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1. Introduction

Battlefield casualty and trauma often results in major injury to the extremities, one example of
this is volumetric muscle loss (VML) injuries. While advances in prolonged field care have
saved many Servicemembers lives, those with VML injures are left with long-term functional
complications. Unlike more simple muscle injuries, VML injuries are not capable of undergoing
significant self-repair. One factor limiting muscle function recovery is a lack of current
treatments and rehabilitation techniques and lack of understanding of the secondary effects due
to VML such as physical inactivity. We are investigating how early rehabilitation may improve
muscle function following VML injury. We will test two specific aims: 1) to determine if early
rehabilitation approaches are sufficient to improve the function and quality of the remaining
tissue after VML injury. And 2) to understand if injury-induced physical inactivity significantly
impairs the quality of remaining tissue after VML injury and the responsiveness to rehabilitation.
By studying and understanding early rehabilitation following injury we hope to improve healing
of the muscle and effective rehabilitation. Additionally, we hope to elevate the wounded
Servicemember’s long-term quality of life.

2. Keywords
Regenerative rehabilitation, regenerative medicine, skeletal muscle physiology, mitochondrial
physiology, volumetric muscle loss, rehabilitation, oxygen consumption, PGC1, physical

inactivity, neuromuscular electrical stimulation

3. Accomplishments
e What were the major goals of the project?

Specific Aim 1: To (_je_termln_e if early rehablllt_atlon Timeline UGA Minnesota
approaches are sufficient to improve the function and (months) (Call) (Greising)
quality of the remaining tissue after VML injury
Major Task 1: To determine if approaches to enhance
metabolic capacity in healthy tissue are feasible after
VML injury
Subtask 1: Obtain IACUC & ACURO approvals 1-3 Completed N/A
Subtask 2: Determine optimal rehabilitation to improve 4-14 750 N/A
metabolic function of muscle following VML
Major Task 2: To investigate the effectiveness of
combined therapies for VML to improve the function of
the remaining tissue after VML injury
Subtask 3: Perform combined rehabilitation techniques 19-27 No N/A
following VML injury progress
Subtask 4: Perform muscle contractile/metabolic 14-32 No N/A
assessments, test mitochondrial function progress
Milestone Achieved: Local IACUC Approval 4 Completed N/A
Milestone(s) Achieved: Quantification and No N/A
understanding of optimal rehabilitation to improve 14
metabolic function of muscle following VML injury. progress
Milestone(s) Achieved: Quantification and
understanding of optimal rehabilitation and timing to 14-33 No N/A
improve contractile and metabolic function of muscle progress
following VML injury.
Milestone Achieved: Final reporting 36 No No
progress progress
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Specific Aim 2: To understand if injury-induced

physical inactivity significantly impairs the quality of

remaining tissue after VML injury and the

responsiveness to rehabilitation.

Major Task 3: To characterize physical activity levels

following a multi-muscle VML injury in a rodent model.
Subtask 1: Obtain IACUC & ACURO approvals 1-3 N/A Completed
Subtgsk 2: Perf_orm physical activity measures 12-19 N/A 25%

following VML injury

Major Task 4: To investigate how VML-induced and

limited physical activity impairs the responsiveness of

the remaining muscle to rehabilitation specifically range

of motion, neuromuscular electrical stimulation, and

mitochondrial therapies.

Su_btask 3: Model inactivity following injury with 16-20 N/A No
restricted caging progress
Subtask 4: Test various early rehabilitation with No

inactivity model for functional muscle improvements and 17-25 N/A

histology outcomes progress
Milestone Achieved: Local IACUC Approval 4 N/A Completed
Milestone(s) Achieved: Understanding of how VML- No

induced and limited physical activity impairs the 32 N/A

responsiveness of the remaining muscle to rehabilitation. progress
Milestone Achieved: Final reporting 36 No No

progress progress

e What was accomplished under these goals?

For this reporting period, the primary objectives were to obtain institutional IACUC and then
ACURO approval, and to determine optimal rehabilitation to improve metabolic function of
muscle following VML. IACUC and ACURO approvals are up-to-date for work to be completed

at both the University of Georgia (Call) and the University of Minnesota (Greising).

Determine optional rehabilitation to improve metabolic

function of the muscle following VML. In Greising et al. (2018) o

we reported that skeletal muscle fibers from VML-injured g’
mice had significantly less mitochondrial respiration compared | g 4000
to muscle fibers from uninjured mice (Fig 1). This was c‘g
determined by assessing the oxygen consumption rates of | £ ,500-
permeabilized muscle fibers from VML-injured and uninjured §

mice using a high-resolution Oroboros O2K respirometer. For

this objective, we are testing strategies to correct this

traditional exercise has not been well established. VML- | fibers

. - Control VML-Injured
pathology. We started with voluntary wheel running because Figure 1: *p<0.05 VML-injured

the most robust adaptation to endurance exercise is an increase | |ess than Control. JO».
in the oxidative capacity of skeletal muscle fibers. However, | mitochondrial respiration rates
the extent to which the remaining muscle can adapt to | from permeabilized muscle

injured mice began wheel running 3-days post-injury and continued for 1 month. At 1 month,
skeletal muscle fibers from VML-injured and uninjured mice were analyzed for mitochondrial
content and respiration. Mitochondrial respiration and content significantly increase in uninjured
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mice but there was no oxidative adaptation in the remaining muscle of VML-injured mice (Fig
2). We interpreted this to mean that the remaining muscle is resilient to tradition rehabilitation
strategy such as voluntary wheel running perhaps to do impaired muscle recruitment or impaired

molecular signaling.

c

2 14000 : b
€ 5 12000 _. L Control

= i = Control+Run

% g 1g888 s | ,,_I + VML Contralateral
== ° . % « VML Injured

22 60001%¥ & f £ % 2 7 YMLContslsterai+Run
2 £ 40004 " + VML Injured+Run

S 2000

s 0
Figure 2: Mitochondrial respiration following 1 month of wheel running.
Uninjured controls significantly increase (black vs green), whereas VML-injured
did not (red vs blue).

Because oxidative plasticity was limited in the remaining muscle, we decided to further
interrogate the pathophysiology of VML on mitochondrial structure and function. We did this by
exploring the mitochondrial function and structure at several early timepoints after VML injury.
Function was assessed via oxygen consumption rates of permeabilized muscle fibers and
structure was analyzed using 2-photon imaging of a Dendra2 mitochondrial-specific green
fluorescent protein mouse strain. This early analysis demonstrated to us that there is an extensive
mitochondrial pathology immediately following VML injury in terms of muscle function (Fig 3)

and structure (Fig 4).
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Figure 4: *p<0.05 control vs VML.

It is clear from this data that the
pathophysiology of VML injury
involves destruction of the
mitochondrial network that
corresponds to mitochondrial
dysfunction and may have long-lasting
effects (Fig 1). Therefore, it becomes
even more critical to identify therapies

Figure 3: Mitochondrial network representative images
from uninjured Control muscles and Day 3 and Day 7
post-VML injury. Mitochondrial content (green) stays
4|Page consistent while organization is severely compromised.




to correct this characteristic of the VML injury.

Since voluntary wheel running did not produce oxidative adaptations, we decided to test if
we could stimulate the muscle directly via nerve stimulation and recruit the mitochondrial
biogenesis transcription factor PGClalpha (PGC1). We placed electrodes on either side of the
sciatic nerve in anesthetized mice and stimulated the muscles at a constant stimulation intensity.
In uninjured muscle, we observed an activation of PGC1 whereas no such activation was
observed in VML-injured muscle (Fig 4). This further suggests a complication the molecular
signaling pathways that produce oxidative adaptation.

Finally, we decided to by-pass physiological muscle

c
2 6 s 2 gg"?"m activation of PGCL, i.e., via muscle contraction, and
8 ‘5 = overexpress PGC1 in VML-injured muscle using a
ST 44 plasmid. This will allow us to determine if PGC1
u"J < ; ° activation is sufficient to cause oxidative adaptation in
- Z VML-injured muscle. Sure enough, VML-injured
- % 21 . muscle with an overexpression of PGCl1 had a
(& J=> i 5 significant increase in mitochondria function compared
O — to VML-injured controls (Fig 6). This finding
o Coriltrol Vl\'AL demonstrates that a rehabilitation therapy that can

activate PGCl1 might be successful in promoting
Figure 5: direct nerve stimulation oxidative adaptation in the remaining muscle. Our
causes activation of PGCL in Control objective moving forward then is to identify strategies

but not VML-injured muscle to promote PGC1 activation.

In summary, we identified a
limitation to our planned

c

G
approach of using voluntary | G 14000y ———— Cortrol
wheel running and | S 512000 ,—l'j = ControkPGC-1a
neuromuscular electrical | = £10000{ ' & —— VML Contralateral+Saline
stimulation to attenuate the | -2 £ 8000 * é . Wtiﬁﬂ:‘é&’igggﬁu
mitochondrial dysfunction | £ g 6000 -I—% .
present in VML-injured _8 £ 4000+
muscle. The good news is that | & 2008‘

=

we identified PGC1 activation

as a critical target for
therapeutic approaches. Our Figure 6: PGC1 overexpression resulted in a significant increase in
alternative approaches sections mitochondrial function in both control uninjured and VML-injured

identify strategies we are muscle.
currently employing to meet this new challenge. So far, there have been no stated goals that have
not been met.

e What opportunities for training and professional development has the
project provided?

Ms. Jennifer McFaline-Figueroa, a graduate student at the University of Georgia, has been
leading research efforts at UGA and has been mentored by Drs. Call and Greising regarding
regenerative rehabilitation and. She is completing this work as partial fulfillment of her
dissertation project.
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Mr. Kyle Dalske, a graduate student at UMN, has received mentorship from Drs. Greising and
Call regarding animal models of regenerative and rehabilitative medicine. His work on Aim 2 of
this award will be a component of his Masters thesis and it is expected he will submit this work
for presentation at various scientific meetings in the next period of performance.

e How were the results disseminated to communities of interest?

1) Our primary findings were published in peer-reviewed journals.

2) Our primary findings were deposited in the open-access bioRXxiv.

3) Our primary findings were disseminated via a news release by the College of Education
at the University of Georgia.

4) Our primary findings were disseminated via collegial dialogue at scientific meetings.

e What do you plan to do during the next reporting period to accomplish the
goals?

During the next reporting period we plan to complete Major Tasks 1 & 3 and make significant
progress on Major Tasks 2 & 4. Despite our initial setbacks with voluntary wheel running, we
feel we are still on track to accomplish our goals in a timely manner due to our quick alternative
plans.

4. Impact
e What was the impact of the development of the principal discipline(s) of the
project?

Regenerative Rehabilitation/Medicine: The primary impact of our work to date is advanced
knowledge of the pathophysiology of the remaining muscle after VML and identification of
physiological limitation in oxidative capacity adaptation with exercise. Specifically, we
demonstrated that VML injury devastates the mitochondrial network and function within the
remaining muscle and the consequences are long-lasting. This provides a foundation upon which
to structure rehabilitation strategies. However, we also identified that a common rehabilitation
strategy, voluntary wheel running, is not sufficient to activate the molecular signaling pathways
necessary for oxidative adaptation in skeletal muscle, i.e., PGC1. This knowledge provides a
therapeutic target for future rehabilitation strategies.

e What was the impact on other disciplines?

Physiology: A tenant of physiology is that the function of an organ will adapt to a change in
stimuli. Skeletal muscle is a highly adaptative organ, and an increase in oxidative capacity is the
most robust adaptation in skeletal muscle to endurance exercise training. However, VML injury
clearly attenuates the adaptative capacity of skeletal muscle and this may be due to motor unit
recruitment and/or impaired molecular signaling. The etiology of poor motor unit recruitment
and/or impaired molecular signaling in VML-injured muscle is still unclear but likely
contributors include oxidative stress, inflammation, and fibrotic tissue deposition. Our research
to date suggests that the cellular environment of skeletal muscle is influenced by these factors
and can slow adaptive potential.

e What was the impact on technology transfer?

Nothing to report
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¢ What was the impact on society beyond science and technology?
Nothing to report

5. Changes/Problems
e Changes in approach and reasons for change

As discussed above, we identified that physiological activation of PGC1 was impaired in the
remaining muscle after VML utilizing voluntary wheel running and neuromuscular electrical
stimulation. Therefore, we revised our animal use protocol and obtained ACURO approval to
expand the small molecule approaches to directly influence the molecular signaling within
skeletal muscle. We were already approved to test AICAR and AMPK agonist, and recently were
approved to also test 1) pioglitazone an FDA-approved PPAR agonist, 2) formoterol an FDA-
approved G-protein receptor agonist, and 3) sildenafil an FDA-approved cyclic-GMP agonist.

e Actual or anticipated problems or delays and actions or plans to resolve them

It is possible that the new approaches (pioglitazone, formoterol, and sildenafil) are not sufficient
in action or doses to induce robust metabolic adaptations in the remaining muscle. The corrective
courses of action would be to increase the dose and try sirtuins (SIRT1) that have recently been
reported to positively influence PGCL1 activation. We do not anticipate any other problems at this
time.

There was an IACUC identified (on 9/3/2019) deviation from our protocol, this was a minor
clarification that needed to be addressed. The issue has been closed by the local IACUC, OLAW,
and ACURO (as of 9/19/2019). All reporting was completed as expected by ACURO and the
matter did not result in any delay in the expected time line of our work.

e Changes that had a significant impact on expenditures

No changes have significantly impacted expenditures. We used the money allocated to wheel
running to pay for the new drug treatments.

e Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents

Human subjects: Not applicable
Vertebrate animals: Nothing to report
Biohazards: Nothing to report

6. Products
¢ Publications, conference papers, and presentations
Journal publications
1) Southern WM, Nichenko AS, Tehrani KF, McGranahan MJ, Krishnan L, Qualls AE,
Jenkins NT, Mortensen LJ, Yin H, Yin A, Guldberg RE, Greising SM, Call JA. PGC-1a
overexpression partially rescues impaired oxidative and contractile pathophysiology
following volumetric muscle loss injury. Sci Rep. 2019 Mar 11;9(1):4079. doi:
10.1038/s41598-019-40606-6. PubMed PMID: 30858541; PubMed Central PMCID:
PMC6411870.
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0 Books or other non-periodical, one-time publications
Published abstracts
1) Southern WM, Nichenko AS, Qualls AE, Yin A, Yin H, Greising SM, Call JA. 2018.
Forced Pgclal expression improves oxidative capacity and partially rescues strength
following volumetric muscle loss injury. Medicine & Science in Sports & Exercise
50:845-846.

o Other publications, conference papers, and presentations
Oral presentations
1) *“Exploring metabolic plasticity of the remaining muscle after volumetric muscle loss
injury as a means to preserve and/or improve functional capacity and regeneration.”
Military Health System Research Symposium 21 August 2018.

2) “PGClal activation is necessary and sufficient for endurance exercise-induced
oxidative plasticity in the remaining muscle after volumetric muscle loss injury.”
Regenerative Medicine Workshop 22 March 20109.

3) “Bone deterioration and metabolic deficiency after volumetric muscle loss injury: targets
for regenerative rehabilitation.” Muscle-Bone Interactions: Mechanical and Beyond 16
August 2019.

4) *“Can targeting pathologic fibrosis and muscle stiffness following limb trauma optimize
skeletal muscle function?” Military Health Science Research Symposium. Orlando FL,
August 19, 2019

5) “Plasticity and Regeneration of Skeletal Muscle” Minneapolis VA Hospital.
Minneapolis MN. December 21, 2018.

6) “Is the Metabolic Plasticity of the Muscle Remaining after VVolumetric Muscle Loss
Injury a Limitation to Rehabilitation Efficacy?” Regenerative Rehabilitation Symposium.
Seattle WA. October 12, 2018.

Poster presentations
1) Southern WM, Nichenko AS, Tehrani KF, Qualls AE, Yin A, Yin H, Mortensen LJ,
Greising SM, Call JA. PGClal activation is necessary and sufficient for endurance
exercise-induced metabolic plasticity in the remaining muscle following volumetric
muscle loss injury. Advances in Skeletal Muscle Biology in Health and Disease,
Gainesville, FL March 10-12, 2019

Online news report
1) Muscles struggle to ever fully recover after losing tissue, study finds.
https://coe.uga.edu/news/2019/04/muscles-struggle-to-ever-fully-recover-after-losing-
tissue-study-finds

Website(s) or other internet site(s)
Technologies or techniques

Inventions, patent applications, and/or licenses
Other products

8|Page



7. Participants & other collaborating organizations
e What individuals have worked on the project?

Name: Jarrod Call

Project Role: Pl

Researcher ID: 0000-0002-1094-4940
Nearest person month worked: | 1.0

Contribution to Project:

Creation of AUP and submission at Georgia. Purchasing of necessary
equipment and supplies at Georgia. Communication with Sarah Greising on
upcoming study enrollment. Preparation for invited talk, purchasing of
animals for first cohort enrollment, purchasing of surgical supplies and
supplements for first cohort, communication with Sarah Greising on study
execution. Tissue harvest and analysis for first cohort. Writing ACURO
amendment. Identifying alternative drug targets for metabolic adaptation.
Overseeing Major Task 2 studies and mentoring graduate students.

Funding Support

Summer salary support from NIH project unrelated to DoD.

Name: Sarah Greising
Project Role: Pl

Researcher ID: 0000-0001-9285-4908
Nearest person month worked: | 1.0

Contribution to Project:

Creation of AUP and submission at Minnesota. Purchasing of necessary
equipment and supplies at Minnesota. Communication with Jarrod Call on
upcoming study enrollment. Finalization of animal use documents.
Purchasing of necessary equipment and supplies at Minnesota. Recruiting
personnel for study enrollment. Ordering of first mouse cohort and planning
for in vivo metabolic testing of this cohort over the next quarter.

Funding Support

Name:

Jennifer McFaline-Figueroa

Project Role:

Graduate student

Researcher ID:

Nearest person month worked:

1.0

Contribution to Project:

Responsible for day-to-day actions related to Major Task 2 identifying best
practice to enhance oxidative capacity in remaining muscle, daily animal care
and surgery, data acquisition and analysis, organization of study execution,
writing reports and data summaries

Funding Support

Name:

Albino Schifino

Project Role:

Graduate student

Researcher ID:

Nearest person month worked:

1.0

Contribution to Project:

Facilitating study execution, performing physiological testing of muscle
contractile function and metabolic capacity. Data acquisition and analysis

Funding Support

Name:

Anna Nichenko

Project Role:

Graduate student

Researcher ID:

Nearest person month worked:

1.0

Contribution to Project:

Facilitating study execution, performing physiological testing of muscle
contractile function and metabolic capacity. Data acquisition and analysis

Funding Support

Graduate School Dissertation Completion Award provides salary for Anna’s
final year of graduate school.
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Name: Kyle Dalske

Project Role: Graduate student

Researcher ID:

Nearest person month worked: | 1.0

Contribution to Project: Facilitating study execution, performing activity measure testing and
metabolic capacity. Data acquisition and analysis

Funding Support Kyle’s graduate school stipend is covered by the UMN School of
Kinesiology.

e Has there been a change in the active other support of the PD/PI(s) or
senior/key personnel since the last reporting period?

Nothing to report

e What other organizations were involved as partners?
University of Minnesota
Minneapolis, MN

Sub-award to Sarah Greising at University of Minnesota

8. Special reporting requirements
e Collaborative awards
e Quad charts

9. Appendices
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SCIENTIFIC REPQ&RTS

PGC-1o overexpression partially
rescues impaired oxidative and
contractile pathophysiology
e, following volumetric muscle loss

William M. Southern®2, Anna S. Nichenko?, Kayvan F. Tehrani®?2, Melissa J. McGranahan?,
Laxminarayanan Krishnan?, Anita E. Qualls*2, Nathan T. Jenkins?, Luke J. Mortensen?,
HangYin®**, AmeliaYin®°, Robert E. Guldberg®, Sarah M. Greising’ & Jarrod A. Call'?

Volumetric muscle loss (VML) injury is characterized by a non-recoverable loss of muscle fibers due to

. ablative surgery or severe orthopaedic trauma, that results in chronic functional impairments of the soft

. tissue. Currently, the effects of VML on the oxidative capacity and adaptability of the remaining injured
muscle are unclear. A better understanding of this pathophysiology could significantly shape how
VML-injured patients and clinicians approach regenerative medicine and rehabilitation following injury.
Herein, the data indicated that VML-injured muscle has diminished mitochondrial content and function
(i.e., oxidative capacity), loss of mitochondrial network organization, and attenuated oxidative
adaptations to exercise. However, forced PGC-1c over-expression rescued the deficits in oxidative
capacity and muscle strength. This implicates physiological activation of PGC1-a as a limiting factor in
VML-injured muscle’s adaptive capacity to exercise and provides a mechanistic target for regenerative
rehabilitation approaches to address the skeletal muscle dysfunction.

Oxidative capacity is a cornerstone of skeletal muscle health, and for the past 40 years, we have known that the
most robust physiologic adaptation to regularly scheduled physical activity (i.e., exercise/overload training) is
an increase in oxidative capacity’. Improvements in muscle oxidative capacity are made possible with exercise
training through adaptations affecting the density and function of the intramuscular mitochondrial network.
The signaling pathways that initiate and coordinate mitochondrial improvements with exercise are complex, but
advancements in molecular biology in the last two decades have revealed many of the key players involved (see
for review?). Most notably, the transcription factor PGC-1a (peroxisome proliferator-activated receptor gamma,
coactivator 1 alpha) is considered a critical molecular modulator of skeletal muscle oxidative plasticity because it
regulates gene expression patterns for expansion of the mitochondrial network (i.e., mitochondrial biogenesis),
angiogenesis, and motor neuron associated adaptations with exercise training*-°. Expansion of the vasculature
and mitochondrial network with exercise training enhances the functional capacity of the muscle (e.g., fatigue
resistance), and in general, this physiologic type of acclimation is considered beneficial for human performance
and health”®.

Large-scale skeletal muscle trauma, such as volumetric muscle loss (VML) injury, is unique in that the mus-
cle is not able to regenerate muscle fibers with endogenous repair systems and as a result, cannot fully recover
strength. The loss of muscle function (i.e., contractility) can exceed the loss of tissue mass’, and this permanent

IDepartment of Kinesiology, University of Georgia, Athens, GA, 30602, USA. 2Regenerative Bioscience Center,
University of Georgia, Athens, GA, 30602, USA. 3Parker H. Petit Institute for Bioengineering & Bioscience, Georgia
Institute of Technology, Atlanta, GA, 30332, USA. “Center for Molecular Medicine, University of Georgia, Athens,
GA, 30602, USA. *Department of Biochemistry and Molecular Biology, University of Georgia, Athens, GA, 30602,
USA. ®Knight Campus for Accelerating Scientific Impact, University of Oregon, Eugene, OR, 97403, USA. ’School
of Kinesiology, University of Minnesota, Minneapolis, MN, 55455, USA. Correspondence and requests for materials
should be addressed to J.A.C. (email: call@uga.edu)

SCIENTIFICREPORTS| (2019) 9:4079 | https://doi.org/10.1038/s41598-019-40606-6 1
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functional deficit leaves patients with lifelong disability'® for which there is currently no corrective physical reha-
bilitation guidelines. Furthermore, the extent to which the remaining skeletal muscle can adapt to rehabilitation
is unclear. Recent preclinical work has investigated various models of ‘physical rehabilitation’ following VML
in the forms of voluntary wheel running''-'%, forced treadmill running'*, chronic-intermittent electrical nerve
stimulation and/or passive range of motion exercises'” and collectively found modest contractile adaptations
are possible. However, clinical reports have indicated that patients only see moderate improvements and then
hit the ceiling where further physical therapy, no matter the type or intensity, does not result in an increase in
function'®-'8. Collectively, investigations of physical rehabilitation following VML have resulted in, at best, mod-
est improvements in muscle function following VML injury without any physiological rationale or mechanistic
understanding for the lack of significant response.

Overwhelmingly, investigations of preclinical outcome measures have focused on histologic and/or contrac-
tile aspects of the injured muscle’ with very few investigations focusing on any aspect of the oxidative plas-
ticity of the remaining muscle. Noteably, Aurora and colleagues reported a reduced metabolic gene response
(i.e., PGC-1aand SIRT-1) in VML-injured muscle following voluntary wheel running compared to uninjured
muscle'’. Furthermore, Greising and colleagues showed that mitochondrial respiration rates measured from both
the VML-injured and contralateral uninjured mouse muscles were less than that of injury naive mice suggesting a
more chronic and systemic effect of VML injury on muscle oxidative capacity'. Therefore, VML-injured patients
may be susceptible to lifelong impairments in skeletal muscle oxidative capacity that can result in additional
comorbidities as systemic reductions in skeletal muscle oxidative capacity are associated with an increased risk
for a host of disorders such as diabetes'” and cardiovascular disease®’.

One apparent reason for the lack of investigation into oxidative capacity of VML-injured muscle is the diffi-
culty in assessing physiological mechanisms of mitochondrial function. Herein, we combined high-resolution
mitochondrial respirometry with mitochondrial enzyme kinetics and 2-photon microscopy to overcome this
difficulty. The seminal work by Glancy et al.?** utilized 2-photon imaging to characterize the highly organized
mitochondrial network and brought to light the importance of the network as it relates to the function of the
mitochondria. An important innovation of the current work was the use of 2-photon microscopy to investigate
changes in the structural integrity of the mitochondrial network as this aspect of mitochondrial physiology is
likely disrupted following VML injury. The combination of all of these proven techniques has allowed for exten-
sive characterization of multiple aspects of mitochondrial physiology in VML-injured muscle, which provides a
new and unique prospective of the impacts of VML on mitochondria.

Repair of VML injury has been approached extensively by biomedical engineering and regenerative medicine
experts over the past decades™, yet no clear indication of clinically meaningful therapies capable of significantly
improving skeletal muscle function have emerged. We posit that a dysfunctional oxidative capacity contributes
to a poor regenerative niche within the VML-injured muscle that ultimately limits regenerative approaches. Here
we report that the pathophysiology of the remaining muscle after VML includes widespread impairments in
mitochondrial structure and respiratory function, and an insensitivity to physiological stimuli known to enhance
mitochondrial structure and function (i.e., exercise). We identify the activation of the transcription factor
PGC-1a as the limiting factor to exercise-induced adaptation and demonstrate the forced over-expression of
PGC-1arescue a substantial portion of the VML pathophysiology.

Results

Muscle function and oxidative deficits following multi-muscle model of VML injury.  With the
goal of developing treatment strategies capable of improving the long-term functional deficits in VML injured
muscle tissue, we sought to elucidate the early effects of VML on contractility and oxidative capacity of the
remaining skeletal muscle. In order to best characterize the impact of VML on skeletal muscle, we used a model
of VML injury that has been shown to reproducibly recapitulate the injury on primary hind limb locomotor mus-
cles (i.e., the plantar flexor muscles [gastrocnemius, soleus, plantaris]) and results in a chronic functional deficit,
which have been evaluate up to four months post-injury'. A full-thickness VML injury was created through the
plantar flexor muscle group at the tibia mid-diaphyseal level by the removal of ~10-15% of the muscle mass. In
agreement with prior reports®~?°, muscle contractile function was reduced by ~80% when compared to uninjured
muscles for injury naive mice at both 3 and 7 days post-injury, even after normalizing to the injured muscle mass
(P <0.001; Fig. 1a,b, Table 1).

To determine if VML affects muscle oxidative capacity early after injury, mitochondrial function was assessed
at 3 and 7 days post-VML via high-resolution respirometry of permeabilized fibers isolated from portions of the
remaining muscle adjacent to the injury site. To account for the number of muscle fibers measured and the dif-
ferences in mitochondrial content between the muscle fibers, mitochondrial respiratory function was normalized
by muscle fiber tissue mass and by citrate synthase activity (i.e., mitochondrial content). Mitochondrial function
of the injured muscle was significantly reduced by ~60% and ~50% compared to the uninjured contralateral limb
at 3 and 7 days post-injury, respectively (Fig. 1¢,d). Mitochondrial function was still lower than uninjured muscle
even after accounting for concomitant reductions in mitochondrial content (i.e., citrate synthase; Fig. 1d, Table 1).
Together, these data indicate the pathophysiology of VML-injured muscle includes contractile and metabolic
dysfunction independent of muscle mass or mitochondrial content.

A disproportionate loss in contractile function for the volume of muscle removed during a VML injury has
been previously documented (see for review®), and is likely caused by the extensive disruptions in muscle archi-
tecture, vasculature, and motor neurons caused by the injury. Our results are in agreement with this position
(Fig. 1e); however, a similar analysis between mitochondrial function and volume of tissue removed has not been
conducted, and results from such an analysis could bolster support for investigating aspects of mitochondrial
structural integrity as a contributor to metabolic dysfunction in VML-injured muscle. We conducted an analysis
from previously published non-VML conditions where muscle volume decreases due to injury or disease [i.e.,

SCIENTIFICREPORTS| (2019) 9:4079 | https://doi.org/10.1038/s41598-019-40606-6 2



www.nature.com/scientificreports/

a _ 1000; b _ 140 €S 12000, . dS 005 + coo
g Control 2 120- S g ~ 100004 —= * 2w = VML
= 8007 E 400l 59 ! 50 004 .
£ € — -£ 80001 —c 1
= 600- Z 80 T E Q TS 0.03
E = S = 60001 ] L= g
o 400 g 607 28 * ¢ 23 0.02;

g_ 5. 40- .L S g 4000+ * * S £ %
|§ 200- QE' E2 S 20- gj—f §V 20001 §5 0.011 *
o= o £ 0 £ 000
3 7 3 7 3 7 3 7
Day Day Day Day

e o fe
< - Elffarle:'ﬁ' v ;(;;)‘(())ox) pug — Theorectical (y = -0.707x)
; 0 : Experim):antal .(y=-3.393x) tg 01 =~ Experimental (y = -2.227x)
‘g '20 \\‘ 8 '20'

a  -40{ \ T 40
5 601 2 -60;
S -80{% & £ 80{
a @ .‘\‘ o] \
-100 +—m——a—r—v = -100+—m—r—-vr—rrr
0 20 40 60 80100 = 0 20 40 60 80100
Mass Deficit (%) Mass Deficit (%)

Figure 1. Early, 3 and 7 days, following VML injury the muscle remaining undergoes remarkable alterations
in both the contractile and oxidative components of the muscle. Peak isometric torque normalized to (a) body
mass and (b) plantarflexor mass is significantly reduced at both 3 and 7 days post-VML compared to control
(dotted line, SD indicated by shading) (different from control in both (a,b), P <0.001). (¢) Mitochondrial
function normalized by grams wet weight of permeabilized muscle fibers (n > 15 permeabilized fiber bundles
from n =4 mice for each group) is also significantly reduced following VML injury. (d) Mitochondrial
respiratory function normalized to citrate synthase enzyme activity. (e) Theoretical 1:1 relationship between
muscle mass and contractile function (black); compolation of previously published work (see’ for review)
showing the relationship between the volume of muscle tissue removed at injury and the contractile function
1-4 months after VML (red); experimental data collected herein showing the relationship between muscle
mass lost 3-7 days after VML and contractile function (blue, hashed lines and dots). (f) Theoretical 0.82:1
relationship between deficits in muscle mass and whole muscle oxidative capacity determined from various
degenerative etiology (i.e., denervation, aging, cachexia, immobilization, heart failure, ischemia reperfusion
injury, and critical illness) (black); the experimental data collected herein between deficits in muscle mass and
whole muscle oxidative capacity (blue, hashed lines and dots, see Discussion). Data analyzed by one- or two-
way ANOVA, *P < 0.05. Throughout, error bars represent means + SD.

27-31 32-35 36-38

denervation” !, aging®~*, cachexia®*-*, immobilization®’, heart failure*’, ischemia reperfusion injury*!, and
critical illness*’]. Based on these reports, we calculated the average percent change in mitochondrial content or
function (i.e., oxidative capacity) after a loss in muscle volume. Collectively, the deficit in oxidative capacity was
similar to the deficit in muscle volume (ratio: 0.82:1). In contrast, we find a very large oxidative deficit in the VML
injured muscle compared to the amount of muscle lost from the injury (Fig. 1f), suggesting that whole-muscle
oxidative capacity disproportionately decreases in relation to the deficit in muscle tissue following VML.

Substantial structural disruptions in the mitochondrial network in the muscle remaining after
VML injury. One of the many important determinants of mitochondrial function within muscle is the loca-
tion and structural organization of the mitochondrial network?'*>*3. We posited that severe mechanical damage
to muscle from a VML injury, likely leads to structural disruptions in the remaining mitochondrial network,
which contributes to mitochondrial dysfunction. We utilized a transgenic mouse model with ubiquitously
expressed mitochondrial Dendra2 green monomeric fluorescent protein* (Jackson Laboratory, #018385) and
quantitative 2-photon microscopy to evaluate the mitochondrial network in the remaining muscle after VML
injury to the tibialis anterior (TA) muscle. The TA muscle was utilized here to overcome the uneven imaging
plane and multi-pennate nature of the gastrocnemius muscle. 3D reconstructions of the mitochondrial network
were generated for uninjured muscle and injured muscle at 3, 7, and 28 days post-injury (Fig. 2). The mitochon-
drial network was substantially disorganized, specifically at 3 and 7 days after the injury compared to uninjured
muscle (Fig. 2b,c).

Next, we quantified the mitochondrial network organization within each 3D mitochondrial network recon-
struction. The mitochondrial network in uninjured muscle qualitatively appeared highly organized, with mito-
chondrial structures linearly aligned to two primary axes: parallel and perpendicular to muscle fiber orientation
(Fig. 3a,b). Using this aspect of mitochondrial networks, an angular Fourier filtering (AFF) analysis method was
developed to quantify mitochondrial structural organization by assessing the strength of structural alignment to
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Control VML Injured
VML Day 3 VML Day 7
Acute Study
Contralateral | Injured Contralateral Injured
Gastrocnemius Mass (mg) 160.3 +17.1 155.1 +20.1 1553 4+9.9 129.8 +6.3*
Citrate Synthase (umol/min/g) 569.9 £24.7 |529.34+29.7° |563.0 +16.5 539.0 4+ 19.0°
Control VML VML
Wheel Running Study
No Run Run Contralateral | Injured Contralateral + Run | Injured + Run
Gastrocnemius Mass (mg) 1749 +13.7 | 1748+ 7.4 162.3 +10.5 129.7 £ 5.9¢ 157.3 £ 12.5 130.0 +23.1¢
Citrate Synthase (umol/min/g) |557.8 +29.1 | 536.5+91.9 | 487.6 +100.8 | 479.9 +50.2¢ | 535.0 & 58.6 622.8 +103.3¢
Control VML VML
PGC-1% Transfection Study .
No PGC-1& | PGC-1% Contralateral | Injured Injured + PGC-1%
Gastrocnemius Mass (mg) 17494137 | 176.8 4+ 14.7 | 170.6 £14.0 | 90.8 & 12.0° 104.4 4+ 17.6
Citrate Synthase (umol/min/g) | 557.8 +29.1 |554.2+85.8 | 657.8 = 68.58 | 512.4 4+ 98.9 621.5+ 89.1

Table 1. Mouse gastrocnemius muscle masses and citrate synthase activity. Values are means 4= SD; Data
analyzed by one- or two-way ANOVA within each study. *Different from all other groups. "Main effect of injury:
Contralateral > Injured. “Different from all uninjured limbs. 4Different from control run, VML contralateral,
VML injured, VML contralateral + Run. *Different from control no run. ‘Different from all uninjured limbs.
#Different from control no PGC-1 a, control PGC-1 o, and VML injured. "Different from VML injured.

a given angle (Fig. S1). Our filtering method scans in a 360 degree arc and quantifies the strength of alignment of
mitochondrial structures to various angles within the arc. With this analysis, well-connected and well-defined lin-
ear mitochondrial structures will have strong alignment to two specific angles/axes that are parallel and perpen-
dicular to the longitudinal axis of the fiber. To quantify the organization of mitochondrial structures, the ratio of
peak and average alignment strength was then calculated across each 3D mitochondrial network reconstruction
(Fig. 3¢). Mitochondrial network organization was reduced by ~50% and 70% compared to uninjured muscle at
3 and 7 days post-injury, respectively (P < 0.001; Fig. 3¢,d), in line with reductions in mitochondrial function, yet
more severe than reductions in mitochondrial content. Even at 28 days post-injury, the mitochondrial network
organization was still ~45% lower than uninjured muscle, which correlates with VML-induced chronic disrup-
tions in oxidative capacity within the remaining muscle, independent of mitochondrial content (Figs 2d and 3d).
We suspect the disruptions in mitochondrial structure following VML injury are consistent with the observed
deficits in mitochondrial function in the remaining muscle.

To assess the impact of VML on the mitochondrial structure across the entire muscle, we imaged a
VML-injured muscle 7 days after injury at various distances (i.e., 0, 0.5, 1.5, 2.0 and 2.5mm) from the border
of the injury in the proximal direction toward the origin of the muscle (Fig. 4a-g). Compared to uninjured con-
trol muscle, the mitochondrial network organization in the VML-injured muscle was reduced by ~40-50% at
0-2mm away from the injury border, respectively (Fig. 4h). However, at 2.5 mm from the injury site (Fig. 4g),
the mitochondrial organization returned to more than 90% of control, suggesting this was the outer edge of the
mitochondrial damage from the VML. These findings suggest that the confounding impact of the VML injury on
mitochondrial organization and function was observed beyond the border (i.e., 2mm) of the initial defect area,
which potentially could result in diminished oxidative capacity in a significant portion of the muscle.

VML-injured muscles have impaired oxidative but not contractile plasticity. Exercise train-
ing is the most robust physiological stimulus to improve oxidative capacity within skeletal muscle. To facilitate
improvements in oxidative capacity of the injured muscle, early exercise-based rehabilitation was implemented
in the form of voluntary wheel running, which began 72 hours after the injury and lasted for 4 weeks. Uninjured
mice demonstrated expected improvements in mitochondrial function indicating that running was sufficient to
produce oxidative adaptations (Fig. 5a,b, Table 1). However, despite the fact that the same functional load was
placed on the muscle (i.e., similar distance run; Fig. 5¢), there were no oxidative adaptations in the remaining
muscle following VML injury, suggesting that the mitochondria in the remaining muscle are not plastic (Fig. 5a).
Muscle contractions and subsequent intercellular perturbations in ATP homeostasis that occur from muscle load-
ing during exercise is a critical signal for mitochondrial adaptations to exercise training. As a way of indirectly
testing whether injured mice may have had altered muscle contractile activity during wheel running, maximal
nerve evoked plantar flexor muscle strength was assessed (Fig. 5d,e). Contractile torque was substantially greater,
although not completely restored, in injured muscle that underwent 4 weeks of voluntary wheel running com-
pared to untreated VML-injured muscle indicating that (1) the injured muscle underwent functional loading
during wheel running and (2) contractility of VML injured muscle is plastic. Together, these data suggest that the
muscle remaining following VML injury is plastic in terms of contractility but not oxidative capacity.

Vascular disruptions are likely not a mechanism of impaired oxidative plasticity. Next, we
sought to elucidate a mechanism that could explain how VML injury results in impaired oxidative plasticity
of the remaining muscle. We first considered that inadequate vascularization of the surrounding muscle tissue
after injury might impede oxidative adaptations to exercise. VML likely results in severe disruptions to the vas-
cular network adjacent to the injury area, which could disrupt delivery of oxygen and fuel to the mitochondria.
Micro-CT imaging was employed to generate 3D models of the vascular network*>*® within injured and unin-
jured muscle of mice, both with and without voluntary wheel running therapy (Fig. 6a) to determine whether or
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a Control

Figure 2. Significant changes and structural disruptions in the muscle remaining following VML injury.

The effects of VML on mitochondrial organization were evaluated at various time points in control muscle

and muscle remaining after VML injury. Two biological replicates representative 3D reconstructions of the
mitochondrial network as observed in uninjured control muscle (a) and from the injury boundary in VML
injured muscle at (b) 3, (¢) 7, and (d) 28 days post-VML. Longitudinal striations are visible in uninjured control
muscle indicating the high level of mitochondrial network organization, which is absent in the VML-injured
muscle at 3 and 7 days after the injury.

not reductions in the vascular network in the muscle surrounding the injury contributes to the loss of oxidative
plasticity. Interestingly, VML injured muscle, independent of wheel running therapy, had a significantly higher
vascular volume compared to uninjured muscle indicating likely expansion of the vascular network after VML
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Figure 3. The mitochondrial network organization is altered by VML injury. (a) Schematics representing
control and VML injured TA muscle, showing the region of interest evaluated during imaging and
representative 2D images from the respective regions from transgenic mice that ubiquitously expressed
mitochondrial Dendra2 GFP. (b) Representative 3D reconstruction of mitochondrial network adjacent to

the VML injury site from control and VML injured TA muscles. (c) Representative 3D surface plots showing
angle and alignment strength of the 3D mitochondrial network depicted. (d) Quantification of mitochondrial
network organization (peak alignment/average alignment) at various time points after injury (n > 10 z-stacks
per muscle, per group). Data analyzed by one-way ANOVA, *P < 0.05. Error bars represent means + SD.
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Figure 4. Structural alterations in mitochondrial network extend well beyond the site of VML injury. The
effects of VML on mitochondrial organization in control and muscle remaining 7 days after VML injury were
evaluated at various distances from the injury site, two representative 3D reconstructions of mitochondrial
networks are presented for each experimental condition. Representative images from (a) uninjured control
and (b) 0 mm, (¢) 0.5mm, (d) 1.5mm, (e) 2.0 mm, and (f) 2.5 mm away from proximal VML injury border.
(g) Schematic showing an injured TA with boxes to indicating the imaging sites at increasing distances from
the border of the VML injury toward the origin of the muscle. (h) Quantification of mitochondrial network
organization (peak alignment/average alignment) at various distances from VML injury site (control n= 10,
0mm; 0.5mm, 1.5mm n=6; 2.0 mm, 2.5mm n =3 z-stacks per muscle). Data analyzed by one-way ANOVA,
*P < 0.05. Error bars represent means + SD.
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Figure 5. The effects of VML and voluntary wheel running on muscle strength and oxidative capacity 4 weeks
post injury. (a) Mitochondrial respiratory function normalized by grams wet weight of permeabilized muscle
fibers (n > 12 permeabilized fiber bundles from n = 6 mice for each condition) did not adapt to exercise training
in the VML injured limb. (b) Mitochondrial respiratory function normalized to citrate synthase enzyme activity
(see Table 1). (c) Wheel running distance of control and VML injured mice. Peak isometric torque normalized
to (d) body mass and (e) plantarflexor mass in the VML injured limb was significantly greater after voluntary
wheel running. Data analyzed by one-way ANOVA, *P < 0.05. Error bars represent means + SD.

(Fig. 6b). While the viability of those vessels is unknown, it appears a reduction in the vascular network is not a
limiting factor for oxidative capacity, prompting us to pursue another more viable hypothesis.

Mitochondrial biogenesis as a mechanism for impaired oxidative plasticity. Mitochondrial bio-
genesis is the cellular process of expanding the mitochondrial reticulum by the creation of new organelles and
is responsive to cellular stimuli such as an increase in energy demand. Because mitochondrial biogenesis is a
primary adaptation to exercise training and is necessary for exercise-induced increases in mitochondrial func-
tion and content, we thought that impaired mitochondrial biogenesis in VML injured muscle could potentially
explain the lack of oxidative plasticity. To test this, we designed an acute stimulation protocol that would mimic a
short bout of overload exercise capable of generating a stimulus for mitochondrial biogenesis*’~*. To control for
any potential differences in voluntary activation of the hindlimb between VML injured and control mice, direct
in vivo stimulation of the sciatic nerve for complete activation the plantar flexor muscles was used. PGC-1a gene
expression was measured after 30 minutes of unilateral stimulation on bi-laterally VML injured mice 14 days after
injury as well as injury naive mice. As expected, PGC-1a gene expression was ~3-fold greater in the stimulated
limb of injury naive mice compared to the unstimulated limb (Fig. 7a). However, in the stimulated limb of VML
injured mice, PGC-1a gene expression did not increase after the stimulation indicating that mitochondrial bio-
genesis signaling was altered (Fig. 7a). This finding suggests that the lack of oxidative adaptations in VML injured
tissue after therapeutic exercise is due to impairments in mitochondrial biogenesis signaling within the injured
muscle, potentially due to inadequate neural activation of the muscle during exercise.

Overexpression of PGC-1a can correct oxidative deficits and partially rescue contractile defi-
cits in the muscle remaining after VML injury.  Our findings suggest that impaired exercise-induced
activation of PGC-1a gene expression is a potential limiting factor to mitochondrial biogenesis and the lack
of oxidative plasticity following exercise in the muscle remaining after VML injury. To explore this, we tested if
bypassing exercise-dependent PGC-1a activation (i.e., electrical stimulation and wheel running) could rescue
the oxidative capacity phenotype in the remaining muscle. Control and VML injured muscle were transfected
with GFP-tagged PGC-1 plasmid driven by a CMV promoter by electroporation immediately after the VML
injury™ (Fig. 7b,c). Four weeks after transfection and injury, all mice, including VML-injured mice, had 25-35%
greater mitochondrial function and content compared to non-transfected and vehicle (i.e., saline) transfected
control mice indicated by state 3 respiration (function) and citrate synthase activity (content) (Fig. 7d-{, Table 1).
Interestingly, the improvements in oxidative capacity were also concomitant with greater torque production and
contractile fatigue resistance in VML-injured mice (Fig. 7g,h). In fact, PGC-1a overexpression rescued ~32% of
the torque deficit in VML injured mice after accounting for plantar flexor muscle mass, although a ~10% defi-
cit verses control still remained (Fig. 7i). These results highlight the potential benefit of developing treatment
strategies targeted to restoration of mitochondrial biogenesis and by extension oxidative capacity in the muscle
remaining after VML injury, as they may also be a useful therapeutic for restoring contractile function.
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Figure 6. Changes in the vasculature networks is not altered following VML injury and wheel running. (a)
Representative 3D reconstructions with vessel diameter mapping of vasculature in the posterior compartment
of contralateral control and VML injured limbs. Additionally, mice were given access to running wheels (or
remained sedentary) for one month following injury. (b) Quantification of blood vessel volume normalized

to total volume. Data analyzed by two-way ANOVA; P =0.007 for main effect of muscle injury. Error bars
represent means =+ SD.

Discussion

Current research on treatments for VML injury focus primarily on two areas: (1) designing physical bioengi-
neered constructs with or without cellular and growth factor components to fill the void and facilitate endoge-
nous or exogenous regeneration of lost muscle, and/or (2) designing structured physical therapy programs that
strengthen the remaining muscle. Our study uncovered an important and novel aspect of VML pathophysiology,
namely mitochondrial dysfunction, which is expected to provide critical contributions to both the development
and evaluation of various treatment approaches for VML injury. Herein, we first identified mitochondrial net-
work disorganization and dysfunction as a muscular complication (i.e., comorbidity) caused by VML injury.
These complications, in addition to other comorbidities to injury, are expected to contribute to a hostile local and
systemic environment that should be accounted for during the development and implementation of regenerative
medicine approaches for VML. Second, we demonstrated that VML-injured muscle lacks the ability to oxidatively
adapt to exercise, which is potentially a mechanism responsible for the limited efficacy of functional rehabilitation
following VML.

One important characteristic of VML injury is the large loss in muscle contractile function for a relatively
small loss in muscle tissue removed during the injury (see for reviw®). Similarly, in this study, there was a signif-
icant reduction in oxidative capacity acutely after VML, but it was unclear whether the loss in oxidative capacity
for the muscle as a whole was proportionate to the reduction in muscle volume. To explore this relationship, we
generated an estimate of whole-muscle oxidative capacity, by extrapolating the mitochondrial oxygen consump-
tion rate per mg of muscle to the entire muscle. This analysis revealed that the VML injured muscle had signif-
icantly greater reduction in oxidative capacity (~60%) compared to the amount of muscle tissue removed with
VML (~10-15%; Fig. 1f). To determine if this relationship between oxidative capacity and muscle tissue volume
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Figure 7. Effect of PGC-1a overexpression on oxidative capacity and plantarflexor muscle strength 4 weeks
after VML injury. (a) PGC-1a gene expression 3 hours after completion of stimulation protocol (30 minutes

of stimulation) for stimulated and non-stimulated limbs of control and VML injured mice; two-way ANOVA,
interaction P < 0.001, # indicates significantly different from all other experimental groups. (b) Representative
images of whole gastrocnemius muscles with (bottom) and without (top) PGC-1c overexpression showing
increased red hue in PGC-1a transfected muscle, indicating greater oxidation. (c) Representative images of
muscle with and without GFP-PGC-1a transfection showing GFP fluorescence in PGC-1a transfected muscle.
(d) Mitochondrial respiratory function normalized by grams wet weight of permeabilized muscle fibers (n > 15
permeabilized fiber bundles from n =5 mice for each condition). (¢) Mitochondrial respiratory function
normalized to citrate synthase enzyme activity. (f) Plantarflexor torque loss following a fatiguing bout of 120
contractions; two-way ANOVA, P =0.014 for both main effects of PGC-1a (*) and group (#). Peak isometric
torque normalized to (g) body mass and (h) plantarflexor mass was partially rescued in the VML injured

limb after PGC-1a overexpression. Data analyzed by one-way ANOVA unless specified otherwise, *P < 0.05.
Throughout, error bars represent means & SD.

occurs in other conditions of muscle loss, we performed an analysis of 15 studies spanning multiple conditions
that are associated with a loss in muscle volume [i.e., denervation?’-*!, aging®*~**, cachexia®*~*, immobilization®’,
heart failure®, ischemia reperfusion injury*!, and critical illness*?]. On average, there was a ~29% loss in oxidative
capacity after an average loss in muscle mass of ~36%, which suggests that oxidative capacity in VML injured
muscle is disproportionately reduced in relation to the loss in muscle tissue. This finding is in line with the mito-
chondrial respiratory and structural deficits observed acutely after VML, and reveals the potential impact of the
extensive mitochondrial damage throughout the remaining muscle.

The disproportionate reduction in oxidative capacity that is observed after VML is partially due to the
mechanical damage from the injury itself, as muscle architecture is likely disrupted by the injury. However, the
extent of VML-indcued architectural damage is still unclear and is not expected to explain the extensive mito-
chondrial structural and functional abnormalities that occur after VML. Inflammation has been associated with
mitochondrial dysfunction®"? and an excessive inflammatory response, like the one that occurs after VML, could
be a potential contributor to the mitochondrial damage in the remaining muscle. Generally, following a mus-
cle injury, the inflammatory response is important for initiating endogenous recovery of muscle function and
typically resolves within 3-7 days® depending on injury severity. However, following VML injury, the inflam-
mation could potentially exacerbate the injury as it is heightened and prolonged, likely lasting for well more
than a month*>**. The quantitative 2-photon scanning microscopy provided evidence that suggests the damaging
effects of VML injury on mitochondrial organization and function extend well beyond the borders of the injury
(Fig. 4). This widespread effect of VML injury could be due to the excessive inflammatory response or even
fiber architectural damage that may be occuring after injury. Collectively, this could support the notion of an
inflammation-based bystander injury in the myofibers surrounding the initially injured area®>*°. However, future
work is necessary to systematically undersand the complex relationship between the comordibites and pathophi-
ology following VML injury.

The mitochondrial defects in VML-injured muscle may be an important contributor to the disproportionate
loss in muscle function after VML. We expect that the extensive mitochondrial structural and functional dispari-
ties observed after VML creates an inhospitable environment to endogenous skeletal muscle regeneration, which
perpetuates the chronic disproportionate loss in muscle function. This notion is supported by several lines of
evidence that suggest mitochondria have an important role in skeletal muscle regeneration. First, mitochondrial
biogenesis coincides with the time course of muscle regeneration®”*. Second, mitochondrial quality is necessary
for successful regeneration, as Jash et al. demonstrated that restoring mitochondria with polycistronic RNAs
after muscle injury can lead to greater activation and proliferation of endogenous satellite cell populations®.
Lastly, enhancing mitochondrial capacity is sufficient to accelerate recovery of muscle function suggesting that
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the functional quality of the mitochondrial network is important for the regeneration potential of the muscle®.
Given this evidence, it is not surprising that extensive damage to the mitochondrial network after VML would
be associated with extreme loss in muscle function. Indeed, the data presented herein show that both muscle
oxidative capacity and structure are reduced by similar magnitudes which supports the argument that damaged
mitochondria in VML-injured muscle may be a major contributor to muscle dysfunction after VML.

In a recent publication, Glancy et al.®’ highlighted structural differences in mitochondrial network across
glycolytic, oxidative, and cardiac muscle, with glycolytic muscles having lower mitochondrial volume and fewer
and smaller intermitochondrial junctions than oxidative and cardiac muscle. The authors hypothesized that
intermitochondrial junctions are important for mitochondrial signal communication and distribution across
the network as well as restricting the spread of network dysfunction. These structural differences in muscle mito-
chondrial networks may be of importance when considering the detrimental effects of the VML injury on the
mitochondrial network within the TA muscle, which is primarily a glycolytic muscle. For example, differences in
intermitochondrial junction number and size may alter the extent to which mitochondrial dysfunction spreads
throughout the network after VML injury in oxidative versus glycolytic muscle. Future experiments should take
advantage of the recent advances in mitochondrial imaging to explore the potential differential effects of VML on
glycolytic and oxidative muscle.

The VML-injured muscle is an obvious candidate for rehabilitative therapy due to expected benefits of greater
strength, fatigue resistance, and a healthier more favorable cellular environment for regenerative medicine
approaches (e.g., biomaterial, stem cell, and growth factor-based therapies). However, VML-injured muscle does
not only have compromised oxidative capacity, but also compromised oxidative plasticity, and physical rehabili-
tation interventions are pointless endeavors if the tissue is unable to remodel and adapt. Certainly, the parameters
(i.e., optimal frequency, duration, and intensity) of post-VML rehabilitative care need to be validated, but iden-
tification of the mechanisms of limited plasticity in VML-injured muscle must be uncovered before specific and
effective treatment regimens can be created.

PGC-1a gene expression did not increase with an acute bout of electrical stimulation, which provides a
potential mechanism for the attenuated oxidative adapations to exercise training in VML-injured muscle. This
phenomenon, the lack of response in PGC-1a gene expression, is likely the result of inadequate muscle activa-
tion during exercise. Damage to descending axons, intramuscular nerves, and neuromuscular junctions (NMJs)
downstream of the directly activated sciatic nerve could impede complete muscle activation. Indeed, Beltran et al.
reported that ~20% of VML patients suffer peripheral nerve injuries concurrently with the injury®?, and a recent
report highlighted significant chronic motor neuron axotomy that occurs in VML-injured muscle*. Furthermore,
overexpression of PGC-1a induced greater oxidative capacity in the VML-injured muscle, which suggests that the
mitochondrial biogenesis signaling pathway is intact and oxidative adaptations are possible if mitochondrial bio-
genesis is stimulated independent of contractile activity. These data support a framework in which VML-induced
nerve damage likely limits muscle fiber activation and motor unit recruitment during exercise in the muscle tissue
adjacent to the injury site, thus preventing oxidative adaptations.

Four weeks of PGC-1a overexpression in VML-injured muscle nearly completely rescued muscle strength
normalized to muscle mass. These data indicate that PGC-1a plays an important role in recovery of muscle func-
tion after VML, but it remains to be seen exactly how PGC-1a overexpression mechanistically leads to greater
strength. There are several possible ways that PGC-1a overexpression could improve contractility in VML-injured
muscle. First, mitochondria have been shown to aid in muscle fiber sarcolemmal repair after injury®***, meaning
that myofibers with more mitochondria (i.e., PGC-1a overexpression) may be more resistant to cell death after
injury. Second, PGC-1a overexpression has been shown to enhance structure and innervation of the NMJ, in
particular the pre-synaptic integrity of the NMJ*, which could partially compensate for neural damage caused
by VML by facilitating retrograde neurotrophic signaling to motor neurons. Third, PGC-1a overexpression has
been shown to prevent muscle atrophy, which is a common side effect of VML, by inhibiting FoxO3 signal-
ing®. Overall, our data show that PGC-1a overexpression and the resulting increases in oxidative capacity are
associated with improved muscle strength after VML injury, but the exact mechanism or mechanisms by which
PGC-1a overexpression causes greater muscle strength remains unclear and should be a focus of future research.

The improvements in functional capacity following PGC-1a overexpression are promising in that VML
injured muscle was capable of oxidative adaptations and suggests that mitochondria may play an important and
unaddressed role in the recovery of muscle strength after VML. Thus, future research and treatment strategies
should be expanded to address limitations in oxidative adaptations to exercise and rehabilitation to potentially
exploit the role of mitochondria in recovery of muscle function after VML. In conclusion, this work uncovers a
novel element of VML pathophysiology and provides valuable insight for development and optimization of future
VML treatment strategies.

Methods

Experimental design. Male C57BL/6 mice were housed at 20-23 °C on a 12:12-hr light-dark cycle, with
food and water provided ad libitum. At the time of randomization to experimental groups all mice were 9 weeks
of age. For the acute study, (n = 8) mice were randomized to unilateral VML injury for either 3 or 7 days. For
the wheel running study, (n=>5-7 per group) mice were randomized to uninjured control and 4 weeks of wheel
running (Control + Run), unilateral VML alone (VML Contralateral; VML Injured), or unilateral VML and 4
weeks of wheel running (VML Contralateral + Run; VML Injured + Run). Mice within running groups were
given access to voluntary running wheels 72 hours after VML injury. For the PGC-1a transfection study, (n=4-5
per group) mice were randomized to uninjured control and PGC-1a plasmid (Control + PGC-1a), unilateral
VML and empty vector (i.e., saline) (VML Contralateral 4 Saline; VML Injured + Saline), or bilateral VML and
PGC-1a plasmid (VML Injured + PGC-1a). All outcome measures were also collected in an uninjured, untreated
control group (Control, n=7) and was used as a reference group across studies. Plantarflexor peak isometric
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strength and gastrocnemius mitochondrial respiration were measured after 3 and 7 days (acute study), after 4
weeks of voluntary running (wheel running study), and after 4 weeks of PGC-1a overexpression (PGC-1a trans-
fection study). Plantarflexor fatigability was also measured after 4 weeks of PGC-1a overexpression (PGC-1a
transfection study). Immediately after assessment of peak strength, the gastrocnemius muscle was harvested and
prepared for mitochondrial respiration measurements and mitochondrial enzyme assays. All procedures were
approved and performed in accordance with relevant guidelines and regulations by the Institutional Animal Care
and Use Committee at the University of Georiga.

Surgical creation of VML injury. VML injury was conducted on the posterior compartment of anesthe-
tized (isoflurane 1.5-2.0%) mice. All mice received administration of buprenorphine-SR (1.2 mg/kg; s.c.) for pain
management 30 minutes prior to surgery. A posterior incision was made to expose the posterior compartment
muscles, and blunt dissection was used to remove the fascia and hamstrings to expose the gastrocnemius muscle.
A small metal plate was inserted behind the gastrocnemius and soleus muscles and a 4-mm biopsy punch was
used to remove 22.1 & 2.9 mg of muscle volume (~10-15% of uninjured gastrocnemius mass) from the center
of the gastrocnemius muscle. In a subset of mice a TA muscle VML injury was made for evaluation of 2-photon
imaging of mitochondrial structure. Under the same induction and pain management techniques, an anterior
incision was made to expose the TA muscle and the fascia was removed. A 3-mm biopsy punch was used to
surgically create the VML injury in the middle of the muscle (7.46 + 1.2 mg removed). For both procedures,
following the VML, the skin incision was sutured closed (6-0 silk). There were no adverse events noted in any of
the experimental groups.

Voluntary wheel running. Injured and control mice in the one month wheel running study, were housed
individually and given free access to a running wheel (Columbus Instruments, Columbus, Ohio). Sedentary VML
mice were housed in a standard mouse cage without access to a running wheel. Daily running totals were cal-
culated from wheel revolutions collected at 5min intervals and are presented as a daily average of distance ran.

In Vivo muscle function. Prior to assessment of in vivo peak isometric torque of the ankle plantarflexors,
mice were anaesthetized using 1.5% isoflurane at an oxygen flow rate of 0.4 L/min. The left hindlimb was depilated
and aseptically prepared and the foot placed in a foot-plate attached to a servomotor (Model 300C-LR; Aurora
Scientific, Aurora, Ontario, Canada). The left peroneal nerve was severed and platinum-iridium needle electrodes
(Model E2-12; Grass Technologies, West Warwick, RI) were placed on either side of the sciatic nerve to elicit iso-
lated contraction of the plantarflexor muscles. Peak isometric torque was defined as the greatest torque measured
during a 200-ms stimulation using 1-ms square-wave pulses at 300 Hz and increasing amperage 0.6 to 2.0 mA
(models S48 and SIU5; Grass Technologies). Fatigability of the plantarflexors muscles was assessed using 120
submaximal isometric contractions were performed in 2 min using 330 ms stimulations at 50 Hz.

Stimulation of exercise bout. To assess the integrity of mitochondrial biogenesis signaling in VML
injured muscle, a 30 minute in vivo electrical stimulation protocol was used to simulate an acute bout of exercise.
The stimulation protocol was performed two weeks after VML injury on the left limb of age-matched control
mice (n=6) and bilateral VML injured mice (n=6). Electrical stimulation was used instead of voluntary exer-
cise to ensure activation of the injured gastrocnemius muscles. Prior to the start of the stimulation protocol,
platinum-iridium needle electrodes were placed around the sciatic nerve of anesthetized (isoflurane 1.5-2.0%)
mice and electrical current was optimized for peak torque generation. The electrical stimulation protocol con-
sisted of 10 sets of 1800 contractions (parameters: pulse frequency = 100, pulse width=0.1, pulses per train=1,
train frequency = 10 Hz) conducted over 30 minutes. At the end of the protocol, gastrocnemius muscles were
quickly harvested, flash frozen in liquid nitrogen, and stored at —80 °C for later qRT-PCR analysis.

Gene expression. RNA was isolated from frozen gastrocnemius muscles using an RNeasy kit (QIAGEN)
and cDNA was generated using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). iQ
SYBR Green Supermix (Bio-Rad) and the following sequence-specific primer was used to assess mRNA levels
for PGC-1a, (For: 5'-AGC CGT GAC CAC TGA CAA CGA G-3'; Rev: 5-GCT GCA TGG TTC TGA GTG
CTA AG-3'). NormFinder Software® was used to identify the most stable reference gene between 18 s, Hprt,
and Hsp90. Hprt (For: 5-TCAACGGGGGACATAAAAGT-3’; Rev: 5'-TGCATTGTTTTACCAGTGTCAA-3)
was identified as the most stable gene in this VML model and therefore was the reference gene of choice for this
analysis. Relative gene expression was calculated using the 274" method.

Mitochondrial assays. Immediately following sacrifice, the medial and lateral gastrocnemius muscles from
uninjured and injured limbs were dissected on a chilled aluminum block in 4 °C buffer X containing 7.23 mM
K,EGTA, 2.77mM Ca K,EGTA, 20 mM imidazole, 20 mM taurine, 5.7 mM ATP, 14.3 mM PCr, 6.56 mM MgCl,-
6H,0, 50 mM k-MES. Muscles were carefully dissected < 1 mg bundles of muscle fibers as reported by Kuznetsov
et al.’. Fiber bundles were permeabilized via an incubation (i.e., rocking) in buffer X and saponin (50 pg/ml)
at 4°C for 30 minutes. Following permeabilization, muscle fiber bundles were rinsed for 15 minutes in buffer Z
(105 mM k-MES, 30 mM KCl, 10 mM KH,PO,, 5mM MgCl,, 0.5mg/ml BSA, 1 mM EGTA) at 4°C. All respira-
tion measurements were performed using a Clark-type electrode (Oxygraph Plus System, Hansatech Instruments,
UK) at 25°C. Prior to each experiment, the electrode was calibrated according to the manufacturer’s instructions
and 1 ml of oxygen infused buffer Z was added to the chamber. Muscle fiber bundles were weighed (~2.5 mg for
all samples) and added to the chamber. State 4 respiration (leak respiration in the absence of ADP) was initiated
by the addition of glutamate (10 mM) and malate (5 mM). State 3 respiration (respiration coupled to ATP synthe-
sis) was initiated by the addition of ADP (2.5 mM) and succinate (10 mM). Cytochrome ¢ (10 uM) was added to
measure the integrity of the outer mitochondrial membrane (data not shown). Respiration rates were expressed
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relative to the mg of tissue loaded into each oxygraph chamber as well as to citrate synthase activity to account for
differences in mitochondrial content between samples.

Citrate synthase activity was measured using a protocol modified from Srere®, Briefly, ~20 mg of gastrocne-
mius muscle was homogenized in ~800 ul of 33 mM phosphate buffer (pH 7.0). 5l of homogenate, 173.74 ul of
100 mM Tris buffer (pH 8.0), 17.51 pl of DTNB, 8.75 ul of acetyl CoA, and 20 ul of oxaloacetate were combined in
awell of a 96 well plate. Absorbance was measured at 405nm every 10 seconds for 3 minutes and citrate synthase
activity was determined from the change in optical density over that time. Enzyme activities were normalized to
mg of tissue in the sample homogenate.

Micro-CT angiography. A subset of C57Bl/6 mice were randomly assigned to either VML (VML
Contralateral; VML Injured) or VML and 4 weeks of wheel running (VML Contralateral + Run; VML
Injured + Run). Unilateral VML injury was performed on the posterior compartment of all mice. Four weeks
after injury, micro-CT angiography was used to quantitatively evaluate hindlimb vasculature*>*¢. After animal
euthanasia, the vasculature was cleared with 0.9% saline, perfusion fixed with 10% neutral buffered formalin,
rinsed again with saline, and injected with Microfil contrast agent (MV-122, Flow Tech Inc.). Samples were stored
at 4°C overnight to allow for polymerization of the contrast agent. Hind limbs were harvested and stored in PBS
at 4°C until imaging.

For imaging, samples were oriented with long axis of the tibia extending in the z-direction for micro-CT
scanning (LCT50, Scanco Medical). Scans were performed on the lower leg with an applied electric potential of
55 kVp, a current of 145 pA, and an isometric voxel size of 20 pm. After automated reconstruction to 2D slice
tomograms, contouring was performed on slices to mark a total muscle volume of analysis that excluded bones
and only selected the musculature in the posterior compartment of the lower hindlimb. A global X-ray attenua-
tion threshold was applied for segmentation of Microfil perfused vasculature, and a Gaussian low-pass filter was
used for smoothing and noise suppression. This produced 3D images and volumetric quantifications (using direct
distance transformation methods included in Scanco software) for vascular anatomy with the outcome measure
of vascular volume normalized to total volume. All investigators involved in scanning and analysis were blinded
to experimental groups.

Plasmid and transfection. Electroporation and PGC-1a plasmid transfection were conducted at the time
of VML injury. GFP-PGC1 plasmid expressing eGFP-tagged mouse PGCla was acquired from Addgene™. For in
vivo electroporation, GFP-PGCI plasmid was prepared by cesium chloride density-gradient centrifugation and
isopropanol precipitation as previous reported®. In vivo electroporation of mouse gastrocnemius muscles was
performed as described by Aihara et al.”. Briefly, 20 ul of GFP-PGC1 plasmid (concentration =2.8 pg/pL) was
injected at 2 sites: medial and lateral gastrocnemius muscles. Electroporation was conducted with a BTX ECM
830 electroporation system equipped with 5mm 2-needle arrays. The following settings of the electronic pulses
were use: LV =00 V/99 msec, set voltage =100V, set pulse length =50 m sec, set number of pulses =3 pulses.
When 3 pulses were done, the 2-needle array was reversed, and 3 addition pulses were applied to the muscle with
the above settings. Transfection efficiency was assessed primarily by an increase in OCR in the transfected tissues
and secondarily by post hoc qPCR analysis of PGC-1a, Ndufb2, Ndufa8, and ATP5h genes, the latter three being
indirect targets of PGC-1q, from portions of the lateral and medial gastrocnemius muscle that remained after
tissue harvest. All genes trended toward significance (p <0.09) and there was a signicant ~2-fold increases in
ndufa8 (p=0.002) and ATP5h (p =0.008) (data not shown). Notably, this post hoc analysis came from the portion
of the lateral and medial gastrocnemius outside of the specific transfection area. A technical limitation of this
work is the use of saline injection instead of a proper empty plasmid vector as a control for the PGC-1a plasmid.

2-Photon scanning microscopy. Unilateral VML injury was performed on the left TA muscle of C57Bl/6
mice ubiquitously expressing mitochondrial Dendra2 green/red photoswitchable monomeric fluorescent protein
(Jackson Laboratory, #018385). We elected to use the TA for the imaging rather than the gastrocnemius muscle
used for other studies herein, because of its accessibility and lack of pennation differences across medial and
lateral aspects of the muscle. Imaging was performed immediately (data not shown), 3, 7, and 28 days after VML
injury, and the contralateral limb was imaged at each timepoint as a control.

Prior to imaging, the TA was extracted, placed in buffer X (see Methods: Mitochondrial Assays), and secured
to a dissection gel with pins. 2-photon microscopy was used to characterize the mitochondrial network of the
muscle fibers remaining after VML. We used a Ti:Sapphire laser (Coherent Chameleon Ultra II), with 840 nm
and 940 nm wavelength and 130 fs pulses duration for excitation of the Dendra2 fluorescent protein, with an
NA = 1.1 objective lens (Olympus LUMFLN 60XW) and a 509/22 nm filter for fluorescence collection. For the 3,
7, and 28-day time points, we imaged within an area of approximately 1.0 mm? in the proximity of the injury site.
Within each area, we collected multiple z-stacks (n > 10), with resolution and pixel size small enough to satisfy
the Nyquist sampling theorem (dx =dy=0.3125 um, dz=1 pm). Additional z-stacks (n = 3-6) were collected
proximal to the border of the injury at increasing distances (0 mm, 0.5mm, 1.5mm, 2.0 mm, and 2.5mm) away
from the injury site toward the origin of the muscle.

To analyze the mitochondrial network organization, we developed an angular Fourier filtering (AFF) method,
based on a Fourier metric previously used for sensorless Adaptive Optics’'. Transforming an image from the
spatial domain (Fig. S1a,c) to the Fourier domain (Fig. S1b,d), converts it to an array of weighted coefficients that
include information such as periodicity and angle of the features in the image. Our method uses a wedge filter ¢
with a gaussian profile w.r.t. ¢ in cylindrical coordinates p, ¢, (Fig. S1E) to collect information about features at
an angle o
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Where o is the standard deviation of gaussian filter. We then calculate the 2D Fourier transform of each image i
at depth z:
I(p, ¢, 2) = Hi(T)}z) — r* = x> + y°.

We rotate the filter from 0 to 180 degrees for each optically sectioned image at depth z to produce a histogram
of the angle of alignment and periodicity of the structure. Each point in the generated 2D histogram AFF is cal-
culated using:

~ J[UHs @, 2)] X Ups @, a) x M(p, @)Y dpdgp
1o, @, 2)| x M(p, @))dp’de
where M is a mask determined by the numerical aperture of the microscope NA,the wavelength of the emitted

light A, and the frequency lower bound £ (to suppress features larger than twice the mitochondrial network
period):

AFF(z, o)

1 &< p < (2NA/N)

M(p, ) = {
ne 0 otherwise.

AFF is an ideal analysis for assessing mitochondrial structural organization because it can detect the 2 dom-
inant angles of alignment in uninjured mitochondrial networks: (1) mitochondrial network alignment parallel
to muscle fiber orientation and (2) mitochondrial network alignment perpendicular to muscle fiber orientation.
AFF was used in each frame from a z-stack to produce 3D mesh plots (Fig. 2). The magnitude of the peaks within
the 3D mesh plots represents the strength of alignment of mitochondrial structures to a particular angle. To
quantify the organization of mitochondrial structures the ratio of peak alignment strength of a given z-stack and
its average alignment strength across the entire z-stack was calculated (Fig. 3c,d), which we call the alignment
ratio (AR):

_ max(AFF(z, a)) _
B avg(AFF(z, o))

where max and avg are functions returning the maximum and the average of the arrays, respectively.

Statistical analysis. Data are presented in the results as mean & SD and represented graphically as dot plots.
A multi-factor repeated measures analysis of variance (ANOVA) was used to analyze assessments wheel run-
ning performance (injury group by time, repeated). A multi-factor repeated measures ANOVA was also used to
analyze data from the acute VML study (time post injury by experimental limb). Gene expression data was ana-
lyzed using nonparametric tests in REST 2009 Software (M. Pfaffl, Technical University Munich, and QIAGEN).
A two-way ANOVA was used to analyze torque as well as fatigue resistance after PGC-1a transfection (group
by treatment). All other data were analyzed using one-way ANOVA. All data were required to pass normality
(Shapiro-Wilk) and equal variance tests (Brown-Forsythe F test) before proceeding with the ANOVA. Differences
among groups are only reported where significant interactions were observed and subsequently tested with
Tukey’s post hoc test using JMP statistical software (version 13, SAS, Cary, NC). Group main effects are reported
where significant interactions were not observed. An o level of 0.05 was used for all analyses.

Data Availability

The datasets used and/or analyzed during the current study are primarily presented in the current manuscript
and are available from the corresponding author on reasonable request. The executable code used to analyze mi-
tochondrial network organization is available upon request.
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Forced PGC1a1 expression improves oxidative capacity and partially rescues strength
following volumetric muscle loss injury

Southern, W.M.,*? Nichenko, A.S.,*? Qualls, A.E.,? Yin, A..? Yin, H.,® Greising, S.M.,*
Call, J.A.12

!Department of Kinesiology, University of Georgia, Athens, GA
’Regenerative Bioscience Center, University of Georgia, Athens, GA
Center for Molecular Medicine, University of Georgia, Athens, GA
4School of Kinesiology, University of Minnesota, Minneapolis, MN

Volumetric muscle loss (VML) is characterized by a large volume of muscle tissue being
removed from the body due to surgery or severe trauma. The remaining muscle after
VML has poor function and unknown adaptive potential during physical rehabilitation.
PURPOSE: To investigate the metabolic plasticity of the remaining skeletal muscle after
VML injury. METHODS: VML injury was performed on the gastrocnemius muscle of 8-
week old C57BL/6 mice. Study 1: Unilaterally injured VML mice performed voluntary
wheel running (WR). Study 2: PGClal (CMV promoter) transfection was performed on
control (CON) and bilaterally injured VML mice (VML). Mice were divided into three
groups: CON+PGC1al overexpression, VML alone, and VML+PGC1al overexpression.
Four weeks after onset of wheel running (Study 1) or transfection interventions (Study
2), muscle strength and mitochondrial respiratory function (mitoFx) were assessed.
RESULTS: MitoFx was ~23% greater in the uninjured limb of VML+WR mice compared
to VML alone, but mitoFx in the injured limb of VML+WR mice was not different from
VML alone, suggesting VML injury prevents metabolic adaptations to exercise (ANOVA
P<0.001). To determine if a faulty metabolic signaling cascade (i.e., PGC1a1) was
responsible for impaired metabolic adaptation in the VML-injured muscle, direct muscle
activation via sciatic nerve electrical stimulation was used to initiate oxidative gene
transcription in CON and VML mice. The stimulated muscle in CON mice had ~4 fold
greater PGC1al gene expression than the unstimulated muscle; however, there was no
effect of stimulation on PGC1a1 expression in VML mice (Interaction: P<0.001)
suggesting VML injury attenuates oxidative gene regulation. Endogenous PGC1a1
activation pathways were bypassed via forced expression of PGC1a1 in Study 2. Forced
expression of PGC1al resulted in ~33% and ~31% greater mitoFx in CON+PGClal
and VML+PGClal mice, respectively, compared to VML alone (P<0.001), and
VML+PGC1al mice had 47% greater muscle strength than VML alone. (P<0.001).
CONCLUSION: PGC1a1 activation is the limiting factor impairing metabolic plasticity in
VML-injured muscle; and improving oxidative capacity of the remaining muscle after
VML injury improves recovery of strength.



Uninjured Control - Volumetric Muscle Loss Injury

Muscles struggle to ever fully recover after losing tissue, study finds

2 Kristen B. Morales

) April 15, 2019

& Permalink

When muscle is lost in the aftermath of a bomb blast, surgery to remove cancer or even a gunshot or knife
wound, time typically heals the surface wound.

But the muscle underneath that is damaged as a result of the injury may never be the same again, according to
results of a new study by researchers at the University of Georgia.

The results, published this month in the journal Scientific Reports.

By examining the mitochondria networks in the cells of these injured muscles and comparing them with cells in
unaltered muscles, researchers in the UGA College of Education discovered the entire muscle undergoes
fundamental changes that affect its long-term performance. The study is published in this month's edition of the
journal Scientific Reports.



"Mitochondria is in all of our muscles, and we wanted to know what's wrong with the mitochondria in injured
muscles and if they adapt to exercise," said assistant professor Jarrod A. Call, a study co-author. The study also
served as a dissertation paper for Call's former student, Michael Southern, who is now a postdoctoral fellow at
the University of Minnesota. "For example, if you go out and start training for a marathon, your mitochondria will
double. So Michael asked, after a volumetric muscle loss injury, does the mitochondria in the injured muscle
grow and expand just like typical muscle mitochondria would?"

The answer, the team found, is no.

Using 3-D imaging through a collaboration with the UGA College of Engineering's Mortensen Lab, the research
team saw not only was the mitochondria network disorganized in the area where the muscle was directly affected
by the injury, but the network was affected throughout the entire muscle. Even after a month of exercise, the
injured muscle did not regain its health equal to that of typical muscles.

The study was conducted on mice with specialized markers embedded in their muscles that allow their cell
networks to be seen through two-photon imaging in the Mortensen Lab. Luke Mortensen, assistant professor in
the UGA College of Engineering, and postdoctoral fellow Kayvan Tehrani assisted with the specialized imaging.

"We relied heavily on them to do this 3-D analysis that really beautifully showed how perturbed the mitochondrial
structural network is after that muscle injury," said Call. "And even when the muscle heals, that network stays
damaged.”

This can have tremendous implications on physical therapy and rehabilitation, where the goal is to bring muscles
back to their original, pre-injury condition. The study showed that simply wouldn't happen, which means new
approaches to rehabilitation should be considered, Call said.

The disorganized state of the mitochondria also could have implications on overall body functions over the long
term, Call added. Our muscles make up about 40 percent of our body mass and use a large portion of our daily



calorie intake. Typical muscles also perform important functions such as stabilizing blood glucose levels and
contributing to our overall energy level.

With these types of injuries, Call said the affected muscles could have an effect on overall health.

"Typically, with exercise, our muscles would adapt and increase their mitochondrial function. But these muscles
would not adapt as well," said Call. "So, that fits into one of our sayings in kinesiology—that exercise is medicine.
Well, here, exercise is not medicine because it's not having any effect.”

The study, which was funded by a grant from the Department of Defense to Call and his co-primary investigator,
Sarah Greising of the University of Minnesota, will help inform physical therapy and treatment for wounded
military personnel with these types of muscle-loss injuries. Call and his team are now beginning to look at further
studies involving civilian populations.

"We always like to say that the foundation of rehabilitation is muscle plasticity, which means your muscle adapts,"
added Call. "But if your muscle can't adapt, then any rehab you do to it doesn't matter. There seems to be a
cellular limitation in the remaining muscle that can negatively impact rehabilitation.”

Related links: Department of Kinesiology
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