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Abstract

Metabolic uncoupling has been well-characterized during the first minutes-to-days after a traumatic brain injury (TBI), yet

mitochondrial bioenergetics during the weeks-to-months after a brain injury is poorly defined, particularly after a mild

TBI. We hypothesized that a closed head injury (CHI) would be associated with deficits in mitochondrial bioenergetics at

one month after the injury. A significant decrease in state-III (adenosine triphosphate production) and state-V (complex-I)

driven mitochondrial respiration was found at one month post-injury in adult C57Bl/6J mice. Isolation of synaptic mito-

chondria demonstrated that the deficit in state-III and state-V was primarily neuronal. Injured mice had a temporally consistent

deficit in memory recall at one month post-injury. Using proton magnetic resonance spectroscopy (1H MRS) at 7-Tesla, we

found significant decreases in phosphocreatine, N-Acetylaspartic acid, and total choline. We also found regional variations in

cerebral blood flow, including both hypo- and hyperperfusion, as measured by a pseudocontinuous arterial spin labeling MR

sequence. Our results highlight a chronic deficit in mitochondrial bioenergetics associated with a CHI that may lead toward

a novel approach for neurorestoration after a mild TBI. MRS provides a potential biomarker for assessing the efficacy of

candidate treatments targeted at improving mitochondrial bioenergetics.
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Introduction

Mitochondria are essential for neuronal health and syn-

aptic function. Mitochondrial dysfunction is well-described

during the minutes-to-days after a traumatic brain injury (TBI), but

there is a critical knowledge gap concerning mitochondrial bioener-

getic deficits beyond the acute period after a brain injury. Substantial

evidence supports the involvement of mitochondria in the neurological

sequelae of acquired brain injuries and neurodegenerative diseases.1,2

Mitochondria isolated from pre-synaptic nerve terminals have been

shown to be sensitive uniquely to the damaging effects of a TBI.3 A

clinical history of TBI is known to increase the risk of neurodegen-

erative disease and dementia.4,5

The commonalities of mitochondrial dysfunction after TBI and

in neurodegenerative diseases suggest a potential mechanism

whereby TBI induces a premature aging of mitochondria—par-

ticularly synaptic mitochondria. Using a mouse model of mild TBI,

induced by a closed head injury (CHI), we found strong support for

our hypothesis that a mild TBI would result in a premature aging of

synaptic mitochondria. Specifically, we found a decrease in mito-

chondrial bioenergetics at one month post-injury, particularly in

neuronal synaptic mitochondrial bioenergetics, which corre-

sponded temporally with deficits in spatial memory as measured in

the radial arm water maze.

To extend the translational potential of our findings, we tested in

our mouse mild TBI model two surrogate radiological measures for

bioenergetics, which could be used in head-injured patients. The

field of neuroimaging is far more mature in humans than in rodent

models. Multi-modal magnetic resonance (MR) changes in humans

after a mild TBI have been well-described,6 while there is a paucity

of studies in mild TBI models in rodents. Technological im-

provements, such as high-field strength scanners (7–11 Tesla), are

providing the spatial and/or temporal resolution necessary to image

the rodent brain after a mild TBI.

We sought to reverse translate two advanced neuroimaging

modalities, which have shown utility clinically in mild TBI7–11 to

a mouse model of mild TBI. The MR methods included pseudo-

continuous arterial spin labeling (pCASL) to measure cerebral

blood flow and proton magnetic resonance spectroscopy (1H-

MRS). The current results demonstrate that 1H-MRS deficits in
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phosphocreatine, a surrogate radiological biomarker of mitochon-

drial dysfunction, occur at the same chronic time point where deficits

in mitochondrial bioenergetics were confirmed in isolated mito-

chondria. Our results provide strong support for a novel mechanism

of chronic mitochondrial deficits after TBI and a translationally

relevant radiological method to monitor this mechanism.

Methods

Animals

All procedures were approved by the Institutional Animal Care
and Use Committee of the University of Kentucky, and that were
conducted in accordance with the standards of proper experi-
mentation in the Guide for the Care and Use of Laboratory Ani-
mals and ARRIVE guidelines. Experiments used four-month-old
C57BL/6J mice and included an equal ratio of male and female for
all end points. This project used a total of 204 mice: 36 mice were
used for mitochondrial isolation; 19 mice were used for behav-
ioral assays; 37 mice were used for pCASL and 1H-MRS exper-
iment 1; 112 mice were used for 1H-MRS experiment 2; 22 of the
204 mice were not included in the data analysis for reasons de-
scribed in the following method sections for each end point. The
final number mice used for each end point are indicated in the
figure or figure legend.

Mice were randomized and assigned groups before the start of
the experiment. The study was completed with multiple batches of
mice using a block experimental design, with each batch including
all experimental groups; the order of the group was randomized for
each block, so that the order of sham and CHI surgery varied for
each cage. Each cage of mice included more than one experimental
group. Each subject was given a unique identification number,
which does not identify the experimental group. The persons con-
ducting the mitochondrial bioenergetics (HV), behavior (TM), and
neuroimaging (DNL, VB) were blinded to the treatment conditions
and were not involved on the surgery or postoperative care of the
mice, which could potentially lead to unblinding of the experi-
mental groups.

CHI

The CHI was performed as described previously.12,13 Briefly,
mice were anesthetized with isoflurane (3–5%). The head was
stabilized in a astereotaxic frame before a midline sagittal incision
was made. A 1 mL latex pipette bulb filled with water was placed
under the head. The stereotaxic electromagnetic impactor14 used
a 5.0 mm flat steel tip (Leica Biosystems). It delivered a closed-
skull midline impact (coordinates: mediolateral, 0.0 mm; ante-
roposterior, 1.5 mm) 1.0 mm deep with a controlled velocity
(5.0 – 0.2 m/sec) and a dwell time of (100 msec). No mice were
eliminated because of surgery complications. Mice were ran-
domized to a group (sham or injured), with each group containing
approximately 50% males and females. Sham mice received the
incision, but not the impact and were included for the three day
post-injury and 28 day post-injury time points.

Immunohistochemistry (IHC)

Mice were deep anesthetized with 5% isoflurane before trans-
cardial perfusion with ice-cold phosphate buffered saline (PBS)
for 5 min. The brains were rapidly removed, dissected, processed
for IHC end points as described previously.12,13 Primary anti-
bodies used included: rabbit anti-bAPP (LifeTechnologies cat#
51–2700 (1:2000)) and rabbit anti-glial fibrillary acidic protein
(GFAP) (Dako Cat# Z0334; (1:10,000). Aperio ScanScope XT
digital slidescanner was used to image the entire stained slide at
20x magnification to create a single high-resolution digital image.

Mitochondrial bioenergetics

Total mitochondria were isolated from the cortex and hippo-
campus as described previously.15,16 Synaptic and nonsynaptic
mitochondria were isolated from the cortex as described previ-
ously.3 Mitochondrial bioenergetics were measured using the
Seahorse XF-24 Flux Analyzer as described previously.16 One
mitochondria sample from the cortex was lost because of tech-
nical error.

Six-arm radial arm water maze

A modified four-day version of the previously reported radial
arm water maze (RAWM)13,17 was used as described previous-
ly.12,13 The RAWM protocol consisted of four days of training,
which occurred on nonconsecutive days (that is, day 14, 15, 16, and
21 post-injury). The total trials/day were 15, and each trial was up
to 60 sec long. EthoVision (Noldus Information Technology) was
used for video recording and scoring behavior. A memory retention
60 sec probe trial was performed seven days after the last training
day (28 days post-injury). Time spent in the goal arm and the
percentage of entries in the goal were recorded.

MR imaging

MR imaging was performed on a 7-Tesla Clinscan scanner
(Bruker, Billerica, MA) using a 2 · 2 Bruker brain surface coil
or a Bruker quadrature, cryocoil at the University of Kentucky
Magnetic Resonance Imaging and Spectroscopy Center, as de-
scribed previously.18 Heart rate (90–130 bpm), respiration rate,
and rectal temperature (37 – 0.5�C) were monitored continu-
ously. A water bath with circulating water at 45–50�C was used
to maintain the body temperature. The order of mice scanned was
randomized between sham and CHI groups for each acquisition
period.

T2-weighted structural images were acquired with field of view
(FOV) = 18 · 18 mm2, matrix = 256 · 256; slice thickness = 1 mm,
six slices, repetition time (TR) = 1500 msec, and echo time (TE) =
35 msec.

Quantitative cerebral blood flow (CBF) (units of mL/g per min)
was measured using MR based pCASL. A whole-body volume
coil was used for transmission, and a mouse brain surface coil was
placed on top of the head for receiving. Paired control and label
images were acquired with a train of Hanning window-shaped
radiofrequency pulses of duration and spacing 200/200 lsec and
the following parameters: flip angle = 25 degrees, slice-selective
gradient = 9mT/m, labeling duration = 2100 msec, echo spac-
ing = 0.33 msec. A two-dimensional multi-slice spin-echo planner
imaging sequence was used with a FOV: 18.0 · 18.0mm2, ma-
trix = 128 · 128, slice thickness = 1.0 mm, six slices, TR = 4000
msec, and TE = 20 msec with 1200 repetitions.19 Manual shim-
ming was applied after automatic shimming with the lowest
possible frequency obtained before the image was acquired. Ten
measurements were obtained before the usable 120 measurements
as a test run to optimize the phase adjustment between two suc-
cessive tagging radiofrequency pulses.

1H-MRS was acquired in the first setup experiments using the
2 · 2-surface coil, a single 1H-voxel of interest was defined as the
bilateral dorsal hippocampus with a size of 12.48 mm3 (2.0 mm ·
5.23 mm · 1.2 mm). Acquisition parameters for applied PRESS
spectroscopy sequence include: TR = 1500 msec, TE = 135 msec,
flip angle (FA) = 90 deg, rotation (R = 0 deg), spectral width
(SW = 60 Hz), and averages (A = 400). Manual shimming was ap-
plied after automatic shimming on a shimming volume 30% larger
than the spectroscopy voxel to maximize the suppression of outer-
voxel water. A second acquisition with 10 averages and no water
suppression was acquired and used to calculate metabolite con-
centrations relative to water.
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1H-MRS was acquired in the second set of experiments using the
cryocoil; acquisition parameters for the LASER spectroscopy se-
quence20 for the cryocoil include: TR = 2500 msec, TE = 21 msec,
FA = 90, R = 0 deg, SW = 250, and A = 200. The LASER sequence
was used for the second set of experiments to maximize the
suppression of outer-voxel water and use a short TE. This maxi-
mizes signal to noise, allows for the measurement of metabolites
not observable at higher TEs, and increases sensitivity to me-
tabolite concentrations. The single 1H-voxel of interest was de-
fined as the bilateral dorsal hippocampus. Manual shimming was
applied after automatic shimming on a shimming volume 30%
larger than the spectroscopy voxel to maximize the suppression of
outer-voxel water. The lowest possible full width half maximum
(FWHM) was obtained, and any spectra with a FWHM greater
than 40 Hz as determined by the LCmodel processing software
was eliminated. A second acquisition with 10 averages and no
water suppression was acquired and used to calculate metabolite
concentrations relative to water.

pCASL data analysis

MANGO software (version 3.8, UT Health, San Antonio, TX)
was used to quantify the blood perfusion to the brain. pCASL
images were overlaid on top of the T2-weighted structural images
in MANGO software to visualize the regions of interest (ROI).
Labeling efficiency (e.g., >0.85) was used to verify the quality of
the image series. Four mice were excluded because of a poorly
acquired image. The pCASL images were analyzed using a cus-
tom, in-house developed MATLAB (Natick, MA) script, based on
published equations.21 A single image slice was used for the CBF
quantification with approximate coordinates of 1.5–1.7 mm ante-
rposterior).

1H-MRS data analysis

The concentrations of the metabolites were derived from the
Linear Combination model (LCModel) on a Linux operation
system.22,23 The concentrations of the metabolites (in lM) were
computed using the following equation:

m½ � ¼ Sm

Swater

� �
water½ �CnCav

where [m] is the concentration of the specific metabolite, Sm is the

metabolite intensity obtained from 1H-MRS, Swater is the water

intensity, [water] is the water concentration (55.14 mM at 310 K),

Cn is the correction for the number of equivalent nuclei for each

resonance, and Cav is the correction for the number of average.18,24

For each spectra, a signal to noise ratio was calculated by LCMo-

del; the FWHM estimate of 0.049 was used as a cutoff for the

cyrocoil 1H-MRS results. Nine mice were excluded because of a

FWHM greater than 0.049.

Statistical analysis

JMP Software version 12.0 (SAS institute, Cary, NC) was used
for statistical analysis. A repeated-measures analysis of variance
(ANOVA) was used for RAWM. For all other end points, a one-
way ANOVA was used comparing injury groups. If a significant
main effect was found, post hoc analysis was used to compare
groups. The normality assumption was assessed using the Shapiro-
Wilk test, and heterogeneity of variances was assessed with the
Levene test. Differences between mean were considered signifi-
cant at a = 0.05. Graphs were generated using GraphPad Prism
version 7.0. Values are expressed as mean – standard error of the
mean (SEM), unless otherwise noted. Scatter plots represent in-
dividual mice. No difference was found between the sham group

three days post-surgery compared with the sham group at 28 days
post-surgery; therefore, these groups were collapsed into a single
sham group for all end points. Number of mice used for each end
point are indicated in the figure or figure legend.

Results

At least 75% of the 1.7 million TBIs that occur in the United

States each year are classified as a mild TBI.25,26 In the present

study, we used a CHI to model mild TBI. As reported previous-

ly,12,13 and confirmed here (Fig. 1), the CHI model does not cause

gross structural lesions to the brain. At a one day post-injury time

point, we find markers of axonal injury in the neocortex (Fig. 1A,

B). At 28 days post-CHI, we find diffuse astrogliosis (Fig. 1C, D),

with the highest GFAP staining corresponding to the same region of

the brain with the greatest amyloid precursor protein (APP) staining

at one day post-CHI.

C57Bl/6J mice show persistent deficits in mitochondrial
bioenergetics after a mild TBI

Total mitochondria were isolated from the cortex and hippo-

campus, and State-III (adenosine triphosphate [ATP] synthesis

capacity), State-VC1 (complex I driven maximal electron trans-

port), and State-VC2 (complex II driven maximal electron trans-

port) were measured using the Seahorse Extracellular Flux

Analyzer. In the cortex, we found a stepwise decrease with time

post-injury in both State-III and State-VC-I mitochondrial respira-

tion after CHI compared with the sham mice. No statistical sig-

nificant difference in mitochondrial bioenergetics was found at

three day post-CHI compared with sham-injured mice in the cortex

(Fig. 2A) or hippocampus (Fig. 2B). By 28 days post-CHI, mice had

a significant decrease in State-III and State-VC-I mitochondrial

respiration compared with the sham-injured mice (Fig. 2A). In the

hippocampus, we found a decrease in State-III, State-VC-I, and

State-VC-II mitochondrial respiration at 28 days post-CHI com-

pared with the sham-injured mice (Fig. 2B).

A brain-region heterogeneity was evident in the CHI-induced

mitochondrial bioenergetics dysfunction between the hippocampus

and cortex. In the hippocampus at 28 days post-CHI, the deficit in

mitochondrial respiration compared with shams was 35% in State-

III and 32% State-VC-I. In contrast, the cortex at 28 days post-CHI

compared with shams was found to have a 16% deficit in State-III

and 20% deficit in State-VC-I. It is unknown whether the regional

heterogeneity in mitochondrial bioenergetics is a reflection of dif-

ferent sensitivity of the mitochondria in the brain regions to the

effect of the injury, or differences in the degree of the primary

injury in the two brain regions.

After a CHI, the cortex but not the hippocampus has profound

gliosis (microglia and astrocytes) and immune cells infiltrates

(macrophages and neutrophils).12,13 We hypothesized that the

infiltration of immune cells and proliferation of glia in the cortex

could mask some deficits in neuronal mitochondrial bioenerget-

ics, compared with that seen in the hippocampus. To test this

hypothesis, in a second cohort of mice, we performed differential

isolation of neuronal presynaptic mitochondria and nonsynaptic

mitochondria (neuronal cell bodies, glia, and infiltrating immune

cells) in the cortex at 28 days post-CHI. In the synaptic mito-

chondria fraction, we found a 17% deficit in State-III and 31%

deficit in State-VC-I (Fig 2C). In the nonsynaptic, there was a 27%

deficit in State-III, while State-VC-II was unchanged from sham

levels (Fig 2D).
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FIG. 2. A mild traumatic brain injury (TBI) results in persistent deficits in mitochondrial bioenergetics. (A) Total mitochondria were
isolated from the cortex of C57BL/6J mice. State III (F2,22 = 4.034; p = 0.034) and State V complex I (V C-I) (F2,22 = 4.017; p = 0.036)
mitochondrial oxygen consumption rate (OCR) were found to be suppressed after a closed head injury (CHI). The Dunnett test showed a
decrease in State III ( p = 0.0332) and State V C-I (p = 0.0295) in the 28 days post-CHI group compared with sham mice. (B) Hippocampal
total mitochondria were found to have suppressed State III (F2,26 = 6.945; p = 0.042), State V C-I (F2,26 = 7.40; p = 0.003), and State V C-I

(F2,26 = 3.602; p = 0.043). The Dunnett test found a decrease in State III ( p = 0.0028), State V C-I ( p = 0.0015) and State V C-II ( p = 0.0279)
in the 28 days post-CHI group compared with sham mice. (C) Differential isolation of neuronal presynaptic mitochondria, and (D)
nonsynaptic mitochondria (neuronal cell bodies, glia, and infiltrating immune cells) was performed in the cortex of a second cohort of
C57BL/6J mice. (C) CHI-induced a suppression in State III (T10 = 2.81; p = 0.018), and State V C-I (T10 = 2.49; p = 0.032) mitochondria
OCR. (D) A decrease in State III mitochondrial OCR (T10 = 2.13; p = 0.059) was found in the nonsynaptic mitochondria fraction.

FIG. 1. Closed head injury (CHI) causes axonal injury and astrogliosis but no structural lesions. (A) Area of amyloid precursor protein
(APP)-positive staining is highlighted by the white box in the low magnification view in the CHI mice one day post-injury. A high
magnification view of the APP staining in (A) indicated by the black dashed box is shown in (B). (C) Glial fibrillary acidic protein
(GFAP) staining shows diffuse reactive astrocytes in the CHI mice at 28 days post-injury. A high magnification view of the GFAP
staining in (C) indicated by the white box is shown in (D). IHC, immunohistochemistry.
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Mild TBI causes impaired hippocampal-dependent
learning and memory

In light of the persistent suppression of hippocampal and neuronal

mitochondrial bioenergetics after a CHI, we hypothesized that injured

mice would have impairments in hippocampal-dependent learning

and memory. To measure the cognitive status of the injured mice, we

used the six-arm RAWM test of spatial learning and memory. The

CHI-injured mice were found to have a delayed learning curve over

the four days of training compared with the sham-injured mice

(Fig. 3A). Importantly, both groups, CHI and sham, were eventually

able to find the location of the hidden platform while making less than

two errors by the fourth day of training (Fig. 3A).

Long-term memory consolidation was measured by using a

probe trial, where the hidden platform was removed, and the

amount of time and number of correct entries into the goal arm were

considered an indicator of a memory of the platform location. The

probe trial was conducted seven days after the last training session,

on day 28 post-injury. As shown in Figure 3B, CHI mice showed no

preference for the goal arm, whereas sham-injured mice were found

to have a preference for the goal arm. CHI mice spent less time in

the target arm (Fig. 3C) and made fewer entries into the target arm

(Fig. 3D) compared with sham-injured mice.

Regional variations in CBF after CHI

Multimodal neuroimaging has the potential to be used as surro-

gate measures of mitochondrial bioenergetics. We sought to deter-

mine in a pilot experiment whether CBF and 1H-MRS would be

sensitive biomarkers of metabolic disturbance after CHI in mice. We

chose to measure CBF and 1H-MRS because these two MR mo-

dalities are commonly available clinically and could be completed in

one scanning session. To measure CBF, we used the pCASL method.

pCASL has higher signal to noise ratio and better labeling efficiency

than other arterial spin labeling techniques. Also, pCASL allows for

regional analysis to look for heterogeneity in CBF.21,27 Examples of

the CBF perfusion maps are shown in Figure 4A. To quantify the

regional heterogeneity in CBF after injury, we chose to analyze four

distinct ROIs: (i) proximal cortex (closest to injury); (ii) adjacent

cortex; (iii) hippocampus; and (iv) thalamus (Fig. 4B). The ROIs

were based on our previous studies, which defined the patterns of

neuropathological changes in the CHI model.12,13

We observed subtle regional and temporal changes in the pattern

of the CBF. Specifically, a 16.4% decrease in CBF was found in the

three days post-CHI group in the region of the cortex most proximal

to the site of injury compared with the sham and 28 days post-CHI

group (Fig. 4C). In the cortex adjacent to the site of injury, an

increase in CBF was found in the three days post-CHI group

(15.8%) and 28 days post-CHI group (21.4%) compared with the

sham group (Fig. 4C). Similar to the proximal cortex, a small de-

crease was found in CBF in the hippocampus in the three days post-

CHI group (-9.4%) compared with the sham or 28 days post-CHI

group (Fig. 4C). The thalamus was found to have a slight increase in

CBF in the 28 days post-CHI group (12.1%) compared with the

sham or three days post-CHI group (Fig. 4C).

Apparent from the scatter plots in Figure 4, a sizable amount of

variability in CBF was seen within the groups. While patterns of

FIG. 3. Closed head injury (CHI)-induced deficits in the radial
arm water maze. (A) To measure CHI-induced learning deficits,
mice received 15 trials a day of testing over four nonconsecutive
days (that is, day 14, 15, 16, and 21 post-injury) in the six-arm
radial arm water maze with day 1 of testing starting on day 14 post-
injury. CHI mice made more errors in finding the escape platform
compared with sham-injured mice (F = 7.977; p = 0.0062); however,
both groups were able to learn the task. Day 1 includes both visible
and hidden platform trials. Only hidden platform trials are included
in the data analysis and graph for Day 1. The memory of platform
location was tested by a probe trial, where the escape platform was
removed. The probe trial was conducted seven days after the last
training session, at day 28 post-injury. (B) Computer-generated
trace of the animal’s movements is shown for a representative sham
and CHI mouse. Start position for the animal is indicated with the
blue circle. Stop position for the animal is indicated with the red
circle. (C) Sham-injured mice spent significantly more time in the
goal arm, where the escape platform had been located, compared
with CHI mice (T17 = 2.319; p = 0.0331). (D) Sham-injured mice
entered the goal arm more often than the nongoal arms compared
with the CHI mice (T17 = 2.189; p = 0.0428). Color image is available
online at www.liebertpub.com/neu

‰
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CBF changes after a CHI are evident, none of the changes were

found to be statistically significant. The amount of variability

between the brain regions was relatively proportional to the size

of the ROI, indicating that the smaller ROIs were pushing the

limits of the scanner. A goal of the study was to determine the

feasibility of using pCASL to detect CHI-induced changes in

CBF. Results of post hoc power analysis showed that to detect an

effect size of 10–20% change in CBF in the neocortex or hippo-

campus caused by a mild TBI would require an unrealistic number

of mice per group (n = 144–56, respectively). The number of mice

needed to detect a similar magnitude change in the thalamus was

reasonable (n = 21). The results suggest that further improvements

in the MR methods to increase the sensitivity of CBF in small

ROIs may allow for MR to be used to detect changes in CBF after

a mild brain injury in mice.

A mild TBI decreases hippocampal metabolites
associated with energy metabolism (PCr) and neuron
function (NAA and tCho)

The second multi-modal neuroimaging sequence acquired in the

same scanning session with pCASL was 1H-MRS in the bilateral

dorsal hippocampus using a Bruker brain surface coil. Previous

studies have demonstrated reliable detection of metabolites with a

voxel of interest covering the bilateral dorsal hippocampus.18 While

we anticipated a larger change in metabolites in the cortex immedi-

ately adjacent to the site of injury, this region was not selected as the

ROI because the size and shape of the region would result in a voxel

of interest that we believed would be too small to measure metabolites

accurately. Figure 5A shows a representative spectrum of the me-

tabolites acquired by 1H-MRS in the dorsal hippocampus of a mouse.

FIG. 4. Cerebral blood flow (CBF) as measured by Pseudo-Continuous Arterial Spin Labeling (pCASL). (A) Representative CBF
perfusion maps of sham and CHI both at three and 28 days post-injury. An increase in CBF (mg/g/min) is depicted with warmer colors
and a decrease in CBF is shown by cooler colors. (B) Four regions of interest (ROIs) analyzed, shown on the T2 structural image,
include: (i) proximal cortex (CTX) (closest to injury); (ii) adjacent cortex; (iii) hippocampus; and (iv) thalamus. (C) Quantification of
the CBF in the four ROIs expressed as change from sham for each ROI. Color image is available online at www.liebertpub.com/neu
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A total of five metabolites were acquired by 1H-MRS: phospho-

creatine (PCr), N-acetylaspartate (NAA), glutamate (Glu) taurine

(Tau) and total choline (tCho). Of the five metabolites, three metab-

olites were found to be significantly decreased after the injury. PCr

was found to be reduced in the hippocampus at three days post-CHI

(-26%) and 28 days post-CHI (-27.5%) compared with the sham-

injured group (Fig. 5B). NAA was reduced at three days post-CHI

(-18.2%) compared with the sham-injured group (Fig. 5C). tCho was

found to be reduced in the hippocampus at three days post-CHI

(-15.1%) and 28 days post-CHI (-10.1%) compared with the sham-

injured group (Fig. 5D). In comparison with the pCASL, power anal-

ysis on the pilot study of 1H-MRS determined that a reasonable sample

size would be needed in future studies to detect CHI-induced changes

in PCr, NAA, and tCHo by 1H-MRS in the dorsal hippocampus (n = 15,

7, 4; per group for PCr, NAA, tCho, respectively, for 20% effect size).

To confirm the changes in hippocampal metabolites found in the

pilot study, we generated a second cohort of sham and CHI mice

to repeat the 1H-MRS. To increase the signal to noise, we used a

Bruker cryocoil. The cryocoil provided a 2.5-fold increase in signal

to noise, which is a 6.25-fold improvement in imaging time. In

addition, we used an improved water suppression sequence called

LASER,20 which allowed us to reduce the echo time while still

suppressing the outer voxel water (Fig. 6A). These improvements

in cryocoil and LASER sequence increased the total number of

metabolites detected from five to 18 (Table 1).

The pattern of hippocampal metabolite changes seen with the

cryocoil 1H-MRS was in agreement with the changes seen using the

brain surface coil; however, the magnitude of the changes in me-

tabolites was smaller, which likely reflects a decrease in variability

associated with greater sample size and reduced variance from the

2.5 times more signal-to-noise using the cryocoil compared with

the brain surface coil. We found that PCr was decreased 3% at three

days post-CHI and 13% by 28 days post-CHI compared with sham

levels (Fig. 6B). NAA was decreased by 6% at three days post-CHI

compared with sham levels (Fig. 6C). In contrast to the brain sur-

face coil where NAA levels had normalized by 28 days post-CHI,

we found an 8% decrease in NAA at 28 days post-CHI compared

with sham levels (Fig. 6C). The most consistent changes between

the brain surface coil and cryocoil 1H-MRS were found with tCho.

A 10% decrease in tCho was found at three days post-CHI com-

pared with sham levels (Fig. 6D), with levels of tCho returning to

sham values by 28 days post-CHI.

Cryocoil 1H-MRS as a radiological biomarker
of TBI-induced deficits in brain metabolism
and neuronal function

We next sought to determine the usefulness of cryocoil 1H-MRS

as a surrogate indicator of deficits in brain metabolism and neuro-

nal function. We chose to use two threshold values with varying

FIG. 5. Closed head injury (CHI)-induced changes in hippocampal metabolites measured by brain surface coil 1H-MRS. (A) Re-
presentative example of the proton magnetic resonance spectroscopy (1H-MRS) spectrum acquired in the dorsal hippocampus of mice.
A significant decrease was found in (B) phosphocreatine (PCr) (F2,27 = 4.63, p = 0.0195), (C) N-acetylaspartate (NAA) (F2,27 = 3.87,
p = 0.0345), and (D) total choline (tCho) (glycerophosphorylcholine + phosphorylcholine) (F2,27 = 4.50, p = 0.0214) in CHI mice
compared with sham-injured mice. Post hoc comparisons were made using a Dunnett test comparing all CHI groups with sham. Each
symbol on the scatter plot represents a single animal. Sham (n = 13), three days post-CHI (n = 9), and 28 days post-CHI (n = 6).

FIG. 6. Closed head injury (CHI)-induced changes in hippocampal metabolites measured by cryocoil 1H-MRS. (A) Representative
example of the proton magnetic resonance spectroscopy (1H-MRS) spectrum acquired in the dorsal hippocampus of mice. A significant
decrease was found in (B) phosphocreatine (PCr) (F2102 = 7.569, p = 0.0009), (C) N-acetylaspartate (NAA) (F2,102 = 6.294, p = 0.0027),
and (D) total choline (tCho) (glycerophosphorylcholine + phosphorylcholine) (F2,102 = 5.281, p = 0.0066) in CHI mice compared with
sham injured mice. Post hoc comparisons were made using a Tukey-Kramer test comparing all groups. Each symbol on the scatter plot
represents a single animal. Sham (n = 54), three days post-CHI (n = 23), and 28 days post-CHI (n = 26).
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degrees of stringency. We wanted to assess how accurately we could

separate injured mice from sham mice while maintaining the ro-

bustness to identify injured mice with deficits in surrogate indicators

of brain metabolism or neuronal function. One standard deviation

below mean sham levels of the metabolites was used as our low

stringency threshold. For high stringency, we used a threshold just

below the lowest sham value.

For PCr, the one standard deviation threshold was able identify

35–58% of the three days post-CHI and 28 days post-CHI mice,

respectively; while only falsely identifying 13% of the sham-

injured mice as having a deficit in PCr (Fig. 7A). With the high

stringency threshold, we eliminated false detection of PCr deficits,

and still maintained 13–19% of three days post-CHI and 28 days

post-CHI mice, respectively, identified with deficits in PCr

(Fig. 7B). NAA was able to identify 42–43% of the 28 days and

three days injured mice, with a false positive rate of 19% in the

sham-injured mice when a one standard deviation threshold was

used (Fig. 7C). The detection rate of brain-injured mice with def-

icits in NAA was reduced to 13–27% of three days and 28 days

post-CHI mice, respectively, when all false positives were elimi-

nated (Fig. 7D). The discrimination potential of tCho was low, only

identifying 27% of three days post-CHI mice while having a false

positive rate of 14% in the sham-injured mice (Fig. 7E). The dis-

crimination potential of tCHO to identify brain-injured mice was

less than 10% when all false positives were eliminated (Fig. 7F).

Female mice show increased vulnerability
to CHI-induced changes in hippocampal metabolites

To assess sources of variability that contribute to changes in

hippocampal metabolites, we stratified the data by sex (Table 2). In

female mice, we found six metabolites that were showing a sig-

nificant effect of CHI; however, in male mice, no statistically sig-

nificant changes in hippocampal metabolites were observed. The

metabolites that were found to be significantly affected by the CHI

included PCr (Fig. 8A), NAA (Fig. 8B), and tCho (Fig. 8C), which

showed a similar injury-induced pattern of changes in both the

female and male mice. In addition, three metabolites were found to

be changed by the injury only in female mice, including gamma-

aminobutyric acid (GABA) (Fig. 8D), lactate (Fig. 8E), and myo-

inositol (Fig. 8F).

Discussion

Two key findings from the studies are reported here. First,

lasting deficits in mitochondrial-driven energy metabolism were

found after a single, comparatively mild, diffuse brain injury. The

injury-induced changes in mitochondrial metabolism were strongest

Table 1. Hippocampal Metabolites Detected by Cryocoil

1
H-MRS in the Hippocampus of Mice after Sham

or Closed Head Injury Surgical Procedure

SHAM
(mean – SD lM)

n = 54

3D CHI
(mean – SD lM)

n = 23

28D CHI
(mean – SD lM)

n = 26

Ala 1.097 – 0.381 1.267 – 0.455 1.073 – 0.757
Cr 2.407 – 0.51 2.206 – 0.383 2.603 – 0.89
PCr 4.975 – 0.524 4.816 – 0.898 4.326 – 0.824
GABA 4.143 – 0.598 3.753 – 0.524 3.841 – 0.884
Gln 3.527 – 1.235 3.764 – 1.375 3.593 – 2.053
Glu 10.187 – 1.089 9.788 – 1.176 9.748 – 1.583
GSH 1.295 – 0.249 1.27 – 0.266 1.296 – 0.402
Ins 6.588 – 0.847 6.127 – 0.931 6.494 – 1.161
Lac 3.018 – 1.003 2.961 – 0.836 2.415 – 1.105
NAA 6.508 – 0.54 6.125 – 0.732 5.983 – 0.841
NAAG 0.723 – 0.369 0.658 – 0.382 0.65 – 0.345
Tau 9.986 – 1.351 9.552 – 1.534 9.629 – 2.036
CrCH2 0.82 – 0.398 0.962 – 0.43 0.661 – 0.354
tCho 1.469 – 0.215 1.317 – 0.153 1.508 – 0.275
MM09 7.122 – 1.132 6.989 – 0.804 7.516 – 1.456
Lip20 0.027 – 0.127 0.053 – 0.176 0.079 – 0.227
MM20 8.128 – 1.905 7.953 – 2.762 7.947 – 2.374
MM14 6.189 – 2.401 5.86 – 1.346 5.619 – 1.64

CHI, closed head injury; SD, standard deviation; Ala, alanine; Cr,
creatine; PCr, phosphocreatine; GABA, gamma-aminobutyric acid; Glu,
glutamate; Gln, glutamine; GSH, glutathione; Oms, myoinositol; Lac,
lactate; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; tau,
taurine; –CrCH2, creatine methylene group; tCHo, total choline; Lip,
mobile lipids; and MM, macromolecules.

A B

C D

E F

FIG. 7. Discriminative potential of 1H-MRS as a surrogate in-
dicator of deficits in brain metabolism and neuronal function. The
percentage of mice with a PCr (phosphocreatine) value less than
4.44 lM (i.e., one standard deviation (SD) of sham mean levels
(A) or below the lowest sham PCr value (3.57 lM) (B) is shown.
The percentage of mice with a NAA value less than 5.97 lM (i.e.,
one SD of sham mean levels (C) or below the lowest sham NAA
(N-acetylaspartate) value (3.57 lM) (D) is shown. The percentage
of mice with a tCHo (total choline) value less than one SD of
sham mean levels (1.26 lM) (E) or below less lowest sham tCho
value (1.01 lM) (F) is shown. Sham (n = 54), three days post-
closed head injury (CHI) (n = 23), and 28 days post-CHI (n = 26).
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Table 2. Hippocampal Metabolites Detected by Cryocoil
1
H-MRS in the Hippocampus in Female

versus Male Mice after Sham or Closed Head Injury Surgical Procedure

\ SHAM
(mean – SD lM)

n = 27

\ 3D CHI
(mean – SD
lM) n = 11

\ 28D CHI
(mean – SD lM)

n = 14

_ SHAM
(mean – SD lM)

n = 27

_ 3D CHI
(mean – SD lM)

n = 12

_ 28D CHI
(mean – SD lM)

n = 12

Ala 0.88 – 0.22 1.258 – 0.558 1.146 – 0.446 1.297 – 1.069 1.276 – 0.361 1.049 – 0.303
Cr 2.4 – 0.518 2.106 – 0.41 2.299 – 0.468 2.84 – 1.17 2.298 – 0.347 2.516 – 0.535
PCr 4.154 – 0.9 4.579 – 0.86 5.047 – 0.53 4.526 – 0.71 5.033 – 0.913 4.904 – 0.517
GABA 3.607 – 0.71 3.609 – 0.455 4.159 – 0.53 4.114 – 1.014 3.886 – 0.567 4.126 – 0.668
Gln 4.069 – 2.718 4.23 – 1.578 3.52 – 0.641 3.037 – 0.47 3.337 – 1.051 3.533 – 1.643
Glu 9.386 – 1.562 9.522 – 1.155 10.288 – 0.946 10.169 – 1.565 10.032 – 1.192 10.086 – 1.225
GSH 1.166 – 0.263 1.137 – 0.24 1.241 – 0.27 1.448 – 0.488 1.392 – 0.236 1.349 – 0.217
Ins 6.174 – 0.967 5.758 – 0.797 6.662 – 0.72 6.867 – 1.296 6.465 – 0.947 6.515 – 0.965
Lac 2.36 – 0.979 3.305 – 0.728 3.313 – 1.119 2.48 – 1.278 2.645 – 0.829 2.723 – 0.786
NAA 5.842 – 0.828 6.011 – 0.668 6.578 –H 0.531 6.148 – 0.862 6.229 – 0.8 6.438 – 0.55
NAAG 0.637 – 0.329 0.746 – 0.398 0.797 – 0.311 0.665 – 0.377 0.578 – 0.364 0.649 – 0.411
Tau 8.818 – 1.874 8.788 – 1.426 9.72 – 1.361 10.576 – 1.86 10.253 – 1.317 10.253 – 1.312
CrCH2 0.671 – 0.329 0.793 – 0.344 0.811 – 0.41 0.649 – 0.396 1.117 – 0.454 0.83 – 0.393
tCho 1.438 – 0.225 1.264 – 0.138 1.486 – 0.17 1.591 – 0.313 1.365 – 0.155 1.452 – 0.255
MM09 7.14 – 0.776 6.853 – 1.061 7.155 – 1.26 7.955 – 1.927 7.113 – 0.483 7.089 – 1.011
Lip20 0.037 – 0.133 0 – 0 0.032 – 0.156 0.128 – 0.302 0.102 – 0.237 0.022 – 0.094
MM20 7.829 – 2.693 8.78 – 2.635 7.939 – 1.789 8.086 – 2.049 7.195 – 2.762 8.317 – 2.031
MM14 5.217 – 1.11 5.938 – 1.829 6.697 – 3.108 6.088 – 2.053 5.789 – 0.755 5.681 – 1.247

CHI, closed head injury; SD, standard deviation; Ala, alanine; Cr, creatine; PCr, phosphocreatine; GABA, gamma-aminobutyric acid; Glu, glutamate;
Gln, glutamine; GSH, glutathione; Oms, myoinositol; Lac, lactate; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; tau, taurine; –CrCH2,
creatine methylene group; tCHo, total choline; Lip, mobile lipids; and MM, macromolecules.

A B C

D E F

FIG. 8. Stratification by sex identifies closed head injury (CHI)-induced changes in six hippocampal metabolites measured by cryocoil
1H-MRS. A significant change was found in (A) phosphocreatine (PCr) (F2,51 = 7.354, p = 0.0016), (B) N-acetylaspartate (NAA)
(F2,51 = 6.061, p = 0.0044), (C) total choline (tCho) (glycerophosphorylcholine + phosphorylcholine) (F2,51 = 5.881, p = 0.0051), (D)
gamma-aminobutyric acid (GABA) (F2,51 = 6.061, p = 0.0044), (E) lactate (Lac) (F2,51 = 4.511, p = 0.0159), and (F) myoinositol (Ins)
(F2,51 = 5.295, p = 0.0083) in female mice. No statistically significant changes were found in male mice. Post hoc comparisons were
made using a Dunnett test comparing all CHI groups with sham. Each symbol on the scatter plot represents a single animal. Female
sham (n = 27), female three days post-CHI (n = 11), and female 28 days post-CHI (n = 14). Male sham (n = 27), male three days post-CHI
(n = 12), and male 28 days post-CHI (n = 12).
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in the hippocampus and synaptic nerve terminals. Unexpectedly,

the deficits in mitochondrial bioenergetics worsened with time. TBI

is one of the most well-described risk factors for the development of

dementia.4,5,28 The chronic effects of TBI on mitochondrial bio-

energetics could be part of the mechanism contributing to the en-

hance risk of dementia developing, potentially associated with a

premature aging of mitochondria.

The second relevant finding was the ability of MR spectroscopy

to provide a way to monitor energy metabolism and neuronal health

after a TBI noninvasively. Our results expand the utility of 1H-MRS

beyond humans and large animals toward the use of 1H-MRS in

mouse models of mild TBI. The ability to use the same efficacy

biomarker in pre-clinical and clinical studies can provide a trans-

lational bridge in the important experiential medicine stage of drug

development.29

A mild TBI induces changes to mitochondrial
bioenergetics similar to those seen with aging

The mechanisms by which a TBI hastens the onset of dementia

are poorly defined. Aging is known to cause global decreases in

brain metabolism, including both oxidative phosphorylation30 and

aerobic glycolysis.31 Mitochondria are the primary source of oxy-

gen radicals, and this underlies the mitochondrial free radical the-

ory of aging.32 Mitochondrial enzymes are at risk of damage when

the antioxidant buffering capacity does not match demand. In-

creases in mitochondrial oxidative damage are known to occur with

age.33 Similarly, after TBI, elevated levels of intracellular Ca2+ are

buffered by mitochondria, protecting the cell but potentially dam-

aging mitochondria by the generation of oxidative stress.34 Mi-

tochondrial oxidative damage after TBI preferentially targets

pyruvate dehydrogenase, the gate-keeper of mitochondrial respi-

ration and ATP production.35 Once pyruvate dehydrogenase is

damaged, pyruvate cannot be converted into acetyl CoA, stopping

the flow of electrons into the electron transport system by nico-

tinamide adenine dinucleotide and flavin adenine dinucleotide.

Prior work has shown that TBI suppresses mitochondrial respi-

ration up to 72 h after the brain injury.36 It has been assumed that

with time after TBI, the damaged mitochondria would be elimi-

nated by mitophagy, or the damaged mitochondria would lead to

the death of the host cell. Our results contradict this assumption and

suggest that in the case of a mild TBI, the deficits in mitochondrial

bioenergetics propagate across time. Our finding suggests that TBI

leads to changes in mitochondria akin to those seen with aging.

Future studies are warranted to experimentally test whether long-

term mitochondrial dysfunction after a mild TBI contributes to

TBI-induced deficits in cognitive function and enhanced risk for

dementia, and to determine whether therapeutic interventions tar-

geting chronic mitochondrial dysfunction could reduce that risk.

Hippocampal mitochondria are selectively vulnerable
to the effects of a mild TBI

Selective neuronal vulnerability is a hallmark of neurodegen-

erative diseases. Evidence suggests that neurons in general, and

particularly neurons in the CA1 region of the hippocampus, have

increased vulnerability to oxidative stress37 and have decreased

ability to buffer Ca2+, which contributes to the greater neuronal

mitochondria dysfunction after a TBI.3,38,39 In agreement with

neuronal selective vulnerability, we found that a CHI resulted in a

statistically significant suppression of mitochondrial respiration in

the neuronal pre-synaptic mitochondria. Our previous results had

suggested that the neocortex, most proximal to the direct forces

of the CHI, was associated with the most pathology as determined

by reactive gliosis.12,13 The larger decrease in mitochondrial bio-

energetics in the hippocampus compared with the neocortex,

therefore, was unexpected. The decrease in the hippocampal en-

ergetic capacity did at least temporally correlate with hippocampal

dependent learning and memory impairments in the brain-injured

mice in agreement with previous studies from our group assessing

mitochondrial function in the basal ganglia and its correlation to

motor function both in TBI and aging.40,41 We tested the possibility

that gliosis in the cortex was masking the neuronal decrease in

bioenergetics. However, our results do not support this argument

because both synaptic and nonsynaptic mitochondria were found to

have decreased respiration.

There are two additional explanations for the selective vulner-

ability of the hippocampal mitochondria to TBI. The first possi-

bility is that neurons in the hippocampus are more sensitive to the

damaging effects of oxidative stress, and this resulted in increased

damage to the mitochondria. The second possibility is that bio-

mechanical forces of the CHI affected the hippocampus more than

the cortex. Studies are ongoing to test these two possibilities.

Head injuries are strongly correlated with cognitive deteriora-

tion and neurodegenerative dementia, including Alzheimer dis-

ease.42 It is assumed widely that the effects of a mild TBI, such as

dizziness and headaches, are temporary. Evidence suggests that this

is not the case, and even a mild TBI can result in progressive brain

atrophy.43 All blows to the head do not lead to neurodegeneration;

however, they do increase the likelihood that dementia may de-

velop in the person’s lifetime. Our work highlights a potential

mechanism by which a mild TBI could lead to cognitive decline

through a process of premature mitochondrial aging. Therefore, we

sought to test translatable biomarkers that could be used to identify

patients with mild TBI who are showing signs of TBI-induced

mitochondrial aging.

Advanced neuroimaging is useful at detecting changes
in surrogate markers brain metabolism and neuronal
health that are altered after a mild TBI

Recent positive acute stroke intervention clinical trials highlight

the importance of using advanced neuroimaging-based selection

criteria in the successful outcomes of the trials.44 The Stroke Ima-

ging Research (STIR) group has identified that: (i) Neuroimaging

can be used as an efficacy/biomarker or as an outcome assessment in

clinical trials; (ii) no one single imaging approach will address all

clinical requirements; (iii) use of imaging outcomes as a restrictive

selection criterion may reduce the heterogeneity in the study pop-

ulation allowing for studies with smaller sample size require-

ments.45 The guidelines outline by the STIR group are exceedingly

relevant for mild TBI, because the number of cases of mild TBI are

numerous, but the percentage of cases that will have clinical diffi-

culties associated with the mild TBI represent a small proportion

of the total number of cases (15%).46,47

A primary goal of our study was to reverse translate two ad-

vanced neuroimaging surrogate markers of brain metabolism,

which have shown utility clinically in mild TBI 7–9 to a mouse

model of mild TBI. We chose to use MR methods instead of pos-

itron emission tomography (PET) to measure brain metabolism,

because of the wider availability of MR scanners in nonacademic

clinical centers, and the advantage of not exposing persons to po-

tentially toxic PET ligands. Our two primary MR methods used

were pCASL to measure CBF and 1H-MRS to measure hippo-

campal metabolites.
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In agreement with previous human studies,48–51 we were able to

detect changes in CBF in mice after a mild TBI. The pCASL se-

quence used in this study has greater specificity in analyzing CBF

than other common methods.21,27 We found substantial amounts of

variability in all groups, however. Because we found that a TBI

caused regionally based changes in CBF, with some areas showing

hypoperfusion and adjacent areas showing hyperperfusion, it was

necessary to use small ROIs. Despite the increased sensitivity of the

7-Tesla scanner and the pCASL sequence, we believe that the small

ROIs used in the study were at least in part associated with the

substantial variability in CBF seen between animals. In support of

our assumption that the size of the ROI was at least partially as-

sociated with the increased variability, we found the lowest within

group variance in the thalamus and hippocampus, which had the

largest ROIs.

Improved MR sequences and scanners hold the potential to

overcome the spatial limitations in the ability to define regional

variations in CBF in mice after a mild CHI. This is only a limitation

for pre-clinical studies, however. While we only see a trend in our

mouse models after TBI, the results are nevertheless promising that

pCASL could be useful in humans or larger animal models of TBI

to identify metabolic disturbances caused by mild TBI.

The second neuroradiological method used to measure meta-

bolic disturbances was 1H-MRS. In our pilot experiment, we

identified three hippocampal metabolites that were significantly

decreased from sham levels, namely PCr, NAA, and tCHo. In a

second large cohort of mice, we used a more sensitive 1H-MRS

method to validate these three metabolite changes and determine

the potential of 1H-MRS to be a surrogate indicator of brain me-

tabolism and neuronal health. PCr is directly associated with mi-

tochondrial energy metabolism and is used as a source of energy to

maintain ATP when levels of ATP are limited.52 In agreement with

the decreases in mitochondrial respiration found in the hippocam-

pus at 28 days after the brain injury, we also found decreases in PCr

in the hippocampus at 28 days after injury by 1H-MRS.

Our data are in accordance with a recent study in athletes who

were exposed to a mild brain injury.53 We found that a significant

proportion of the head-injured mice decreased PCr below all sham-

injured mice, suggesting that PCr levels accurately define injured

versus uninjured animals with metabolic disturbances. In addition,

we found that NAA, a marker for neuronal viability, which has

been observed to decrease in patients in the acute phases after mild

TBI,8, 54 was also able to accurately define a subset of injured versus

uninjured animals.

In contrast, while we found a statistically significant decrease in

tCho levels at three days post-injury, tCho values were not able to

accurately separate injured from uninjured animals. In agreement

with our findings, the peak decrease in tCho after a moderate TBI in

rats occurred three days post-injury, after which point the levels of

tCho began to rise.55 Changes in tCho have been reported in per-

sons after a mild to moderate head injury; however, the levels of

tCho were found to be increased after injury.54,56 Similarly, we

found that tCho were slightly elevated over sham values at 28 days

post-injury. The results suggest a dynamic pattern of tCho values

depending on the time after injury when measurements are made.

The temporal changes and limited diagnostic potential limits the

usefulness of tCho as an efficacy biomarker of intervention studies.

The changes in hippocampal metabolites reported in the current

study are in contrast to those of a recent study in a rat model of mild

TBI, which failed to find differences in cortical metabolites after

the injury.57 Differences between the two studies are numerous and

include species, TBI model, brain region, sample size, and spec-

troscopy method. We believe that the higher field strength scanner,

improved water suppression sequence,20 and the larger sample size

used in the current study were all important for our ability to detect

changes in brain metabolites after the mild TBI.

Limitations of the current study

Our studies included an equal proportion of female and male

mice. Most of our end points were not sufficiently statistically

powered to be disaggregated and reported by sex. The sample size

available for the 1H-MRS study was adequate to stratify the data by

sex for exploratory analysis. For PCr, NAA, and tCho, we found a

similar pattern of CHI-induced changes between the female and

male mice; however, the CHI-induced changes in the metabolites

did not reach statistical significance in the male mice, likely be-

cause of decreased statistical power with the smaller sample size.

Interestingly, the exploratory analysis found that GABA, lactate,

and myoinositol were decreased by the CHI in the female mice

only. Future studies will be needed to determine how sexually di-

morphic characteristics, chromosomal differences, and sex hor-

mone levels may contribute to the sex-specific effects on GABA,

lactate, and myoinositol.

Multi-modal MR is noninvasive, but in mice, it does require

extended periods of anesthesia, with a range of 30–90 min, de-

pending whether one or two sequences are acquired. Using iso-

flurane, we were able to regulate the depth of the anesthesia to

maintain respiration. In addition, each imaging session required the

mice to be under anesthesia. Studies have shown that isoflurane can

be protective after injury.58 Other studies have also demonstrated

that prolonged isoflurane can impact CBF and mitochondrial

function.59 There is an advantage to repetitive scans in the same

mouse, including establishing a pre-injury baseline. We do not

know the effect that multiple rounds of extended anesthesia have on

the recovery of TBI and brain metabolite levels. Therefore, we did

not attempt to establish the time course of MR changes in the same

mouse. For these same reasons, we used separate cohorts of mice

for our mitochondrial bioenergetics measurements.

Conclusion

In this report, we find that a mild TBI results in a mitochondrial

bioenergetics response that is akin to accelerated aging. We found a

regional heterogeneity in mitochondrial bioenergetics that suggests

selective vulnerability of neurons in different regions of the brain

to the effect of TBI. Finally, we validated 1H-MRS as a surrogate

indicator of bioenergetic and neuronal health after a mild TBI.
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