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Mitochondrial function is intimately linked to cellular survival, growth, and death.
Mitochondria not only generate ATP from oxidative phosphorylation, but also mediate
intracellular calcium buffering, generation of reactive oxygen species (ROS), and
apoptosis. Electron leakage from the electron transport chain, especially from damaged
or depolarized mitochondria, can generate excess free radicals that damage cellular
proteins, DNA, and lipids. Furthermore, mitochondrial damage releases pro-apoptotic
factors to initiate cell death. Previous studies have reported that traumatic brain
injury (TBI) reduces mitochondrial respiration, enhances production of ROS, and
triggers apoptotic cell death, suggesting a prominent role of mitochondria in TBI
pathophysiology. Mitochondria maintain cellular energy homeostasis and health via
balanced processes of fusion and fission, continuously dividing and fusing to form
an interconnected network throughout the cell. An imbalance of these processes,
particularly an excess of fission, can be detrimental to mitochondrial function,
causing decreased respiration, ROS production, and apoptosis. Mitochondrial fission is
regulated by the cytosolic GTPase, dynamin-related protein 1 (Drp1), which translocates
to the mitochondrial outer membrane (MOM) to initiate fission. Aberrant Drp1 activity has
been linked to excessive mitochondrial fission and neurodegeneration. Measurement
of Drp1 levels in purified hippocampal mitochondria showed an increase in TBI
animals as compared to sham controls. Analysis of cryo-electron micrographs of
these mitochondria also showed that TBI caused an initial increase in the length of
hippocampal mitochondria at 24 h post-injury, followed by a significant decrease in
length at 72 h. Post-TBI administration of Mitochondrial division inhibitor-1 (Mdivi-1),
a pharmacological inhibitor of Drp1, prevented this decrease in mitochondria length.
Mdivi-1 treatment also reduced the loss of hewborn neurons in the hippocampus and
improved novel object recognition (NOR) memory and context-specific fear memory.
Taken together, our results show that TBI increases mitochondrial fission and that
inhibition of fission improves hippocampal-dependent learning and memory, suggesting
that strategies to reduce fission may have translational value after injury.
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INTRODUCTION

Mitochondria are at the crossroad between cellular health,
survival, and death. Mitochondria not only provide cellular
energy through ATP synthesis, but also play an important role
in intracellular calcium buffering, reactive oxygen species (ROS)
production, and apoptosis. A growing body of literature from
both clinical and experimental brain injury research has shown
that structural and functional damage of mitochondria is an
early event after traumatic brain injury (TBI) that contributes
to cell death and poor cognitive outcome (Vink et al., 1990;
Okonkwo and Povlishock, 1999; Sullivan et al., 1999; Lifshitz
et al,, 2003, 2004; Singh et al., 2006; Cheng et al., 2012; Gajavelli
et al., 2015). Decreased respiration and reduced ATP production
in cortical and hippocampal mitochondria occurs within 24 h
post-injury and can last up to 14 days in experimental models
of TBI (Xiong et al., 1997; Lifshitz et al., 2003; Singh et al., 2006;
Gilmer et al., 2009). Moreover, mitochondrial damage can result
in the release of pro-apoptotic factors, such as cytochrome C, that
activate cell death pathways and initiate apoptosis (Raghupathi
et al., 2000; Brustovetsky et al., 2002). As neurons have high
metabolic needs and do not store excess energy, continuous
energy production and metabolic maintenance by functional
mitochondria is critical for survival, supporting the premise that
improving mitochondrial function can offer neuroprotection
and improve cognition following TBI (Cheng et al, 2012;
Gajavelli et al., 2015).

Mitochondria are dynamic organelles that continuously
undergo fusion and fission to form a highly interconnected
network throughout the cell (Bereiter-Hahn and Voth, 1994;
Chan, 2006; van der Bliek et al., 2013). These balanced processes
alter mitochondrial morphology and allow mitochondria to
efficiently respond to cellular energy needs (Bereiter-Hahn and
Voth, 1994; Chan, 2006; Westermann, 2012; van der Bliek et al,,
2013). Fusion allows for an increase in cristae density and
maximization of ATP production during high metabolic activity
and stress (Westermann, 2012; Youle and van der Bliek, 2012).
In contrast, fission allows for proliferation and transportation
of mitochondria to areas with energy demands, in addition to
segregation of damaged mitochondria from the network for
subsequent degradation through mitophagy (Youle and van
der Bliek, 2012; Otera et al., 2013). An imbalance between
fusion and fission, particularly an excess of fission, can be
detrimental for energy homeostasis and has been implicated in
neurodegenerative diseases (Detmer and Chan, 2007; Knott and
Bossy-Wetzel, 2008; Knott et al., 2008; Archer, 2013; Burté et al.,
2015). More specifically, excessive fission can lead to reduced
mitochondrial respiration and ATP production, increased ROS
generation, and release of apoptogenic factors, changes similar
to those seen after TBI (Figure 1; Rintoul et al., 2003; Chen
et al., 2005; Cribbs and Strack, 2007; Detmer and Chan, 2007;
Yu et al, 2008a; Chen and Chan, 2009; Costa et al., 2010;
Jahani-Asl et al, 2011; Jheng et al, 2012). Dynamin-related
protein 1 (Drpl) is a key regulator of mitochondrial fission,
through its interactions with the mitochondrial outer membrane
(MOM; van der Bliek et al., 2013). Prior to a fission event,
Drpl translocates to the MOM where it self-assembles and forms

an oligomeric structure around the mitochondrion. Hydrolysis
of Drpl-bound GTP then drives the subsequent mitochondrial
membrane division. Mitochondrial division inhibitor-1 (Mdivi-
1) is an allosteric inhibitor of Drp1 that inhibits its oligomeric
assembly thereby reducing its GTP binding affinity (Cassidy-
Stone et al., 2008). Mdivi-1 has been shown to reduce cell death
by attenuating mitochondrial fission in yeast, and in animals
models (Cassidy-Stone et al., 2008; Jahani-Asl et al., 2011; Grohm
et al.,, 2012; Rappold et al., 2014; Zhao et al., 2014). Recently,
a study has reported that Mdivi-1 reduces cortical cell loss and
improves spatial memory after TBI in mice (Wu et al., 2016).
However, it is unknown if TBI alters Drp1 translocation to the
MOM and mitochondrial dynamics.

In the present study, we measured Drpl levels in purified
mitochondria from the hippocampi of brain injured animals
and found increased translocation. CryoEM analysis of images
of mitochondria also showed a reduction in their lengths 72 h
after TBI that was blocked by Mdivi-1 treatment. Further, we
show that injured animals receiving Mdivi-1 have reduced loss of
newborn neurons in the hippocampus and improved novel object
recognition (NOR) memory and contextual fear memory. These
results indicate that TBI enhances mitochondrial fission which
contributes to poor cognitive outcome. Thus, strategies aimed
at reducing mitochondrial fission can reduce pathology and may
have translational value to treat TBI.

MATERIALS AND METHODS

Materials

Adult, male Sprague Dawley rats (300-400 g) were purchased
from Charles River Laboratories (Wilmington, MA, USA).
Mdivi-1 was purchased from Tocris Bioscience (Bristol, UK).
Antibodies for Drpl (westerns) and Doublecortin (DCX) were
purchased from Cell Signaling Technology (Danvers, MA,
USA) whereas Drpl (immuno-gold), TOMM20 and GAPDH
antibodies were purchased from Abcam (Cambridge, MA, USA).

Controlled Cortical Impact (CCI) Injury

All procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) prior to initiating these studies.
An electromagnetic Controlled Cortical Impact (CCI) device
was used for experimental TBI as previously described (Dixon
et al,, 1991; Brody et al., 2007; Hoskison et al., 2009). Animals
were anesthetized using 5% isofluorane with a 1:1 O2/N,O
mixture and then mounted on a stereotaxic frame with anesthesia
maintained with 2.5% isofluorane in 1:1 O,/air. Bilateral 6 mm
craniectomies were produced midway between the bregma and
lambda (offset 0.5 mm from midline) and a single impact
(2.5 mm deformation) was given at a velocity of 5 m/s to
the right parietal cortex. Sham-operated animals received all
surgical procedures described above excluding the craniectomies
and impact. Recovery of pain reflexes and restoration of the
righting response were recorded immediately after surgery to
ascertain consistency in the injury. For mitochondrial isolation
experiments, animals underwent all described procedures, except
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FIGURE 1 | Mitochondrial dynamics and function regulate cellular energy homeostasis, cell survival, growth, and death. Inside of a cell, mitochondria are
in a dynamic flux, continuously undergoing fusion and fission to meet cellular energy needs. (1) Fusion is regulated by Optic Atrophy 1 (Opa1) and Mitofusin1/2
(Mfn1/2) and allows for functional complementation and repair of damaged mitochondria. (2) Pyruvate from glycolysis is transported into the mitochondria where
pyruvate dehydrogenase catalyzes the decarboxylation of Pyruvate to form Acetyl CoA. Acetyl CoA then enters the TCA cycle. (3) Electromotive force generated by
the electron transport chain allows ATP synthesis by the F1-Fo ATP synthase. (4) Mitochondria buffer excess intracellular calcium. When calcium buffering capacity is
compromised as a result of mitochondrial damage/depolarization, calcium accumulates in the cytosol and activates degradative enzymes such as calpain and
phospholipases that break down cellular proteins and membrane leading to death. (5) Fission is regulated by dynamin-related protein 1 (Drp1) and allows for
mitochondria that cannot be repaired to be isolated followed by degradation through mitophagy. Fission is also important for subcellular distribution and
transportation of mitochondria based on energy needs in certain areas of the cell. (6) Electrons leaked from the electron transport chain interact with molecular
oxygen to generate reactive oxygen species (ROS) that not only damage mitochondrial membrane, mitochondrial DNA (mtDNA), and proteins, but also their cellular
counter parts. Neurons have limited defense against oxidative damage and are highly vulnerable to ROS. (7) Mitochondria play a prominent role in apoptotic cell
death. Damaged/depolarized mitochondria release cytochrome ¢ and apoptosis inducing factor (AIF) that trigger cell death by activating caspases.

GTP GDP

Mitophagy

Cell Damage Apoptosis
] o

o Cytochrome C
% o Diablo
=0 o AIF °
mPTP & L °

‘ °

Fission

the TBI was delivered using an Impact One™ Leica Biosystems
CCI device with a deformation of 2.8 mm.

Drug Preparation and Administration

Mdivi-1 was dissolved in DMSO to a concentration of 25 mg/ml,
after which it was diluted to a working concentration of
1.5 mg/ml. For testing the influence of Mdivi-1 on cognitive
function and histopathology after TBI, injured animals were
randomly assigned to either vehicle (40% DMSO) or 3 mg/kg
Mdivi-1 groups. This dosage of Mdivi-1 was based on
previous studies that demonstrated neuroprotection with Mdivi-
1 treatment (Grohm et al., 2012). For behavioral testing, injured
animals were randomly assigned to two groups and i.p. injected
at 30 min, 24 h, and 48 h post-injury with Mdivi-1 (3 mg/kg)
or an equivalent volume of vehicle. For immunohistochemistry,
animals were injected at 30 min post-injury and again at 8 h post-

injury.

Mitochondrial Isolation

To isolate mitochondria from brain tissues, Percoll density
gradient centrifugation was used as previously described (Sims
and Anderson, 2008). Hippocampi from two animals per
experimental group were pooled together to increase the quantity
of starting material. Hippocampi from sham animals and
ipsilateral (to the injury) hippocampi from injured animals were
rapidly removed. Tissue was homogenized in ice-cold isolation
buffer (100 mM Tris pH 7.4, 10 mM EDTA, 12% Percoll solution,
1 mM Sodium Fluoride, 1 mM Sodium Molybdate, 100 nM

Okadaic Acid, 1 mM PMSF and 10 pg/ml leupeptin). The tissue
was then homogenized (4 strokes) in a Dounce homogenizer
using the loose pestle followed by 8 strokes using the tight
pestle. A small fraction of each homogenate was removed for
determination of protein content. The remaining homogenate
was then layered onto a discontinuous Percoll gradient (26% and
40% Percoll) and centrifuged for 8 min (30,700 g at 4°C). The
enriched mitochondrial fraction was removed from the 26/40%
interface, transferred to individual centrifuge tubes, and diluted
(1:4) with isolation buffer. Fractions were then pelletized by
centrifugation (16,700 g at 4°C) for 10 min. The supernatant
was discarded and the samples were either immediately prepared
for electron microscopy analysis or frozen and stored at —80°C.
Samples underwent one freeze-thaw cycle prior to western
analysis.

Western Blotting

Protein concentrations of the total homogenate and the
mitochondrial fractions (n = 3 samples/group, each sample
was pooled from two animals) were determined using a
Bicinchoninic Acid (BCA) protein assay (Thermo Scientific™
Protein Biology) with BSA as the standard. Equal amounts of
protein for each sample were resolved using a SDS-PAGE and
transferred to Immobilon-P membranes (Millipore, Bedford,
MA, USA). Membranes were blocked overnight at 4°C with
SuperBlockTM (TBS; ThermoFisher Scientific, Grand Island,
NY, USA) and then incubated in primary antibody solutions
(Drp1, 1:1000; TOMM20, 0.5 pg/ml; GAPDH, 1 pg/ml) for
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3 h at room temperature. The membrane was then washed
and incubated with species-specific, horseradish peroxidase-
conjugated, secondary antibodies for 1 h. Immunoreactivity
was detected using SuperSignal™ West Pico chemiluminescent
substrate (ThermoFisher Scientific; Grand Island, NY, USA)
and exposure to Kodak XARS5 film (Rochester, NY, USA). The
relative optical density of each band was analyzed using Image]J
(NIH).

Transmission Electron Microscopy and

Gold Immunolabeling

Freshly isolated mitochondria from rat hippocampi were applied
to freshly glow-discharged (30 s) carbon-coated copper grids,
blotted, and then fixed with 4% paraformaldehyde for 15 min
on a chilled plate. Excess sample was blotted away and grids
were blocked sample-side down on a 50 L drop of blocking
buffer (5% BSA, 1x HBS). Grids were then floated on a
drop of primary antibody (Drpl, 0.02 mg/ml or TOMM20,
0.01 mg/ml) for 30 min and washed before incubation in
12-nm gold-conjugated secondary antibody. The grids were
washed and stained in methylamine vanadate (Nanoprodes,
Nanovan), blotted, and air dried. CCD images of isolated
mitochondria were taken on a JEOL1400 transmission electron
microscope running at 120 kV with a Gatan Orius SC1000
camera.

Cryo-Electron Microscopy and

Mitochondrial Length Measurements

Freshly isolated mitochondria from rat hippocampi (n = 1
sample/group, each sample was pooled from two animals)
were immediately applied to freshly glow-discharged (30 s) 2/2
Quantifoil on 200 mesh copper grids. After 30 s, excess buffer
was blotted and the sample was immediately plunged into ethane
cooled to liquid N, temperature. Cryo-preserved grids were
stored in liquid N, until use. Cryo-electron microscopy was
performed on a FEI Polara G2 equipped with a Gatan K2 Summit
direct electron detector. Multiple areas of the grid were chosen
at random and 8 x 8 montages were collected at 4700 in low
dose/photon counting mode using SerialEM. To quantify the
length of mitochondria, individual montages were displayed in
IMOD and a line along the long axis of each mitochondrion was
drawn and stored in a model for each montage. Lengths were
extracted for 200 mitochondria from each model table, imported
into Excel and the data displayed by separating the lengths into
500 nm bins. To remove potential bias, the person collecting the
primary data and the person quantifying the length of individual
mitochondria were both blinded as to the sample identities.

Immunohistochemistry

For immunohistochemistry, groups of animals were injured, and
were randomly assigned to receive either vehicle or 3 mg/kg
Mdivi-1 (n = 5/group). Animals were killed at 24 h post-CCI
by an overdose of sodium pentobarbital and exsanguination
with ice cold phosphate-buffered-saline (PBS) followed by
4% paraformaldehyde. Brains were collected and post-fixed in 4%
PFA for 24 h before step-wise cryopreservation in sucrose (15%

to 30% in PBS) at 4°C. Brains were cut into 40 pm-thick coronal
sections using a cryostat. Tissue sections containing the dorsal
hippocampus were selected, permeabilized in PBS containing
0.25% Triton-X100, blocked for 1 h in 2.5% normal goat
serum, then incubated in primary antibody solutions overnight.
After extensive washing, tissues were incubated in a species-
specific biotinylated secondary antibody followed by incubation
in ABC solution (Vectastain ABC kit, Vector Laboratories,
Burlingame, CA, USA). Tissues were then developed in 3,3'-
diaminobenzidine (DAB) solution, washed and mounted on
gelatin-subbed slides and allowed to dry overnight. Tissues
were dehydrated in an alcohol series, delipidated in xylenes,
and coverslipped with Permount. DCX-positive cells were
then counted and the dentate gyrus measured (mm) using
a Zeiss Axiovert brightfield microscope. Measurements were
performed by an experimenter blind experimenter to sample
identity.

Behavioral Tasks

Separate groups of animals were used for behavioral analysis.
Animals were injured and randomly assigned to receive either
vehicle (n = 6) or 3 mg/kg Mdivi-1 (n = 8). A group of sham-
injured animals was prepared and used as baseline controls
(n = 8). All behavioral tasks were carried out by an experimenter
that was unaware of the treatment groups.

Novel Object Recognition (NOR)

The NOR task is a hippocampal/entorhinal cortex-dependent
learning and memory task that assesses novel vs. familiar
object recognition (Ennaceur and Delacour, 1988). Animals
were placed in the testing chamber (100 x 100 cm box)
and allowed to habituate for 10 min per day for 2 days. On
day three, two identical objects were placed in the box and
the animal was allowed to explore the objects for 10 min.
Twenty-four hours later, a new object of the same color and
size, but different shape replaced one of the objects and the
animal was allowed to again explore the objects for 10 min.
The time spent exploring each object was recorded by a blind
experimenter on both the familiarization and testing days. The
difference in percent time exploring the novel vs. the familiar
object [(time spent exploring object/total time exploring) X
100] on the testing day is used as a measure of recognition
memory.

Contextual Fear Conditioning

The one-trial contextual fear conditioning (FC) procedure was
adapted from Wiltgen et al. (2006) and Drew et al. (2010).
The training chamber included only visual contextual cues, but
no auditory stimuli (i.e., a tone). The protocol did not include
an acclimation exposure before training to ensure no prior
association with the context. On the first day, the animal was
placed in the training chamber and allowed to familiarize itself
with the context for 150 s before receiving a mild foot shock (2's,
0.7 mA). Thirty seconds later, the animals were removed from
the training chamber and returned to their home cage. Twenty-
four hours later, the animal was placed back in the training
chamber for 3 min (without shock). Freezing behavior (defined
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as the absence of movement except that needed for respiration)
was recorded for both the training and the testing day every
2 s within the 3 min time period by an experimenter who was
unaware of the treatment groups. The percent time the animal
remained frozen was calculated and used as an index of fear
memory.

Statistical Analysis

For mitochondrial morphology, data were analyzed using the
Kruskal-Wallis Analysis of Ranks with Tukey’s method for
post hoc comparisons and the Mann-Whitney Rank Sum
Test. For changes of immunoreactivity across time in western
analysis, data were analyzed using a one-way analysis of
variance (ANOVA), with a Bonferroni method for post hoc
analysis. For NOR, Student’s t-tests were used to determine
any significant difference in time spent between each object
pair during familiarization and testing. For contextual FC, a
Student’s t-test was used to determine differences between
vehicle-treated and Mdivi-1 treated freezing behavior on the
testing day. Results were considered significant at p < 0.05.
Data are presented as the mean + standard error of the mean
(SEM).

RESULTS

TBI Increases Drp1 Association with

Mitochondria

Translocation of Drpl to the MOM is critical for fission (Chang
and Blackstone, 2007; Cereghetti et al., 2008; Santel and Frank,
2008). Employing protein extracts from purified mitochondrial
(n = 3 samples/group, each sample was pooled from two
animals), western blots were performed to determine if TBI
alters mitochondrial-associated Drpl levels. Figure 2A shows
representative western blot images indicating an immunoreactive
band at approximately 80 kDa [corresponding to the expected
migration of Drpl; Cell Signaling Technology (Danvers, MA,
USA)] that appears to increase at both 24 h and 72 h after
injury. TOMM20 immunoreactivity was used to normalize
loading. Quantification of Drpl immunoreactivity (Figure 2B;
n = 3/group) revealed that Drpl levels are increased in
mitochondrial fractions after TBI (F(,6) = 13.059, p = 0.007),
reaching statistical significance by 72 h post-injury (p = 0.007).
To determine if TBI alters total Drpl levels (both cytosolic
and mitochondria-associated), hippocampal homogenates from
sham and injured animals (n = 3/group) were also compared
by western blotting. Drpl optical density was normalized
with the optical density for the cytoplasmic protein, GAPDH.
Results presented in Figures 2C,D indicate no significant
changes in total hippocampal Drpl levels as a result of
CCI injury. In order to assess if the translocated Drpl is
present on the MOM, we performed immuno-gold labeling and
electron microscopy analysis. We first performed immuno-gold
labeling using antibodies for the outer membrane translocase
(TOMM20). A representative electron micrograph is shown in
Figure 2E indicates positive TOMM20 staining with localization
of gold particles (black dots) on the outer surface of the

mitochondrion. Figure 2F shows a representative picture for
Drpl immuno-gold labeling (Abcam; Cambridge, MA, USA) of
a mitochondrion from the injured hippocampus. Gold signal
(black dots) can be seen clustered on the outer membrane of this
mitochondrion.

TBI Decreases Mitochondrial Length that
is Blocked by Mdivi-1 Treatment

To determine if TBI alters mitochondrial length, mitochondria
were isolated from sham and injured hippocampi. CryoEM
micrographs were captured and used for measuring
mitochondrial length (200 mitochondria/sample; each
sample was pooled from two animals; n = 1 sample/group).
Figure 3A shows representative cryoEM micrographs of
mitochondria isolated from sham and injured hippocampal
tissues. Mitochondria of different lengths can be seen in all
groups. However, longer mitochondria are more present
in the 24 h sample. In contrast, smaller mitochondria are
more present in the 72 h sample. The summary results
shown in Figure 3B indicate that TBI significantly alters
mitochondrial length (H = 71413, p = < 0.001) with a
significant increase in average length observed at 24 h post-
injury (diff. of ranks = 28.922, p = < 0.05), followed by a
significant decrease at 72 h post-injury (diff. of ranks = 18.514,
p < 0.05), compared to sham injured controls. In order to
examine if an inhibitor of Drpl can attenuate the reduction
in mitochondrial length detected 72 h after TBI, a group of
injured animals was administered 3 mg/kg (i.p) Mdivi-1 starting
at 30 min post-injury, and again at 24, 48, and 72 h post-
injury. Mitochondria were isolated from injured hippocampi
as described in the “Materials and Methods” Section. The
representative cryoEM micrographs shown in Figure 3A
indicates longer mitochondria in Mdivi-1 treated animals as
compared to untreated injured animals. Quantification of
mitochondrial lengths (from 200 mitochondria; n = 1 sample
pooled from two animals) revealed that Mdivi-1 significantly
increased mitochondrial length at 72 h post-injury (U = 13.097,
p = < 0.001; Figure 3B).

To examine differences in distribution of mitochondrial size,
lengths were binned (bin sizes of 500 nm) and the number
of mitochondria per bin was recorded. Figure 3C shows that
in sham animals, 63.5% of the mitochondria are less than
1.5 wm in length. Twenty-four hours after TBI, there is a modest
decrease in the number of mitochondria less than 1.5 wm (49.5%)
with a shift in the distribution in favor of mitochondria with
lengths between 2 pm and 4 wm. By 72 h post-injury, 86% of
mitochondria are between 200 nm and 1.5 pm, with very few
mitochondria longer than 2 pm. In the Mdivi-1 treated group,
the distribution of mitochondria was similar to that seen in
sham controls, with 61.5% of mitochondria less than 1.5 pm in
length.

Mdivi-1 Treatment Reduces Newborn

Neuronal Loss Following TBI
Recently, it has been reported that Mdivi-1 treatment reduces
cortical cell loss following TBI (Wu et al., 2016). In addition
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FIGURE 2 | Controlled cortical impact (CCl) injury increases the level of Drp1 in isolated hippocampal mitochondrial fractions. Animals were injured by
CCl and mitochondria were isolated from injured hippocampal tissues at 24 h and 72 h post-injury. (A) Representative western blots of isolated ipsilateral
hippocampal mitochondrial fractions from sham and injured (24 and 72 h) animals. (B) Relative immunoreactivity of each band was quantified and Drp1 optical
density values were normalized to TOMM20. Drp1 levels increase marginally at 24 h and significantly at 72 h (o = 0.007) post-injury. (C) Representative western blots
from ipsilateral hippocampal homogenate from sham and injured (24 and 72 h) animals. (D) Immunoreactivity was quantified and optical density values for Drp1 were
normalized to GAPDH. Results indicate no Drp1 level changes in the ipsilateral hippocampus. Immuno-gold labeling was also performed using a primary antibody for
TOMM20, a mitochondrial outer membrane (MOM) translocase, and Drp1 with a gold-conjugated secondary antibody. (E) Representative image of TOMM20
immuno-gold labeling on the MOM. Gold particles indicated by black arrows. (F) Representative image of Drp1 immuno-gold labeling on a mitochondrion from the
injured hippocampus. Gold labeling for Drp1 was found to be associated with the isolated mitochondria and associated with the MOM (indicated by white arrow).

to cortical cell loss, both experimental and clinical TBI
causes loss of hippocampal neurons, including DCX-positive
newborn neurons in the dentate gyrus (Hall et al, 2005;
Gao et al, 2008; Yu et al, 2008b; Christidi et al., 2011).
We therefore examined if post-injury Mdivi-1 treatment can
attenuate the loss of these newborn neurons. Groups of animals
were injured, and were randomly assigned to receive either
vehicle or 3 mg/kg Mdivi-1 (n = 5/group) 30 min post-injury.
A second injection was administered 8 h later. Animals were
euthanized 24 h post-injury for examination of DCX-positive
neurons. Figure 4A shows representative photomicrographs of
DCX-positive cells in the subgranular zone of the ipsilateral
hippocampus from sham and injured (vehicle-treated and Mdivi-
1 treated) animals. Consistent with previous studies, CCI injury
caused a marked reduction of DCX-positive neurons in the
ipsilateral hippocampus () = 4.817, p = 0.001), compared
to sham animals, with no significant changes observed on the
contralateral side. Mdivi-1 treatment significantly attenuated the
loss of DCX-positive cells in the ipsilateral hippocampus after

injury (t@y = —2.381, p = 0.044; Figure 4B) as compared to
injured animals treated with vehicle.

Mdivi-1 Treatment Improves Recognition

Memory and Contextual Fear Memory

As we observed that Mdivi-1 inhibits changes in mitochondrial
length in the injured hippocampus and reduces the loss of
newborn neurons after TBI, we questioned if this would
result in improved learning and memory performance on the
hippocampal-dependent NOR and context-specific fear memory
tasks (Hernandez-Rabaza et al., 2009; Drew et al.,, 2010; Denny
et al,, 2012; Kheirbek et al., 2012; Nakashiba et al., 2012; Suarez-
Pereira et al., 2015). Sham (n = 8) and injured animals (vehicle-
treated, n = 6; Mdivi-1 treated, n = 8) were used for this
experiment according to the timeline shown in Figure 5A.
During the familiarization phase of the NOR task all three
groups equally explored both objects, suggesting no pre-existing
biases or asymmetries. Long-term memory was tested 24 h
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FIGURE 3 | CCl injury decreases mitochondrial length in the hippocampus that is blocked by Mitochondrial division inhibitor-1 (Mdivi-1).

(A) Representative cryoEM micrographs of isolated hippocampal mitochondria from sham, 24 h post-CCl, 72 h post-CCl, and 72 h post-CCl + Mdivi-1.

(B) Summary results for average mitochondrial length for each group. Please note, the results for the 72 h injured group are presented twice to represent the
statistical comparisons to assess mitochondria length over time after injury, and to assess the effect of Mdivi-1 at 72 h. (C) Population distributions of hippocampal
mitochondrial lengths from sham, 24 h post-CCl, 72 h post-CCl, and 72 h post-CCl + Mdivi-1 animals. Lengths were binned (bin sizes of 500 nm) and the number of
mitochondria per bin are shown. X-axis labels indicate the lower bin value for each bin range. Data are presented as the mean + SEM.
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later by replacing one of the familiar objects with a novel
one. Sham animals spent significantly more time exploring
the new object (Figure 5B; tn4 = 7.270, p = < 0.001),
indicating intact recognition memory. In contrast, injured
animals receiving vehicle-treatment had impaired recognition
memory, spending equivalent times exploring both the familiar
and the novel object (f(19) = —1.225, p = 0.249). Interestingly,
Mdivi-1 treated injured animals show a significant preference
for the novel object vs. the familiar object (tq4) = 9.408,
p = < 0.001; Figure 5B), indicating preserved recognition
memory.

The same animals were then tested 28 days post-injury
on a one-trial context-specific FC task. Figure 6 shows that
prior to delivery of a mild foot shock all animals were mobile
and showed minimal freezing behavior in the training context.
Twenty-four hours later, the memory for the training context was
tested. Sham animals froze approximately 60% of the observation
time. By comparison to the sham group, injured animals with
vehicle treatment showed reduced freezing behavior. On the
other hand, Mdivi-1 treated group froze at a level comparable
to shams and significantly more than the vehicle-treated controls
(taz) = —2.839, p = 0.015), indicating improved contextual fear
memory.

DISCUSSION

Growing evidence in the literature indicates that mitochondria
exist in a dynamic flux, undergoing continuous fission and
fusion to meet cellular energy needs and an imbalance of these
processes can be detrimental to cell survival (Rintoul et al., 2003;
Chen et al, 2005; Cribbs and Strack, 2007; Detmer and
Chan, 2007; Knott and Bossy-Wetzel, 2008; Knott et al,
2008; Yu et al,, 2008a; Chen and Chan, 2009; Costa et al,
2010; Jahani-Asl et al., 2011; Jheng et al., 2012; Archer, 2013;
Burté et al, 2015). In the present study, we investigated
whether TBI alters mitochondrial dynamics. The results
of this study reveal four key findings: (1) TBI reduces
mitochondrial length 72 h after injury that is blocked by
Mdivi-1, a pharmacological inhibitor of Drpl; (2) TBI does
not alter total hippocampal Drpl, but rather increases the
translocation of Drpl to the mitochondria to initiate fission;
(3) Mdivi-1 attenuates TBI-triggered death of newborn neurons;
and (4) post-injury treatment with Mdivi-1 improves long-
term memory in hippocampal-dependent tasks, namely NOR
memory and context-specific fear memory. Our findings,
along with recently published data, indicate that excessive
mitochondrial fission may contribute to hippocampal neuronal
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The dynamic processes of fusion and fission maintain
metabolic homeostasis and allow mitochondria to efficiently
respond to fluctuating energy needs (Bereiter-Hahn and Voéth,
1994; Chan, 2006; Westermann, 2012; van der Bliek et al,
2013). Mitochondrial fusion is regulated by large GTPases
associated with the inner (Optic Atrophy 1, Opal) and outer
mitochondrial membranes (Mitofusins 1/2, Mfn1/2; Figure 1).
Fusion promotes mixing of contents, thereby allowing for
functional complementation of mitochondrial DNA (mtDNA)
needed for repair of damaged mitochondria (Westermann, 2012;
Youle and van der Bliek, 2012). Mitochondria also undergo
hyperfusion in states of high energy demand to increase their
cristae density to maximize ATP production (Westermann,
2012; Youle and van der Bliek, 2012). Mitochondrial fission
is primarily regulated by the GTPase Drpl and also serves a
number of cellular functions (Bereiter-Hahn and Vo6th, 1994;
Chan, 2006; Westermann, 2012; Youle and van der Bliek, 2012;
Otera et al., 2013; van der Bliek et al., 2013). By subdividing the
network, mitochondria can proliferate and be transported to
areas that require metabolic activity (Westermann, 2012; Youle
and van der Bliek, 2012). Additionally, when mitochondria
are damaged, fission allows for segregation from the network
and subsequent degradation of the damaged portion of the
mitochondrion through mitophagy (Youle and van der Bliek,
2012; Otera et al., 2013). Excessive fission events can cause
small, fragmented mitochondria and have been implicated
in mechanisms of neuronal death and dysfunction in many

Sham Vehicle Mdivi-1

FIGURE 5 | Post-CCI mdivi-1 treatment rescues recognition memory
after CCl injury. CCl animals were treated with either 3.0 mg/kg of Mdivi-1

(n = 8) or vehicle (n = 6) starting 30 min post-injury, and subsequently at 24
and 48 h post-injury. (A) Representative timeline for Mdivi-1 treatment and
behavioral experiments. Rats were familiarized with two identical objects
during the training period and percent of time spent exploring each object was
quantified to control for any pre-existing biases. No significant biases to either
object were observed. (B) Twenty-four hours later, one of the objects was
replaced by a novel object and percent of time spent exploring both the novel
(N) and familiar (F) objects were recorded. Mdivi-1 treated animals
demonstrated improved recognition memory in the Novel object recognition
(NOR) task indicated by a significant increase in exploration of the novel object
vs. the familiar object. Data are presented as the mean + SEM. *p < 0.05.
CCl, controlled cortical impact; FC, fear conditioning; NOR, novel object
recognition.

neurodegenerative conditions including Parkinson’s disease
and Alzheimer’s disease (Knott and Bossy-Wetzel, 2008;
Knott et al., 2008). Results of the current study show that
length of hippocampal mitochondria is significantly decreased
by 3 days post-injury, a finding consistent with excessive
fission. Additionally, administration of the Drpl inhibitor
Mdivi-1 blocked TBI-induced decreases in mitochondrial
length. In addition to a significant reduction in mitochondria
length at 72 h post-injury, we observed a transient, but
significant, increase in mitochondrial length at 24 h post-
injury. An increase in mitochondrial length may indicate
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FIGURE 6 | Post-CCI mdivi-1 treatment rescues contextual memory
after CCl injury. CCl animals were treated with either 3.0 mg/kg of Mdivi-1

(n = 8) or vehicle (n = 6) starting 30 min post-injury, and subsequently at 24
and 48 h post-injury. Four weeks post-injury, rats were exposed to the FC
training chamber, before receiving a mild foot shock (2 s, 7.0 mV). Prior to foot
shock, animal in all three groups explored the context equally (training).
Twenty-four hours later (one-trial) the rats were replaced back into the training
chamber and their freezing behavior was recorded for a total of 3 min. Rats
treated with Mdivi-1 demonstrated improved contextual fear memory in a
one-trial context-specific FC task indicated by a significant increase in freezing
behavior compared to vehicle-treated controls. Data are presented as the
mean + SEM. *p < 0.05.

an acute period of increased mitochondrial fusion. Both
clinical and experimental studies have shown there is an
acute period of increased glucose utilization after TBI (Giza
and Hovda, 2001; Prins et al., 2013; Gajavelli et al., 2015).
As mitochondrial fusion has been shown to increase ATP
production, the acute increase in mitochondrial length
we observed may be consistent with increased glucose
utilization after TBI. Alternatively, as increased fusion has
been shown to rescue dysfunctional mitochondria through
complementation of contents with healthy mitochondria,
an acute increase in fusion after TBI may be indicative of
such a mechanism as well (Westermann, 2012; Youle and
van der Bliek, 2012). Future investigations are required to
further characterize changes in the balance of fusion and
fission and the contribution of these mechanisms to TBI
pathology.

Approximately 97% of cellular Drp1 is cytosolic. In response
to stimuli, Drpl translocates to, and interacts with, the MOM
protein Fisl to initiate fission (Smirnova et al., 2001; van der
Bliek et al,, 2013). Consistent with this, the Drpl immuno-
gold labeling results show gold particles association with the
MOM (Figure 2E). After translocation to the MOM, Drpl
self-assembles and forms an oligomeric structure around the
mitochondrion. Hydrolysis of bound GTP then drives the
subsequent membrane division. Dysregulation of Drp1 function
has been linked to aberrant mitochondrial fission causing

mitochondrial dysfunction and cell damage (Rintoul et al.,
2003; Chen et al, 2005; Cribbs and Strack, 2007; Detmer
and Chan, 2007; Yu et al, 2008a; Chen and Chan, 2009;
Costa et al., 2010; Jahani-Asl et al., 2011; Jheng et al., 2012).
Dysregulation of Drpl can result from: (1) changes in Drpl
protein levels (e.g., transcription/translation); (2) changes in
activity (e.g., post-translational modifications/phosphorylation);
and/or (3) changes in translocation to the MOM (Frank et al,,
2001; Reddy et al., 2011; Wang et al., 2011; Manczak and
Reddy, 2012; Zhao et al., 2013). Our results reveal that although
total Drpl levels in hippocampal homogenates do not change
after injury, mitochondrial association of Drpl significantly
increases 72 h after injury (Figure 2), indicating an increase
in translocation from the cytosol. These results are consistent
with the decrease in mitochondrial size also observed at 72 h
after injury, indicating an increase in mitochondrial fission. Drp1
is highly responsive to environmental signaling and appears
to be an important link in communicating changes in energy
demands and allowing for appropriate changes in mitochondrial
dynamics (Detmer and Chan, 2007; Santel and Frank, 2008;
Otera et al., 2013). A number of intracellular signaling pathways
have been shown to regulate mitochondrial fission by modifying
Drpl, including phosphorylation, ubiquitination, sumolyation,
and nitrosylation (Chang and Blackstone, 2007; Taguchi et al.,
2007; Cereghetti et al., 2008; Knott et al., 2008; Santel and
Frank, 2008; Kanamaru et al., 2012). However, whether these
modifications of Drpl occur after TBI are yet to be determined.

Recently, a study has shown that administration of Mdivi-
1 decreases cortical cell loss and improves performance in
the Morris water maze task after TBI (Wu et al, 2016).
In addition to causing the loss of mature neurons, TBI causes
the death of newborn neurons, with previous studies showing
that approximately 50% of DCX-positive newborn neurons die
within 24 h to 3 days of the injury (Hall et al., 2005; Gao et al,,
2008; Yu et al, 2008b). Consistent with the neuroprotective
effect of Mdivi-1, a significant protection of DCX-positive
newborn neurons in the dentate gyrus of the hippocampus was
observed after Mdivi-1 treatment. These results suggest that
inhibiting mitochondrial fission may improve the survivability
of newborn cells after TBI. This protection was associated
with improved performance in behavioral tasks known to be
influenced by treatments which impair ongoing neurogenesis
(one-trial context-specific fear memory, Figure 6; Hernandez-
Rabaza et al., 2009; Drew et al., 2010; Denny et al., 2012; Kheirbek
et al., 2012; Nakashiba et al., 2012; Sudrez-Pereira et al., 2015).
Although this improvement is consistent with the protection of
newborn neurons, we cannot rule out the possibility that adult
neurons protected by Mdivi-1 treatment could have contributed
to the improved memory we observed.

While results of the current study indicate that TBI causes
excessive mitochondrial fission, and that strategies to reduce
fission can offer neuroprotection and improve outcome, a
number of limitations exist that constrain interpretation of
the results: (1) the morphological results were obtained from
isolated hippocampal mitochondria. It is possible that the
morphology of isolated mitochondria may not reflect the
morphology of mitochondria in vivo; (2) as mitochondrial
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isolation was carried out from the entire hippocampus, the
cell-type or regional specificity of fission events cannot be
determined; (3) although Mdivi-1 has been shown to be a
specific inhibitor of Drpl in vitro, the in vivo specificity of
this chemical can be questioned (Cassidy-Stone et al., 2008).
Additionally, only one dosage of Mdivi-1 (3 mg/kg) was
used in this study and whether higher or lower doses would
yield similar results is yet to be determined. A dose response
curve would be needed to determine the optimal dose for
improvements in pathological and cognitive outcomes after

injury.
SUMMARY

As mitochondrial dynamics play an integral role in cellular
health, its dysregulation may affect neuronal survival and
plasticity. The current results reveal that TBI causes a decrease
in mitochondrial size and increased Drpl translocation to
mitochondria, indicating an increase in fission events. Inhibition
of Drpl with Mdivi-1 treatment restores mitochondrial
length, reduces loss of newborn hippocampal neurons, and
improves hippocampal-dependent learning and memory after
injury. Overall, these results indicate a role for Drpl and
excessive mitochondrial fission in neuronal death and cognitive
dysfunction after TBI. By investigating pathological changes
in mitochondrial fission, these studies provide an innovative
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