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Abstract

Mitochondrial dynamics and mitophagy are important aspects of mitochondrial quality control, 

and are linked to neurodegenerative diseases and muscular diseases. Fis1, a protein on the 

mitochondrial outer membrane, is thought to mediate mitochondrial fission. However, Fis1 null 

worms and mammalian cells only display mild fission defects but show aberrant mitophagy. To 

assess Fis1 function in vivo, we generated conditional knock-out Fis1 mice to allow for specific 

Fis1 deletion in adult skeletal muscle. In the absence of Fis1 in Type I muscle, mitochondrial 

hyperfusion, respiratory chain deficiency, and increased mitophagy were found. Moreover, 

abnormal mitophagy was aggravated by endurance exhaustive exercise stress (EEE), suggesting 

that Fis1 is involved in maintaining normal mitophagy in mitochondria-rich Type I muscle during 

exercise. Additionally, Fis1 loss induced delayed onset muscle ultrastructure change (DOMUC) in 

Type I muscle and strong inflammation in response to acute exhaustive exercise (EE). Thus, we 

identify a role for Fis1 in maintaining normal mitochondrial structure and function at rest and 

under exercise stress.
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Introduction

Mitochondria are the organelles that provide energy in the form of adenosine triphosphate 

(ATP) to the cell. Mitochondria constantly fuse and divide within cells; a process called 

mitochondrial dynamics. Mitochondrial fission and fusion play critical roles in maintaining 

functional mitochondria when cells experience metabolic or environmental stresses. Fusion 

helps mitigate stress by mixing the contents of partially damaged mitochondria as a form of 

complementation. Fission is needed to create new mitochondria, and can regulate 

mitochondria by allowing the removal of damaged mitochondria during cellular stress 

through a selective autophagic process called mitophagy.1 Disrupting mitochondrial 

dynamics and mitophagy can affect normal development, and has been implicated in 

neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease and the muscle 

wasting disease, sarcopenia (muscle deterioration).2–4 Therefore, mitochondrial dynamics 

and mitophagy together keep the mitochondrial pool healthy and suggest that 

pharmacologically or genetically restoring normal mitochondrial dynamics could be 

therapeutic to alter the course of these diseases.

Mitochondrial fission and fusion processes are mediated by large guanosine triphosphatases 

(GTPases) in the dynamin family that are well conserved between yeast, flies, and 

mammals.5 In mammals, fusion between mitochondrial outer membranes is mediated by 

Mfn1 and Mfn2, whereas fusion between mitochondrial inner membranes is mediated by 

Opa1.5 Fission is mediated by a cytosolic dynamin family member Drp1. Drp1 is recruited 

from the cytosol to the mitochondria to form spirals around mitochondria that constrict to 

sever both inner and outer membranes. Upon mitochondria damage, the protein PINK1 is 

stabilized on the outer mitochondrial membrane where functions to recruit and activate 

Parkin to induce mitophagy.7,8 Mitophagy can be inhibited by a dominant negative mutant of 

Drp1, suggesting that fission is required for mitophagy.9

Fis1, is also thought to mediate mitochondrial fission. Fis1 was first discovered in yeast, in 

which it is the sole Drp1 recruitment factor.10 Fis1 which resides on the mitochondrial outer 

membrane, has two TPR motifs that bind to the yeast Drp1 homologue Dnm1 through 

adaptor proteins.11–15 Fis1 is present throughout the animal kingdom, but its function in 

metazoans is unclear. Fis1 can bind to human Drp1 in vitro, can promote fission when 

overexpressed, and has been implicated in a number of fission dependent processes, such as 

apoptosis and autophagy.9,16–20 However, mammalian Fis1 knockout cells have mild or no 

fission defects,21,22 suggesting that Fis1 plays an ancillary role in this process. Furthermore, 

it was recently reported by our group that Fis1 null worms and Fis1 knockout mammalian 

cells have excessive LC3 accumulation following stress induced by mitochondrial toxins,7,10 

indicating Fis1 may have a role in mitophagy. To date, there is no literature on the role of 

mammalian Fis1 in vivo (be it dynamics or mitophagy).

Systemic knock out Fis1 is lethal for mice, therefore to understand the function of Fis1 in 
vivo, we generated a conditional knockout mouse model (Fis1fl/fl) which were cross-bred 

with MCK-Cre transgenic mice to allow skeletal muscle-specific deletion (Fis1fl/fl X MCK-

Cre, Fis1KO) to examine mitochondrial function. Skeletal muscle is highly reliant on 

mitochondrial dynamics for proper mitochondrial function, especially during exercise, and 
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change in mitochondrial quality and function is necessary for proper muscle development.23 

We found that loss of Fis1 caused mitochondrial hyperfusion, impaired mitochondrial 

function, and also resulted in abnormal mitophagy in Type I muscle fibers, especially under 

endurance exercise stress. Furthermore, we found that Fis1KO exacerbated DOMUC in Type 

I muscle and induced inflammation following intensive exercise stress. Together, our results 

indicate a role for Fis1 in mitochondrial quality control in vivo at rest and under exercise 

stress.

Results

Loss of Fis1 leads to abnormal mitochondrial morphology in skeletal muscles

To generate conditional Fis1 knockout mice, exons 2–4 of Fis1 were flanked by loxP sites 

(Fig. 1A), then cross-bred with the MCK-Cre transgenic mice to allow myoblast-specific 

deletion in skeletal muscle. We confirmed loss of Fis1 protein in soleus, gastrocnemius and 

quadriceps (Fig. 1B), but not that in heart and liver (Fig. S1A). Ultrastructural examination 

of mitochondria appeared largely unchanged in Fis1KO versus wild-type (WT) quadriceps 

(Fig. 1C) through electron microscope (EM). However, mitochondria are enlarged in 

Fis1KO soleus compared with WT soleus (Fig.1C and D). We also found more swollen 

mitochondria characterized by loss of cristae and a low matrix density in Fis1KO 

gastrocnemius compared with WT gastrocnemius (Fig.1C and E, P=0.06). Despite 

alterations in mitochondrial morphology, the skeletal muscle structure did not change (Fig. 

S1B).

Loss of Fis1 impairs mitochondrial respiratory chain in slow muscle

Expression of respiratory chain complexes and the histochemical staining of muscle 

cryosections for reduced form of nicotinamide-adenine dinucleotide (NADH) can reveal 

mitochondrial oxidative phosphorylation (OXPHOS) alterations. To assess the mitochondrial 

function, we measured the expression level of mitochondrial OXPHOS complexes I-V, in 

soleus, gastrocnemius and quadriceps muscle lysates prepared from 12-week-old WT and 

Fis1KO mice by immunoblotting (Fig. 2A, Fig. S1C and D). These analyses revealed that 

only the protein level of Complex I (CI-NDUFB8) was significantly reduced in Fis1KO 

soleus (Fig. 2A and B), with no differences observed among any OXPHOS complexes in 

Fis1KO gastrocnemius or quadriceps (Fig. S1C and D). Consistent with the former finding, 

Complex I activity decreased in soleus of Fis1 KO mice (P=0.05) (Fig. 2C). On the other 

hand, gastrocnemius and soleus muscle sections derived from 12-week-old WT and Fis1KO 

mice were stained for reduced NADH, which also reflects Complex I function. Consistent 

with immunoblotting, we observed less NADH signal in Fis1KO compared to WT soleus; 

the overall intensity of NADH in the interior of the fiber appeared drastically reduced, so 

called rubbed-out fibers24 (Fig. 2D) and no differences between Fis1KO and WT 

gastrocnemius were observed (Fig. 2E). Therefore, Fis1KO decreased mitochondrial 

respiratory capacity via Complex I in soleus.
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Excessive GFP-LC3 is exacerbated in Fis1-defecient soleus through endurance exhaustive 
exercise (EEE)

Since we found enlarged, elongated and swollen mitochondria in Fis1KO soleus and 

gastrocnemius respectively, and reduced Complex I expression in soleus, we hypothesized 

that this may cause exercise intolerance due to reduced energy production.25 To test this, we 

performed a sprint test on a treadmill. Here, after acclimation to the treadmill, mice were 

forced to run at 14m/min for 5 minutes and the number of times a mouse fell off the rear of 

the treadmill were counted as a readout of endurance.26 Fis1KO mice fell significantly more 

times than WT mice during the test, suggesting that loss of Fis1 in skeletal muscle impairs 

mice endurance exercise ability (Fig. 3A).

Given that Fis1 may play a role in mitophagy and autophagy and that Fis1KO can result in 

aberrant LC3 accumulation during mitophagy,7,10,27 we crossed the skeletal muscle specific 

Fis1KO mice with mice transgenically overexpressing GFP-LC3, a marker of 

autophagosomes, in order to analyze autophagy in tissues of Fis1KO mice by confocal 

microscopy. Similar with previous reports,7,10 Fis1KO resulted in increased GFP-LC3 

puncta in soleus of sedentary mice compared to WT mice (Fig. 3B and C).

As treadmill running is reported to induce autophagy and mitophagy,27 we used the running 

paradigm (referred to as endurance exhaustive exercise (EEE)) to assess GFP-LC3 

accumulation in WT and Fis1KO muscle. This exercise paradigm is mainly for aerobic 

exercise, in which we let the mice run slower and longer to allow mitochondria contribute 

more during this stress process. Following EEE, there was no significant change in GFP-

LC3 puncta in soleus from WT mice, however, GFP-LC3 further increased in Fis1-deficient 

soleus compared with Fis1KO sedentary (SED) mice and WT mice (Fig. 3B and C). There 

were no changes in GFP-LC3 of gastrocnemius in either genotype, even after EEE (Fig. 3D 

and E). To clarify the nature of LC3 accumulation in Fis1KO soleus in more detail, we 

conducted immunoelectron microscopy to analyze autophagosomes. EEE caused the normal 

formation of autophagosomes with closely apposed membranes that were labeled with gold 

particle attached to GFP-LC3 near mitochondria in WT-GFP-LC3 soleus (Fig. 3F). 

Although Fis1KO-GFP-LC3 soleus has similar autophagosomes’ structure (Fig. 3Ga), many 

of them displayed disordered distribution and LC3 aggregation that contain mitochondria 

and possibly other organelles (Fig. 3Gb), which is consistent with previous findings.7

Acute Exhaustive Exercise (EE) is followed by inflammation response in Fis1−/− muscle 
and blood

Mitochondrial stress induced by acute exhaustive exercise (EE) can lead to the release of 

damage-associated molecular patterns that activate innate immunity in mice that lack intact 

mitophagy pathways, while WT mice have no response.28 In this exercise paradigm, failure 

of mitochondrial clearance following EE resulted in increased cytokines in the blood and 

increased body temperature that correlated with cytokine increases.28 Given our finding that 

loss of Fis1 may alter mitochondrial clearance in vivo in soleus in response to EEE, we 

sought next to determine how loss of Fis1 may impact the inflammatory response to EE. For 

this 10–12-week old Fis1KO mice were exercised until exhausted for three consecutive days. 

We monitored changes in body temperature and circulating plasma cytokines before, during, 
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and after exercise. Average time to exhaustion (Fig. S2A) and baseline cytokine levels in 

Fis1KO mice were similar to those of WT (Fig. 4B). Body temperature remained constant in 

WT animals throughout the trial, as previously reported28 (Fig. S2B). Interestingly, 

compared with Fis1KO sedentary mice, we found that the body temperature of the Fis1KO 

mice subjected to EE increased significantly on trial day 16, two days after the EE trial, and 

remained elevated until trial day 20 (Fig. 4A). In addition, plasma cytokines remained at 

baseline in WT mice after EE, but loss of Fis1 in skeletal muscle led to a significant increase 

in plasma cytokines (IL-6, IL-12p40, IL-13, KC, RANTES and IFNβ) immediately after the 

EE trial (Fig. 4B). 6 days after EE, all cytokine levels returned to baseline, indicating that 

similar to EE in mice that lack mitophagy pathways,28 loss of Fis1 in skeletal muscle 

induces a robust, but acute, inflammatory response.

In consideration of our mice model is specific knock out Fis1 in skeletal muscle, we 

wondered whether the inflammatory response in skeletal muscle was also increased. Soleus 

and gastrocnemius muscle sections were prepared from 12-week-old WT and Fis1KO SED 

or EE mice and analyzed by confocal microscopy for the macrophage specific antigen 

F4/80. Interestingly, we found increased F4/80 in Fis1KO gastrocnemius but not WT after 

EE, and no changes in F4/80 in soleus of either genotype (Fig. 4C and D).

EE exacerbates delayed onset muscle ultrastructure change (DOMUC) and swollen 
mitochondria in Fis1-defecient slow and quick muscle respectively

Macrophages are a type of white blood cell, of the immune system, that engulfs and digests 

cellular debris, foreign substances, microbes, cancer cells, and anything else that does not 

have the type of specific antigen to healthy body cells on its surface in a process called 

phagocytosis.29 Hence macrophage is an important index of tissue damage and 

inflammation. Moreover, tissue damage can also induce inflammatory response. In view of 

macrophages and cytokines’ level, we wondered if EE induce muscle damage. Soleus and 

gastrocnemius muscle were prepared for EM 12–24h after the EE trial. We found that EE 

resulted in large-scale ultra-structure damage in Fis1KO soleus, with Z-band disorganized 

and broadened, showing typical delayed onset muscle ultrastructure change (DOMUC) (Fig. 

5A). There was no obvious ultrastructural change in the gastrocnemius after EE, however, 

more swollen mitochondria were observed in FIS1KO than WT (Fig. 5B and C). Thus, 

increased macrophage found in gastrocnemius may relate to the increase in swollen 

mitochondria rather than structural changes in tissue.

Since the EM images showed obvious damage in Fis1-defecient soleus, we investigated the 

level of creatine kinase (CK) in the blood. CK catalyzes the conversion of creatine and 

utilizes ATP to create phosphocreatine (PCr) and adenosine diphosphate (ADP). This CK 

enzyme reaction is reversible and thus ATP can be generated from PCr and ADP.30 

Clinically, CK is assayed in blood tests as a marker of damage of CK-rich tissue for 

conditions such as rhabdomyolysis (severe muscle breakdown), myocardial infarction (heart 

attack), muscular dystrophy and autoimmune myositides.31 Consistent with our predictions, 

we found CK levels are similar between WT and Fis1KO mice at baseline, however, 

immediately after EE, the level of CK in Fis1KO mice increased significantly while WT 

levels remained at baseline (Fig. 5D). Unexpectedly, on the 6th day after running, while 
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cytokines had returned to baseline, the CK level of Fis1KO remained elevated (Fig. 5D), 

consistent with the observed damage in Fis1KO soleus. We speculated that loss of Fis1 lead 

to serious DOMUC following EE in soleus resulting in significantly elevated CK.

Discussion

In conclusion, the present study provides new insights into the in vivo function of 

mammalian Fis1. We describe, for the first time, an in vivo role for Fis1 in maintaining 

normal mitochondrial function and morphology. We report increased LC3 puncta in skeletal 

muscle at rest and after exercise challenge, indicating a link between Fis1 activity and 

autophagy and mitophagy. Finally, we also find a role for Fis1 in responding to 

mitochondrial stress induced by exercise, by preventing increased muscle damage and 

inflammation, and limiting DOMUC.

Alterations in mitochondrial morphology induced by loss of Fis1 occurred in soleus. Our 

images showed that loss of Fis1 results in mitochondrial hyper-fusion in soleus (Fig. 1C and 

D) and swollen mitochondria (P=0.06) in the gastrocnemius (Fig. 1C and E), with no 

consequence in the quadriceps. Similar with our observation, heart-specific knockout of 

Mfn1, Mfn2 and Drp1, also resulted in the appearance of swollen mitochondria 

characterized by mitochondrial matrix disappearance (P < 0.05).32 Furthermore, 

overexpression of Drp1 reduced mitochondrial area and swelling in the tibialis anterior 

muscle,23 indicating that perturbations in mitochondrial structure are a common 

phenomenon when mitochondrial dynamics are impaired.

Furthermore, we observed that Fis1KO soleus had impaired OXPHOS capacity, and a 

significant decrease in the Complex I function (Fig. 2A, B and C). However, in 

gastrocnemius and quadriceps, there was no change in the expression of OXPHOS 

Complexes (Fig. S1C and D). Consistent with the observed defects in OXPHOS, indicating 

mitochondrial dysfunction, we observed an increase GFP-LC3 puncta in Fis1KO soleus in 
vivo, suggesting that loss of Fis1 in type I muscle fibers can result in mitophagy induction to 

clear damaged mitochondria (Fig. 3B and C). In support of this, there are no increases in 

GFP-LC3 in gastrocnemius and quadriceps where no alterations in OXPHOS were observed 

(Fig. 3D and E). Thus, although the mechanism remains unclear, our data indicate that in 
vivo Fis1 functions in mitochondrial dynamics, and that its loss has different consequences 

in different muscle types.

We speculated that these muscle specific differences were due to the different types of 

muscle fibers that comprise each muscle. Skeletal muscle can be divided into red slow 

muscle (type I) and white fast muscle (type II) according to different functional 

characteristics. Type I muscle fiber has thinner fibers, less myofibrils, more mitochondria 

and myoglobin, smaller dominating neurons, abundant peripheral capillaries, higher oxidase 

activity, and higher activity of glycolytic enzymes, slower contraction, less contraction 

strength, but longer duration and less fatigue than type II muscle fiber23. The soleus is 

composed predominately of type I muscle fibers, the gastrocnemius is composed 

predominately of type II muscle fibers and the quadriceps contain an equal proportion of 

both type I and type II fibers.33 Thus, the soleus, which is mitochondria-rich, may be more 
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susceptible to the loss of Fis1, as supported by the observed decreased Complex I, OXPHOS 

and by increased GFP-LC3.

The enlarged mitochondria and OXPHOS deficits observed in Fis1KO soleus, could impair 

energy production, substrate and oxygen delivery and exchange, and contribute to exercise 

intolerance.25 Indeed, using a sprint endurance test we found that Fis1KO mice displayed a 

significant reduction in endurance capacity compared to WT (Fig. 3A). Furthermore, 

increased GFP-LC3 was observed in Fis1KO soleus after EEE compared to WT (Fig. 3B 

and C), however, immune-EM revealed irregular GFP-LC3 particle distribution and 

accumulation (Fig. 3Gb). We found knocking out Fis1 induced abnormal mitophagy, and our 

results suggested many of the autophagosomes’ structure displayed disordered distribution 

and LC3 aggregation that contain mitochondria and possibly other organellesb following 

EEE. This suggests that EEE may induce mitophagy, but Fis1 loss may impair the execution 

of mitophagy, which is similar to the findings of Yamano et al.7On the other hand, mutations 

in Fis1 do not increase the total amount of mitophagy or affect mitophagy at later stages in 
vitro. It seems likely that the total number of mitochondria that enter the mitophagy pathway 

remains the same. However, mutations in Fis1 slow the disposal process at a stage before 

fusion to lysosomes, causing a temporary buildup of intermediates in the disposal pathway 

and resulting in LC3/LGG-1 aggregates.10 This is also probably the mechanism in LC3 

aggregation in vivo. Furthermore, our team already showed that Fis1 acts at a critical 

junction in major stress response pathways. Depending on the stress conditions, Fis1 can 

contribute to apoptosis or to the orderly disposal of defective mitochondria through 

mitophagy,10 which may be the role of Fis1 in mitophagy in vivo.

Utilizing EE, we found that following EE, Fis1KO mice, but not WT mice, displayed a 

dramatic increase in both body temperature and pro-inflammatory plasma cytokines (IL-6, 

IL-12p40, IL-13, KC, RANTES and IFNβ) (P <0.001) (Fig. 4A and B). These results 

indicate strong inflammation response in Fis1KO mice following EE, consistent with the 

level of cytokines. The time lag between body temperature rise and the increase of cytokines 

is also consistent with the finding in Sliter et al. 28. Interestingly, we observed increased 

infiltration of macrophage cells into gastrocnemius muscle following EE, but not in soleus, 

highlighting another muscle fiber type specific difference in the loss of Fis1 (Fig. 4C and D). 

More swollen mitochondria were found in Fis1KO gastrocnemius after EE compared to WT 

(Fig. 5B and C), but we did not observe increased mitophagy following exercise in 

gastrocnemius. Thus, we speculate, similar to previous reports, that EE increases 

mitochondrial stress, as evidenced by increased swollen mitochondria, which can induce 

inflammation. So while mitophagy was not observed in gastrocnemius following a more 

mild exercise regime (Fig. 3D and E), here EE-induced inflammation may arise from the 

Type II muscle fibers acting as an endocrine-like organ.34

Interestingly, plasma CK levels were also significantly elevated following EE in Fis1KO but 

not WT mice, indicating significant muscle damage. H&E staining (Fig. S2C) and electron 

microscopy (Fig. 5A) images of soleus from the two groups of mice collected 12 hours after 

EE, revealed large ultrastructural changes in the soleus of Fis1KO mice, showing the typical 

phenomenon of delayed onset muscle ultrastructure change (DOMUC), which can also 

called delayed onset muscle soreness (DOMS). Friden et al.,35 indicates that the 
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disturbances in ultrastructure of muscle fiber normally emerge immediately after eccentric 

exercise, peak is on the third day after exercise, and return to normal on the sixth day. These 

results support the muscle damage theory of DOMS, first described in 1902 by Theodore 

Hough, which concluded that soreness is “fundamentally the result of ruptures within the 

muscle”.36,37 According to this “muscle damage” theory of DOMS, these ruptures are 

microscopic lesions at the Z-line of the muscle sarcomere.37 Taken together therefore, we 

speculate that lacking in Fis1 exacerbates the DOMUC in Type I muscle fibers after EE, 

which leads to high level of CK in the blood.

Data supporting these concepts are still preliminary, and further investigations are necessary 

to elucidate the precise role of Fis1 in mitochondrial quality control in vivo. Future 

experiment is needed to confirm that the changes of mitochondrial morphology is due to the 

changes of protein expression that related to mitochondrial dynamics. While loss of Fis1 

increased GFP-LC3 puncta in sedentary and exercised animals, it is unclear whether this 

observation indicates a failure to fully clear damaged mitochondria or an increase in the rate 

of mitophagy in vivo. While many in vitro studies support a role for Fis1 in the execution of 

mitophagy, more work needs to be done to clarify this point in vivo. Furthermore, the 

interaction of STX17 and Fis1 is a PINK1-Parkin-independent mitophagy process.38 This is 

also an important issue for our work. Abnormal mitophagy is linked with neuronal and 

cardiovascular diseases, thus it is necessary to define the accurate role of Fis1 and its 

association with mitophagy in various tissues, such as in brain, and to what extent does Fis1 

affect human pathology. Our team has already found that Fis1 is associated with Pink1-

Parkin dependent mitophagy in vitro,7,10 thus future efforts will be aimed at examining Fis1 

within the context of Pink1/Parkin loss. Finally, the molecular mechanisms leading to the 

various phenotypes observed in different muscle types under diverse stress in the absence of 

Fis1 remain to be elucidated and understanding these mechanisms could be valuable to 

unveil the effects of mitochondrial dysfunction at disease states. In summary, our work, for 

the first time, described in vivo phenotypes related to the loss of Fis1, which is critical to 

maintain mitochondrial quality control and integrity.

Material and Methods

Animals

All mice were housed in pathogen-free facilities under 12-hr light dark cycles with access to 

food and water ad libitum. The Fis1FL/FL mouse was obtained from inGenious Targeting 

Laboratory (iTL). The conditional loss-of-function mouse model was generated by targeting 

exons 2–4 of Fis1 with loxP sites. Targeted iTL IC1 (C57BL/6) embryonic stem cells were 

microinjected into Balb/c blastocysts. Resulting chimeras with a high percentage black coat 

color were mated to C57BL/6 FLP mice to remove the Neo cassette. MCK-cre model was 

obtained from Jackson Laboratories. Fis1fl/fl mice were cross-bred with the MCK-Cre 

transgenic model to allow myoblast-specific deletion in the adult skeletal muscle. All mice 

have the nuclear background of C57BL/6J. All animal studies were carried out as approved 

by the Animal Care and Use Committee of the National Institute for Neurological Disorders 

and Stroke. The mice genotype was confirmed through PCR (NDEL, Cre, GFP-LC3) and 

western blot.
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Antibodies

For immunoblotting, immunofluorescence microscopy and immune-electronic microscopy, 

the following primary antibodies were used: rabbit monoclonal antibodies to Fis1 (ALEXIS, 

ALX-210–1037-0100), to GAPDH (Abcam, ab8245), to Tom20 (Santa Biotechnology, 

sc-11415) and to GFP (Rockland, 600–401-215) and mouse monoclonal antibodies to 

OXPHOS (Abcam, ab110413), to tublin (Sigma-Aldrich, T9026), and to F4/80 (BM8) 

(Invitrogen, 13–4801-81). For immunoblot analyses, primary antibodies were used in 

combination with HRP-conjugated secondary antibodies (Sigma-Aldrich).

Preparation of tissue lysates

Tissue lysates for western-blot analyses were prepared as described.39 All protein samples 

were lysed by homogenization in RIPA lysis buffer with protease inhibitors (Roche), left on 

ice for 15 minutes, sonicated and centrifuged max speed 4 degrees for 10 minutes. The 

supernatant was collected and protein concerntration was measured using the DC protein 

assay kit (BioRad). Samples were separated on NuPAGE Novex 8%−12% Bris-Tris gels 

(Thermo Fisher) using 1 x MOPS or 1 x MES Running buffer (Thermo Fisher). Proteins 

were transferred to PVDF membranes (Bio-Rad). 5% skim milk and 3% BSA in PBS-T 

were used for blocking and diluting antibodies respectively.

Preparation for EM

The relevant muscle was stretched and collected in a puddle of fixation buffer (4% 

formaldehyde, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4). A JEOL 

electron microscope (JEM-1400, JEOL, Tokyo, Japan) at 1,500x - 5,000x direct 

magnifications was used for ultrastructural examination of osmium tetroxide/uranyl acetate 

stained skeletal muscle thin sections (90 nm). Image J was used on transmission electron 

microscopic images for measuring individual mitochondrial size and the percentage of 

swollen mitochondria.

Complex I Activity

Complex I activity were measured as previously described.40 Mitochondria were extracted 

from skeletal muscle, mitochondrial membranes were disrupted first by freeze–thawing the 

samples two or three times in hypotonic medium (25 mM K2PO4 pH 7.2, 5 mM MgCl2) 

followed by a hypotonic shock in H2O.42 Using 50mM Tris medium, 0.8mM NADH as 

donor, 240μM KCN and rotenone to test Complex I activity.

Histochemistry of frozen tissue sections

Skeletal muscle was snap-frozen in isopentane cooled with liquid nitrogen. NADH staining 

of frozen sections (10 μm) were performed as described in Reference.24 H & E, Sirius red, 

and toluidine blue staining were performed using standard procedures. Samples were 

recorded using Widefield microscope (Zeiss LSM510). Images were analyzed using Image J 

software.
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Quantification of GFP-LC3 signal

Thin sections (10μm) from skeletal muscle were snap-frozen in isopentane cooled with 

liquid nitrogen. The images were captured with LSM510 confocal microscope (Carl Zeiss, 

Inc.) and processed using the LSM Image Browser (generation of projections of confocal 

stacks; Carl Zeiss, Inc.) and Photoshop CS2 (brightness and contrast adjustments; Adobe, 

USA). The number of GFP-LC3 puncta per unit area of tissue was quantified as described.43

Immunoelectron microscopy

Fis1KO anti-GFP-LC3 tissue sample were fixed in 4% formaldehyde, 0.1% glutaraldehyde 

(GA) in 60 mM PIPES, 25 mM HEPES, 10 mM EGTA, and 1 mM MgCl2 (pH 6.9) (PHEM 

buffer, pH 6.9)44 for 90 min. After 5 min supernatant was removed and replaced with a 

freshly prepared fixative. Tissue was carefully mixed in 10% gelatin/PBS, incubated for 10–

20 min at 37°C, and immediately placed on ice until the gelatin was hardened. Sample was 

cut into sub 1 mm3 pieces. Gelatin-embedded samples were infiltrated with 2.3 M sucrose 

(in 0.1 M phosphate buffer) and put at 4°C overnight on a rotating wheel, mounted onto 

sample pins and plunge-frozen in liquid nitrogen.

Cryosectioning and immunolabeling were performed as described.45,46 In brief, ultrathin 

sections (50–60 nm) from gelatin-embedded and frozen tissue were obtained using an FC7/

UC7-ultramicrotome (Leica, Austria).

Immunogold labelling was carried out on thawed sections with an anti-GFP antibody (1:200, 

Rockland, Gilbertsville, PA, USA) and 10 nm protein A-gold (1:50, UMC Utrecht 

University, Utrecht, The Netherlands) as described,46,47 and stained/embedded in 4% uranyl 

acetate / 2% methylcellulose mixture (ratio 1:9).48 Thin sections were examined on a 

JEM-1200EX (JEOL USA) transmission electron microscope (accelerating voltage 80 keV) 

equipped with an AMT 6-megapixel digital camera (Advanced Microscopy Techniques 

Corp, USA).

Immunofluorescence microscopy

Thin sections (10 μ m) from skeletal muscle were snap-frozen in isopentane cooled with 

liquid nitrogen. Slides were fixed with 4% PFA, permeabilized with 0.15% Triton X-100, 

blocked with 5% BSA for 1 hr at room temperature (RT) and incubated with F4/80 Antibody 

(BM8) (Invitrogen 13–4801-81) at 1:100, and DAPI (Sigma Aldich D9542) at 1:500. Slides 

were then mounted with fluorescent mounting media with DAPI (Vector Laboratories). 

Images were captured using a LSM510 confocal microscope (Carl Zeiss, Inc.) and processed 

using the LSM Image Browser (generation of projections of confocal stacks; splitting of 

color channels; Version 3.2; Carl Zeiss, Inc.) and Photoshop CS2 (brightness and contrast 

adjustments, cropping; Adobe).24

Endurance exhaustive exercise

For endurance exhaustive exercise, 24-week-old mice were acclimated to and trained on a 

10° uphill treadmill (Columbus Instruments) for 2 days. On Day 1, mice ran for 5 min at 8 

m/min and on Day 2 mice ran for 5 min at 8 m/min followed by another 5 min at 10 m/min. 

On Day 3, mice were subjected to a single bout of running starting at the speed of 10 m/min. 
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Forty minutes later, the treadmill speed was increased at a rate of 1m/min every 10 min for a 

total of 30 min, and then increased at the rate of 1 m/min every 5 min until mice were 

exhausted. Exhaustion was defined as the point at which mice spent more than 5 s on the 

electric shocker without attempting to resume running even if short air puffs and tail tickles 

with bristle brush were used to remove the mouse from the shocker 27.

Acute exhaustive exercise

For acute exhaustive exercise studies (EE), mice were acclimated to and trained on a 10° 

uphill treadmill (Columbus Instruments) for 3 days. On training Day 1 mice ran for 5 min at 

8m/min, 5 min for 10 m/min followed by another 5 min at 12 m/min. On training Day 2 

mice ran 5 min at 8 m/min, 5min at 10 m/min, 5 min at 12 m/min, 5 min at 12 m/min 

followed by another 5 min at 15 m/min. On training Day 3 mice ran 5 min at 10 m/min, 5 

min at 12 m/min, 5min at 15 m/min followed by another 5 min at 18 m/min. On running Day 

1–3, mice ran 8 min at 10 m/min, 5 min at 15 m/min, 3 min at 16.8 m/min, 3 min at 18.6 m/

min, 3 min at 20.4 m/min, 10 min at 21.4 m/min, then increase 1 m/min every 5 min until 

the mice were exhausted (Fig. S2A). Exhaustion was defined as the point at which mice 

spent more than 5 s on the electric shocker without attempting to resume running even if 

short air puffs and tail tickles with bristle brush were used to remove the mouse from the 

shocker (time to exhaustion of WT mice is 48.5 ± 3.2 min, time to exhaustion of Fis1KO 

mice is 49.8 ± 3.6 min). Surface body temperature measurements were collected as 

described in Reference.28

Blood collection and analysis

Blood was drawn from the retro-orbital sinus of WT and EE mice anesthetized with 

isoflourane using heparinized capillary tubes. Baseline blood draws were performed on 12-

week-old mice prior to exercise. Post-Trial blood draws were immediately collected within 

10 minutes of completion on the third day of the EE protocol. Final blood draws were 

performed at 6 days after completion of the EE protocol. The same mouse was sampled for 

each time point (Baseline, Post-Trial Immediate and Post-Trial Final) then euthanized at the 

final blood draw. Serum for cytokines and creatine kinase (CK) were tested as described in 

Reference.28

Statistical Analysis

Independent students’ t-test was used for the data collected only from WT and Fis1KO mice. 

Statistical analysis for multiple comparisons was performed in GraphPad Prism version 6.0 

software using a two-way ANOVA on non-matched samples. Data presented as mean ± 

SEM. p-values *<0.05, **<0.01 and ***<0.001, ****<0.0001, if not indicated otherwise.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Fis1 mitochondrial fission 1 protein

EEE endurance exhaustive exercise

EE acute exhaustive exercise

ATP adenosine triphosphate

ADP adenosine diphosphate

Drp1 dynamin-related protein1

Mfn1 mitofusin 1

Mfn2 mitofusin2

NADH reduced form of nicotinamide-adenine dinucleotide

OPA1 optic atrophy1

OXPHOS oxidative phosphorylation

LC3 microtubuleassociated protein 1 light chain 3
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Figure 1. Fis1 deficiency leads to abnormal mitochondrial morphology.
(A) Schematic of gene targeting strategy. LoxP sites and FRT sites flank a splice acceptor 

site, and neomycin resistance (Neo) cassette. Fis1FL/FL were crossed with MCK –Cre mice 

(myocyte -restricted (creatine kinase (CK) promotor). (B) Western blots for Fis1 expression. 

(C) Electron microscopy images of soleus, gastrocnemius and quadriceps (n=3). The arrows 

indicate the swollen mitochondria (scale bar, 500nm). (D) Statistical evaluation of 

mitochondrial area as shown in. ** indicates P<0.01. (E) Statistical evaluation of percentage 

of swollen mitochondria as shown in.

Zhang et al. Page 16

Mitochondrion. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Deletion of Fis1 from myocytes causes reduced expression levels of mitochondrial 
proteins in Fis1−/−soleus.
(A) Western blots for OXPHOS expression in soleus (n=4–5). (B) Statistical evaluation of 

OXPHOS expression in soleus as shown in. ** indicates P<0.01. (C) Complex I activity in 

soleus (n=4–5). (D) Soleus cross-sections obtained from WT and muscle Fis1-deficient 

(Fis1KO) mice were stained for NADH (n=3) (Scale bar, 50μm). (E) Gastrocnemius cross-

sections obtained from WT and muscle Fis1-deficient (Fis1KO) mice were stained for 

NADH (n=3) (Scale bar, 50μm).

Zhang et al. Page 17

Mitochondrion. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Excessive GFP-LC3 is exacerbated in Fis1-defecient soleus through endurance 
exhaustive exercise (EEE)
(A) The performance of treadmill endurance test (n=10–12). (B) Representative images of 

GFP-LC3 in soleus, (scale bar, 20μm). (C) Statistical evaluation of GFP-LC3 signal in 

soleus (n=3–4), **, ***, and **** indicates <0.01, <0.001, and <0.0001. (D) Representative 

images of GFP-LC3 in gastrocnemius, (scale bar 20μm). (E) Statistical evaluation of GFP-

LC3 signal in gastrocnemius (n=3–4). (F-G) Immuno-electron microscopy images of WT 

soleus and Fis1KO soleus following EEE (scale bar, 500nm).
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Figure 4. Acute exhaustive exercise exacerbates inflammation response in gastrocnemius and 
serum.
(A) Average surface body temperature each day of the trial from Fis1KO mice. *, **, and 

*** indicate <0.05, <0.01, and <0.001 (n=5). (B) Increased cytokines’ level in Fis1KO 

serum. *, **, and *** indicate <0.05, <0.01, and <0.001 (n=3–5). (C) Macrophage cells 

before and after EE in gastrocnemius. (D) Macrophage cells before and after EE in soleus.
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Figure 5. Lack of Fis1 exacerbates DOMS and swollen mitochondria in skeletal muscle after 
acute exhaustive exercise.
(A) Electron microscopy images of soleus before and after EE (n=3) (Scale bar, 2μm). (B) 

Electron microscopy images of gastrocnemius before and after EE (n=3) (Scale bar, 500nm). 

(C) Percentage of swollen mitochondria in gastrocnemius before and after EE, * indicates 

P<0.05 (n=3). (D) Loss of Fis1 leads to persistent high level of creatine kinase in serum after 

EE. **, *** indicate P<0.01, 0.001 (n=3–5).
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