiple
missing values in both treatment groups. We chose to exclude those two metabolites from
analysis rather than interpolate missing values. Correlations between tissue collection time
and metabolite concentrations were assessed in every region for control and TBI groups
independently and for the entire study population. When significant correlations were
identified, these metabolites were not excluded for analysis, but the findings were considered
in the interpretation of the data. All analyses were performed in JMP 13, R 3.5.0, or
Graphpad 7. Adjusted p values of 0.05 or less were considered statistically significant.

PCA was performed to determine the reproducibility of the dissection, extraction, and
sample stability and to look for differences in metabolic profiles. 1H NMR spectra were
processed and analyzed with AMIX for PCA analysis. The spectra from 0.5 to 10.0 ppm,
excluding the region of the residual water resonance (4.67 to 5.0 ppm) and solvent peaks
identified in the blanks; acetone (1.91 to 1.94 ppm), chloroform (7.62 to 7.74 ppm), and
methanol (3.35-3.37 ppm), were reduced by uniform binning to 199 buckets 0.01 ppm wide.
Signal intensities were summed for integration, and the spectra were normalized to constant
total spectral area. Prior to PCA analysis, the binned spectra were mean-centered with no
scaling. The assessment of the reproducibility was determined by median relative standard
deviation (%RSD) which was 9.45% among the six RBCM samples [46].

Correlation matrices were generated in R using the CorrPlot module [47]. Metabolites were
ordered using Ward’s method of hierarchical clustering [48], based on metabolite
relationships in the naive condition in each region. Differential correlation analysis was
performed using the Diffcorr package in R, using Fisher’s rto ztransformation to generate a
zscore for the difference between control and TBI correlation coefficients for each
metabolite pair [49]. Finally, based on the number of unique comparisons for each region,
we calculated the number of equivalent or larger zscores that would be predicted to occur by
chance.
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Fluid Percussion Injury

Animals received a mild-moderate TBI. Reflex righting time, an approximation of injury
severity, in the TBI group ranged from 146 to 450 s with a mean of 287.4 s. Fourteen of 15
of the TBI animals exhibited apnea after TBI. Apnea ranged from 0 to 21 s with a mean of
10.7 s. Seven of the 15 TBI animals had visible discoloration or thinning of the cortex at or
near the injury site. Visible lesions in four of those seven animals were 1 mm or less in
diameter. We tested for differences in growth trajectory that could indicate ongoing systemic
changes in energy metabolism and found no differences between groups in initial or final
body weight (Online resource 3).

Sample Handling

Samples were collected according to anatomical landmarks in the following order: frontal
cortex, brainstem and midbrain, thalamus, hippocampus, and striatum (Fig. 2a). Collection
time was measured from decapitation to the time the sample was placed in liquid nitrogen.
ANOVA analysis identified main effects of both region (the time into liquid nitrogen was
longer for the last region dissected than the first (A{4,56) = 496.9; p < 0.001), and treatment
(TBI collection times were longer than control (AH1,14) = 5.979; p=0.028)), and no
interaction of treatment and time (AH4,56) = 1.66; p=0.172) (Fig. 2b). The quality of the
dissections was confirmed from the metabolite data using PCA to verify that samples from
each region segregated by their metabolite signatures (Fig. 2c).

Metabolite Concentrations

In hippocampus, 46 polar metabolites were detected for analysis (Online resource 4). There
were no correlations between sample collection time to any metabolite concentration in
either treatment group, or the entire cohort. Tissue concentrations of six metabolites were
increased in TBI, main effect of treatment group (A45, 1288) = 36.9; p< 0.001). These
metabolites were creatine (adjusted p= 0.0137), glutamate (adjusted p < 0.0001), glutamine
(adjusted p=0.0004), lactate (adjusted p < 0.0001), myoinositol (adjusted p = 0.0002), and
taurine (adjusted p = 0.0140) (Fig. 3a). In thalamus, 47 metabolites were detected (Online
resource 4). Two metabolites, isobutyrate and NADH, were not detected in every sample and
were excluded from analyses. There were no correlations of sample collection time to
metabolite concentrations in either treatment group or in the entire cohort. There was a main
effect of treatment on metabolite concentrations (A1, 1293) = 4.872; p=0.0275). Tissue
concentrations of creatine (adjusted o= 0.0083) and glutamine (adjusted p = 0.0255) were
increased in TBI samples (Fig. 3b). We found no effect of treatment group on tissue
concentrations of metabolites in striatum, frontal cortex, or brainstem.

Diffuse Changes in the Underlying Metabolic Network Structure After Chronic TBI

Forty metabolites were detected in striatum (Online resource 4). No metabolites correlated
to collection time for the combined cohort of TBI and control animals or for TBI animals
alone. Adenine (r=0.79; adjusted p = 0.016) and myoinositol (r=0.75; adjusted p = 0.047)
were positively correlated to collection time in the control group only (data not shown).
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Pairwise correlations-based analysis of striatal metabolites identified 15 pairs that generated
zscores of = 2.5 or greater. Based on the number of discrete comparisons, up to five would
be expected by chance. NAA had the most and most robust changes in its relationship to
other metabolites. In all cases, where the correlation between NAA and other metabolites
were altered, the strength of the correlation increased in the TBI group (Fig. 4a, b; Table 1).

There were 48 detected metabolites in brainstem (Online resource 4). Metabolite
concentrations did not correlate to collection times. Pairwise correlations-based analyses
identified 44 metabolite pairs generating zscores + 2.5 or greater (Fig. 5a, b; Table 1). Based
on the number of discrete comparisons, up to seven zscores of equivalent or greater
magnitude would be expected to occur by chance. Within these metabolite pairs, we found
consistently weaker correlations in TBI between components of purine metabolism
(adenosine diphosphate (ADP), inosine, creatine, and inosine monophosphate (IMP)) with
other metabolites. Similar patterns of decreased correlation indicated altered regulation of
carbohydrate and energy metabolism (glucose, uridine diphosphate glucose (UDP-glucose),
ADP), and amino acid metabolism (threonine, valine, isoleucine, and glutamine). Notably,
one metabolite pair, succinate and lactate, showed an increased interdependence in the
brainstem chronic TBI samples.

In frontal cortex, 39 polar metabolites were detected (Online resource 4). Of these, choline
correlated to collection time in the TBI group only (r= 0.66; adjusted p=0.012) (data not
shown). However, there were no correlations to collection time in the control group, or in the
experimental cohort as a whole. In the comparison between control and TBI frontal cortex,
15 metabolite pairs generated zscores + 2.5 or greater. In this region, up to five z scores of
equal or greater magnitude would be predicted by chance. Three patterns emerged in the
correlations-based analyses of frontal cortex (Fig. 6a, b; Table 1). Tissue levels of IMP were
more weakly correlated with adenosine triphosphate (ATP), the carbon substrates lactate and
fumarate, and with niacinamide. Additionally, tissue levels of the transmitter O-
acetylcholine were more weakly correlated with the neurotransmitters glutamate and GABA,
and with energy substrates, such as creatine, lactate, and succinate. Finally, in frontal cortex,
aspartate levels were more strongly correlated to amino acids serine, glycine, alanine,
taurine, NAA, and glutamine.

In thalamus, we identified one metabolite pair in which the correlation analysis produced a z
score greater than + 2.5 (Fig. 7a, b; Table 1). Based on the number of discrete comparisons,
up to seven zscores of equal or greater magnitude are predicted to occur by chance. In
hippocampus, six metabolite pairs generated zscores + 2.5 or greater (Fig. 8a, b; Table 1);
however, based on the number of comparisons, up to six z scores of that magnitude or
greater are predicted to occur by chance.

Discussion

Here, we examined resting brain metabolism in an experimental model of chronic injury. We
found evidence of ongoing metabolic damage months after lateral fluid percussion in
animals at rest. The effects of injury on brain metabolism were non-uniform. In thalamus
and hippocampus, the regulatory structure was preserved at the expense of maintaining
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metabolite tissue concentrations. In the cortex, striatum, and brainstem, tissue metabolite
concentrations were maintained, but there was evidence of reorganization in the underlying
regulation and coordination of metabolic domains.

Altered Metabolite Concentrations in Hippocampus and Thalamus

Tissue concentrations of six metabolites were elevated in the hippocampus of TBI rats. Four
of the metabolites increased in injured hippocampus (glutamine, glutamate, lactate, and
creatine) are directly involved in energy balance and production [50, 51]. Potentially, these
results reflect ongoing gliosis, a conclusion supported by the increase in myo-inositol, which
is associated with astrocyte metabolism [52]. Additionally, four of the six metabolites also
modulate excitatory transmission: glutamate, lactate, taurine, and glutamine [53-55].
Increases in glutamate, glutamine, and lactate suggest altered turnover of the
neurotransmitter supply and availability of synaptic fuel for neurotransmission [56, 57]
(which additionally helps calibrate neuronal excitability [58]). Additionally, both taurine and
lactate act as modulators of long-term potentiation in the hippocampus [59-61]. Thalamic
increases in glutamine but not glutamate suggest alterations in glutamate glutamine cycling,
a key component of glutamate neurotransmission and synaptic energy supply [57, 62].
Notably, dysregulation of thalamic metabolism of glutamate-glutamine and creatine is
implicated in seizure generation [63] and in migraines [64, 65] both of which are common
sequelae of TBI.

Effects of Chronic Injury in Striatum

Correlations between the concentrations of metabolites in a biological sample help to
describe the regulatory relationship between those molecules [36, 38]. Correlation
differences between the control and chronic TBI matrices in striatum were primarily
stronger correlations of NAA tissue concentration to other metabolites after TBI. Increased
dependence of multiple other metabolites on NAA levels suggest that, at rest, the amount
NAA being metabolized and turned over is much closer to the total supply of NAA in
chronic TBI than in control. NAA is primarily localized in neurons, released during neural
activity, and imported by oligodendrocytes and metabolized to acetate and aspartate [66].
NAA is a transportable source of acetyl-CoA and acetate, and maintains a pool of acetyl
groups for protein acetylation [66, 67]. The weaker correlation of ATP and acetate in chronic
TBI may reflect decreased significance or availability of acetate as an energy source,
potentially due to re-prioritization of NAA-derived acetate to other pathways. Similarly,
weaker correlation of succinate and GABA may reflect changes in GABA shunt activity and
prioritization of succinate/GABA to other purposes. These altered relationships illustrate
how metabolic networks may be reorganized after TBI.

Effects of Chronic Injury in Brainstem

In brainstem, the strength of correlations was decreased after TBI between multiple
metabolites contributing to energy synthesis including glucose, UDP-glucose, ADP,
branched chain amino acids, GTP, and NADH. The single exception to the pattern of
diminished correlations after TBI in brainstem is an increased correlation of lactate with
succinate. This suggests that lactate contributes more to the succinate pool after TBI than in
the uninjured brain. The amino acid threonine showed the largest number differences in
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correlations with other metabolites between TBI and control. In every case, the correlations
of threonine concentrations to those of other metabolites were weaker after TBI. One
product of threonine catabolism is glycine and from there sarcosine, and creatine [68], and
correlation of threonine levels to those of glycine, sarcosine, and creatine were all reduced
after TBI. Interestingly, reduced correlations of threonine levels to those of creating, alaning,
glutamine, and lactate were mirrored by weaker correlations of valine concentrations to
these same metabolites and of isoleucine concentrations to creatine and glutamine. The
interactions of threonine, valine, alanine, glutamine, and lactate are particularly interesting
given the roles of the lactate-alanine shuttle and branched chain amino acids in the shuttling
of nitrogen between neurons and glia to help maintain nitrogen balance, sustain the
glutamate-glutamine shuttle, and maintain the supplies of glutamate and GABA for
neurotransmission [69].

Effects of Chronic Injury in Frontal Cortex

In the frontal cortex, consistent patterns of weaker correlation of O-acetylcholine and IMP
with other metabolites, and of increased correlation of aspartate suggest critical nodes in the
post-TBI metabolic network. IMP is primarily recognized as an intermediary in recycling of
purine nucleosides [70]. However, IMP also helps regulate ATP levels through regulation of
glucose bisphosphatase and disinhibition of hexokinase [71]. Weaker correlations with
energy-related metabolites potentially reflect changes in IMP regulation of glycolysis [71].
Multiple diminished correlations of acetylcholine to other metabolites suggest molecules
surrounding acetylcholine metabolism are also being routed away from some roles and
functions to sustain others. Synthesis of acetylcholine depends on oxidative metabolism and
several of the metabolites more weakly correlated with acetylcholine are substrates of
oxidative energy metabolism and the TCA-cycle [72-74]. Additionally, the correlation
between acetylcholine and the inhibitory transmitters GABA and glycine, both of which
modulate acetylcholine release [75], is diminished in TBI. This may have direct
consequences for cortical function, as co-release of transmitters, including GABA with
acetylcho-line, helps fine-tune neural activity in cortex [76].

Stronger correlations of aspartate in the frontal cortex with multiple metabolites suggest that
the availability of aspartate in some parts of the network may be restricted. A key role of
aspartate is maintaining cellular redox balance via the malate-aspartate shuttle [77].
Inhibition of the aspartate-malate shuttle significantly impairs both oxidation of glucose and
the rate of de novo acetylcholine synthesis in brain slices [78]. These data suggest that
ongoing dysregulation of oxidative metabolism and glucose utilization in frontal cortex may
be altering the availability of resources in other metabolic domains, such as neurotransmitter
and amino acid synthesis.

Effects of Chronic Injury on Thalamus and Hippocampus

Although tissue concentrations of several metabolites in hippocampus and thalamus were
higher in chronic TBI than control, the number of correlations between metabolite pairs in
thalamus and hippocampus did not exceed what could be expected by chance. We interpret
this to mean that relationships between metabolites, and by inference the regulatory structure
governing those relationships, were preserved in these regions in chronic TBI. Maintaining
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network regulatory integrity may be paramount within these regions. Differences in specific
metabolite concentrations in chronic TBI, as opposed to network changes, indicate that
different brain regions have varying compensation methods for metabolic dysregulation or a
different temporal course. Interestingly, regions that maintained regulatory structure at the
expense of some tissue concentrations and regions that had more flexible regulatory
structure but maintained tissue metabolite concentrations segregated between the
hippocampal-thalamic circuit and the corticostriatal circuit. Further studies exploring the
time course of changes in metabolic structure and regulation will help identify temporally
dependent changes as healing continues and compensation strategies are engaged.

Brain Metabolism and Cognition

Our findings represent contributions of ongoing damage processes, but also compensation
strategies to meet the demands of neurotransmission. This interpretation is supported by a
recent study that ties brain activity to metabolic “cost” in neural activity [79]. Working under
the assumption that the brain will work to optimize the balance between cost and
transmission efficiency, Roy et al. determined that increased connectivity (hyper-
connectivity) between brain regions that developed after TBI increased the physiological
“cost” (calculated from connection number, strength, and distance) of transmission between
those regions [79, 80]. Furthermore, although hyper-connectivity persisted, over time
connectivity shifted to lower cost, shorter, and weaker connections, gradually reducing the
overall cost of transmission [79]. Additionally, the cost metric calculated by Roy and
colleagues negatively correlated to measures of processing speed and attention [79]. Under
conditions of sustained activity, compensatory mechanisms preserved some aspects of
performance (correct responses), but led to slower response times at higher physiological
cost [23]. Thus, chronic metabolic damage may represent a mechanistic framework for
symptoms of fatigue, slower processing speeds, and difficulties with concentration and
attention commonly experienced after TBI [23]. Our results support altered metabolic
regulation in chronic TBI in a resting state; thus, we predict that under cognitive load there
will be further changes evident in metabolomics signatures.

Study Limitations

There are a number of limitations to the current study. Our data is generated from pieces of
whole brain containing all cell types. By the current methods, we are unable to differentiate
sources of metabolic dysregulation (i.e., glia vs. neurons); defects within an individual cell
type, or in the transfer of molecules between cell types, may be masked by the accumulated
signal [81]. This limitation of the current method indicates that other methods will be needed
to more accurately define the nature of post-TBI metabolic lesions. Using 13C NMR after
administration of 13C-labeled substrates, for example, may provide further detail about
interactions between neuronal and glial metabolic compartments and flux of substrate
through the metabolic network [82]. In addition, future studies will be needed to tease out
the driving forces behind the changes in metabolism and metabolic regulation identified
here.
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Conclusions

In summary, we report evidence of altered resting brain metabolism in rats with chronic
fluid percussion-induced TBI, using untargeted *H NMR spectroscopy. Metabolic alteration
is evident in altered metabolite levels in the hippocampus and thalamus, consistent with
alterations in energy metabolism and excitatory neurotransmission. Furthermore, differential
correlation analysis suggests metabolic consequences of injury are both persistent and
widespread. Evidence of metabolic dysregulation was present in all brain regions
investigated, but the patterns of changes evident in each brain region were regionally
specific. These results indicate that there are persisting widespread alterations in resting
metabolism throughout the brain after TBI.
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Fig. 1.
Workflow for data collection and analysis. Tissue samples were submitted to the NMR

metabolomics core at Cincinnati Children’s Hospital, which performed 1D and 2D NMR
analysis, as well as initial PCA analysis of spectral data. Metabolite concentrations were
determined from the 1D spectra by the core. Concentration data from each region were then
analyzed using the CorrPlot R package to construct correlation matrices. The DiffCorr R
package was used to subtract the TBI matrix from the control matrix using Fisher’s rto z
transformation, and generate apparent zscores for the differences in correlations between
the two conditions
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Fig. 2.

Tissue collection. a Samples were dissected according to anatomical landmarks. b Sample
handling time was evaluated for consistency. Time from decapitation to tissue storage was
slightly longer for TBI brains. Two-way repeated measures ANOVA, main effects of time (p
< 0.01) and treatment (p = .028), and no interaction. ¢ Brain regions clustered by metabolic
profile confirming dissection protocol and sample identity. 7= 15 control and 15 TBI, data
is presented as median, minimum and maximum values, and 1st and 3rd interquartile range.
FC, frontal cortex; BS, brainstem; T, thalamus; H, hippocampus; S, striatum, RCBM, rat
brain control material
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Altered tissue metabolite concentrations after TBI A. In hippocampus, six metabolites had
corrected pvalues less than 0.05. B. In thalamus, two metabolites had corrected p values less
than 0.05. In both hippocampus and thalamus, metabolite concentrations were increased
over control. Data is median, 1st and 3rd interquartile range, and minimum and maximum
values. Cr, creatine; gln, glutamine; glu, glutamate; lac, lactate; myo-I, myo-inositol; Tau,
taurine. All data shown is significant corrected, p value < 0.05, two-way ANOVA with
Holm-Sidak multiple comparison test. Control n=15; TBI n=15
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Fig. 4.
Correlation analysis of striatum. a Correlation matrix for control animals. b Correlation

matrix for TBI animals. Metabolites are listed along the left side of the figure, and are in the
same order across the top of each matrix. Each square of the matrix represents the Pearson
correlation coefficient, r(indicated by the scale on the far right). A dendrogram representing
the hierarchical clustering relationships between metabolites in the control condition is
illustrated at the top of part (a); metabolites in part (b) follow the same order. Control 7=
15; TBI n=15
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Fig. 5.
Correlation analysis of brainstem. a Correlation matrix for control animals. b Correlation

matrix for TBI animals. Metabolites are listed along the left side of the figure, and are in the
same order across the top of each matrix. Each square of the matrix represents the Pearson
correlation coefficient, r(indicated by the scale on the far right). A dendrogram representing
the hierarchical clustering relationships between metabolites in the control condition is
illustrated at the top of part (a); metabolites in part (b) follow the same order. Control 7=
15; TBI n=15
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Fig. 6.
Correlation analysis of frontal cortex. a Correlation matrix for control animals. b Correlation

matrix for TBI animals. Metabolites are listed along the left side of the figure, and are in the
same order across the top of each matrix. Each square of the matrix represents the Pearson
correlation coefficient, r(indicated by the scale on the far right). A dendrogram representing
the hierarchical clustering relationships between metabolites in the control condition is
illustrated at the top of part (a); metabolites in part (b) follow the same order. Control 7=
15; TBI n=15
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Fig. 7.
Correlation analysis of thalamus. a Correlation matrix for control animals. b Correlation

matrix for TBI animals. Metabolites are listed along the left side of the figure, and are in the
same order across the top of each matrix. Each square of the matrix represents the Pearson
correlation coefficient, r(indicated by the scale on the far right). A dendrogram representing
the hierarchical clustering relationships between metabolites in the control condition is
illustrated at the top of part (a); metabolites in part (b) follow the same order. Control 7=
15; TBI n=15
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Fig. 8.
Correlation analysis of hippocampus. a Correlation matrix for control animals. b Correlation

matrix for TBI animals. Metabolites are listed along the left side of the figure, and are in the
same order across the top of each matrix. Each square of the matrix represents the Pearson
correlation coefficient, r(indicated by the scale on the far right). A dendrogram representing
the hierarchical clustering relationships between metabolites in the control condition is
illustrated at the top of part (a); metabolites in part (b) follow the same order. Control 7=
15; TBI n=15
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Table 1

Metabolite pairs, control and TBI correlation coefficients, zscores = 2.5

Metabolite pair rcontrol  rTBI z

Striatum
Glutamine/NAA -0.266 0.786  -3.267
Glutamate/NAA -0.144 0.821 -3.195
IMP/NAA -0.161 0811  -3.167
Serine/ascorbate 0.186 0.900 -3.144
ATP/formate 0.933 0.432 2.988
Uridine/O-acetylcholine 0.871 0.181 2.822
Aspartate/glycine 0.957 0.649 2.793
Creatine/NAA 0.204 0871 -2.771
Taurine/NAA 0.039 0820 -2.741
GTP/INAA 0.030 0.810 -2.690
Succinate/ GABA 0.700 -0.217  2.666
Acetate/ATP 0.901 0.399 2.581
Alanine/NAA -0.067 0.755 -2.574
O-acetylcholine/NAA 0.155 0.834  -2.555
Adenine/threonine 0.868 0.282 2.532

Brainstem
Creatine/threonine 0.986 0.723  3.802
Valine/threonine 0.968 0.476 3.795
Taurine/threonine 0.959 0.410 3.664
Valine/myo-inositol 0.984 0.724 3.628
Threonine/alanine 0.976 0.643 3.548
Creatine/valine 0.993 0.846 3.444
Glucose/NADH 0.822 -0.219  3.39%
Glucose/GTP 0.922 0.231 3.342
Glucose/glutamine 0.844 -0.123  3.330
ADP/adenine 0.804 -0.234  3.300
Isobutyrate/NADP+ 0.872 0.034 3.202
Isoleucine/myo-inositol 0.969 0.677 3.074
5-6-dihydrothymine/threonine 0.967 0.675 3.011
O-acetylcholine/adenine 0.839 -0.002  2.986
Choline/threonine 0.940 0.494 2.928
Glutamine/isoleucine 0.921 0.389 2.897
UDP-glucose/NADP+ 0.847 0.067 2.890
Isoleucine/threonine 0.936 0.490 2.863
Glutamine/threonine 0.943 0540  2.844
ADP/r-methylhistidine 0.819 0.013 2.796
Glutamine/valine 0.936 0.513 2.792
Glucose/NADP+ 0.768 -0.124 2.791
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Metabolite pair rcontrol  r TBI z
Isoleucine/creatine 0.974 0.786 2.723
ADP/threonine 0.765 -0.099 2714
Uridine/threonine 0.952 0.642 2.685
Succinate/lactate 0.450 0.917 -2.665
Sarcosine/threonine 0.964 0.724  2.662
IMP/NADH 0.769 -0.064  2.650
O-acetylcholine/inosine 0.821 0.079 2.649
GABA/glutamate 0.949 0.630  2.646
ADP/GABA 0.695 -0.215  2.637
ADP/inosine 0.781 -0.026  2.633
Threonine/lactate 0.972 0.781 2.627
Valine/alanine 0.986 0.886 2.624
ADP/O-phosphocholine 0.808 0.059 2.604
Glucose/sn-glycero-3-phosphocholine 0.852 0.198 2.603
Valine/lactate 0.973 0.796 2.599
Glutathione/NADP+ 0.854 0.215 2.577
O-acetylcholine/threonine 0.759 -0.054 2.564
Glycine/threonine 0.959 0.713 2.563
Glycine/myo-inositol 0.990 0.922 2.553
UDP-glucose/NADH 0.685 -0.192  2.533
NADP+/isoleucine 0.785 0.033 2.512
UMP/NAA 0.956 0.703 2.505

Frontal cortex

O-acetylcholine/succinate 0.977 0.523 4.050
Fumarate/IMP 0.928 0.250 3.401
O-phosphocholine/O-acetylcholine 0.962 0.564 3.278
Alanine/aspartate 0.719 0977 -3.214
Myo-inositol/O-acetylcholine 0.961 0.604 3.088
O-acetylcholine/lactate 0.947 0.525 2.976
Glycine/O-acetylcholine 0.964 0.675 2.901
UMP/aspartate 0.368 0912 -2.829
Creatine/aspartate 0.698 0.965 -2.815
IMP/niacinamide 0.822 0.033 2,772
O-phosphocholine/aspartate 0.729 0.964 -2.626
IMP/lactate 0.874 0.275  2.619
Creatine/O-acetylcholine 0.941 0.590 2.618
IMP/ATP 0.854 0.218 2.567
GABA/O-acetylcholine 0.903 0.426 2531
Thalamus
Aspartate/dimethyl sulfone 0.246 0.854 -2.501

Hippocampus
AMP/glycine 0.850 0.105  2.816
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Metabolite pair rcontrol  r TBI z
Phenylalanine/glutathione 0.054 0.819 -2.693
Methanol/dimethylamine -0.041 0.785  -2.690
Histidine/UDP-glucose -0.063 0.774  -2.676
Glycine/myo-inositol 0.952 0.665 2.567
AMP/myo-inositol 0.923 0.517 2.538

Page 27

ATPadenosine triphosphate, GABA 4-aminobutyrate, MAA N-acetylaspartate, GT7P guanine triphosphate, /AP inosine monophosphate, ADP

adenosine diphosphate, NADH nicotinamide adenine dinucleotide, MADP+ nicotinamide adenine dinucleotide phosphate, /MP inosine
monophosphate, UMP uridine monophosphate, UDP-glucose uridine diphosphate glucose, AMP adenosine monophosphate
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