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Abstract

The purpose of this study was to determine mitochondrial changes in fast muscles from
interleukin-15 receptor alpha knockout (IL-15Ra.KO) mice. We tested the hypothesis that fast
muscles from IL-15Ra KO mice would have a greater mitochondrial density and altered internal
structure compared to muscles from control mice. In fast muscles from IL-15RaKO mice,
mitochondrial density was 48% greater with a corresponding increase in mitochondrial DNA
content. Although there were no differences in the relative size of isolated mitochondria, internal
complexity was lower in mitochondria from IL-15Ra KO mice. These data support an increase in
mitochondrial biogenesis and provide direct evidence for a greater density and altered internal
structure of mitochondria in EDL muscles deficient in IL-15Ra.
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1. Introduction

Interleukin-15 (IL-15) is a cytokine that is highly expressed within skeletal muscles [1] and
is included in the growing list of myokines, defined as cytokines that are expressed,
produced, and/or released by muscle tissue with the ability to exert paracrine or endocrine
effects [2]. The high amount of 1L-15 mRNA within skeletal muscle, along with the alpha
subunit of the IL-15 receptor (IL-15Ra) [1, 3], has led to the suggestion that IL-15-related
signaling can extend beyond lymphoid cells of the immune system. Although the specific
IL-15 signaling events within skeletal muscle have not been completely characterized, the
proposed roles of IL-15 related to skeletal muscle have included: 1) stimulating contractile
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protein accretion in myogenic cultures [4]; sparing muscle mass during cachexia [5]; and
altering body composition by secretion of 1L-15 by skeletal muscle [6].

Recent work has demonstrated that genetic manipulation of IL-15 and IL-15Ra. /n vivoin
the absence of exercise training results in a more oxidative muscle phenotype with
functional changes similar to fatigue resistant skeletal muscles [6-8]. For example, in a
transgenic mouse over-expressing IL-15 within skeletal muscle, increased expression of the
slow isoform of troponin-c in the fast extensor digitotum longus (EDL) muscle along with
greater expression of proteins associated with energy and metabolic homeostasis such as
sirtuinl (SIRT1), SIRT4, and uncoupling protein-2 (UCP2) were reported [8]. In the total
tissue IL-15Ra KO mouse, running wheel activity was 6-fold greater than control mice, and
the fast EDL muscle displayed a resistance to contraction-induced fatigue. The mechanism
for the phenotypic exercise and muscle function changes in IL-15RaKO mice was an
increase in mitochondrial biogenesis through greater expression of peroxisome proliferator-
activated receptor delta (PPARS) and peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a.), along with greater levels of succinate dehydrogenase (SDH)
and cytochrome oxidase subunit Va [7]. Therefore, the purpose of this study was to directly
examine differences in the density and structure of mitochondria from fast muscles of
IL-15Ra KO mice relative to changes in myofiber size. We tested the hypothesis that fast
EDL muscles from IL-15Ra KO mice would have a greater mitochondrial density and
altered internal structure when compared to EDL muscles from control mice.

2. Materials and Methods

2.1. Experimental Animals

IL-15Ra KO mice (n=11) and B6129SF2/J control mice (n=11) were utilized for
experiments between 9 and 11 weeks of age. Mice were maintained at 22°C under a 12-hour
light/12-hour dark cycle and received standard rodent chow and water ab /ibitum. All
experiments were approved by the Institutional Animal Care and Use Committee at West
Virginia University (ACUC #: 11-0804).

2.2. Transmission Electron Microscopy (TEM) and Mitochondrial Density Quantification

Mice were sedated using 4% isoflurane, and the EDL muscles were dissected and
immediately immersed into 3% glutaraldhyde in 0.1M phosphate buffer, pH 7.4. Electron
micrographs were obtained through the West Virginia University Tissue Analysis and
Processing Core Facility using standard methods [9]. Sections were viewed in a JEOL 1010
transmission electron microscope at magnifications ranging from 2000X to 20,000X. For
mitochondrial quantification, micrographs were obtained at 2000X and mitochondrial
density was quantified using a point counting system based on the methods by Weibel [10].

2.3. Mitochondrial DNA Content

Total DNA was extracted from EDL muscles using a Blood and Tissue DNA kit (Qiagen,
Valencia, CA). TagMan primers for mitochondrial DNA-encoded cytochrome-c oxidase
subunit 11 (COXII) and nuclear-encoded 18S ribosomal RNA were used to perform real-time
gPCR. The wells of a 96-well optical reaction plate were loaded with a 20ul volume
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consisting of TagMan 10X PCR Master Mix, a primer mix for either COXII or 18S, and
5ng-pl-t DNA. Mitochondrial DNA content was expressed as the ratio of the threshold cycle
(CT) values from the mitochondrial-encoded COXII gene and the CT values from the
nuclear-encoded 18S gene.

2.4. Flow Cytometry

The relative size and internal complexity of intact mitochondrial were determined using the
methods of Dabkowski et al. [11]. Mice were sedated using 4% isoflurane and the tibialis
anterior muscles were dissected. Total mitochondria were isolated using a mitochondrial/
cytosolic fractionation kit with modifications (BioVision, Mountain View, CA). Isolated
mitochondria were incubated with 1.0pl MitoTracker Deep Red 633 (Invitrogen, Carlsbad,
CA). Mitochondrial were analyzed in the West Virginia University Flow Cytometry Core
Facility using a FACS Calibur flow cytometer (Becton and Dickinson, San Jose, CA). Up to
30,000 gated events were examined using forward scatter and side scatter detectors to
indicate relative mitochondrial size and internal complexity, respectively.

2.5. Muscle Morphology

Gastrocnemius muscles from IL-15RaKO mice and B6129 control mice were dissected and
frozen in isopentane cooled to the temperature of liquid nitrogen. Sections were fixed in
methanol at -20°C, blocked in 5% FBS at room temperature, and incubated with a laminin
polyclonal antibody (1:1000 dilution, Sigma, St. Louis, MO) followed by incubation with
Alexa Fluor 488 fluorescent secondary antibody (1:1000 dilution, Invitrogen, Carlsbad, CA).
Slides were visualized using a Nikon Eclipse E800 fluorescent microscope. A microscope
mounted camera (Spot RT Diagnostic Instruments Inc) was used to obtain 5 random images
of muscle sections at an objective magnification of 20X. Muscle fiber cross-sectional area
was measured in 4000 individual muscle fibers in gastrocnemius muscles from IL-15RaKO
mice and B6129 control mice.

2.6. Statistics

3. Results

All data were analyzed using GraphPad Prism software and are expressed as MeanSD.
Independent t-test was used to determine differences of experimental parameters between
IL-15Ra KO mice and B6129 control mice. Statistical significance was set a p<0.05.

3.1. Mitochondrial density and mitochondrial DNA content in EDL muscles from IL-15RaKO

mice

More mitochondria were visible in the fast EDL muscles from IL-15RaKO mice than in
B6129 control mice (Figure 1A,B). Mitochondrial density was 48% greater in EDL muscles
from 1L-15Ra. KO mice compared to B6129 control mice (Figure 1C). Mitochondrial DNA
content was greater in EDL muscles from IL-15Ra KO mice (B6129: 0.80+0.007;
IL-15RaKO: 0.82+0.004; +2.5%*) (Figure 1D). Collectively, these data provide direct
evidence of alterations in skeletal muscle mitochondria and identify a different muscle
phenotype in IL-15Ra KO mice that may account for the functional differences in exercise
and fatigue we previously reported [7].
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3.2. Relative mitochondrial size and internal complexity

Flow cytometry was performed to analyze the relative size and internal complexity of
isolated mitochondria based on forward scatter and side scatter. The degree of internal
complexity was significantly less in mitochondria isolated from EDL muscles of
IL-15Ra KO mice compared to B6129 control mice (Figure 2A). These alterations in the
internal structure of mitochondria were confirmed by TEM, revealing differences in the
lamellar-like appearance of mitochondria from EDL muscles (Figure 2B, C) as well as
soleus muscles (Supplemental Figure 1) from IL-15Ra KO mice compared to B6129 control
mice. There were no significant differences in the relative size of the total isolated
mitochondrial pool from EDL muscles of IL-15Ra KO mice and B6129 control mice (Figure
2D-F).

3.3. Muscle fiber area distribution and cumulative fiber area polygon

We have previously reported a significant leftward shift in the single fiber area distribution
toward smaller fiber areas of the EDL and tibialis anterior muscles from IL-15Ra KO mice,
while there were no differences noted in the soleus muscle [7]. To determine whether a
similar morphological change occurred in a muscle of differing contractile activity and
mixed fiber composition, we determined the single fiber area distribution of laminin-stained
gastrocnemius muscles from IL-15Ra KO mice and B6129 control mice (Supplemental
Figure 2). There was a significant leftward shift of the fiber area distribution in
gastrocnemius muscles from IL-15Ra KO mice compared to B6129 control mice,
demonstrating a greater number of smaller sized muscle fibers (B6129: 4329.2um +1752.0;
IL-15RaKO: 3804.3um+1340.3; -12.1%***).

4. Discussion

This study extends our previous observations on the unique exercise and muscle fatigue
phenotype in IL-15Ra KO mice [7] and reveal a greater mitochondrial density and
mitochondrial DNA content in EDL muscles from IL-15RaKO mice. These differences in
mitochondria in skeletal muscles deficient in IL-15Ra appear to be responsible, in part, for
the altered exercise capacity and function of isolated muscles [7, 12]. For example, a 6-fold
greater amount of cage wheel running in 10-12 week old IL-15Ra KO mice compared to
age-matched control mice was accompanied by a greater spontaneous cage activity [7, 12].
The muscles from these mice also expressed greater mMRNA and protein content of markers
indicative of mitochondrial biogenesis (PPARS, PGC-1a) and mitochondrial enzymes
(SDH, CS) consistent with a greater mitochondrial number and/or activity as the mechanism
for the increased exercise and fatigue-resistance [7]. The current study reveals that
mitochondrial density in EDL muscles from IL-15Ra KO mice was indeed increased, and
this occurred in the absence of exercise training. Also, muscles from IL-15Ra KO mice that
contain fast type Il myofibers such as the EDL, the tibialis anterior, and the gastrocnemius
muscle have a greater number of smaller sized myofibers. However, the magnitude of the
shift in myofiber area (decrease of 18%; [7]) cannot account for the dramatic increase in
mitochondrial density (48%). Therefore, our data demonstrate that IL-15Ra deficient
muscles have a greater mitochondrial density, that cannot be explained by smaller muscle
fiber sizes.
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Electron microscopy revealed an altered internal structure of mitochondria that included a
swollen appearance with altered cristae. The altered internal structure of mitochondria was
verified by flow cytometric analyses and was not an artifact of the muscle fixation used for
electron microscopy preparation. Changes in mitochondrial appearance including rounding
or swelling and changes in internal cristae have been reported following fatiguing exercise
(close to 100% VOymax) [13]. Similarly, altered mitochondrial morphology was visible in
muscle biopsy samples following a marathon. Samples taken before and for up to 3 days
post-marathon showed the presence of mitochondria with a swollen appearance and altered
cristae [14]. These data suggest that the altered mitochondrial structure was due to the
extensive exercise training performed by marathon runners, since these alterations were
evident prior to the marathon, and that these altered mitochondria remain functional [14].

We and others have demonstrated the dramatically greater amount of physical activity that
occurs in IL-15Ra KO mice [7, 12]. The alterations in internal structure of mitochondria
from 1L-15Ra KO mice observed in the current study could result from extensive amounts of
physical activity, although the mitochondria appear to be functional, resulting in increased
fatigue-resistance of EDL muscles [7]. It is not clear if changes in phenotype resulted in
altered mitochondria or if the high level of activity in these young mice induced muscle
adaptations to exercise. Recently, IL-15 was identified as one of several candidate genes that
regulate voluntary activity in mice [15] and it is not currently known if the greater amount of
cage activity measured in these mice results from an increased central drive to be active or
due to a direct effect of IL-15Ra-deficiency on peripheral skeletal muscles [12]. Therefore,
additional experiments are currently being conducted to more fully explore this issue of
central versus peripheral-based changes in IL-15Ra KO mice.

In conclusion, a greater mitochondrial density and mitochondrial DNA content was found in
fast muscles from IL-15Ra. KO mice that was not due to the presence of smaller muscle
fibers. These mitochondria also had an altered internal structure, including a swollen
appearance and altered cristae, perhaps as a result of excessive activity or altered
mitochondrial biogenesis. Future studies should determine whether modulation of IL-15Ra
and/or IL-15 can positively impact conditions where mitochondrial dysfunction is present in
skeletal muscle, as our data clearly support our central hypothesis that IL-15Ra is a novel
regulator of skeletal muscle mitochondria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mitochondrial density and mitochondrial DNA content in EDL muscles from
IL-15Ra KO mice

(A) Representative electron micrograph of an EDL muscle from a B6129 control mouse. (B)
Representative electron micrograph of an EDL muscle from an IL-15Ra KO mouse. (C)
Mitochondrial density was quantified through a point counting system, and was 48% greater
in EDL muscles from IL-15Ra KO mice compared to B6129 control mice. (D)
Mitochondrial DNA content was significantly greater in EDL muscles from IL-15RaKO
mice compared to B6129 control mice. *, p<0.05. Images were taken at 2000X.
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Figure 2. Relative mitochondrial size and internal complexity
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(A) Mitochondrial internal complexity, as determined using flow cytometric analysis of side-
scatter, was significantly lower in mitochondrial isolated from IL-15RaKO muscles. (B)
Representative high power electron micrograph depicting the internal structure of
mitochondria located in EDL muscles from B6129 mice. (C) Representative high power
electron micrograph depicting the altered internal structure of mitochondria located in EDL
muscles from IL-15Ra KO mice. (D) Relative mitochondrial size, as determined using flow
cytometric analysis of forward scatter, was not different between mitochondria isolated
B6129 control muscles and IL-15Ra. KO muscles. (E) Representative flow cytometry plot in
which intact mitochondria were gated on forward scatter to determine relative size of
mitochondria of muscles from B6129 mice. (F) Representative flow cytometry plot in which
intact mitochondria were gated on forward scatter to determine relative size of mitochondria
of muscles from IL-15Ra KO mice. *, p<0.05. EM images were taken at 20,000X.
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