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Abstract

Our previous studies reported that pharmacological maintenance of mitochondrial bioenergetics after experimental spinal

cord injury (SCI) provided functional neuroprotection. Recent evidence indicates that endogenous mitochondrial transfer

is neuroprotective as well, and, therefore, we extended these studies with a novel approach to transplanting exogenous

mitochondria into the injured rat spinal cord. Using a rat model of L1/L2 contusion SCI, we herein report that trans-

plantation of exogenous mitochondria derived from either cell culture or syngeneic leg muscle maintained acute bioen-

ergetics of the injured spinal cord in a concentration-dependent manner. Moreover, transplanting transgenically labeled

turbo green fluorescent (tGFP) PC12-derived mitochondria allowed for visualization of their incorporation in both a time-

dependent and cell-specific manner at 24 h, 48 h, and 7 days post-injection. tGFP mitochondria co-localized with multiple

resident cell types, although they were absent in neurons. Despite their contribution to the maintenance of normal

bioenergetics, mitochondrial transplantation did not yield long-term functional neuroprotection as assessed by overall

tissue sparing or recovery of motor and sensory functions. These experiments are the first to investigate mitochondrial

transplantation as a therapeutic approach to treating spinal cord injury. Our initial bioenergetic results are encouraging,

and although they did not translate into improved long-term outcome measures, caveats and technical hurdles are

discussed that can be addressed in future studies to potentially increase long-term efficacy of transplantation strategies.
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Introduction

Contusion spinal cord injury (SCI) can result in lifelong

debilitation and has a profound impact on the day to day ac-

tivities of individuals living with SCI. In the event of an injury, the

primary injury site comprises necrotic tissue that triggers second-

ary injury cascades, including glutamate excitotoxicity, decreased

adenosine triphosphate (ATP) production, increased lipid and protein

oxidation, and resulting apoptosis and necrosis (see the studies by

Dumont and coworkers1 and Rowland and coworkers2 for a com-

prehensive review of pathophysiology following SCI). Mitochon-

drial dysfunction is intimately related to detrimental secondary

pathophysiology resulting from SCI, and is pivotal to injury pro-

gression and disease in other models including traumatic brain injury

(TBI), cardiac ischemia, stroke, Parkinson’s disease (PD), and Alz-

heimer’s disease.3–13 As such, mitochondrial medicine is a devel-

oping field of therapeutics aimed at improving mitochondrial health

and function for a variety of physiological disease and injury states.

Using different methods to target mitochondria dysfunction, multiple

groups have reported that this yields neuroprotection, tissue sparing,

and functional recovery. For example, in models of nephrotoxicity,

TBI, SCI, PD, neurodegeneration, and oxidative stress, antioxidants

decrease the reactive oxygen species (ROS) and reactive nitrogen

species (RNS) damage caused by dysfunctional mitochondria.14–24

Mild uncoupling of the electron transport system (ETS) increases

ATP production following neurological insult in vitro and qui-

nolinic acid neurological injury in vivo, and is therapeutic for the

recovery from mitochondrial dysfunction after SCI.25–30 Mitochon-

drial substrate precursors such as acetyl L-carnitine (ALC) and

N-acetylcysteine amide (NACA) improve mitochondrial function

and behavioral recovery after TBI and SCI, as well as in PD and

age-related cognitive functional decline.24,31–37 In summary, inter-

ventions that alleviate mitochondrial dysfunction exert a broad

spectrum of therapeutic benefits across a wide range of disorders.

Mitochondrial transplantation is emerging as a potential thera-

peutic to maintain mitochondrial function after injury, consequently

improving long-term functional outcome.38 The mechanisms by

which transplanted mitochondria exert beneficial effects may
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include: increases in ATP production and calcium buffering ca-

pacity, decreases in overall ROS production, and generation of a

new pool of mitochondrial DNA (mtDNA) (for a review see the

study by Gollihue and Rabchevsky39). Although this therapy is

relatively new, mitochondrial transplantation is effective in pro-

moting recovery after ischemic injury to cardiac tissue.7,40–42 More

recently, astrocytes were found to inherently donate their mito-

chondria to nearby neurons after stroke injury in vivo, and astro-

cytes can be further induced to release mitochondria after injury,

both of which can contribute to functional neuroprotection.43 In-

deed, pharmacological blockade of astrocyte donation of mito-

chondria inhibited mitochondrial transfer and resulted in neuronal

cell death, demonstrating the importance of mitochondrial transfer

into damaged cells for cell survival. Further, intravenous injections

of isolated fluorescently labeled mitochondria in a mouse model of

PD resulted in a decrease in ROS along with increases in ATP

production, complex I activity, and behavioral scores compared

with vehicle-injected animals.44 In a rat model of PD, injections of

Pep-1 conjugated isolated mitochondria into the medial forebrain

bundle increased locomotor scores and dopaminergic neuronal

sparing.45 Additional premise for the current studies is based on our

recent report that exogenous transgenically labeled mitochondria

can be incorporated into cells both in vitro and in rat spinal cords at

24 and 48 h post-transplantation.46

Herein, we investigated the therapeutic effects of mitochondrial

transplantation immediately after SCI. We hypothesized that sup-

plementation of the injured spinal cord with a pool of healthy, well-

coupled mitochondria would provide a new source of increased

energy production, decreased oxidation, and dampened effects of

glutamate excitotoxicity, resulting in maintenance of tissue bio-

energetics. We further posited that exogenous mitochondria would

incorporate into a variety of cell types and that the beneficial effects

in the short term would result in long-term benefits such as tissue

sparing and improvements in hindlimb functional recovery.

Methods

Transgenic labeling of PC12 cells

PC12 cells were transgenically labeled with a mitochondria-
targeting tGFP, as previously described.46 Briefly, PC-12Adh cells
were transfected with a plasmid vector containing tGFP and a mi-
tochondrial targeting sequence for the cytochrome c oxidase com-
plex subunit VIII. Following transfection, cells were kept under
constant selection using media containing 3 lg/mL puromycin in
complete media (F-12K Medium (ATCC cat # 30-2004 Manassas,
VA) with 2.5% fetal bovine serum (Atlanta Biologicals # S1111OH,
Atlanta, GA), 15% horse serum (Gibco # 26050-070), and 1.1%
penicillin streptomycin (Corning # 30-002-CI, Tewksbury, MA).

Mitochondrial isolation from cell culture

Purified mitochondria were isolated from transfected tGFP-
PC12 cells as previously described.46 Briefly, when cells were 95%
confluent they were removed manually from culture plates using a
cell scraper. Mitochondria were isolated using multiple centrifu-
gation and resuspension steps to yield Ficoll purified mitochondria.
Importantly, after Ficoll purification, a thin nonmitochondrial layer
was gently aspirated off the final pellet, ensuring that the sample
was purified without contamination.

Mitochondrial isolation from soleus muscle

Immediately after naı̈ve Sprague–Dawley rats (n = 10) were as-
phyxiated with CO2 and decapitated, their soleus muscle was dis-

sected. Each animal was placed on its stomach, with the hindlimb
stretched backwards; 70% EtOH was sprayed on the hindlimb, and
scissors were used to blunt dissect the skin away from the underlying
calf muscle. The skin was then cut away from the muscle on the
lateral sides, followed by cutting the Achilles’ tendon. The muscle
was pulled up and away from the leg, exposing the underlying soleus
muscle. The tendons were cut at both insertion sites, and the soleus
muscle was removed and placed in 2 mL of isolation buffer (215 mM
mannitol, 75 mM sucrose, 0.1% bovine serum albumin [BSA],
20 mM HEPES, and pH adjusted to 7.2 with KOH) containing 1 mM
EGTA and 0.025% trypsin. The muscle was chopped into smaller
pieces using scissors to increase the surface area exposed to the
isolation buffer and trypsin. The sample was then mechanically ho-
mogenized, with care not to introduce air bubbles. A protease in-
hibitor was added to halt trypsin activity, followed by centrifugation
at 1500 rcf, 4�C, 5 min. The supernatant was removed and centri-
fuged at 13,000 rcf for 10 min at 4�C, after which the pellet was
resuspended in isolation buffer and purified using Ficoll gradient
(7.5%/10%) centrifugation at 32,000 rpm for 30 min, 4�C. The pellet
was removed and resuspended in 0.6 mL isolation buffer without
EGTA, and centrifuged at 10,000 rcf for 10 min, 4�C.The resulting
pellet contain purified mitochondria that was resuspended in isola-
tion buffer without EGTA for Pierce BCA (Thermo Fisher, cat
#23225) protein assays and microinjection into spinal cords.

SCI and microinjection procedures

Adult (12 weeks old, 225–250 g) female naı̈ve Sprague–Dawley
rats (Harlan) underwent intraperitoneal injections of anesthesia
(80 mg/kg ketamine and 10 mg/kg xylazine, Butler Animal Health
Supply) followed by Lacri-Lube ophthalmic ointment (Medi-Vet)
applied to both eyes before surgery to prevent drying. The surgical
site along the dorsal spine was shaved with an electric hair trimmer
and cleaned with both 70% ethanol and betadine solutions. Animals
then received a T12 laminectomy to expose the L1/L2 spinal level.37

Sham animals received a laminectomy only, whereas injured ani-
mals received a severe 250 kDyn contusion injury using a force-
controlled Infinite Horizon impactor computerized injury device
(Precision Systems and Instrumentation, LLC, Lexington KY).47

Those animals that underwent SCI were split into three cohorts
receiving either (1) vehicle injection, (2) cell-derived tGFP mito-
chondria, or (3) leg muscle-derived mitochondria; uninjured ani-
mals did not receive injections (see Table 1).

Injections were made within 30 min after injury into the med-
iolateral gray matter at four circumferential sites of the injured cord
separated by 2mM in the rostral caudal direction (see Fig. 1) using a
glass micropipette needle (World Precision Instruments, Sarasota,
FL cat no. 4878) pulled and beveled to a 20–30 lm inner diameter
pore opening. Each injection consisted of 750 nL of either vehicle
(isolation buffer with 5 mM pyruvate, 2.5 mM malate, and 10 mM
succinate) or mitochondria suspended in vehicle (for a total of 50,
100 or 150 lg); hence a total of 3 lL volume was injected per spinal
cord. Muscle incisions were closed using silk sutures 3-0 Vicryl
(Ethicon, Inc., Somerville, NJ), and skin incisions were closed
using wound clips (Stoelting Co., Wood Dale, IL), followed by
application of hydrogen peroxide and betadine. Immediately fol-
lowing surgery, animals were single housed in a clean cage on top
of a towel on a 37�C heating pad, and monitored until recovery
from anesthesia. Yohimbine (1-2 mg/kg subcutaneously [s.c.],
Lloyd Laboratories) was used to counteract the effects of xylazine.
Buprenorphine HCl (0.02-0.05 mg/kg s.c, Butler Animal Health
Supply) was administered s.c. immediately after surgery to alle-
viate pain, and then every 8 h for 3 days following the operation.
The antibiotic cefazolin (33.3 mg/kg, s.c, Butler Animal Health
Supply) was given twice daily for 5 days postoperatively to mini-
mize incidence of infection.

The animals were housed individually until wound clip removal,
and cages were lined with absorbent pads without bedding for the
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duration of buprenorphine use, as pica is often observed in treated
rats. After discontinuation of buprenorphine, pine bedding was
used. Additional parenteral fluids (10 mL lactated Ringer’s solu-
tion, Baxter Healthcare Corporation, Deerfield, IL) were provided
as needed for 24-72 h post-surgery to compensate for dehydra-
tion brought on by anesthesia. Bladder expression was performed
two times per day, until adequate spontaneous voiding returned
to avoid urinary tract infections. Skin wound clips were removed
10-14 days post-injury with the animals under isoflurane anes-
thesia. Animals survived either (1) 24 h for mitochondrial respira-
tion analyses (n = 58); (2) 24 h, 48 h, or 7 days for histological
analyses (n = 15); or (3) 6 weeks for long-term behavioral and
histological analyses (n = 36) (see Table 1).

Behavioral analyses

The Basso, Beattie, Bresnahan (BBB) locomotor rating scale
was used to analyze the hindlimb functional recovery of animals
after contusion SCI. Assessments were performed according to
published protocol.48 Animals underwent contusion injury, fol-
lowed by BBB assessment at 2, 7, 14, 21, 28, 35, and 42 days post-
injury. Testing was performed at the same time in the same room on
each testing day to reduce variation. The scores for the right and left
leg were averaged for each time point. Mechanical tactile sensi-
tivity was measured with von Frey filaments (Stoelting, Inc, Wood
Dale, IL) as previously described49 and modified.50,51 The hindpaw
was stimulated with an incremental series of eight monofilaments
of increasing logarithmic stiffness. A modified up-down method
was used to determine the 50% withdrawal threshold. An inter-
mediate force von Frey filament (#4.31, 2.0g force) was first ap-
plied to the glabrous skin until the filament was slightly bent. In
case of a positive response (withdraw of the paw within 2 sec), the
next filament of lesser force was applied. In the case of a negative
response, the next filament greater force was applied. The thresh-
olds for both hindpaws were averaged and reported.

Mitochondrial isolation from spinal cords

For bioenergetics assays, animals were CO2 asphyxiated and
decapitated 24 h after injury and injections. A 1 cm segment of
spinal cord surrounding the injury site and including all of the
injection sites was quickly dissected, and total mitochondria were

isolated as described previously.13,17,37 Briefly, the spinal cord was
placed in a homogenization tube with 2 mL isolation buffer con-
taining EGTA ([215 mM mannitol, 75 mM sucrose, 0.1% BSA,
20 mM HEPES, and pH adjusted to 7.2 with KOH] containing
1 mM EGTA), and physically homogenized with six quick rota-
tions of the pestle, without introducing air bubbles into the solu-
tion. The sample was poured into a 2 mL Eppendorf tube and
centrifuged at 1400 rcf for 3 min, 4�C. The supernatants containing
mitochondria were then poured into a separate Eppendorf tube, and
this tube was filled up to 2 mL with isolation buffer containing
EGTA. To increase yield, the pellet from the previous spin was
resuspended in 500 lL isolation buffer containing EGTA and again
centrifuged at 1400 rcf for 3 min at 4�C. The supernatants con-
taining mitochondria from this spin was again poured into separate
tubes and filled to 2mL with isolation buffer containing EGTA.
The supernatant tubes were then centrifuged at 13,000 rcf for
10 min at 4�C. The resulting supernatant was discarded, and
350 lL isolation buffer containing EGTA was used to resuspend
each pellet containing mitochondria. The samples underwent ni-
trogen bombing at 1200 psi for 10 min at 4�C before being placed
on top of a Ficoll gradient (7.5%/10%) and centrifuged at
32,000 rpm for 30 min at 4�C. The supernatant was removed,
leaving a purified mitochondrial pellet. The pellet was resuspended
in 450 lL isolation buffer without EGTA and centrifuged
10,000 rcf for 10 min at 4�C to remove any remaining EGTA from
the sample. The supernatant was removed, and the pellet was re-
suspended in isolation buffer without EGTA to a concentration of
*15 lg/lL. Pierce BCA protein assay was performed to determine
the protein content of the sample.

Assaying respiration of isolated mitochondria

Mitochondria were assayed for oxygen consumption rate (OCR)
immediately after isolation using the Seahorse Bioscience XFe Flux
Analyzer at 37�C, as described previously.17,52 Mitochondrial
respiration was assessed using a respiration buffer consisting of:
215 mM mannitol, 75 mM sucrose, 2 mM MgCl2, 2.5 mM inorganic
phosphates, 0.1% BSA, and 20 mM HEPES, pH 7.2. After isola-
tion, purified mitochondria were added to the respiration buffer in
the cell plate, and the cell plate was centrifuged at 2000 rpm for
4 min at 4�C to concentrate and adhere mitochondria to the bot-
tom of each well. Then, 5 mM pyruvate/2.5 mM malate/1 mM

Table 1. Separation of Animal Cohorts by Outcome Measures at Different Time Points

Outcome measure Group
Dosage of

mitochondria (lg)
Terminal
time point n

Acute bioenergetics, oxygen consumption rate Sham N/A 24 h 11
Vehicle N/A 24 h 11
tGFP mitochondria 50 24 h 6

100 24 h 7
150 24 h 6

Muscle mitochondria 50 24 h 5
100 24 h 6
150 24 h 6

Immunohistochemistry-tGFP spread cell-type colocalization Vehicle N/A 24 h 1
48 h 1
7 days 1

tGFP mitocondria 100 24 h 4
48 h 4
7 days 4

Long-term studies: behavior, tissue sparing, neuronal cell counts Vehicle N/A 6 weeks 10
tGFP mitochondria 100 6 weeks 11
Muscle mitochondria 100 6 weeks 8

It should be noted that in addition to these rats, 10 naı̈ve rats were used as donors for leg muscle-derived mitochondria, and 7 rats from long-term
studies were excluded for various reasons (see Results, third subsection).
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adenosine diphosphate (ADP), 1lg/lL oligomycin, 3 lM FCCP,
and 100 nM rotenone/10 mM succinate were sequentially added to
each well. Oxygen levels were measured after each substrate/
inhibitor addition to calculate each state of mitochondrial respira-
tion according to published protocols.52 Briefly, state III respiration
is a measure of oxidative phosphorylation that takes place in the
presence of pyruvate, malate, and ADP. State IV respiration occurs
upon oligomycin addition to inhibit the ATP synthase complex,
thus uncoupling the electron transport chain from the ATP synthase
complex. State V.1 is mitochondrial respiration after addition of
FCCP (protonophore), which collapses the inner membrane poten-
tial, and State V.2 respiration occurs after inhibition of complex 1
and addition of succinate to provide electrons through complex 2 of
the electron transport chain.

Spinal cord processing for histological analyses

Rats survived to their terminal time point after injection (24 h,
48 h, 7 days, or 6 weeks). They were overdosed with 0.2 mL Fatal-
Plus containing sodium pentobarbital (Vortech Pharma Ltd.,
Dearborn, MI) followed by transcardial perfusion with 150 mL of
0.1M phosphate buffered saline (PBS), then with 250 mL 4%
paraformaldehyde (PFA) in PBS. A 3 cm segment of spinal cord
centered on the L1/L2 injury site was dissected, and post-fixed up to
4 h with 4% PFA followed by washing overnight in 2M phosphate
buffer. The cords were then cryoprotected in 20% sucrose/PBS at
4�C until the cords sank in the solution, then embedded in gum
tragacanth (Sigma) blocks and serially cryosectioned coronally at
20 lm.53 For the 24 h, 48 h, and 7 day cohorts, every other section

FIG. 1. Quantification of transplanted tGFP mitochondria distribution. (A) Schematics depict location of mitochondrial injections into the
spinal cord. Cross-section showing a portion of the injection bolus is boxed in red, and representation of the punctate area analyzed is boxed
in yellow. Longitudinal horizontal section shows four pericontusion injection sites (black stars) with injection boluses as solid green
ellipsoids. Punctate tGFP labeling is represented by the more shaded green halos. (B) Representative image of bilateral tGFP injections. For
volumetric measurements, the discrete bolus was circled (yellow) to give an area for each section that was used to calculate the subvolume of
each section measured. (C) High magnification image of tGFP located within the bolus of (B) as delineated in the red box in (A). (D)
Representative high magnification image of punctate tGFP-labeled mitochondria in (B) that were not part of the discreet bolus, as delineated
in yellow box in (A). (E) Rostral-caudal length of tGFP bolus was significantly decreased at 7 days compared with 24 h and 48 h groups. (F)
Length in the rostral-caudal direction in which any visible evidence of punctate mitochondria was apparent. (G) tGFP injection bolus
volumes significantly decreased at 7 days post-injection. Scale bars: B = 200 lm, C and D = 10 lm. Bars are means – SEM. *p < 0.05 versus
24 and 48 h. (One way ANOVA, Tukey’s multiple comparisons) n = 4/group. Color image is available online at www.liebertpub.com/neu
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was mounted on a 10 slide series so that adjacent spinal cord sec-
tions on any given slide were spaced equally 400 lM apart. For the
6 week studies, every fifth section was mounted onto a 10 slide
series with adjacent sections on a slide separated by 1000 lm.

Immunohistochemistry and fluorescent imaging

Slide-mounted spinal cord sections were washed 3 times for
5 min each in 0.1M PBS, followed by incubation in blocking buffer
(0.1M PBS, 1% bovine serum albumin, 0.1% Triton-X 100, and 5%
normal goat serum) for 1 h. Sections were then incubated overnight
at 4�C in a primary antibody diluted to proper concentration in a
blocking buffer. The next day, after being washed again, the sec-
tions were incubated with secondary antibodies overnight at 4�C
before another wash, followed by 3 h incubation at room temper-
ature in streptavidin-conjugated fluorochromes diluted to desired
concentrations in 0.1M PBS. After final washes, they were cover-
slipped with Vectashield (Vector Labs, cat #H-1000) containing
0.5 m Hoechst dye to label nuclei (Thermo Fisher, cat# 62249).
Antibodies used for epifluorescent imaging and co-localization
studies included rabbit anti-tGFP (0.13lg/mL, Evrogen # Ab513),
mouse anti-RECA1 (5lg/mL, abcam # ab9774), mouse anti-GFAP
(2lg/mL, abcam # ab10062), mouse anti-CC1 (0.5lg/mL, Cal Bio-
chem #OP80), mouse anti-NeuN (5lg/mL, Millipore # MAB377),
mouse anti-CD11b/c (OX42, 5lg/mL, abcam # ab78457), phosphor-
PDGF Receptor b (5uL/mL Cell Signaling mAb #3166), goat anti-
rabbit 488 (4lg/mL, Invitrogen # A11008), goat anti-mouse Biotin
(7.5lg/mL, Vector # BA-9200), and Streptavidin Texas red (3.3lg/
mL, Vector # SA-5006). Z-stack images were obtained using Nikon
Eclipse Ti Confocal microscope and processed with NIS Elements
ND2 software (Nikon Instruments).

Quantification of tGFP mitochondria volume
and spread

A set of tissue section mounted slides for each time point was
used to calculate the tGFP mitochondria volume and spread over
time after injection. Anti-tGFP antibody was used to label injected
mitochondria, as described. Each spinal tissue section was then
analyzed using the Nikon confocal microscope for the presence of
distinct tGFP labeling. When a discrete tGFP injection bolus was
present, Nikon NIS Elements ND2 software was used to measure
the area of the bolus. Each of the four injection epicenters per spinal
cord was identified by finding the largest area of discrete bolus.
Every section, both rostral and caudal, of the injection epicenter
that contained a discrete tGFP bolus, was measured. After defining
the boundaries of the injection bolus, the section thickness and
periodicity of the sectioning paradigm were used to calculate the
total injection bolus volume of all four injections in each cord. The
rostral-caudal lengths throughout the spinal cords where punctate
tGFP labeling was evident were also calculated, regardless of ap-
parent discrete injection boluses.

Quantification of brain macrophage response

For the 24 h, 48 h, and 7 day animal cohorts, macrophage den-
sities at each injection epicenter were analyzed. Once the injection
site was identified, based on tGFP and OX-42 immunolabeling,
then a score of 0–3 was assigned for each injection epicenter, where
0 indicates normal density in macrophages (as in naı̈ve tissues), a
score of 1 indicates activation (change in morphology to an acti-
vated state with processes withdrawn), a score of 2 indicates acti-
vated brain macrophage densities in the confines of the injection
site, and a score of 3 indicates brain macrophage densities that
expand beyond the original injection bolus boundaries.

Time course of cell-type co-localization

Cell-type co-localization of tGFP mitochondria was quantified
for different cell types in the 24 and 48 h and 7 day cohorts.

Separate sets of slides were labeled for either microglia, endothelial
cells, oligodendrocytes, astrocytes, pericytes, or neurons, and co-
labeled with antibodies against tGFP. Eight sections total per spinal
cord were assessed using the left side injections of each spinal cord
including the injection epicenters, one section (400 lm) from the
injection epicenter toward the injury site, one section (400 lm)
from the injection epicenter away from the injury site, and the first
section away from the injection epicenter that no longer contained a
visible bolus (see Fig. 2A for counting schematic). The region of
interest (ROI) counted for each section was the left dorsal quadrant
of the spinal cord, drawing a vertical line from the central canal
to the dorsal surface, and a horizontal line from the central canal to
the lateral surface (see Fig. 2B for depiction of ROI). Slides were
visualized under an Olympus BX51 microscope at 100x magnifi-
cation (10x eye piece) using a fluorescein isothiocyanate (FITC)/
tetramethylrhodamine isothiocyanate (TRITC) combination filter
to simultaneously visualize the green and red fluorescent wave-
lengths. Co-localization was defined in two different ways. The first
criterion of positive incorporation was when the tGFP labeling was
evident within the confines of the labeled cell membrane, indicating
that the tGFP mitochondria were within the boundaries of the cell
membrane. The second criterion of positive incorporation was
when the tGFP labeling was present and overlapped with the cell-
specific marker within the cytoplasm and/or on cell surface. If
either of these criteria were met, then this was considered a posi-
tive instance of co-localization. Sections were examined using
the 4’,6-diamidino-2-phenylindole (DAPI) filter to ensure that the
nucleus was within the focal plane. Counts were performed within
the ROI in a total of eight spinal cord sections of each animal for
(1) each time a specific cell type was co-localized with tGFP and
(2) total cell counts for the specific cell type. Quantification of

FIG. 2. Counting schematic for cell-type co-localization with tGFP
mitochondria. (A) Eight sections were analyzed on the left side of each
injected spinal cord encompassing the contusion site, including both
injection epicenters (red boxes), sections 400 lm rostral and 400 lm
caudal to the injection epicenters (blue boxes), and the first section
distal to the injection epicenter beyond the bolus where only punctate
tGFP mitochondria were present (dashed black boxes). Injection
epicenters are denoted by black stars, injection boluses are depicted as
solid green ovals, and punctate tGFP stippling is represented by faded
light green ovals. Note that the caudal injection sites are closer to the
injury because of the anatomical constraints of T12 laminectomy to
effectively injure the L1/L2 spinal level. (B) For each section ana-
lyzed, the region of interest (ROI) for cell counts was defined by
drawing a horizontal line from the central canal to the lateral side and a
vertical line from the central canal to the dorsal surface (red). Both the
total number of labeled specific cell types and number of instances of
tGFP co-localization with a specific cell type were counted within the
ROI. Color image is available online at www.liebertpub.com/neu
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co-localization was reported as a percentage of tGFP-positive cells
of a specific cell type divided by the total number of that specific
cell type within the ROI.

Quantification of tissue sparing

Tissue sections were stained with eriochrome cyanine-cresyl
violet (ECCV) to differentiate white matter and gray matter as
previously described.53,54 Mounted sections were imaged using a
Nikon microscope (Nikon Corporation, Tokyo, Japan), and Scion
Imaging analysis software (Scion Corporation, Frederick, MD) was
used to delineate injured from spared tissue in each section. ROIs
were manually drawn around the entire cord, spared gray matter,
and injured tissue, which allowed extrapolation of the spared white
matter area. Eleven sections equally spaced by 1000 lm (6 weeks
cohort) or by 800 lm (24 and 48 h cohorts) and centered on the
injury epicenter were analyzed to calculate the volume of damaged
versus spared tissues using the Cavalieri method.54,55

Stereology

Analysis was performed to determine the number of neurons in the
medial portion of lamina VII and lamina X of the L1/L2 spinal cord
in the 6 week injured cohorts. Stereological counts of neurons were
performed as we have previously published.37 An Olympus BX51
microscope was used to image sections with the Bioquant image
analysis program (Nova Prime, V6.70.10, Bioquant Image Analysis
Corp., Nashville, TN). Briefly, an ROI was drawn over lamina VII
and X, containing putative central pattern generator (CPG) inter-
neurons. A counting grid was placed over this region, with each
counting frame measuring 125 lm x 125 lm. Disectors were set to
50lm x 50lm, and section thickness was set at 10lm, with a 2 lm
guard zone on both the top and bottom of the tissue to keep cells
across sections from being double counted. Bioquant software ran-
domly placed dissectors within the ROI, with an average of 13 dis-
sectors counted per section. NeuN-positive cells were then counted
under 40x magnification (10x eyepiece). The criteria for neuron cell
bodies to be counted required that they be contained within the
dissector square and the nucleus be in focus within the set 10 lm
counting thickness, as verified by Hoechst staining.56

Statistical analyses

Changes in each OCR state and respiratory control ratio (RCR)
for acute bioenergetic studies, complex I functional assays, in-
jected tGFP bolus volume and rostral-caudal length, cell-type
incorporation, number of co-localization instances, and co-
localization percentages within each time point were analyzed
using a one way ANOVA, with Tukey’s multiple comparisons
post-hoc test. Macrophage density analyses were performed using
a Mann–Whitney U test for each time point analyzed. Rostral-
caudal co-localization studies, von Frey test, BBB scoring, and
neuronal stereology counts were analyzed using a repeated mea-
sures two way ANOVA with Tukey’s multiple comparisons when
warranted. All analyses were performed using Graphpad Prism 6
(Graphpad Software, Inc., La Jolla, CA). Significance was set to
p < 0.05.

Results

Transplantation Maintains Acute Mitochondrial
Bioenergetics

We transplanted mitochondria into the injured spinal cord in a

dose-dependent manner. Vehicle or transgenically labeled tGFP-

mitochondria were microinjected into the injured spinal cord at 50,

100, or 150 lg, and 24 h later the spinal cords were dissected and

assessed for mitochondrial bioenergetics from spinal cord containing

both endogenous mitochondria and exogenous transplanted mito-

chondria. The respiration measurements in Figures 3 and 4 represent

combined assessments of both host mitochondria and exogenous

transplanted mitochondria, the latter of which may be either extra-

cellular or incorporated into cells. When assayed for mitochondrial

bioenergetics in terms of OCR, there were significant differences in

state III (F [4, 27] = 6.269, p = 0.0011) and state V.1 (F [4,

27] = 11.80, p = < 0.0001) respiration rates among groups. Post-hoc

analyses revealed that, compared with significantly impaired rates in

the vehicle-injected group, the 100 lg tGFP-injected group signifi-

cantly maintained state III (89% of sham) and state V.I (73% of

sham) OCR (Fig. 3). There were no significant differences in RCR

FIG. 3. tGFP mitochondrial (Mito) transplantation maintains respiration rates. SCI caused significant decreases in mitochondrial
respiration at states III, IV, and V.1, which were spared partially following mitochondrial transplantation. State III and V.1 oxygen
consumption rates (OCR) were maintained near sham levels after 100 lg tGFP mitochondrial transplantation. Bars are means – SEM.
*p < 0.05 versus sham; #p < 0.05 versus vehicle. (One way ANOVA for each state, Tukey’s multiple comparison) n = 6–7/group in
triplicate.
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among any injection groups or shams, indicating that mitochondria in

each group were well coupled.

The use of tGFP-labeled mitochondria allows for visualiza-

tion and tracking of transplanted mitochondria in situ, which is

important for determining cell-type incorporation and time

lapse uptake of exogenous mitochondria.46 However, we have

also shown that cultured cells can have mitochondria that

are well coupled but respire at lower rates.46 Therefore, we also

tested the injection of muscle-derived mitochondria, both as

an alternative cell source with different respiratory capacity

and as potentially clinically applicable, as autologous trans-

plant may be performed using mitochondria obtained from a

muscle biopsy.

Muscle mitochondria were isolated from the soleus muscle of

separate naı̈ve rats and then similarly injected into the injured

spinal cords. Following transplantation, there was a significant

effect in state III respiration (F [4, 21] = 8.714, p = 0.0003); post-

hoc analyses revealed significant increases with either 50 lg

(92% of sham levels) or 100 lg (95% sham levels) mitochondria

injection compared with vehicle-injected groups (Fig. 4). There

were also significant effects in state V.1 respiration (F [4, 21] =
10.73, p < 0.000) and state V.2 respiration (F [4, 21] = 2.977,

p = 0.0429). Post-hoc analyses showed significant decreases in

state V.1 respiration after injury, which was maintained near

sham levels with 100 lg mitochondrial transplantation. All in-

jection groups or shams were equally well coupled, as is shown in

the RCR values.

The state III OCR results indicate that 100 lg mitochondria

transplantation, using either source of mitochondria, maintained

oxidative phosphorylation function in the injured spinal cord to

*90% of sham levels. We previously reported that rescue of

state III respiration to 67% of sham levels corresponded with

long-term tissue sparing and behavioral recovery.37 Therefore, the

100 lg dosage was used to investigate the effects of mitochondrial

transplantation on both cell-type incorporation and long-term

recovery.

Characterization of transplanted tGFP
mitochondria in situ

We characterized the uptake of exogenous tGFP mitochondria

into resident cells of the injured spinal cord. Analysis of multiple

time points after injury gave a temporal depiction of exogenous

mitochondrial incorporation within tissues after 24 h, 48 h, and

7 days post injection. Injection sites presented as elliptical boluses

at the injection epicenter, with scattered punctate labeling further

from the injection site (Fig. 1A). Earlier time points showed very

discrete injection boluses (Fig. 1B,C), in addition to scattered

punctate tGFP mitochondria within the cord (Fig. 1D). By the 7 day

time point, these discrete injection boluses were difficult to dis-

tinguish, save for in a few instances, and only dispersed punctate

tGFP mitochondria were present.

We analyzed the spread of the injected tGFP mitochondria in

two ways. The first was a measure of the rostral-caudal distribution

of all four injection boluses. There were significant differences in

bolus length among time points (F [2, 9] = 22.46, p = 0.0003,

Fig. 1); post-hoc analysis revealed a significant decrease in bolus

length of the 7 day group compared with the 24 and 48 h time

points. The length of the bolus appeared to increase, although not

significantly, in the 48 h group compared with the 24 h group. We

further measured the rostral-caudal length of punctate mitochon-

dria, and found that there were no significant differences among

transplantation groups (F [2, 9] = 2.996, p = 0.1006) (Fig. 1F). The

second analysis was a measure of total volume of injectate

throughout the spinal cord (Fig. 1G). The tGFP mitochondria in-

jection bolus volume was significantly different among time points

(F [2, 9] = 15.61, p = 0.001); post-hoc analysis indicated that the

injection did not change volume at either the 24 h or the 48 h time

point, but that it decreased volume at the 7 day time point.

All of the tGFP injection sites (four/animal) for the 24 and 48 h

groups were visible using fluorescent microscopy. By 7 days post-

injection, the injection sites had almost disappeared so that only

three total injections across all four animals in the group could be

FIG. 4. Muscle-derived mitochondrial (Mito) transplantation maintains respiration rates. State III, V.1 and V.2 oxygen consumption
rates (OCR) were maintained near sham levels after 100 lg muscle-derived mitochondrial transplantation. Bars are means – SEM.
*p < 0.05 versus sham; #p < 0.05 versus vehicle. (One way ANOVA for each state, Tukey’s multiple comparison). n = 4–6/group in
triplicate.
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visually verified. Some instances of a remaining injection bolus

were still evident, and the rostral-caudal spread of punctate tGFP

stippling was similar to that at the 24 and 48 h time points.

We set out to characterize the cell-type-specific co-localization

with tGFP mitochondria. We looked at multiple different resident

spinal cord cell types when performing our analyses including

neurons, brain macrophages, endothelial cells, astrocytes, peri-

cytes, and oligodendrocytes (Fig. 5).

When examining the different cell types within the injection

epicenter bolus, we noted an almost complete absence of neurons

although there was a high density of brain macrophages. The

concentration of mitochondria or the volume of the injections could

FIG. 5. Resident cell types of the spinal cord proximal to tGFP mitochondrial injection bolus. The top panel shows an injection bolus into
the dorsal horn of the spinal cord after 24 h. Adjacent slide series (separated by 40 lM) were stained with specific cell type markers, and the
white dotted lines outline the dorsal horn gray matter whereas green lines delineate margins of the injection bolus. Within the injection
bolus, there appeared to be a loss of neurons and oligodendrocytes. Although there were few astrocytes within the bolus, they were
prevalent in the area surrounding the injection. There was a noticeably increased density of brain macrophages in the area of the injection
bolus. Additionally, there were endothelial cells and pericytes seen throughout the injection bolus. tGFP, exogenous tGFP mitochondria;
NeuN, neurons; OX42, brain macrophages; RECA, endothelial cells; GFAP, astrocytes; PDGFR-B (platelet-derived growth factor receptor
beta), pericytes; CC1, oligodendrocytes; DAPI (4’,6-diamidino-2-phenylindole), cell nucleus. Scale bars = 100 lm. Color image is available
online at www.liebertpub.com/neu
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be damaging the host tissues. When comparing vehicle-injected

and tGFP mitochondria-injected spinal cords, there was typically

increased brain macrophage activation at the mitochondria injec-

tion sites compared with vehicle (Fig. 6A). This indicated that the

tGFP mitochondria boluses could be causing inflammatory re-

sponses, and semiquantitative analyses of brain macrophage densi-

ties within the injection epicenters at different time points (Fig. 6B)

showed a significant difference between vehicle- and tGFP

mitochondria-injected groups at 24 h ( p = 0.0012), 48 h ( p = 0.0002),

and 7 days post-injection ( p = 0.0196).

To discern which cell types incorporated exogenous mitochon-

dria, we quantified incidences of co-localization. Representative

images show positive co-localization of various cell types both

away from and within the boluses of tGFP injections (Fig. 7), de-

fined in two different ways. The first criterion of positive incor-

poration was tGFP labeling present within the cytoplasm of the cell,

as evidenced by green tGFP labeling within the confines of the red

cell membrane marker juxtaposition to the nucleus (DAPI). The

second criterion of positive incorporation was when the tGFP la-

beling overlapped with the cell specific marker, resulting in a

yellow signal. If either of these definitions was met, this was

counted as a positive instance of co-localization.

We found instances of cell-type specific co-localization with

tGFP mitochondria for various cell types including brain macro-

phages, endothelial cells, pericytes, astrocytes, and oligodendro-

cytes at 24 h post-transplantation (Fig. 8), with most conspicuous

labeling in endothelial cells and perictyes. Co-localization was

evident for all cell types both within the injection boluses and more

distally, where sparse punctate tGFP was present. However, no

evidence of co-localization was found within neurons either within

the bolus or distally.

We quantified the propensity of tGFP mitochondria to be in-

corporated into different cell types spatially with respect to injec-

tion sites and across time. Tissue sections were analyzed per

hemicord as depicted in the schematic (Fig. 2A), including the two

injection epicenters, rostral and caudal to those, and the first section

distally that only had punctate tGFP present. To compare propen-

sities for exogenous mitochondrial uptake, from each section we

quantified the percentage of a specific labeled cell type within the

dorsolateral cross section ROI (Fig. 2B) that was co-localized with

tGFP mitochondria.

Comparisons were made to determine which cell type had a

higher propensity to incorporate mitochondria. The cell types

counted for each of the sections quantified, as described in Figure 2,

FIG. 6. Brain macrophage activation at the mitochondrial (Mito) injection bolus. (A) Microgliosis was compared among naı̈ve,
injured/vehicle-injected, and injured/tGFP mitochondria injected spinal cords 24 h after injury. There is a conspicuous high density of
brain macrophages within the tGFP injection site compared with vehicle. (B) At the injection epicenters, brain macrophage density was
given a score of 0–3, where 0 reflects normal quiescent morphologies (A naı̈ve) and 3 reflects overt microglial activation and
accumulation of brain macrophages. There was a significant increase in the macrophage response when tGFP mitochondria were
injected compared with vehicle injections at all time points. Error bars depict median – SEM. *p < 0.05 versus vehicle; (Mann–Whitney
U test for each time point) n = 4 vehicle injections per time point, n = 16 tGFP injections per time point. OX42, brain macrophages;
DAPI (4’,6-diamidino-2-phenylindole), cell nucleus. Scale bars = 200 lm. Color image is available online at www.liebertpub.com/neu
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were summed to give a total number per spinal cord (Fig. 9A,

white), and instances of co-localization from each of the eight

ROI analyzed were totaled (Fig. 9A, black). A one way ANOVA

across the total number of cells counted among each specific type

showed significant differences at 24 h (F [4, 1] = 72.59, p < 0.0001),

48 h (F [4, 15] = 87.46, p < 0.000), and 7 days (F [4, 15] = 37.32,

p < 0.0001). Post-hoc analyses revealed that there were significant

differences in the total cell counts among cell types. Interestingly

the total brain macrophages counted were significantly higher

than all other cell types at each time point. Alternatively, a one

way ANOVA showed significant differences among the number

of co-localized cells across cell types at 24 h (F [4, 15] = 10.62,

p = 0.000), 48 h (F [4, 15] = 45.55, p < 0.0001), and 7 days

(F [4, 15] = 5.159, p = 0.0081). Post-hoc analyses showed that co-

localization numbers were significantly higher in brain macro-

phages than all other cell types (Fig. 9A), further depicted in the

percentage of cells that co-localized with tGFP (Fig. 9B). A one

way ANOVA revealed significant differences between cell type

co-localization percentages at 24 h (F [4, 15] = 6.384, p = 0.0033)

and 48 h (F [4, 15] = 5.854, p = 0.0048). Tukey’s multiple compari-

sons showed that both brain macrophages and pericytes co-localized

with tGFP at significantly higher rates than oligodendrocytes at

24 and 48 h post-injection, which had the lowest co-localization

percentages at any time point.

The injection epicenters contained dense boluses of tGFP mi-

tochondria, and based on the high concentrations in this area, it may

be difficult for mitochondria to have access to various host cells for

incorporation. Notably, sections that were further from the injec-

tion epicenters showed highly dispersed tGFP mitochondria that

may have differential uptake, because higher concentrations of

mitochondria have been shown to aggregate with less extensive

distribution into nearby brain tissues in a rat model of Parkinson’s

disease.57 We therefore mapped the propensity of co-localization in

relation to the injection epicenters, as described, and analyzed this

across the rostral-caudal distribution of all the sections analyzed for

each spinal cord (Fig. 10).

Two way ANOVAs were performed within time points for

each cell type and showed differences in cell-type co-localization

for macrophages (F [2, 9] = 8.123, p = 0.0096), endothelial cells

(F [2, 9] = 10.69, p = 0.0042), oligodendrocytes (F [2, 9] = 9.575,

p = 0.0059), astrocytes (F [2, 9] = 22.54, p = 0.0003), and peri-

cytes (F [2, 9] = 928.3, p < 0.0001). We found that co-localization

percentages depended upon their location in relation to the in-

jection epicenters, especially at the 24 h time point when macro-

phages had higher incorporation percentages one section rostral

of each injection site (400 lm) compared with the most caudal

section analyzed. Endothelial cells and astrocytes had higher co-

localization percentages closer to the injection epicenters com-

pared with the distal sections, whereas pericytes tended to have

more stable co-localization across sections. Oligodendrocytes had

very low incorporation percentages, with the least incorporation

FIG. 7. Representative images of cell type-specific tGFP co-
localization. Co-localization with different cell types at 24 h post-
injury in captured Z-stack images with the bottom panel of each
image representing the x plane and the right panel representing the y
plane. ‘‘Within Bolus’’ (left column) indicates images that were
taken in the area of dense tGFP mitochondria, whereas ‘‘Away from
Bolus’’ (right column) indicates images that were taken in areas with
more sparse, punctate tGFP mitochondria. Co-localization was evi-
dent within macrophages (A, B), endothelial cells (C, D), pericytes
(E, F), astrocytes (G, H), and oligodendrocytes (I, J). OX42, brain
macrophages; RECA, endothelial cells, PDGFR-B (platelet-derived
growth factor receptor beta), pericytes, GFAP, astrocytes; CC1, ol-
igodendrocytes; tGFP, exogenous tGFP mitochondria; DAPI (4’,6-
diamidino-2-phenylindole), cell nucleus. Scale bars = 10 lm. Color
image is available online at www.liebertpub.com/neu
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distal to the injection epicenters. This indicates spatial-dependent

incorporation in addition to cell-type dependent incorporation.

We also performed morphometric analyses to examine possible

changes in lesion volume or tissue sparing at acute time points after

injury (Fig. 11). Overall, there were no apparent changes in lesion

volume, gray matter sparing, or white matter sparing.

Behavioral recovery and tissue sparing
after mitochondrial transplantation

We tested the effects of mitochondrial transplantation after SCI

on hindlimb functional recovery and tissue sparing. Anesthetized

animals underwent a severe contusion injury at the L1/L2 spinal

FIG. 8. High magnification images showing positive co-localization. Images show instances of cell-type specific co-localization of
tGFP mitochondria with macrophages, endothelial cells, or pericytes. White arrows point to instances of tGFP mitochondria co-
localization within the cells. Tissues were processed 24 h post-tGFP mitochondria transplantation. OX42, brain macrophages; RECA,
endothelial cells; PDGFR-B (platelet-derived growth factor receptor beta), pericytes; tGFP, exogenous tGFP mitochondria; DAPI (4’,6-
diamidino-2-phenylindole), cell nucleus. Scale bar = 10 lm. Color image is available online at www.liebertpub.com/neu

FIG. 9. Cell-type co-localization of tGFP mitochondria across time. (A) Total numbers of a given cell type were counted (white bars),
as well as the number of cells co-localized with tGFP (black bars) for all regions of interest (ROI) analyzed per spinal cord. (B) Cell type
co-localization was calculated as a percentage of total cells that had tGFP. Brain macrophages and pericytes had significantly higher co-
localization percentages than oligodendrocytes at 24 and 48 h. There were no differences in percent co-localization among cell types at
7 days. OX42, brain macrophages; RECA, endothelial cells; PDGFR-B (platelet-derived growth factor receptor beta), pericytes; GFAP,
astrocytes; CC1, oligodendrocytes; tGFP, exogenous tGFP mitochondria. *p < 0.05 versus OX42; #p < 0.05 versus RECA; @p < 0.05
versus PDGFR-B; $p < 0.05 versus GFAP (one way ANOVA, Tukey’s multiple comparisons) n = 4/group. Bars are means – SEM.
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level, followed immediately by four injections for a total of 100 lg

tGFP-labeled mitochondria into the injury penumbra (see Fig. 1A

for injection schematic).

The starting number per experimental group was 12. Through the

course of the 6 week long study, we observed an attrition of animals

typical of SCI studies. Three animals died from anesthesia during

surgical procedures, three animals were removed from the study and

euthanized because of extensive autophagia (self-cannibalism or

chewing and biting of tissue) of the hindlimbs, and one animal was

removed from the study because of its high 2 day BBB score (> 2 SD

from the mean, indicating a bad contusion injury). This resulted in

final groups of vehicle injection (n = 10), tGFP mitochondria injec-

tion (n = 11), and muscle mitochondria injection (n = 8).

Animals were tested for mechanical sensitivity of the hindpaws

with the von Frey hair test and for hindlimb motor recovery with the

overground locomotor BBB scale. Within 3 weeks of injury, we

observed the development of mechanical hypersensitivity in all

groups (Fig. 12A). Mitochondria transplant produced an extended

duration of hypersensitivity to at least 6 weeks post-injury, as

compared with all other groups. A two way ANOVA revealed a

main effect of time (F [2, 52] = 17.64, p < 0.0001) but not treatment

(F [2, 26] = 1.370, p = 0.2718). Post-hoc analyses showed that each

treatment group had significantly decreased scores at 3 weeks

compared with their within-group baseline levels, indicating po-

tentially increased hypersensitivity. As indicated earlier, three an-

imals were removed for the study because of extensive autophagia.

After experiments were completed and the data were analyzed, the

study was unblended, which revealed that these animals had all

been in the muscle mitochondria transplanted group.

A two way repeated measures ANOVA revealed no effect of

treatment on BBB scores (F [2, 26] = 0.01894, p = 0.981) (Fig. 12B).

All animals showed some functional recovery consistent with our

previous studies.37 The injured rats in the current studies plateaued

with an average BBB score of *8, which is indicative of hindlimb

sweeping and plantar placement without weight bearing.48 This level

of recovery correlates to historical data using this injury severity and

FIG. 10. Rostral-caudal cell-type incorporation of tGFP mitochondria over time. Co-localization was quantified within regions of
interest (ROIs) across eight different sections (numbered 1–8) in relation to injection epicenters. Top panel schematic of counted sections
corresponds to the rostral-caudal counts of co-localization percentages at both injection epicenters (red boxes), sections 400 lm rostral and
400 lm caudal to the injection epicenters (blue boxes), and the first section where only punctate tGFP mitochondria were present (dashed
black boxes). There were differences in co-localization percentages among location sites when analyzed within cell types. *p < 0.05 versus
section 8; #p < 0.05 versus section 1; @p < 0.05 versus section 3; $p < 0.05 versus section 5 (two way repeated measures ANOVA, Tukey’s
multiple comparisons) n = 4/group. Bars = mean – SEM. Color image is available online at www.liebertpub.com/neu
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spinal level, indicating there was no overt damage/effect of injections

volumes. It is important to note that although we did not see im-

provements in functional recovery with mitochondrial transplanta-

tion, there was no further impairment of function, which had been a

concern, based on possible increased inflammatory responses.

Following terminal behavioral analyses, animals were euthanized

and spinal cords were processed for tissue sparing analyses that

showed similar histopathology among treatment groups, supporting

behavioral findings (Fig. 13). There were no significant differences

among groups for lesion volume (Fig. 13A). Mitochondria injections

were targeted to the medial lateral gray matter, allowing for possible

mitochondrial integration into both gray matter and white matter;

however, there were no differences among treatment groups for

either gray matter or white matter tissue sparing (Fig. 13B and C,

respectively).

Our previous documentation of improved functional recovery

after treatment with an alternative mitochondria biofuel (ALC)

was highly correlated with significant sparing of putative CPG

interneurons rostral to the SCI.37 Despite there being no behav-

ioral differences, we investigated similarly whether mitochondrial

FIG. 11. Histological assessments of tissue sparing at acute time points. Lesion volume (A), gray matter sparing (B), and white matter
sparing (C) showed no apparent differences. Representative images show no apparent differences in tissue sparing at the injury epicenter
among groups (D). n = 1 vehicle; n = 4 mitochondria (mito) per time point. Bars = mean – SEM, Scale = 1 mm for histological photos.
Color image is available online at www.liebertpub.com/neu

FIG. 12. Hindlimb sensitivity and functional recovery after spinal cord injury (SCI) and mitochondrial (Mito) transplantation. (A)
Mechanical hypersensitivity following SCI and mitochondrial transplantation. Mitochondrial transplantation extended the duration of
mechanical hypersensitivity after SCI. SCI similarly decreased mechanical threshold in all groups at 3 weeks after SCI. At 6 weeks post-
injury, however, mechanical thresholds in the vehicle-injected and tGFP mitochondria-injected animals returned toward baseline levels,
whereas those in the muscle mitochondria transplanted group remained significantly lower. (B) Basso, Beattie, Bresnahan (BBB) scores
for all animals were significantly decreased after SCI, with gradual increases over time after injury, although there were no significant
differences among treatment groups. DPI, days post-injury. Bars are means – SEM. $p < 0.05 vehicle versus baseline vehicle; *p < 0.05
tGFP mito versus baseline tGFP mito; #p < 0.05 muscle mito versus baseline muscle mito (two-way repeated measures ANOVA,
Tukey’s multiple comparisons) n = 8–11/group.
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transplantation spared interneurons by performing stereology after

injury and transplantation (Fig. 14). We defined the ROI for neu-

ronal counts to include lamina X and the central portion of lamina

VII (Fig. 14A).

The number of neurons estimated in each section was extrapolated

using a previously published equation.58 The coefficient of error

(CE) (vehicle, 0.116; tGFP mitochondria, 0.1126; muscle mito-

chondria, 0.1456) and coefficient of variance (CV) (vehicle, 0.7007;

tGFP mitochondria, 0.6506; muscle mitochondria, 0.5145) were

calculated for each group to establish intra- and inter-animal varia-

tion, respectively. There were significant differences in neuronal

sparing among groups (F [2, 286] = 3.658, p = 0.0270), and post-hoc

analyses showed significantly more neurons at 1 mm caudal to the

injury epicenter in the tGFP mitochondria-injected groups than in

both vehicle- and muscle mitochondria-injected groups.

Discussion

The current study is the first to assess mitochondrial transplan-

tation into the injured rat spinal cord and its effects on bioenergetics

at 24 h post-injury/transplantation, as well as long-term behavior and

histology. We found that injections of both tGFP labeled culture-

derived and muscle-derived mitochondria significantly maintained

state III respiration at the 100lg dosage compared with vehicle in-

jections. We have previously shown that pharmacologically main-

taining state III respiration near sham levels after L1/L2 SCI results

in functional neuroprotection.37 Accordingly, both sources of iso-

lated mitochondria were injected at 100 lg to evaluate the effects of

mitochondrial transplantation on host cellular uptake acutely, as well

as long-term histological and behavioral outcome measures.

Mitochondrial incorporation into host cells

We first assessed the time course of exogenous tGFP mito-

chondrial incorporation into host cells. Discrete tGFP mitochondria

boluses were evident at 24 and 48 h, although they decreased sig-

nificantly in volume and rostral-caudal spread by 7 days post in-

jection. There are likely various reasons for the scarcity of tGFP

label at 7 days (and 6 weeks) after injection, notably phagocytosis,

especially at the injection site bolus where the mitochondria density

may be too high to be incorporated into the surrounding host cells.57

The tGFP mitochondria within the extracellular space likely diffuse

FIG. 13. Tissue sparing analyses 6 weeks after injury and mitochondrial (Mito) transplantation. At 6 weeks post-injury and injection,
morphometric analyses were performed to find no differences among groups for total lesion volume (A), or for gray matter (B) or white matter
(C) sparing at different spinal cord levels in relation to the injury epicenter. Bars are means – SEM. (Two way ANOVA) n = 8–11/group.
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easily through tissues away from the injection site over time, es-

pecially in the white matter where there is greater longitudinal

diffusion. Moreover, when tGFP mitochondria successfully incor-

porate into cells, they may fuse and divide with host cell mito-

chondria leading to a wider dispersal of tGFP fluorescent within

cells. Conversely, others have reported evidence of fluorescently

labeled mitochondria at chronic time points. In a porcine model

of cardiac ischemia using direct mitochondrial transplantation and

an antibody against human mitochondria, the presence of exoge-

nous human mitochondria was shown 4 weeks after injection.59 This

method of labeling, however, was not dependent on the retention of a

fluorescent tag that was present at the time of injection; that is, the

tGFP tag, and instead used antibodies to label a different species-

derived mitochondria in situ. Alternatively, GFP-labeled mitochon-

dria conjugated with the peptide carrier protein, Pep-1, and when

directly injected into rat brains in a Parkinson’s disease model, were

observed in the medial forebrain bundle 12 weeks after injection.57

Differences in cell-type incorporation

We also evaluated the propensity of tGFP mitochondria incor-

poration into various cell types and revealed that brain macrophages

FIG. 14. Neuronal counts in the upper lumbar spinal cord after injury. (A) Eriochrome cyanine-cresyl violet (ECCV) stained section
of the spinal cord showing the region of interest (ROI) analyzed including lamina X and part of lamina VII, which include putative
central pattern generator neurons. CC, central canal. (B) Representative images showing neurons in the ROI (dashed boxes) at 4 mm
rostral and -1 mm caudal of the injury epicenter. There appeared to be more NeuN staining within the ROI of the mitochondria-injected
animals at 1 mm caudal to the injury compared with either vehicle- or muscle mitochondria (Mito)-injected groups. (C) Stereological
counts were performed on 11 equally spaced spinal cord sections, centered on the injury epicenter (epi). Each point on the graph is the
estimated number of NeuN-positive cells within subvolumes of spinal cord separated by 1 mm length. NeuN-positive cells were
significantly higher in tGFP mitochondria-injected groups than in the other cohorts at 1 mm caudal to the injury epicenter, and also
significantly higher than muscle mitochondria groups at 2 mm caudal to the injury epicenter. Bars are means – SEM. *p < 0.05 tGFP
mito versus muscle mito; #p < 0.05 tGFP mito versus vehicle, (two way ANOVA, Tukey’s multiple comparisons) n = 8–11/group.
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and pericytes had the highest propensity to co-localize with exoge-

nous mitochondria. We cannot discern, however, whether the tGFP

mitochondria were functionally incorporated within macrophages or

if they had been degraded and phagocytosed. Alternatively, pericytes

are found within the vascular basement membrane and are closely

associated with endothelial cells with many similarities to macro-

phages, including mesodermal origin, possessing of lysosomes,

similar cell surface markers, and prostaglandin secretion (for review

on central nervous system [CNS] pericytes see studies by Muramatsu

and Yamashita, Winkler and coworkers, and Armulik and cowork-

ers60–62). Further, these cells have contractile properties and can

regulate capillary diameter, making them influential in vascular

perfusion of the spinal cord, especially after injury.63 These traits

may explain their high propensity to co-localize with exogenous

mitochondria, although as with macrophage co-localization, we

cannot definitively say at this time if the mitochondria were phago-

cytosed or incorporated functionally into the cells. Oligodendrocytes

were least co-localized with tGFP mitochondria, although this could

possibly be the result of the location of the injection sites more

targeted to the gray matter. Although tGFP mitochondria co-

localized with variety of cell types, it is important to note that they

were conspicuously absent in neurons. There was conspicuous

neuronal loss in the dorsal gray matter where injection boluses were

located (Fig. 5), which may be the result of multiple factors. High

concentrations of mitochondria can result in aggregation of the mi-

tochondria, further making it difficult to incorporate into cells. These

aggregations could physically injure neuronal cells as well as cause a

heightened inflammatory response. This, in addition to the volume of

fluid injected, could disrupt the tissue. We have noted that injection

volume of vehicle alone activated brain macrophages. The white

matter of the spinal cord is more amenable to fluid diffusion along

axons. In gray matter where cell bodies are more compactly ar-

ranged, injected fluids could cause more physical stress even with the

slow injection rates. Therefore, a balance must be attained that allows

for low enough concentration of mitochondria that there is minimal

aggregation, but also low total volume injected to avoid tissue

damage. Additionally, a delivery method in which the mitochondria

are somehow encapsulated may be a defining feature necessary for

incorporation into neurons, as was used in previous studies utilizing

mitochondria transplant in stroke.43 It is important to note, however,

that if other cell types in the injury penumbra can be spared following

mitochondrial transplantation, then the inhospitable environment

may be more favorable for neuroprotection. For example, salvaging

pericytes and endothelial cells could increase perfusion of the spinal

cord, thus being overall protective indirectly of neuronal survival.

Long-term outcome measures

Despite significant effects on injured tissue bioenergetics acutely,

we found that the same transplantation paradigm used in long-term

studies did not result in reciprocal restoration of hindlimb locomotion

or sensory tactile thresholds or tissue sparing. As expected, contusion

SCI significantly decreased BBB locomotor scores for each group,

with characteristic spontaneous functional recovery that plateaued

5 weeks post-injury consistent with severe injury at the L1/L2 spinal

level.17 Transplantation of mitochondria from either source did not

increase or hamper this recovery. An important consideration is the

origin of the donor mitochondria. The current experiments utilized

mitochondria isolated from cultured PC-12 cells or soleus muscle

tissue. Mitochondrial respiration and function can vary dependent

upon the source.64 Here, we used a mitochondrial origin similar to the

recipient species (rat), and we compared two different tissue source

types. Future studies and characterizations comparing donor tis-

sues with different mitochondrial respiratory activities may establish

sources that are more beneficial in our trauma/transplantation para-

digm. Determining the compatibility of injected mitochondria with

host cell mitochondrial networks may reveal that autologous trans-

plantation has different effects than syngeneic or xenogeneic sources.

Contusion SCI also decreased mechanical sensitivity thresholds in

each group, with some recovery toward baseline. However, mito-

chondrial transplantation increased, rather than decreased, the du-

ration of this hypersensitivity, indicating possibly enhanced central

neuropathic pain. Morphometric analyses in relation to the injury

epicenter were consistent with the BBB outcome measures, show-

ing no significant group differences in the rostral-caudal extent of

lesion volume or spared gray and white matter volumes. Interest-

ingly, however, cell counts showed significantly higher numbers of

interneurons in the dorsal gray commissure 6 weeks after tGFP mi-

tochondria injections compared with vehicle or muscle-derived mi-

tochondria, although this was only evident 1–2 mm caudal to the

injury epicenter. Nevertheless, although these differences were sig-

nificant, it did not result in changes in locomotor recovery. This is in

diametric contrast to our documentation that sparing of dorsal gray

commissure interneurons rostral to the injury epicenter following

treatment with the alternative mitochondrial biofuel, ALC, correlated

with significant functional improvement in hindlimb function and

tissue sparing in the same injury model.37,65

Our behavioral (BBB) findings are in agreement with those of

Magnuson and coworkers65 showing that kainic acid depletion of

hindlimb CPG neurons with caudal gray matter sparing after con-

tusion SCI does not result in improved BBB scores. This indicates

that critical interneurons comprising the CPG located at the L1/L2

spinal level in rats were not spared with mitochondrial treatment,

notably those rostral to the injury epicenter that appear critical for

functional improvements. These neurons mediate rhythmic output

to motor neurons of the lumbar enlargement; therefore, had we

found sparing of interneurons cells rostral to the injury, we might

have seen BBB improvements, as in previous reports.37,65

Addressing potential inflammatory responses

Our findings show the feasibility of mitochondrial transplanta-

tion into injured spinal cord tissue and the ability to maintain acute

bioenergetics. There are multiple caveats to consider as to why this

did not correspond to improved long-term functional outcome

measures. We noted that the influx of brain macrophages into the

injection sites appeared enhanced in the mitochondrial transplan-

tation group, although this did not alter overall tissue sparing at all

acute and long-term time points. The mitochondria we assessed

included both endogenous host mitochondria as well as injected

mitochondria; therefore, those from accumulating brain macro-

phages were included in, and may have contributed to results of, our

bioenergetics assays. The volume of vehicle or tGFP mitochondria

injections likely disturbs the surrounding spinal cord tissue causing

nominal injury and subsequent influx of macrophages. Further,

mitochondria are a source of damage-associated molecular patters

(DAMPS)66 that can elicit stronger immune responses than vehicle

alone. Thus, the consequent accumulation of brain macrophages

after mitochondrial injections may have increased the overall

number of respiration-competent cells in injury sites evaluated.

Although the noted focal cellular immune responses did not al-

ter acute and long-term histopathology or long-term overground

locomotion, mitochondrial transplantation prolonged the dura-

tion of hindlimb hypersensitivity after SCI. Hypersensitivity in the
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muscle-derived mitochondria transplant group may have contrib-

uted to noted attrition caused by autophagia, but whether enhanced

local inflammatory responses contributed is uncertain.

On the contrary, previously published studies investigating mi-

tochondrial transplantation that tested for inflammatory markers

did not find increases. Masuzawa and coworkers found that after

direct autologous mitochondria injection into cardiac tissue, there

was significantly decreased expression of tumor necrosis factor a,

interleukin 6, and high-sensitivity C-reactive protein.40 Further,

they did not find antimitochondrial antibodies present in blood

serum samples 28 days after injections. However, there could be

differences when allogeneic mitochondria are transplanted, as in

our study, compared with a syngeneic or autologous mitochondrial

transplant; and into the injured spinal cord.

Possible caveats and future directions

Although there was no apparent integration of transplanted mi-

tochondria into resident neurons, their incorporation into other cell

types should not be discounted. The spinal cord is a heterozygous

mixture of different cell types, each with important characteristics

for the overall health and function of the spinal cord. Macrophages

can be either pro-inflammatory or anti-inflammatory, and are re-

sponsible for phagocytosing debris and foreign substances as well

as having a part in mediating immune response.67 Astrocytes are

important support cells for neurons, help maintain the blood–brain

barrier, and perform functions in ion homeostasis of extracellular

fluids.68 Oligodendrocytes play an imperative role in insulating

axons to increase signal transmission efficiency.69 Endothelial cells

supply blood and oxygen to tissues, and pericytes wrap around

endothelial cells for contraction of vessels and regulation of blood

flow.70 Each of these cell types have important roles in maintaining

homeostasis within spinal cord tissues, and salvaging any of these

cell types with healthy mitochondrial delivery could be beneficial

for functional recovery and neuronal cell survival after SCI.

There is the unconventional possibility that transplanted mito-

chondria exert their effects extracellularly. The McCully laboratory

noted functional benefits of cardiac tissue mechanics after ischemia/

reperfusion injury was followed by direct mitochondrial injec-

tions.7,40 Similar to in our studies, they noted a low incorporation rate

into host cells and theorized that their results were attributed to ex-

tracellular functions of the transplanted mitochondria. If mitochon-

dria can function extracellularly, then it can be reasoned that this

would be short lived before immune responses and debris-clearing

mechanisms are enacted to remove them, and may therefore explain

our short-term benefits without corresponding long-term correlates.

Our recent studies in vitro show that co-incubation alone was

sufficient for tGFP mitochondria uptake into cultured cells.46 Si-

milarly, we show here that direct injection of isolated mitochondria

into spinal cord tissue in vivo results in cellular uptake, although

there is a relatively low incorporation rate (* £ 6% for any specific

cell type analyzed). Increasing incorporation efficiency after SCI

may be a critical step toward making such transplantation ap-

proaches successful in achieving long-term recovery goals. Mul-

tiple mechanisms of exogenous mitochondrial incorporation have

been proposed, although there is currently no consensus whether it

is endocytosis mediated or much more complicated.71

Mitochondrial uptake is reported following co-incubation with

cells in vitro 72,73 or into host cells after direct injection in vivo.7,59

Conjugation of mitochondria with Pep-1, a cell-penetrating peptide

that increases incorporation, further promotes mitochondrial up-

take,45,57,74 and connexins or gap junction-mediated communication

appears necessary for cells to take in extracellular mitochondria,75–77

perhaps via actin-dependent processes.41 Because mitochondria are

theorized to be bacterial in origin, and various bacteria up to 5 lm in

size can enter cells and replicate, we posit here that similar mecha-

nisms may be used to incorporate isolated mitochondria 500 nm

in size. Bacteria can have surface proteins that bind to receptors

located on host cells, subsequently initiating zipper-like actin-

mediated phagocytosis. As mitochondria are bacterial in origin, and

have retained their own set of mitochondrial DNA that encodes for

proteins, it is possible then that mitochondria may have the same or

similar surface proteins that can bind to cellular receptors. If mito-

chondria do indeed utilize the zipper-like actin-mediated phagocy-

tosis method of cellular entry, this theory would support others’

findings that mitochondrial incorporation is actin dependent. The

zipper-like mechanism of bacterial incorporation can utilize different

receptors such as integrins for binding and signaling (for review of

bacterial invasion methods see the study by Muramatsu and Yama-

shita60). Internalization of exogenous mitochondria-containing par-

ticles in vivo is reported to be dependent upon integrin-mediated Src/

spleen tyrosine kinase (Syk) signaling,43 further implicating the

zipper-like method of internalization as the means for exogenous

mitochondrial incorporation in vivo. Further in-depth comparisons

are needed to determine if mitochondria contain surface proteins that

can be responsible for binding and infiltration of host cells.

Although our findings of acute maintenance of cellular respira-

tion are promising, perhaps assessing acute bioenergetics is not the

optimal criterion for predicting long-term functional recovery in

mitochondrial transplant paradigms after SCI. Accordingly, further

investigations of other biomarkers and/or outcome measures of

recovery at the more acute time points within the 1st week after

injury appear necessary. Herein we show the feasibility of mito-

chondrial transplantation after SCI, although important caveats

such as incorporation mechanism and mitochondrial viability and

functional integration remain unanswered. Consequently, this

seminal study advances the burgeoning field of mitochondrial

transplantation and lays the foundation for increasing incorporation

efficiency and cell-type targeting that may be key in improving

long-term nfunctional neuroprotection in models of SCI.
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