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Abstract

A hallmark of the progressive cascade of damage referred to as secondary spinal cord injury (SCI) is vascular disruption
resulting in decreased oxygen delivery and loss of mitochondria homeostasis. While therapeutics targeting restoration of
single facets of mitochondrial function have proven largely ineffective clinically post-SCI, comprehensively addressing
mitochondrial function via pharmacological stimulation of mitochondrial biogenesis (MB) is an underexplored strategy.
This study examined the effects of formoterol, a mitochondrial biogenic Food and Drug Administration-approved se-
lective and potent f/,-adrenoreceptor (ADRB?2) agonist, on recovery from SCI in mice. Female C57BL/6 mice underwent
moderate SCI using a force-controlled impactor-induced contusion model, followed by daily formoterol intraperito-
neal administration (0.1 mg/kg) beginning 1h post-SCI. The SCI resulted in decreased mitochondrial protein expres-
sion, including PGC-1a, in the injury and peri-injury sites as early as 3 days post-injury. Formoterol treatment attenuated
this decrease in PGC-1q, indicating enhanced MB, and restored downstream mitochondrial protein expression to that of
controls by 15 days. Formoterol-treated mice also exhibited less histological damage than vehicle-treated mice 3 days after
injury—namely, decreased lesion volume and increased white and gray matter sparing in regions rostral and caudal to the
injury epicenter. Importantly, locomotor capability of formoterol-treated mice was greater than vehicle-treated mice by
7 days, reaching a Basso Mouse Scale score two points greater than that of vehicle-treated SCI mice by 15 days.
Interestingly, similar locomotor restoration was observed when initiation of treatment was delayed until 8 h post-injury.
These data provide evidence of ADRB2-mediated MB as a therapeutic approach for the management of SCI.
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Introduction

THERE ARE ESTIMATED to be 180,000 new cases of spinal cord
injury (SCI) yearly worldwide, and while individuals at any
age can fall victim, the majority of injuries occur in males younger
than age 30." The only pharmacological intervention for the
management of SCI is the anti-inflammatory methylprednisolone,
which has marginal effects in only a small subpopulation of patients
and, as of 2013, was no longer recommended for the management

of acute SCI by the ‘““Guidelines for the management of acute
cervical spine and spinal cord injuries.””>* Given the lack of ther-
apies capable of restoring function to affected regions, this rela-
tively young patient population is dependent on healthcare support
for most of their lifetime, emphasizing the need for more effective
therapeutics for the management of SCL

Spinal cord injury occurs in two phases: primary injury, or the
immediate mechanical trauma to the spinal cord, and secondary
injury, which is initiated shortly after injury and can continue for
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months to years.’ The initial injury disrupts the vasculature around
the spinal cord, leading to vasoconstriction, hemorrhage, edema,
hypoperfusion, and ischemia, directly contributing to secondary in-
jury.%7 Interestingly, the degree of functional loss has been shown to
be proportional to the degree of ischemia post-SCI, indicating the
significant impact of ischemia during secondary injury.® The sub-
sequent local decrease in oxygen delivery reduces the ability of
mitochondria to maintain cellular energetics.” Neurons are highly
susceptible to ischemic injury and mitochondrial dysfunction be-
cause of their strict reliance on adenosine triphosphate (ATP)-
dependent processes and limited capacity to buffer oxidative stress.'®!!
Loss of mitochondrial homeostasis ultimately leads to excito-
toxicity, calcium overload, and neuronal cell death, all of which are
characteristic of SCI and propagate secondary injury.>'>'?

Evidence suggests that pharmacological therapeutics that inter-
rupt this secondary injury could improve neuron survival and en-
courage functional recovery. Furthermore, temporal data indicate
that restoration of mitochondrial function shortly after injury may
be a beneficial approach for the management of SCL>'*Thus far,
the majority of studies targeting mitochondria after SCI have fo-
cused on specific aspects of mitochondrial function, such as in-
creasing antioxidant defenses or altering mitochondrial dynamics
(fission/fusion).'*'® While several of such strategies have shown
promise in vivo, none has yet been clinically successful. Pharma-
cological activation of mitochondrial biogenesis (MB), however, is
a heretofore unexploited strategy for the management of SCI.

Mitochondrial biogenesis, or the repair, growth, and/or division
of existing mitochondria, involves an intricate network of mul-
tiple pathways regulating various nuclear- and mitochondrial
deoxyribonucleic acid (DNA)-encoded genes and is governed by
peroxisomal proliferator y coactivator-1 o (PGC-1a), the ‘‘master
regulator of MB.””'*?® Hu and associates®' recently reported de-
creased PGC-1o expression in the spinal cord after contusion SCI
in rats. In addition, both maintaining and overexpressing PGC-1a
expression post-SCI reduced neuronal death and improved func-
tional recovery.?""*? These data are suggestive of the potential ther-
apeutic efficacy of increased PGC-1a and MB after SCI.

Our laboratory recently developed a drug discovery program to
identify drugs that induce MB.>***> Through this program, the
Food and Drug Administration (FDA)-approved highly specific ff,-
adrenergic receptor (ADRB2) agonist formoterol was found to be
a powerful inducer of MB in mice.’®?*’ Previously, we subjected
mice to renal ischemia-reperfusion (IR) injury followed by treat-
ment with formoterol beginning 24 h after injury, when renal dys-
function was maximal. After five days of treatment, formoterol
completely restored mitochondrial and renal function, supporting
the idea that pharmacological stimulation of MB can promote re-
covery of mitochondrial and organ function after ischemic injury.?®

SCI or Sham
surgery
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Interestingly, studies have shown that treatment with the ADRB2
agonist clenbuterol enhanced recovery in rats post-SCL.>*~*! Recent
work from our laboratory determined that formoterol and clen-
buterol possess unique structural features resulting in diver-
gent signaling pathways. Specifically, formoterol contains a longer
methoxyphenyl group, which clenbuterol lacks, that extends across
the ADRB2 binding pocket, and leads to activation of the Gfy-
Akt-eNOS-sGC pathway and the subsequent induction of MB.*
Therefore, formoterol is not only a more potent, selective, and
long-acting ADRB2 agonist than clenbuterol, but also induces
MB,**** giving this pharmacological agent the potential to alle-
viate multiple aspects of injury progression and promote recovery
post-SCI. Given the importance of ischemia during secondary in-
jury and the detrimental mitochondrial dysfunction that accom-
panies SCI, this study sought to determine the therapeutic potential
of formoterol-mediated MB on functional recovery using an
impactor-induced contusion mouse model of SCI.

Methods
Animals and SCI model

Female wild-type C57B1/6 mice between eight and nine weeks
of age were obtained from The Jackson Laboratories (Bar Harbor,
ME), housed in groups of 3-5, and allowed to habituate for seven
days before use. To determine the mitochondrially biogenic effect
of formoterol in the spinal cord under physiological conditions,
naive mice were treated with intraperitoneally with 0.1 mg/kg
formoterol once daily for 48 h, followed by euthanasia via anes-
thesia overdose and isolation of the T9-13 region of the spinal cord.

For SCI studies, mice were randomized into sham and SCI
groups. Animals were anesthetized with ketamine 10 mg/kg and
xylazine 6 mg/kg via intraperitoneal injection and continuously
monitored for spontaneous breathing. Mice underwent a com-
plete single-level laminectomy at the 10th—12th thoracic vertebrae
(T10-12). The vertebral column was clamped and stabilized at
the upper thoracic and lumbar levels, and a controlled contusion
with a force of 80 kilodynes was administered using the Infinite
Horizon TH-0400 impactor (Lexington, KY) with the dura intact.
Sham mice received laminectomy only. Manual bladder expres-
sion was performed twice daily until functional recovery. Injured
mice were divided further into formoterol- or vehicle-treated
groups. Groups were euthanized three days, seven days, or 15 days
post-SCI via anesthesia overdose, and spinal cords were isolated
for analysis.

All studies were approved by the Institutional Animal Care and
Use Committee of the Medical University of South Carolina and
the University of Arizona in accordance with the guidelines set
forth by the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. The schematic representation of the
experimental design is seen in Figure 1.
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FIG. 1.

Schematic representation of experimental design.
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Drug treatment

Formoterol fumarate dehydrate was obtained from Sigma-
Aldrich (St. Louis, MO) and dissolved in saline/0.1% dimethyl
sulfoxide to 0.01 mg/mL. Given that we have observed mitochond-
rially biogenic effects in mice with doses as low as 0.1 mg/kg,>” mice
were treated intraperitoneally daily with either formoterol 0.1 mg/kg
or vehicle control beginning 1 h or 8 h after injury.

Locomotor capability assessment

Locomotor capability was assessed using the 10-point (0-9)
Basso Mouse Scale (BMS)** by an observer blinded to the exper-
imental groups. Each mouse was observed for 3 min, with bladder
expression taking place before assessment. Animals were observed
24 h after the surgical procedure and every other day thereafter until
euthanasia. Sham animals maintained a BMS score of 9 throughout
the experiment.

Ribonucleic acid (RNA) and mitochondrial
DNA (mtDNA) expression

The injury site and spinal cord regions approximately 5 mm
rostral and caudal to the injury site (peri-injury sites) were collected
and total RNA extracted using TRIzol reagent (Invitrogen, Carls-
bad, CA) based on the manufacturer’s protocol. The comple-
mentary DNA (cDNA) was synthesized using the iScript cDNA
Synthesis Kit and quantitative polymerase chain reaction (qQPCR)
performed using 500ng of cDNA template and SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). Fold
changes were calculated using the AACt method. The primers used
can be found in Table 1.

DNA was isolated from the injury and peri-injury spinal cord
sites using the Qiagen DNeasy Blood and Tissue Kit (Valencia,
CA) and 5ng used for gPCR quantification of relative mtDNA
content. ND1, a mitochondrial gene, was measured and normalized
to the nuclear encoded gene f-actin.

Immunoblot

Protein was extracted from the injury and peri-injury sites of the
spinal cord using radioimmunoprecipitation assay buffer (50 mM
Tris-HCI, 150 mM NaCl, 0.1% sodium dodecyl sulfate [SDS],
0.5% sodium deoxycholate, 1% Triton X-100, pH 7.4) with pro-
tease inhibitor cocktail (1:100), 1 mM sodium fluoride, and 1 mM
sodium orthovanadate (Sigma-Aldrich, St. Louis, MO). Samples
were agitated for 2 h at 4°C and then centrifuged at 14,000 x g for
15 min and the supernatant collected. Protein was quantified using a
bicinchoninic acid assay, and 10-12 ug of protein was separated via
electrophoresis using 4-15% SDS-polyacrylamide gels, then
transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA).
Membranes were blocked in 5% milk in TBST and incubated
overnight with primary antibodies with constant agitation at 4°C.
Membranes were incubated with the appropriate horseradish
peroxidase-conjugated secondary antibody and visualized using
chemiluminescence (Thermo Scientific, Waltham, MA) on a GE
ImageQuant LAS4000 (GE Life Sciences, Pittsburgh, PA). Optical
density was determined using ImageJ software. Primary antibodies
used were as follows: Nrf2 (1:1000, Santa Cruz Biotechnology,
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Dallas, TX), PGC-1a (1:1000), TFAM (1:1000), NDUFSI1 (1:1000),
ATP Syn f (1:1000), o-tubulin (1:1000, Abcam, Cambridge, UK).

Histopathological analysis

Spinal cord tissues were processed as described previously.®
Briefly, mice were transcardially perfused with 0.1 M phosphate
buffered saline followed by 4% paraformaldehyde (PFA). A 1cm
segment of the spinal cord centered on the injury epicenter was
removed and post-fixed in PFA for 2h, then washed in 0.2M
phosphate buffer overnight at 4°C. Tissues were then cryoprotected
in 20% sucrose with 0.1% sodium azide at 4°C until the spinal cords
sank (>3 days). Spinal cords were trimmed to 6 mm segments
centered on the injury sight and frozen in optimal cutting temper-
ature compound at —80°C. The entire 6 mm was cryosectioned into
10 um coronal sections and every section collected.

Eriochrome cyanine (EC) staining for myelin was used to dis-
tinguish damaged and spared tissue.*> Slides were warmed for
60 min, then hydrated in dH,O, submerged in acetone for 2 min,
and rehydrated in dH,O. Slides were exposed to serial dilutions of
decreasing concentrations of ethanol and incubated in EC solution
for 30 min. Selective myelin staining was obtained by differentia-
tion in 0.3% ammonium hydroxide for 30sec. Slides were then
exposed to serial dilutions of increasing ethanol concentrations.
Analyses were performed in a blinded fashion, with respect to
treatment group, using an Olympus BX41 microscope (Tokyo,
Japan) and ImagelJ software. Lesion and spared tissue areas were
quantified across 2 mm of spinal cord centered on the epicenter at
100 um intervals using the Cavalieri method, totaling 21 sections
per animal.

Statistical analysis

Tissue isolated from a single animal or a single animal’s be-
havior represented n= 1. Behavioral assays were on a total of n=8
sham mice and n= 12 injured mice per group, and data were ana-
lyzed using two-way analysis of variance (ANOVA) with repeated
measures followed by the Tukey post hoc test. All data sets un-
derwent and passed the Shapiro-Wilk normality test. Differences in
mtDNA and messenger ribonucleic acid (mRNA) expression be-
tween two groups were analyzed using the two-tailed Student ¢ test,
while that of three or more groups was analyzed using a one-way
ANOVA followed by the Tukey post hoc test. Differences in in-
dividual protein expression between all three groups (Sham, SCI +
Vehicle, SCI + Formoterol) were analyzed using one-way ANOVA
followed by the Tukey post hoc test. Two-way ANOVA was used
to analyze tissue histopathology (lesion, gray and white matter
area) across the spinal cord. Total lesion, gray matter and white
matter volumes were analyzed using the two-tailed Student # test.

For expression analyses, different superscripts are indicative of
statistically significant differences, while bars with the same super-
script are not significantly different (Fig. 2-5, 6E). For body weight
and BMS scores (Fig. 4, 7), “a” denotes a statistically significant
difference compared with SCI + Vehicle, while “b” denotes a sta-
tistically significant difference compared with day 1. For lesions,
gray matter and white matter area (Fig. 6B-D), ““a’” denotes a main
effect of treatment. In all cases, GraphPad Prism software (La Jolla,
CA) was used and a p<0.05 was considered indicative of a statis-
tically significant difference between mean values.

TABLE 1. PRIMERS
Target Sense Antisense
PGC-1a 5’-AGGAAATCCGAGCGGACTGA-3’ 5’-GCAAGAAGGCGACACATCGAA-3’
ND1 5-TGAATCCGAGCATCCTACC-3’ 5’-ATTCCTGCTAGGAAAATTGG-3’

p-Actin

5’-GGGATGTTTGCTCCAACCAA-3’

5’-GCGCTTTTGACTCAGGATTTAA-3’
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Results
Effect of formoterol on MB in the naive spinal cord

Naive mice were treated with formoterol 0.1 mg/kg or vehicle
intraperitoneally daily for 48 h. After treatment, the T9-13 portion
of the thoracic spinal cord was extracted and analyzed for mtDNA
copy number (Fig. 2A) and PGC-1a mRNA expression (Fig. 2B).
Both mitochondrial end-points were increased more than 25% in
the spinal cord of formoterol compared with vehicle-treated mice.
The 1.3—-1.4-fold increases in these end-points are both significant
and physiologically relevant.>¢3%

Time course of loss of PGC-1a expression post-SCI

Mice underwent a force-controlled impactor-induced contusion
model of SCI using a force of 80 Kdyn. To determine the time-
course of mitochondrial disruption after moderate SCI, PGC-1a
mRNA expression was assessed in injury and peri-injury sites.
Using this model, PGC-1a decreased 25% in the injury site within
the first hour post-SCI, ultimately decreasing 80% by 24 h (Fig. 3A).
In the peri-injury site, while unaltered at 1h post-SCI, PGC-1a
decreased 30% by 4 h, reaching 40% of sham levels by 24 h (Fig. 3B).
There was a significant effect of both injury and time post-injury on
PGC-1a expression in both the injury (F[1, 36]=111, p <0.0001;
F[5,36]=5.169, p=0.0011) and peri-injury (F[5,36]=4.938, p=
0.0015; F[1,36] =106, p<0.0001) sites.

While diminished PGC-1a expression continued to be observed
in the injury and peri-injury sites three and seven days post-injury,
expression began to recover in both sites at these time points, in-
dicating that the injury was not so severe as to leave no opportunity
for pharmacological intervention. PGC-1o. expression was de-
creased compared with respective sham levels in the injury site at
all time points assessed and in the peri-injury site beginning 4 h
after SCI and continuing to seven days.

Effect of formoterol on mitochondrial protein
expression post-SCI in the injury site

Mice underwent SCI followed by daily administration of in-
traperitoneal formoterol 0.1 mg/kg beginning 1h post-injury and
continuing until euthanasia. Protein expression of PGC-1o, nu-
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FIG. 2. Effect of formoterol on mitochondrial biogenesis in naive
mice. Mice were treated with vehicle or formoterol (0.1 mg/kg) daily
for 48 h. The spinal cord was extracted and analyzed for mitochondrial
DNA (mtDNA) content (A) and peroxisomal proliferator y coactivator-
la (PGC-1a) messenger ribonucleic acid (mRNA) expression (B).
Data represent 4-6 mice per group and are expressed as mean=
standard error of the mean. Different superscripts are indicative of
statistically significant differences (p <0.05 by Student ¢ test).
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FIG. 3. Time-dependent effects of spinal cord injury (SCI) on
PGC-1a messenger ribonucleic acid (mRNA) in mice. Mice un-
derwent moderate SCI using an 80 Kdyn force-controlled impac-
tor induced contusion model. The injury (A) and peri-injury (B)
sites were extracted and analyzed for PGC-1oo mRNA expression.
Data represent four mice per group and are expressed as mean+
standard error of the mean. Different superscripts are indicative of
statistically significant differences in expression between time
points. As denoted by ““a”, all groups in A and groups 4 h—7 days
in B are significantly different from their respective sham controls
(p<0.05 by two-way analysis of variance followed by Tukey post
hoc test).

clear respiratory factor 2 (Nrf2), a transcription factor induced by
PGC-1« that has transcriptional control of multiple mitochondrial
genes,”® mitochondrial transcription factor A (TFAM), and the mi-
tochondrial proteins ATP synthase f§ (ATP Syn f5), a subunit of
ATP synthase of the electron transport chain (ETC), and nicotin-
amide adenine dinucleotide:ubiquinone oxidoreductase core sub-
unit S1 (NDUFS1), a subunit of ETC complex I, were investigated.
Analysis of the injury site three days post-SCI revealed a sig-
nificant effect of injury and treatment on the expression of Nrf2
(F[2,15]1=31.77, p<0.0001), PGC-1a (F[2,15]=79.14, p<0.0001),
TFAM (F[2,15]=4.64, p=0.270), ATP Syn f (F[2,15]=17.9,
p=0.0001) and NDUFS1 (F[2,15]=11.15, p=0.0011), all of
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which were decreased markedly in the injury site of vehicle-treated
SCI mice compared with sham (Fig. 4A). Treatment with for-
moterol partially restored PGC-1a, Nrf2, TFAM, and ATP Syn b,
and fully restored NDUFSI1.

Additional analyses revealed persistent effects of injury and
treatment on expression of Nrf2 (F[2,14]=4.718, p=0.0271),
PGC-1a (F[2,14]=23.45, p<0.001), ATP Syn f (F[2,15]=6.723,
p=0.0082) and NDUFS1 ([2,14]=10.85, p=0.0014), but not
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TFAM (F[2,14]=0.7771, p=0.4786). PGC-1a, Nrf2, ATP Syn b
and NDUFS1 expression remained decreased in the injury site of
SCI mice at 7d (Fig. 4B). Formoterol treatment completely re-
stored NDUFS1 and ATP Syn b, partially restored Nrf2, and had
no effect on PGC-1la. By 15 days, only Nrf2 (F[2,15]=11.69,
p=0.0009), ATP Syn b (F[2,15]=21.26, p <0.0001), and NDUFS1
(F[2,15]=18.21, p<0.0001) remained decreased after SCI,
while PGC-1a (F[2,12] =2.915, p=0.0929) was equivalent to sham
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FIG. 4. Effect of formoterol on mitochondrial proteins in the injury site of mice subjected to spinal cord injury (SCI). Mice underwent
moderate SCI using an 80 Kdyn force-controlled impactor induced contusion model followed by daily intraperitoneal administration of
vehicle or formoterol (0.1 mg/kg) beginning 1 h post-injury. Subsets of mice were euthanized three days (A), seven days (B), and 15 days
(C) post-SCI and the injury site extracted and analyzed for protein. Data represent 5-6 mice per group and are expressed as
mean *standard error of the mean. For each protein, different superscripts are indicative of statistically significant differences in ex-
pression ( p< 0.05 by one-way analysis of variance followed by Tukey post hoc test). Bars with the same superscripts are not significantly
different. Nrf2, nuclear respiratory factor 2; PGC-1¢, peroxisomal proliferator y coactivator-1o; TFAM, mitochondrial transcription factor
A; ATP, adenosine triphosphate; NDUFS1, nicotinamide adenine dinucleotide:ubiquinone oxidoreductase core subunit S1.
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controls (Fig. 4C). Formoterol treatment maintained ATP Syn b
and NDUFSI1 and increased TFAM (F[2,14]=5.766, p=0.0149)

967

(F[2,15]=8.445, p=0.0035), PGC-1a (F[2,15] =6.728, p=0.0082)
and TFAM (F[2,15]=20.75, p <0.0001) were decreased in the peri-

injury site of SCI mice compared with shams, while ATP Syn f
(F[2,13]=3.103, p=0.0791) and NDUFS1 were not. Formoterol
treatment again partially restored TFAM, but had no effect on PGC-
1o or Nrf2. Interestingly, NDUFS1 (F[2,14]=22.78, p<0.0001) was
decreased 50% in SCI mice treated with formoterol.

The Nrf2 (F[2,15]=17.97, p=0.0001), TFAM (F[2,14] =4.648,
p=0.0283) and NDUFS1 (F[2,15]=27.46, p<0.0001) were

beyond sham controls.

Effect of formoterol on mitochondrial protein
expression post-SCI in the peri-injury site

Altered mitochondrial protein expression was also present
in the peri-injury site three days post-SCI (Fig. 5A). Nrf2
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FIG. 5. Effect of formoterol on mitochondrial proteins in the peri-injury site of mice subjected to spinal cord injury (SCI). Mice
underwent moderate SCI using an 80 Kdyn force-controlled impactor induced contusion model followed by daily intraperitoneal
administration of vehicle or formoterol (0.1 mg/kg) beginning 1 h post-injury. Subsets of mice were euthanized three days (A), seven
days (B), and 15 days (C) post-SCI and the peri-injury site extracted and analyzed for protein. Data represent 5—6 mice per group and are
expressed as mean * standard error of the mean. For each protein, different superscripts are indicative of statistically significant differences in
expression (p <0.05 by one-way analysis of variance followed by Tukey post hoc test). Bars with the same superscripts are not significantly
different. Nrf2, nuclear respiratory factor 2; PGC-1a, peroxisomal proliferator y coactivator-1o; TFAM, mitochondrial transcription factor A;
ATP, adenosine triphosphate; NDUFS1, nicotinamide adenine dinucleotide:ubiquinone oxidoreductase core subunit S1.
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decreased in the peri-injury site of injured mice at seven days, while
there was no difference in PGC-1« (F[2,15]=0.06426, p=0.9380)
or ATP Syn f (F[2,15]=5.974, p=0.0123, Fig. 5B). Formoterol
treatment had no effect on Nrf2 or NDUFSI, restored TFAM ex-
pression, and increased ATP Syn f to levels greater than sham
controls. At 15 days, Nrf2 (F[2,15]=20.26, p<0.0001), ATP Syn 8
(F[2,13]=15.37, p=0.0004) and NDUFS1 (F[2,15]=9.267, p=
0.0024) were decreased in SCI mice, while PGC-1o (F[2,15]=
0.8784, p=0.4358) and TFAM were not (Fig. 5C). Formoterol had
no effect on Nrf2 or NDUFSI1, yet maintained ATP Syn f, and
again increased TFAM (F[2,14]=10.64, p=0.0016) to greater than
sham levels.

Effect of formoterol on spinal cord histopathology
three days post-SCI

Given that increases in mitochondrial protein expression were
observed with formoterol as early as three days post-injury, we
assessed spinal cord histopathology at this time point using Erio-
chrome cyanine staining for myelin (Fig. 6). Cross-sectional
analysis revealed decreased lesioned tissue in formoterol- com-

A Sham

SCIl + Vehicle

SCHOLPA ET AL.

pared with vehicle-treated injured mice, particularly in the sections
rostral and caudal to the epicenter (Fig. 6B). Similarly, quantifi-
cation of both white (Fig. 6C) and gray matter (Fig. 6D) showed
increased sparing with formoterol treatment, again in areas adja-
cent to the epicenter. Main effects of treatment (F[1,189]=58.88,
p<0.0001; F[1,189]1=133.5, p<0.0001; F[1,189]=40.92, p<
0.0001] and spinal level (F[20,189]=114.8, p <0.0001; F[20,189] =
62.42, p<0.0001; F[20,189] =47.31, p <0.0001) were observed with
all three outcomes. Analysis of 2 mm of spinal cord centered on the
injury epicenter indicated that formoterol-treated mice also had de-
creased lesion volume, and increased white matter, gray matter, and
spared tissue volume (Fig. 6E).

Effect of formoterol on functional recovery
and body weight post-SCI

Functional capabilities were assessed beginning 24 h after injury
and continuing every alternate day thereafter up to 15 days post-
SCI using the BMS, a 10-point scale ranging from O (complete
hindlimb paralysis) to 9 (normal function).** As expected, all in-
jured mice depicted complete paralysis by 24 h post-injury, and
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FIG. 6. Effect of formoterol on spinal cord histopathology in injured mice. Mice underwent moderate spinal cord injury (SCI) using
an 80 Kdyn force-controlled impactor induced contusion model followed by daily intraperitoneal administration of vehicle or formoterol
(0.1 mg/kg) beginning 1h post-injury and continuing for three days. Spinal cords were extracted and evenly spaced tissue sections
stained with Eriochrome cyanine (A) and analyzed for lesion (B), white matter (WM) (C), and gray matter (GM) (D) volume, with “‘a”
being indicative of a main effect of treatment (p <0.05 by two-way analysis of variance followed by Tukey post hoc test). Panel E
depicts total quantification across 2mm of injured spinal cord and for each outcome, different superscripts are indicative of statistically
significant differences (p < 0.05 by Student ¢ test). Bars with the same superscripts are not significantly different. Data represent 5—6 mice per
group and are expressed as mean + standard error of the mean. Scale bar=0.5 mm. Color image is available online.
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sham controls maintained a score of 9 throughout assessment.
Analysis revealed a significant effect of both formoterol treatment
(F[2, 27]=686.7, p<0.0001) and days after injury (F[7,189]=
113.9, p<0.0001), as well as a significant interaction (F[14,189] =
35.33, p<0.0001). Mice treated with daily formoterol begin-
ning 1h after SCI displayed an increased BMS score compared
with vehicle treated mice by seven days post-injury (1.2 vs. 0.5).
(Fig. 7A). By 15 days post-SCI, formoterol-treated mice exhibited a
BMS score of 4, indicative of occasional plantar stepping and two
points higher than that of vehicle-treated injured mice, which dis-
played a score of 2, indicating ankle movement. In addition, SCI
mice treated with formoterol presented an increased BMS score by
day 7 compared with day 1, while this did not occur until day 11 in
vehicle-treated mice.

Animals were weighed daily beginning before SCI (day 0) until
euthanasia. The data are presented based on the weights on the day of
surgery and days when locomotor activity was assessed (Fig. 7B).
Analysis of all data revealed a significant effect of both formote-
rol treatment (F[2,32]=98.05, p<0.0001) and days post-injury
(F[15,480]1=37.76, p<0.0001), as well as a significant interaction
(F[30,480]=16.52, p <0.0001). While all injured mice lost a compa-
rable percentage of body weight post-injury, formoterol-treated mice
gained body weight compared with vehicle-treated mice beginning on
day 7, and reached a weight no different than their initial starting
weight by day 11. Injured mice treated with vehicle did not return to
pre-surgery weight at any point during the 15 day experiment.

Effect of delayed initiation of formoterol treatment
on functional recovery and post-SCI

In a separate cohort of SCI mice, daily administration with
formoterol 0.1 mg/kg or vehicle was delayed until 8 h post-injury
and functional recovery assessed. Analysis again revealed a sig-
nificant effect of formoterol treatment (F[2,21]= 1445, p <0.0001)
and days post-injury (F[7,147]=92.27, p<0.0001), and a signifi-
cant interaction (F[14,147]=32.36, p <0.0001). Mice treated with
vehicle alone again reached a maximum BMS score of approxi-
mately 2 by 15 days post-injury, and those treated with formoterol
had a score of 3.5, slightly less than that observed when treatment
was initiated 1h after injury (Fig. 7C). Similar to what was ob-
served when treatment began 1 h post-SCI, formoterol-treated mice
displayed an increased BMS score by seven days after injury
compared with both day 1 and vehicle-treated mice.

Discussion

Nervous system mitochondria have been implicated in not only
energy supply, but also neuronal homeostasis and degeneration,
with even minor mitochondrial defects leading to pathological
conditions.* Loss of mitochondrial function results in excitotoxicity,
Ca?* overload, and the initiation of cell death cascades, all of which
are hallmarks of SCI and worsen injury.>'*'* After accumulating
above a certain threshold, Ca®* triggers the opening of the mito-
chondrial permeability transition pore (mPTP), which has been linked
to neuronal cell death after brain injury, neurodegenerative disorders,
and SCL'**'*® Sullivan and colleagues® demonstrated that spinal
cord mitochondria have a reduced Ca®* threshold for opening of the
mPTP than mitochondria isolated from the brain, indicating the im-
portance of restoring mitochondrial homeostasis after SCIL.

Given the complex nature of secondary injury, targeting specific
downstream occurrences is likely to be ineffective®®; data reveal
that rapidly restoring mitochondrial homeostasis, however, may be
a more inclusive strategy.>'**! Mitochondrial dysfunction post-
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FIG. 7. Effect of formoterol treatment on functional recovery and
body weight after spinal cord injury (SCI) in mice. Mice underwent
moderate SCI using an 80 Kdyn force-controlled impactor induced
contusion model followed by daily intraperitoneal administration of
vehicle or formoterol (0.1 mg/kg) beginning 1h (A,B) or 8h (C)
post-injury and continuing for 15 days. Locomotor function was
assessed using the Basso-Mouse Scale beginning 24 h after injury
and continuing every alternate day (A,C). Body weight was as-
sessed before injury (day 0), and every day locomotor activity was
assessed (B). Data are representative of eight sham and 12 injured
mice per treatment group and are expressed as mean = standard
error of the mean. Statistically significant difference compared with
SCI + Vehicle is denoted by “a,” and statistically significant dif-
ference compared with the initial assessment (day 1 for A and C,
day O for B) is denoted by “b” (p<0.05 by two-way analysis of
variance with repeated measures followed by Tukey post hoc test).
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SCI has been suggested to be critical to the progression of secondary
injury and concurrent cell death®! and, as such, mitochondria have
become an appealing therapeutic target. Many studies targeting
mitochondria post-SCI, however, have focused on singular aspects
of dysfunction, including opening of the mPTP or reactive oxy-
gen species (ROS) production.'*'®°2 Here, we assessed the
therapeutic efficacy of pharmacological enhancement of MB, an
alternate approach for comprehensively pursuing restoration of
mitochondrial function that has not yet been fully explored for
the management of SCI.

Rapid and persistent mitochondrial dysfunction after moderate
SCI was observed in both the injury and peri-injury sites, with peak
injury in both regions occurring 24 h after impact, corresponding
with studies reporting decreased spinal cord PGC-1a after con-
tusive SCI in rats.?' Decreased expression of mitochondrial pro-
teins was observed in both sites of injured mice at all time points
examined, and formoterol-induced rescue of said proteins began
as early as three days post-SCIL. Importantly, formoterol increased
PGC-1a expression in both regions by three days after injury,
suggestive of MB, yet by seven and 15 days, PGC-1a was com-
parable among injured mice regardless of treatment.

The PGC-1u activity can be altered via post-translational mod-
ifications including, but not limited to, phosphorylation, methyla-
tion, and acetylation,> which have not yet been investigated in this
model. Nonetheless, these early formoterol-induced increases in
spinal cord PGC-1a expression likely contributed to the additional
mitochondrial protein restoration observed throughout treatment.
Formoterol treatment ultimately returned all proteins assessed in
the injury site to sham levels, with TFAM expression surpassing
that of controls. Similarly, in the peri-injury site, formoterol-treated
mice exhibited rescued expression of ATP Syn f, and TFAM
again exceeded that of sham controls. These data indicate that
formoterol-induced MB improved mitochondrial homeostasis
after SCI.

Interestingly, formoterol-treated mice had decreased NDUFSI,
a subunit of complex I of the ETC, in the peri-injury site three days
post-SCI, which could be indicative of decreased complex I ac-
tivity. Complex I is a major site of ROS production, and inhibition
of its activity has been shown to decrease oxidative mitochondrial
damage during ischemia.’*> Furthermore, administration of the
complex I inhibitor rotenone decreased lipid peroxidation after SCI
in rats,*® a possible result of decreased ROS production. An op-
posite effect was observed in the injury site, with formoterol
treatment increasing NDUFS1. While the reason for this difference
remains to be discerned, such dissimilar effects may be indicative
of formoterol-induced neuroprotection at the peri-injury site, as
opposed to the injury epicenter, inhibiting the diffusion of injury
at this early time point.

Histological analysis revealed formoterol-induced tissue spar-
ing three days after injury, with total white and gray matter
volume increased with formoterol treatment. Interestingly, the
majority of this sparing was evident in the areas rostral and caudal
to the epicenter. These data indicate that formoterol may be acting
as a neuroprotectant, preventing the spread of secondary injury.

Formoterol treatment enhanced locomotor capability in injured
mice as early as seven days after SCI, aligning with increases in
body weight, with these mice ultimately displaying a BMS score of
4 by 15 days. Clenbuterol, a less potent and selective ADRB2 than
formoterol, has been examined for the management of SCI with
studies showing improved functional recovery after SCI in rats
beginning three weeks post-injury,>*° a full two weeks after our
initial observed effects with formoterol. Furthermore, our data were
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obtained using 0.1 mg/kg formoterol, a dose nearly 20-fold less
than the 1.6-2.0mg/kg used for clenbuterol. This accelerated
functional improvement at a substantially lower dose is likely
partially because of the increased potency, selectivity, and half-life
of formoterol.>* Remarkably, similar locomotor effects were ob-
served when formoterol treatment initiation was delayed until 8 h
after injury, which speaks to the potential clinical applicability of
this therapeutic strategy.

Based on increases in mtDNA and mitochondrial gene and
protein expression, our studies have shown that formoterol induces
MB in the kidney, heart, skeletal muscle, and spinal cord of mice,
while clenbuterol has not been found to induce MB.?%?73%55 Re-
cent work from our laboratory has attributed this difference to
unique structural features of the two agonists resulting in dis-
tinct receptor-ligand interactions and divergent signaling path-
ways. Specifically, formoterol is able to extend across the ADRB2
binding pocket, leading to activation of the Gfy-Akt-eNOS-sGC
pathway, which is necessary for the induction of MB; clenbuterol
and other non-mitochondrially biogenic ADRB2 agonists do not
activate this pathway.*> Therefore, despite both formoterol and
clenbuterol being ADRB?2 agonists, dissimilar structures and sig-
naling leading to MB with formoterol has a greater therapeutic
potential for the management of SCI.

Mitochondrial dysfunction after SCI is a well-characterized
consequence of secondary injury and, as such, therapeutically
targeting mitochondria is not a novel approach. While multiple
pharmacological agents targeting mitochondria have proven ben-
eficial for the management of SCI in vivo,SO’S(”S8 there remains no
approved therapeutic strategy. This could be, in part, because these
compounds generally target singular aspects of mitochondrial
dysfunction (i.e., mPTP opening, oxidative stress), which may not
be sufficient to effectively improve overall mitochondrial health
and ultimately patient outcome. It has been suggested that en-
hancing multiple facets of mitochondrial function could address
this inadequacy.*®*° While this could be accomplished poten-
tially via combinatorial treatment with multiple agents that target
specific mitochondrial functions, pharmacological induction of
MB has the potential to more efficiently combat this deficit.

The data presented here are the first to suggest pharmacological
activation of MB via agonism of the ADRB2 receptor for the
management of SCI. Further, these studies were performed using
an FDA-approved compound with the ability to be repurposed,
reinforcing the potential clinical applicability of these findings
and demonstrating the value of continued investigation into this
approach.
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