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Abstract
Interleukin-15 (IL-15) is a skeletal muscle-derived cytokine with favorable effects on muscle mass
and body composition. Modulation of IL-15 levels has been suggested as a treatment for sarcopenia
and age-associated increases in adiposity. However, it is unclear whether IL-15 levels change during
aging, as measurement of IL-15 at physiological concentrations in mice has been technically difficult,
and translational regulation of IL-15 is complex. Moreover, the IL-15 receptor alpha (IL-15Rα) can
comprise part of a membrane-associated receptor complex, or appear as a soluble form which
stabilizes IL-15 and facilitates IL-15 secretion. Here, we report measurement of physiological levels
of murine IL-15, and determine that muscle and serum IL-15 levels decline progressively with age.
However, expression of IL-15 mRNA and membrane-associated subunits of the IL-15 receptor did
not change with age in muscle. Expression of soluble IL-15Rα (sIL-15Rα) mRNA declined 5-fold
with age, and serum IL-15 levels correlated highly with muscle sIL-15 mRNA expression, suggesting
declines in sIL-15Rα expression lead to decreased circulating IL-15 levels during aging. These
findings complement studies which described several single-nucleotide polymorphisms in the human
IL-15Rα gene which impact muscularity and adiposity, and provide a technical basis for further
investigation of IL-15 and the sIL-15Rα in determining body composition in aging mice, as a model
for humans.
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1. Introduction
Aging is typically characterized by reduced skeletal muscle mass (sarcopenia) and increased
adiposity (Baumgartner, 2000). Age-related changes in body composition result in frailty,
insulin resistance, and cardiovascular disease (Baumgartner, 2000; Lebrun et al., 2006;
Goodpaster et al., 2006). Interleukin-15 (IL-15) is a cytokine which is highly expressed in
skeletal muscle tissue (Grabstein et al., 1994). IL-15 inhibits muscle protein degradation (Carbó
et al., 2000; Quinn et al., 2002) and also inhibits fat deposition (Carbó et al., 2001; Alvarez et
al., 2002; Nielsen et al., 2008; Quinn et al., 2009). These observations suggest IL-15
supplementation may inhibit age-associated changes in body composition. However, due to
technical difficulties in measuring IL-15 protein at physiological levels, it is unclear if IL-15
levels decrease with age in well-characterized mouse models of aging.

Conflicting reports exist concerning changes in rodent muscle IL-15 mRNA and protein
expression during aging (Marzetti et al., 2009; Pistilli et al., 2007). Marzetti et al. (2009) found
that while muscle IL-15 mRNA expression did not change with age, muscle IL-15 protein
content decreased with age in ad lib-fed, but not calorie-restricted, rats, suggesting IL-15
signaling could play a role in preservation of muscle mass during aging. This result underscores
previous reports that there is often little correlation between IL-15 mRNA and protein levels
(Fehniger and Caligiuri, 2001; Budagian et al., 2006). The lack of correlation of IL-15 mRNA
and protein levels is partly due to transcriptional and translational blocks which are present in
the IL-15 gene sequence (Fehniger and Caligiuri, 2001; Budagian et al., 2006). Additionally,
two mRNA isoforms, which encode identical mature IL-15 proteins, are transcribed from a
single IL-15 gene. Short signal peptide- (SSP-) and long signal peptide- (LSP-) IL-15 mRNA
isoforms direct expression of intracellular and secreted IL-15 protein species, respectively
(Tagaya et al., 1997; Fehniger and Caligiuri, 2001; Budagian et al., 2006). Although Northern
blot surveys of IL-15 isoform expression in multiple tissues suggested skeletal muscle
preferentially expresses LSP-IL-15 mRNA (Tagaya et al., 1997), this has not been studied in
detail using newer, more sensitive technologies, and has not been assessed in different
physiological states.

The biochemistry of IL-15 signaling is also complex. IL-15 signaling is transduced through a
heterodimeric receptor comprising the beta and gamma subunits of the interleukin-2 receptor
(IL-2Rβ and IL-2Rγ), or through a heterotrimeric receptor comprising membrane-associated
IL-15 receptor alpha (mIL-15Rα) plus IL-2Rβ and IL-2Rγ (Budagian et al., 2006). RNA
splicing also gives rise to a soluble IL-15Rα variant (sIL-15Rα), which facilitates IL-15
secretion, stabilizes IL-15, and increases IL-15 bioactivity (Mortier et al., 2006; Rubinstein et
al., 2006; Bulanova et al., 2007; Bergamaschi et al., 2008). Measurement of physiologic levels
of murine IL-15 using commercially-available assays has not been reported previously, and
no studies of IL-15 and aging or body composition have taken into account the complexities
of IL-15 expression and its receptor system (Gangemi et al., 2005; Pistilli et al., 2007; Pistilli
and Alway, 2008; Marzetti et al., 2009; Nielsen et al., 2008).

We hypothesized that circulating IL-15 levels decline during normal aging in mice, along with
decreased expression of the secreted LSP-IL-15 mRNA isoform in skeletal muscle tissue. To
resolve technical problems involved in measurement of the components of the murine IL-15
axis, sensitive bead-based dual-laser technology was utilized to determine serum and muscle
levels of IL-15, and branched-DNA (bDNA) RNA signal amplification (Andras et al., 2001;
Flagella et al., 2006) was used to assess the expression of the closely homologous LSP- and
SSP-IL-15 mRNA isoforms in adult and aging mice. This technology was also used to
determine expression of sIL-15Rα and mIL-15Rα mRNA, as well as IL-2Rβ and IL-2Rγ
mRNA expression in aging mouse muscle tissue. The results presented here point to age-related
changes in sIL-15Rα expression, rather than changes in LSP-IL-15 mRNA expression, as a
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key regulatory point determining systemic IL-15 levels, with implications for modulation of
body composition during aging.

2. Materials and methods
2.1. Aging mice

Animal procedures were carried out following protocols approved by the VA Puget Sound
Health Care System (VAPSHCS) Institutional Animal Care and Use Committee (IACUC),
and complied with NIH guidelines. Normally-aging C57BL/6 × C3H F1 hybrid (B6C3) male
mice were obtained from the NIA Aging Rodent Colony under contract to Charles River
Laboratories (Boston, MA), and were maintained at VAPSHCS in specific pathogen-free
conditions for 2-4 weeks. At the ages indicated in the text (12, 18, 24 and 28 months), animals
were weighed on an electronic scale, and body composition was determined under deep
pentobarbitol anesthesia (75 mg/kg, IP) using a Lunar PIXImus dual-energy X-ray
absorptiometry (DEXA) scanner (GE Healthcare, Madison, WI). Body weight determined
from the scale corresponded extremely well to the total of lean mass, fat mass, and bone mineral
content determined by DEXA (not shown); the latter is reported as body weight in Results.
Immediately following DEXA scans, blood was collected by cardiac puncture for serum IL-15
determination, followed by a second dose of pentobarbitol (150 mg/kg, IP) for euthanasia and
subsequent tissue collection for IL-15 protein and mRNA analyses. To account for increased
mortality and tumor development in the older age groups, initial group sizes were larger in the
older age groups, as follows: 6 at 12 months; 8 each at 18 and 24 months; and 9 at 28 months
of age. Because tumors can secrete cytokines which would confound our analyses, and because
cancer-associated cachexia can affect body composition, mice that exhibited macroscopically-
visible tumors upon post-mortem dissection (2 at 24 months and 3 at 28 months of age) were
removed from the analysis. Final group sizes were 6 animals each at 12, 24, and 28 months,
and 8 at 18 months of age.

2.2. Assay of serum and muscle IL-15 protein levels
Blood was allowed to clot at RT for 30 min, centrifuged at 1,000 × g for 10 min, and serum
removed and stored frozen at −20°C in aliquots. Quadriceps muscle tissue samples were frozen
and stored at −80°C. Muscle samples were weighed and placed in T-PER Tissue Protein
Extraction Reagent (Pierce, Rockford, IL) at 100 mg tissue/ml reagent. “Halt” protease
inhibitor cocktail (Pierce) and ETDA (5 mM) were added. Tissue was homogenized on ice,
and debris and excess lipid removed by centrifugation at 4°C. Total protein in an aliquot of the
tissue sample was determined by the BCA Protein Assay (Pierce) and the remainder of the
sample was normalized to 3 mg/ml protein. Serum and muscle IL-15 concentrations were
determined using a BioRad (Hercules, CA) mouse IL-15 bead-based quantitative immunoassay
performed in a BioPlex 200 dual-laser fluorescent microsphere detection instrument (BioRad).
All samples were run in triplicate and the mean of each determination calculated as the value
for that sample; standard curves were run concurrently for all assays. The assay was sensitive
to 6.6 pg/ml recombinant murine IL-15 standard. Intra- and inter-assay CVs were 6% and 3%,
respectively, and cross-reactivity with other cytokines was negligible. Results are reported as
the concentration of IL-15 (in pg) per mg muscle tissue protein or the concentration of IL-15
per ml serum. In validation experiments (not shown), this assay was compared to a similar
LINCOplex bead-based immunoassay performed in the same instrument and utilized
previously in publications from this laboratory describing serum and muscle IL-15
concentrations in IL-15 overexpressing transgenic mice (Quinn et al., 2009). Although both
assays could detect similar concentrations of recombinant murine IL-15, when normal (non-
transgenic) young adult mouse serum was tested using both assays, the BioRad assay used in
this study yielded values in the range of 10-300 pg/ml, while the LINCOplex assay of the same
samples yielded values below the manufacturer's reported detection limit of 9.3 pg/ml in all
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samples (Quinn et al., 2009). The basis of this difference in the assays is unknown, but may
be related to the epitopes detected by the respective monoclonal capture and detection
antibodies, and could reflect differential abilities of these antibodies to detect IL-15 complexed
to sIL-15Rα.

2.3. Assay of mRNA expression
Quadriceps muscle samples were submerged in RNAlater (Qiagen, Valencia, CA), equilibrated
at 4°C for 24 h, and stored at −20°C. Samples were homogenized without RNA isolation, and
processed according to directions supplied by Panomics (Fremont, CA) for analysis of mRNA
expression using the Panomics QuantiGene Plex 2.0 system. This method combines bDNA
RNA signal amplification and microspheres with unique fluorescent signatures to enable
quantitation of multiple mRNA targets simultaneously in the same sample, without introducing
the amplification inaccuracies inherent in RT-PCR, and allows for discrimination of highly
homologous messages (Andras et al., 2001; Flagella et al., 2006). Specific oligonucleotide
capture and extender probe sets (3 per target), designed to anneal exclusively to each mRNA
of interest and each housekeeping mRNA, were designed by Panomics to unique sequences
within each message sequence. The probe sets for total IL-15 were located in sequences
common to both SSP- and LSP-IL-15, and for total IL-15Rα were located in sequences found
in both sIL-15Rα and mIL-15Rα. The probe sets which distinguished total IL-15 from SSP-
IL-15, and total IL-15Rα from mIL-15Rα, were located in sequences uniquely found in the
short signal peptide of IL-15 and in the membrane-spanning sequence of the IL-15Rα,
respectively. Probe sets were located in the following regions of each mRNA species: total
IL-15 (NM_008357), bps 624-1117; SSP-IL-15 (NM_00357), bps 400-859; total IL-15Rα
(NM_003858), bps 139-568; mIL-15Rα (NM_008358), bps 229-768; IL-2 receptor beta
(IL-2Rβ; NM_008368), bps 152-597; IL-2 receptor gamma (IL-2Rγ; NM_013563), bps
67-634. Housekeeping genes were: hypoxanthine phosphoribosyltransferase 1 (HPRT1;
NM_013556), beta-actin (Actb; NM_007393), and polymerase (RNA) II (DNA directed)
polypeptide A (Polr2a; NM_007393). Probes were combined into a 7-plex and a 5-plex assay;
the 7-plex contained reagents to detect total IL-15, total IL-15Rα, IL-2Rβ, IL-2RγC, and the
3 housekeeping genes (HPRT1, Polr2a, and Actb, representing low, medium, and high
expressers, respectively), while the 5-plex contained reagents to detect SSP-IL-15,
mIL-15Rα, and the 3 housekeeping genes. Specific mRNA transcripts were captured to specific
fluorescent beads by hybridization to capture probe-extender probe interactions. Signal from
each hybridized unit was amplified by attachment of biotinylated label probes at multiple
binding sites on the complexes, which in turn bound to streptavidin-conjugated R-
phycoerythrin (SAPE) to produce fluorescence. The fluorescent signals associated with
individual capture beads were read using a dual-laser Bio-Plex 200 (BioRad), with the bead
signature designating RNA target and the SAPE signal designating abundance. For each well,
total fluorescence from each individual bead type (corresponding to individual mRNA species)
minus background fluorescence for that bead type was normalized to the geometric mean of
the fluorescence of the 3 housekeeping genes also in that well. The normalized signals for
individual mRNAs from triplicate wells were averaged to yield a single value for each mRNA
species being measured. Values for LSP-IL-15 mRNA and sIL-15Rα were derived by
subtraction of SSP-IL15 mRNA from total IL-15 mRNA, and by subtraction of mIL-15Rα
from total IL-15Rα, respectively.

2.4. Statistical procedures
Analyses comprised 6-8 animals per age group, using SigmaStat for Windows Version 3.00
(SPSS/Systat, Chicago, IL). The age effects on each factor were determined by Kruskal-Wallis
one-way ANOVA on age ranks, with pairwise post-hoc comparisons performed by Dunn's
method. Correlations between parameters for individual mice were determined to suggest

Quinn et al. Page 4

Exp Gerontol. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mechanistic relationships among variables, and were determined by Spearman rank order
correlation. Significance was accepted at p ≤ 0.05.

3. Results
3.1. Body composition

Body weight and body composition were assessed cross-sectionally in B6C3 male mice at 12,
18, 24, and 28 months of age using DEXA. Mice with tumors visible upon postmortem
dissection, present in the 2 oldest age groups, were not included in the analysis. Trends towards
lower lean body mass (which includes, but is not limited to, skeletal muscle) and total body
weight were observed at 24 and 28 months (Fig. 1). However, significant differences in body
weight, lean body mass, fat mass, and bone mineral content were not detected among age
groups. The lack of change in body composition is typical of cross-sectional, as opposed to
longitudinal, studies of aging humans and rodents (Lesser et al., 1973;Bunout et al., 2007), and
indicates the hybrid mice studied here were undergoing healthy aging.

3.2. IL-15 protein and mRNA
Significant (p ≤ 0.01, ANOVA) age-related declines in both serum and muscle IL-15 protein
levels were observed (Fig. 2A,B). Post-hoc analyses indicated serum IL-15 levels at 12 months
of age differed significantly from those at 28 months of age (p ≤ 0.05); muscle IL-15 levels
differed significantly (p ≤ 0.05) between 18 and 28 months of age. Mouse quadriceps muscle
tissue expressed both LSP- and SSP-IL-15 mRNA isoforms, with LSP-IL-15 mRNA being
slightly more abundant (Fig. 2C, D). However, LSP- and SSP-IL-15 mRNA expression did
not change with age (Fig. 2C, D). These findings indicate that the age-related decreases in
IL-15 protein expression in muscle and serum are not due to decreases in muscle IL-15 mRNA
expression. For individual mice, muscle and serum IL-15 protein levels correlated negatively
with age (Fig. 3A,B).

3.3. IL-15 receptor subunit mRNA expression
Expression of soluble IL-15Rα (sIL-15Rα) mRNA decreased (p ≤ 0.02, ANOVA) with age
(Fig. 4A), while expression of membrane IL-15Rα (mIL-15Rα), IL-2Rβ and IL-2Rγ mRNA
did not change (Fig. 4B-D). Post-hoc analyses of sIL-15Rα mRNA expression indicated a
significant (p ≤ 0.05) difference between 12 and 28 months of age. For individual mice,
expression of sIL-15Rα mRNA in muscle tissue exhibited a strong negative correlation with
age (p ≤ 0.001), and was highly correlated (p ≤ 0.001) with serum (but not muscle) IL-15 levels
(Fig. 3C,D). These data suggest there may be a relationship between age-related declines in
muscle sIL-15Rα levels and serum IL-15 concentrations.

4. Discussion
This study showed that circulating and quadriceps muscle IL-15 levels decline with age in
mice, independent of changes in IL-15 transcription. Additionally, expression of soluble, but
not membrane-bound, IL-15Rα mRNA declined with age in muscle tissue and correlated highly
with serum IL-15 levels. The sIL-15Rα subunit has been shown to facilitate IL-15 secretion
and stability (Bulanova et al., 2007; Bergamaschi et al., 2008), and to potentiate IL-15
bioactivity (Mortier et al., 2006; Rubinstein et al., 2006). Although experimental interventions
were not performed in this study, our findings support a model in which decreased sIL-15Rα
expression with age reduces IL-15 protein secretion and stability, leading to lower circulating
IL-15 levels in aging mice. These, in turn, may contribute to decreased IL-15 signaling and
age-related changes in muscle and fat content (Quinn, 2008; Nielsen et al., 2008).
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No previous studies have addressed IL-15 mRNA expression during aging in mice. Our
findings of no change in either LSP- or SSP-IL-15 mRNA expression with age in the mixed
fiber-type quadriceps muscle are similar to those reported in long-lived F344/BN rats by
Marzetti et al. (2009), who observed no age-related changes in total IL-15 mRNA expression
in the mixed fiber-type gastrocnemius muscle. In contrast, using the same strain of rats, Pistilli
et al. (2007) reported significantly increased total IL-15 mRNA expression with age in the slow
fiber-type soleus muscle, but reported no significant age-related change in total IL-15 mRNA
expression in the predominantly fast plantaris. Therefore, the assay of muscles differing in
fiber-type distribution may explain these conflicting results in rodents. However, it is unclear
if measurement of IL-15 mRNA levels has functional significance, as previous studies have
shown little correlation between IL-15 mRNA and protein levels due to numerous translational
and post-translational complexities which impact IL-15 protein expression and stability
(Fehniger and Caligiuri, 2001; Budagian et al., 2006; Nielsen et al., 2007).

This study indicated muscle tissue expresses both LSP- and SSP-IL-15 mRNA isoforms, which
code for identical mature IL-15 peptides, but differ in intracellular trafficking (Tagaya et al.,
1997; Fehniger and Caligiuri, 2001; Budagian et al., 2006). Specifically, the SSP-IL-15 isoform
encodes intracellular IL-15, whereas the protein encoded by LSP-IL-15 can be secreted
(Tagaya et al., 1997; Fehniger and Caligiuri, 2001; Budagian et al., 2006). Most published
studies of IL-15 mRNA expression in skeletal muscle did not distinguish the SSP- and LSP-
IL-15 mRNA isoforms (Pistilli et al., 2007; Nielsen et al., 2007; Marzetti et al., 2009). Northern
blot surveys of IL-15 isoform expression in multiple tissues suggested skeletal muscle
preferentially expresses the secreted LSP-IL-15 mRNA isoform (Tagaya et al., 1997), but this
technology is relatively insensitive compared to the bDNA methodology used here (Andras et
al., 2001; Flagella et al., 2006). We had originally hypothesized that an isoform switch between
LSP- and SSP-IL-15 mRNA could account for declining circulating IL-15 protein levels, but
no change in expression of either isoform with age was detected. We therefore determined
muscle and serum IL-15 protein levels in adult and aging mice.

This is the first study in which measurement of physiological levels of IL-15 protein in mice
using a commercially-available assay has been reported. Previous studies from this laboratory
utilized a bead-based immunoassay using dual laser technology from a different manufacturer,
which could quantify muscle and serum IL-15 in IL-15-overexpressing transgenic mice, but
yielded values for wild-type mouse muscle homogenates and serum which were below the
detection limit of the assays (Quinn et al., 2009). Inasmuch as both manufacturer's assays
exhibited very similar sensitivities in measurement of recombinant murine IL-15, it is possible
that the difference in the monoclonal capture and detection antibodies used could reflect
differential reactivity to free IL-15 or IL-15 complexed with sIL-15Rα. Indeed, Bulanova et
al. (2007) demonstrated a commercial IL-15 ELISA assay could not detect IL-15 complexed
with sIL-15Rα, whereas an in-house two-site ELISA detecting IL-15/sIL-15Rα complexes
suggested that most, but not all, IL-15 in mouse serum appears to reside in sIL-15Rα/IL-15
heterodimers, at concentrations similar to those reported in the present study. In a study in
which recombinant human IL-15 was infused into young and aging rats using mini-osmotic
pumps (Pistilli and Alway, 2008), identical infusion regimes yielded nominal plasma levels of
human IL-15 which were more than 10-fold higher in the aging rats. It is possible lower
circulating sIL-15Rα levels in the aging rats resulted in an elevation of free IL-15 which was
detectable by the anti-human IL-15 ELISA used in that study.

Our findings of age-related decreases in mouse quadriceps muscle IL-15 protein levels are in
agreement with those of Marzetti et al. (2009) who found that rat gastrocnemius muscle IL-15
levels declined with age in ad lib-fed, but not calorie-restricted rats. Since ad lib-fed rats
underwent sarcopenia, but calorie-restricted rats did not, this suggests increasing or
maintaining IL-15 levels in aging muscle might inhibit sarcopenia. This hypothesis is
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consistent with previous observations indicating that systemic administration of recombinant
IL-15 can inhibit muscle protein degradation in vivo and in vitro (Carbó et al., 2000; Quinn et
al., 2002), inhibit muscle nuclear apoptosis in young rats (Figueras et al., 2004), maintain
muscle mass in cancer cachexia (Carbó et al., 2000) and ameliorate some aspects of muscle
degeneration in murine models of muscular dystrophy (Harcourt et al., 2005). However, the
only study of artificial enhancement of IL-15 levels in aging rodents did not support this
hypothesis. Pistilli and Alway (2008) used osmotic pumps to infuse human recombinant IL-15
into aging rats and observed significant increases, rather than decreases, in muscle apoptotic
markers, and also observed decreases in muscle weight in IL-15-infused aging rats. These
markers were impacted less in young rats infused with IL-15, suggesting another age-
modulated factor inhibits or modifies IL-15 stability, activity, or bioavailability in the aging
rodent. Our findings suggest this factor may be sIL-15Rα. Use of a heterologous system
(infusion of human recombinant IL-15 into rats) could also be a factor in that study. Rodent
and human IL-15 exhibit only 70% homology, and human recombinant IL-15 is 200-fold less
active than murine IL-15 in mouse systems in the absence of IL-15Rα (Eisenman et al.,
2002). Therefore, the potential for manipulation of the IL-15 signaling axis to ameliorate age-
associated muscle wasting remains unresolved; coordinated upregulation of IL-15 and
sIL-15Rα should be considered in aging systems.

The present study documented progressive decreases in serum IL-15 concentrations in
normally-aging mice. Serum IL-15 levels correlated with muscle sIL-15Rα mRNA expression
at all ages studied, suggesting there is a mechanistic relationship between these two parameters.
Although broadly expressed by many tissue and cell types, the secreted LSP-IL-15 mRNA
isoform is much more highly expressed in skeletal muscle tissue compared to other tissues,
suggesting muscle may be a major source of circulating IL-15 (Grabstein et al., 1994; Tagaya
et al., 1997). Because we observed little correlation between IL-15 mRNA and protein levels,
and only skeletal muscle IL-15Rα mRNA expression and muscle and serum IL-15 protein were
assessed in this study, no conclusions can be drawn from our data as to the major source(s) of
circulating IL-15. Nevertheless, Riechman et al. (2004) observed plasma IL-15 levels increased
immediately following a bout of intense resistance exercise in young human subjects,
suggesting muscular activity caused release of IL-15 from the tissue into the circulation. The
findings reported here indicate further investigation of the expression of sIL-15Rα in skeletal
muscle in different physiological states (such as exercise) is warranted.

In human subjects, plasma IL-15 levels are negatively correlated with total and trunk fat mass,
and negative correlations between muscle IL-15 mRNA and obesity parameters have been
demonstrated (Nielsen et al., 2008). In the present study, no correlations between any aspect
of body composition and levels of IL-15 protein, expression of IL-15 mRNA, or expression of
mRNA for any IL-15 receptor subunits were observed. This may be due to the cross-sectional
nature of the experimental design, which found no significant age-related changes in any
parameter constituting body composition. Additionally, little variation in body composition
was noted within each age group, as mice were raised in essentially identical laboratory
conditions and feeding regimens. The cross-sectional experimental design was necessary in
order to harvest muscle tissue for both protein and mRNA analyses. Longitudinal studies of
both aging rodents and humans, which unlike cross-sectional studies do not select for healthy
(and alive) individuals at each age group, allow for more individual variation and reveal larger
age-related changes in body composition (Lesser et al., 1973; Bunout et al., 2007). It is also
possible that muscle mass, as opposed to lean body mass, may have correlated with IL-15 or
sIL-15Rα expression, but this was not assessed in the present study. The decline of IL-15
protein levels in healthy aging mice observed in this study suggests, but does not prove, that
reductions in IL-15 signaling may contribute to, rather than result from, age-related changes
in body composition.
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We previously observed that transgenic mice with elevated circulating IL-15 levels exhibited
lower fat deposition and resistance to diet-induced obesity than control mice (Quinn et al.,
2009). Similarly, systemic overexpression of IL-15, via injection of recombinant IL-15 or
electrotransfer of IL-15 expression plasmids, inhibited fat deposition in rodents (Carbó et al.,
2001; Alvarez et al., 2002; Nielsen et al., 2008). In adipogenic cell cultures, IL-15 inhibited
adipocyte differentiation, and independently stimulated lipolysis and secretion of adiponectin
by differentiated adipocytes (Ajuwon and Spurlock, 2004; Quinn et al., 2005). These findings
suggest declining circulating IL-15 levels may contribute to age-related changes in body
composition and possibly decreased insulin sensitivity, which are major determinants of
morbidity and mortality in the elderly (Baumgartner, 2000; Lebrun et al., 2006, Facchini et al.,
2001). Indeed, Gangemi et al. (2005) observed that while serum IL-15 concentrations exhibited
a downward trend with age in unselected human subjects, individuals with unusually long
lifespans (95 to more than 100 years) and still living independently had significantly higher
circulating IL-15 levels, suggesting elevated IL-15 levels conferred some protection against
age-related disability.

The findings reported here complement human genetic studies by three separate laboratories
which have identified several single-nucleotide polymorphisms (SNPs) in the IL-15Rα gene
which impact muscularity, fat deposition, and insulin sensitivity (Riechman et al., 2004;
DiRenzo et al., 2006; Pistilli et al., 2008). Many of these SNPs are located in intron/exon
borders, suggesting they may differentially impact IL-15Rα mRNA splicing to produce
mIL-15Rα or sIL-15Rα mRNA transcripts. Our findings in this observational study suggest
that age-related declines in sIL-15Rα expression lead to declining systemic IL-15 levels, which
in turn may affect body composition. Our findings provide a technical and experimental basis
for further investigation of IL-15, sIL-15Rα, and their interactions in determining body
composition in aging mice, as a model for humans.
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Figure 1.
Mean total body weight, lean body mass, fat mass, and bone mineral content in male B6C3
mice at 12, 18, 24 and 28 months of age. Error bars represent SEM for total body weight. None
of these parameters differed significantly among age groups; n = 6-8 animals per age group.
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Figure 2.
IL-15 protein and mRNA expression during aging. (A) Serum IL-15 protein levels, in pg/ml
serum; (B) Skeletal muscle IL-15 protein levels, in pg/mg tissue protein; (C) Skeletal muscle
long signal peptide (LSP)-IL-15 mRNA expression; (D) Skeletal muscle short signal peptide
(SSP)-IL-15 mRNA expression. LSP- and SSP-IL-15 mRNA expression was determined by
branched DNA (bDNA) signal amplification; signals were normalized to the geometric mean
of 3 housekeeping genes of differing abundance. For serum and muscle IL-15 mRNA levels,
ANOVAs on age rank indicated significant differences among age groups at p ≤ 0.01. Bars
with different superscripts differ significantly (p ≤ 0.05) based on pairwise post-hoc analyses.
N = 6-8 animals per age group.
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Figure 3.
Scatter plots indicating correlation of muscle and serum IL-15 protein levels and age (A,B),
muscle soluble IL-15R alpha receptor subunit (sIL-15Rα) mRNA expression and age (B), and
serum IL-15 levels and muscle sIL-15Rα mRNA expression (C). Correlations were determined
by Spearman rank order test.
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Figure 4.
Expression of mRNA for IL-15 receptor subunits in skeletal muscle tissue during aging. (A)
Soluble IL-15 receptor-alpha (sIL-15Rα); (B) Membrane-associated IL-15 receptor-alpha
(mIL-15Rα); (C) IL-2 receptor-beta (IL-2Rβ); (D) IL-2 receptor-gamma (IL-2Rγ). Branched
DNA (bDNA) signal amplification was used to determine expression of each mRNA species;
signals were normalized to the geometric mean of 3 housekeeping genes of differing
abundance. For muscle soluble IL-15Rα mRNA expression, ANOVA on age rank indicated
significant differences among groups at p ≤ 0.02. Bars with different superscripts differ
significantly (p ≤ 0.05) based on pairwise post-hoc analyses. N = 6-8 animals per age group.
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