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Aging impairs mouse skeletal muscle macrophage polarization and
muscle-specific abundance during recovery from disuse. Am J Physiol
Endocrinol Metab 317: E85-E98, 2019. First published April 9, 2019;
doi:10.1152/ajpendo.00422.2018.—Impaired recovery of aged mus-
cle following a disuse event is an unresolved issue facing the older
adult population. Although investigations in young animals have
suggested that rapid regrowth of skeletal muscle following a disuse
event entails a coordinated involvement of skeletal muscle macro-
phages, this phenomenon has not yet been thoroughly tested as an
explanation for impaired muscle recovery in aging. To examine this
hypothesis, young (4—5 mo) and old (24-26 mo) male mice were
examined as controls following 2 wk of hindlimb unloading (HU) and
following 4 (RL4) and 7 (RL7) days of reloading after HU. Muscles
were harvested to assess muscle weight, myofiber-specifc cross-
sectional area, and skeletal muscle macrophages via immunofluores-
cence. Flow cytometry was used on gastrocnemius and soleus muscle
(at RL4) single-cell suspensions to immunophenotype skeletal muscle
macrophages. Our data demonstrated impaired muscle regrowth
in aged compared with young mice following disuse, which was
characterized by divergent muscle macrophage polarization patterns
and muscle-specifc macrophage abundance. During reloading, young
mice exhibited the classical increase in M1-like (MHC II*CD206 )
macrophages that preceeded the increase in percentage of M2-like
macrophages (MHC II-CD206"); however, old mice did not dem-
onstrate this pattern. Also, at RL4, the soleus demonstrated reduced
macrophage abundance with aging. Together, these data suggest that
dysregulated macrophage phenotype patterns in aged muscle during
recovery from disuse may be related to impaired muscle growth.
Further investigation is needed to determine whether the dysregulated
macrophage response in the old during regrowth from disuse is related
to a reduced ability to recruit or activate specific immune cells.
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INTRODUCTION

It is well documented that aging in rodents and humans is
accompanied by impaired muscle regrowth/recovery following
disuse atrophy (2, 25, 44, 45, 53, 55). This may be a contrib-
uting factor in the development of sarcopenia with aging (53).
Unfortunately, there is a large gap in knowledge of the cellular
and molecular events that govern regrowth in aged muscle
following disuse. This knowledge will be an important step to
develop appropriate mechanistic-based interventions to offset
these deficits in muscle function with aging.

In young muscle, regrowth after disuse elicits a complex yet
synchronous process involving many cell types. In particular,
macrophages, immune cells of the myeloid lineage, play an
important role during muscle regeneration following toxin-
induced injury (1) and regrowth following disuse (12, 14, 49).
Although skeletal muscle has “resident” immune cells follow-
ing injury, or other stimuli, circulating immune cells are
recruited to the muscle via the vasculature by unique chemot-
actic signals to assist in promoting repair (10). Early studies in
young animals using pharmacological or genetic approaches
(12, 14, 15, 49) have demonstrated the requirement of macro-
phages during the recovery process from disuse.

Macrophages exist under a spectrum of polarized states but
in general can be characterized as either pro (Ml-like)- or
anti-inflammatory (M2-like). During muscle recovery follow-
ing disuse in young rats, skeletal muscle macrophages initiate
an early peak (2-5 days) in M1-like macrophages to clear out
debris and prompt muscle satellite cell proliferation (9, 46).
This is followed by a shift toward a peak (5-10 days) in
M2-like macrophages, which release growth factors (i.e.,
IGF-]) to promote fibrogenesis, angiogenesis, and satellite cell
differentiation, thereby restoring muscle size and function (9,
46). The timing of key recovery events, including satellite cell
function, is impaired during muscle regeneration following
toxin-induced injury in aging muscle (3, 7). However, the role
of macrophages during muscle regrowth in aged animals fol-
lowing disuse is unknown.

Previous reports studying regrowth from disuse in rodents
have used immunohistochemistry to characterize macrophage
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timing and expression patterns (12, 18, 19, 43, 46-49). Un-
fortunately, immunohistochemistry has limited quantitative ap-
plication and potential for nonspecificity of the macrophage
marker antigens. For example, macrophage markers commonly
utilized in immunohistochemistry may nonspecifically bind to
neutrophils, dendritic cells, satellite cells, or other cell types
(37, 48). Therefore, we have used a novel application of flow
cytometry of mononuclear cells of skeletal muscle in this
model of disuse/regrowth to specifically identify and quantify
muscle macrophages through a precise and specific myeloid

gating strategy.

The purpose of these experiments were to test and charac-
terize the early time course of skeletal muscle macrophage
polarization following recovery from disuse in old versus
young male mice. We hypothesized that dysregulated skeletal
muscle macrophage responses (M1-like and M2-like) during
recovery from disuse corresponding to impaired muscle recov-

ery observed in aging muscle.

MATERIALS AND METHODS

Animals. Male C57BL/6 young (4-5 mo) and old (24-26 mo) mice
(Jackson Laboratories and National Institutes of Health/National In-
stitute on Aging) were used in this study. We chose to use mice (rather
than rats) in order for us to translate our data to the future use of
genetic knockout mice as we begin to investigate more specific/
mechanistic questions. Animals were housed with ad libitum access to
food and water and maintained on a 12:12-h light-dark cycle. All
experimental procedures were conducted in accordance with the
guidelines set by The University of Utah Institutional Animal Care

and Use Committee.

Fig. 1. Soleus, plantaris, and gastrocnemius muscle
weights in OLD and YOUNG mice from ambula-
tory controls and during hindlimb unloading (HU)
and reloading (RL). RL4, 4 days of RL; RL7, 7 days
of RL. Soleus (A), plantaris (C), and gastrocnemius
(E) absolute weights. Soleus (B), plantaris (D), and
gastrocnemius (F) weights relative to total body
lean mass. #P < 0.05 vs. Old; *P < 0.05 vs. HU;
AP < 0.05 vs. Control.
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Hindlimb unloading and reloading. A schema of the design can be
found in Suplemental Fig. 1A. Mice were divided into four experi-
mental groups: ambulatory controls (CON), 2 wk of hindlimb unload-
ing (HU), HU followed by 4 days of reloading (RL4), and HU
followed by 7 days of reloading (RL7). Approximately 6—7 young and
7-11 old mice were assessed at CON and HU time points, whereas
~11-14 young and old mice per group were assessed during reloading
(RL4 and RL7). Animals assigned to CON were able to freely
ambulate in their cage (2-3 animals/cage) and had ad libitum access
to food (standard chow) and water during the experimental periods.
For the HU and RL groups, animals underwent hindlimb suspension
(2 animals/cage) using a modified unloading method based on the
traditional Morey-Holton design for studying disuse atrophy in ro-
dents (17), with additional modifications (26). Body weight and food
intake were monitored every other day to ensure that mice were not
experiencing excessive weight loss due to malnutrition or dehydra-
tion. Following day 14 of HU, HU animals were fasted for 5 h and
then euthanized for tissue analysis (below), while the RL animals
were removed from the suspension apparatus and then housed in
individual cages for 4 or 7 days of ambulatory recovery (RL4 or RL7,
respectively). We chose the 4- and 7-day reloading time points
because previous data in young mice indicated that the MI-like
macrophage response peaked 3-5 days following reloading and that
the M2-like macrophage response followed soon thereafter (7-10
days) (48). On day 14 of HU or at the respective reloading time points,
mice were fasted for 5 h and then euthanized under isoflurane.
Triceps, plantaris, and soleus muscles and the lateral head of the
gastrocnemius were rapidly dissected, weighed, frozen in liquid ni-
trogen or OCT (Fisher) in isopentane, and stored at —80°C for later
analysis. In the case of flow cytometry analysis, the remaining
gastrocnemius muscle (from left and right legs) was dissected and
immediately processed for flow cytometry. Whole body tissue com-
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position was assayed with a Minispec MQ20 NMR analyzer (Bruker,
Rheinstetten, Germany).

Flow cytometry and fluorescence-assisted cell sorting. For flow
cytometric analysis, muscle cells were isolated with liberase digestion
as previously described (33). Cell viability was confirmed using
DAPI. Prior to staining, cells were blocked in filtered 1% BSA-PBS,
pH 7.4, with addition of Fec-block (cat. no. 14-0161-82, eBioscience).
Cell preparations were stained with anti-CD45-Percp.Cy7 (cat. no.
103114, Biolegend), anti-CD11b-PerCpCy5.5 (cat. no. 101228, Bio-
legend), anti-Ly6c-FITC (cat. no. 128006, Biolegend) anti-F480-PE
(cat. no. 123110, Biolegend), anti-CD206-APC (cat. no. 141708,
Biolegend), and anti-MHC II-BV510 (cat. no. 107635, Biolegend)
antibodies. Immunophenotyping was conducted with a 5-laser
(UV,405,488,561,640) BD FACSAria with Diva software v. 6.1.3
(BD Biosciences San Jose, CA). Data were analyzed using FlowJo
software. Compensation was conducted manually with single-color
controls in gastrocnemius single-cell suspensions. Gating strategy
(Fig. 4A) was determined as outlined below, and specificity was
determined with fluorescence minus one control staining. After
gating out debris, we excluded doublets and selected live
(DAPI")CD45"CD11b™ cells as our myeloid monocyte/macrophage
population of interest. Representative quantification of gating strat-
egy was as follows, with letters in parentheses denoting popula-
tions of interest (Fig. 4B). Live (DAPI7)CD45"CD11b* popula-
tions of interest (C, K). M1-like macrophages (F4/80") as MHC
IITCD206~ cells (C). M2-like macrophages (F4/80%) as MHC
II-CD206™ cells (D). Ratio of M2-like to M1-like macrophages
(F4/807) (E). Ly6c was used to indentify inflammatory monocytes/
macrophages divided into the following populations: Ly6cHig"F4/
80High cells (F), Ly6coWF4/80Hieh cells (G), Ly6cMedivmE4/80Low
cells (H), Ly6c-o"F4/80Medivm cellg (1), Ly6c* F4/80 cells (J),
and Ly6c F4/80% cells (K).

Additionally, we conducted fluorescence-assisted cell sorting
(FACS) at the RL4 time point, with both the soleus and gastrocnemius
muscles using a similar gating strategy as described above, with the
exception that F4/80 replaced CD64, which has been recently vali-
dated in murine skeletal muscle as a resident macrophage marker (50).
We sorted live CD45"CDI11b™ cells with the above-mentioned BD
FACSAria into lysis buffer for downstream RNA isolation with the
RNeasy Mini Kit (QIAGEN, Germantown, MD) per the manufactu-
rer’s instructions.

Immunofluorescence. Frozen OCT-embedded hindlimb muscle
samples (soleus, plantaris, gastrocnemius) were sectioned on a cryo-
stat (Microtome Plus). Stained slides were observed with a fully
automated wide-field light microscope (Nikon, Tokyo, Japan) with the
X 10 or X20 objective lens. Images were taken using a highsensitivity
Andor Clara CCD camera (Belfast, UK).

Myofiber type was assessed with overnight incubation of sections
with BA.DS (1:75; Developmental Studies Hybridoma Bank, Univ. of
Towa) in 1:1 PBS:supernatant of SC.71 (Developmental Studies Hy-
bridoma Bank, Univ. of Iowa) to visualize myosin heavy chain I
(MHC 1) and myosin heavy chain Ila (MHC IIa) when incubated in
Alexa Fluor 647 (cat. no. A21242, 1:250; Invitrogen, Carlsbad, CA)
and Alexa Fluor 488 (cat. no. A21121, 1:500; Invitrogen), respec-
tively. Additionally, incubation with WGA, Alexa Fluor 555 (1:50;
Invitrogen, WGA Sampler Kit) was applied to designate myofiber
borders for assessment of myofiber-type specific cross-sectional area
(CSA). Negative stained fibers were considered to be myosin heavy
chain IIb and IIx (MHC IIb+1Ix). Myofiber CSA was measured using
semiautomatic muscle analysis with segmentation of histology, a
MATLAB application (SMASH) (41) alongside ImagelJ software. For
manual macrophage identification, two stains were utilized on soleus
and gastrocnemius sections. Sections were blocked in M.O.M. (Vec-
tor, Burlingame, CA) and 2.5% NHS (Vector), counterstained with
anti-mouse dystrophin antibody (1:100; Santa Cruz Biotechnology,
Dallas, TX) and then with either anti-rat CD68 antibody (1:100;
Bio-Rad, Hercules, CA) and anti-rabbit CD163 (1:100, Bio-Rad) or
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anti-rat CD206 antibody (1:100, Bio-Rad) and anti-rabbit CD163
(1:100, Bio-Rad). Anti-rat secondary antibody (1:250, AF555, Invit-
rogen), anti-mouse secondary antibody (1: 500, A488, Invitrogen) and
anti-rabbit secondary antibody (1:500, AF647, Invitrogen) were ap-
plied and then mounted in DAPI-containing mounting medium (Vec-
tor). The CD206 and CD163 costain was conducted only on sections
from the RL7 time point, because that is the typical period when
M2-like macrophages are thought to be most active.

Muscle-specific macrophage content. The observed differences in
macrophage abundance as identificed by immunofluorescence (via
CD68) between the soleus and gastrocnemius muscles prompted us to
validate these differences with flow cytometry in control gastrocne-
mius, plantaris, and soleus muscles. To accommodate anticipated low
immune cell yield from the soleus and plantaris, 30 mice were
euthanized, and solei from 10 mice were pooled and plantari from 10
mice were pooled, and this was repeated three times to generate n =
3 for each muscle analysis. The same analysis was conducted that was
noted above for the gastrocnemius, with emphasis on muscle abun-
dance of CD457CD11b*"F4/807" cells.

mRNA expression. Procedures are described elsewhere (38). Total
RNA was isolated by homogenizing 10-15 mg of tissue with a
hand-held homogenizer in lysis solution from the RNeasy Mini Kit
(QIAGEN). The RNA was extracted according to the manufacturer’s
instructions, and concentration was determined using the EPOCH
(Take3, BioTek) spectrophotometer. All isolated RNA and cDNA
samples were stored at —80°C until analysis. Real-time PCR was
carried out with a CFX Connect real-time PCR cycler (Bio-Rad)
under similar protocol conditions as reported previously (13, 31) using
SYBR Green custom-designed primers. The primer pairs are indicated
in the Supplemental information (All supplemental materials are
available at https://doi.org/10.6084/m9.figshare.8006354.v1). Cycle
threshold (Cr) values of target genes were normalized to the geomet-
ric mean of 36B4 and PPARY, and then fold change values were
calculated (AACt) using YOUNG HU as the reference group. For
sorted CD11b cells, 36B4 and RPL13a were used as reference genes,
and fold change values were calculated (AACt) using YOUNG or
YOUNG RLA4 as the comparator group.

Statistical analysis. All data are shown as means = SE and were
checked for major violations of normality. The primary goal was to
test whether old mice recover worse than young mice following disuse
atrophy (hindlimb unloading). The recovery periods were 4 days
(RL4) and 7 days (RL7) of reambulation following hindlimb immo-
bilization. To achieve this goal, we defined “recovery” as the
“change”, or difference in means, between HU (14 days of hindlimb
unloading) and RL4 and RL7 or RL4 and RL7 pooled, respectively for
both old and young mice. A secondary goal was to test the effect of
HU by age. To test the effect of age on overall recovery we combined
the experimental groups of RL4 and RL7 within each age group and
then used a two-way ANOVA, with the factors group and age. This
was followed by a priori contrasts (mean comparisons) of interest
using Wald posttests. The comparisons were primarily between old
and young. To test the effect of age at a specific time of recovery we
did the following. To examine the effect of age at 4 days of RL
(recovery) we used a r-test to examine differences in the means of
RL4 between the OLD and YOUNG groups. To examine the effect of
age at 7 days of RL (recovery) we used a t-test to examine differences
in the means of RL7 between the OLD and YOUNG groups. To test
the recovery within each age group at a specific time of recovery, we
did the following. To examine the 4-day recovery, the mean of RL4
was compared with the mean of HU, within each age group, with a
t-test. To examine the 7-day recovery, the mean of RL7 was compared
with the mean of HU, within each age group, with a t-test.

To examine changes in body weight across the experimental
periods, we used mixed-effects linear regression, with one between-
groups factor and one repeated-measures factor. Significance was set
as P = 0.05, and trends were noted as 0.05 < P < 0.10. Analyses
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were conducted and graphs were created in GraphPad Prism 7.01 or
STATA 14.2 (College Station, TX).

RESULTS

Body weight, tissue composition, and food intake. Body
weight between groups [at the end of each animal experiment
(data not shown)] was greater in the OLD than in the YOUNG.
Body weight was less with HU (vs. control) but not different
from RL. When examining the time course of changes in body
weight with each mouse (Supplemental Fig. S1) during HU
and RL, the OLD were heavier than the YOUNG at all time
points. Both groups lost weight during HU (Supplemental Fig.
S1), but the weight loss was greater in the OLD than in the
YOUNG at days 6—14 of HU. Finally, the OLD demonstrated
weight gain on day 7 of RL compared with HU, whereas the
YOUNG showed weight gain on days 3—7 of RL compared
with HU (Supplemental Fig. S1).

With regard to body composition, OLD mice had greater
absolute lean mass and water content than the YOUNG mice
across the different experimental conditions (Supplemental
Table S1). The OLD mice decreased lean mass and water
content after HU. OLD mice had more fat mass at control and
following HU compared with YOUNG and less fat mass after
HU compared with control. OLD mice also had less fat mass at
RL4 compared with HU, whereas YOUNG mice demonstrated
greater fat mass at RL7 compared with HU.

Muscle weights. Muscle weights were expressed as absolute
weight in grams and relative to lean mass (mg muscle/g lean
mass) and are shown in Fig. 1 and Table 1. The soleus and
plantaris absolute muscle weights were less following HU (vs.
control) for both groups. Following RL, the soleus for the OLD
was less than for the YOUNG at RL4 and RL7, but both
YOUNG and OLD had greater muscle mass at RL7 (vs. HU),
whereas only the YOUNG had a greater mass at RL4 (vs. HU).
Therefore, there was an age effect for the difference from HU
to RL4 and from HU to RL7. When normalized to lean mass,
an identical pattern was observed; however, the soleus in the
OLD control was less than in the YOUNG, and the OLD
displayed a greater difference between control and HU than the
YOUNG. An age effect was observed at RL4 and RL7 such
that the OLD had smaller plantari than the YOUNG. Following
RL, the plantaris muscle from the OLD was similar to HU,
whereas the YOUNG had increased muscle size at RL4 (vs.
HU) when normalized to lean mass and RL7 (absolute
weights). When normalized to lean mass, the OLD had smaller
plantari and gastrocnemius at control than the YOUNG. The
gastrocnemius muscle (absolute and normalized to lean mass)
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decreased in size following HU independently of age. The
OLD gastrocnemius mass was similar after RL (vs. HU),
whereas the YOUNG was nonsignifanctly increased at RL7
(P = 0.063). The OLD had smaller gastrocnemius mass at HU
and during RL than the YOUNG. The triceps muscle was
unaffected by HU and was not affected by RL in YOUNG
mice; however, OLD mice demonstrated a reduced mass at
RL4 (vs. HU), and OLD mice had smaller masses during RL
than the YOUNG. When the triceps were expressed relative to
lean mass, no differences were evident following HU or RL,
but larger values were seen in the YOUNG vs. the OLD.
Mpyofiber MHC composition. Muscle-specific MHC compo-
sition demonstrated minor changes (data not reported). The
YOUNG solei contained a lower precentage of MHC I myo-
fibers, and the solei decreased MHC Ila precentage while
increasing the MHC IIb+1Ix percentage at RL7. The plantari
MHC composition was unchanged in the OLD, but in the
YOUNG there was increased MHC Ila percentage, decreased
MHC IIb+IIx percentage at RL7. MHC Ila percentage in-
creased at RL7 in the gastrocnemius in both age groups.
Myofiber diameter and CSA. Soleus, plantaris, and gastroc-
nemius mean fiber diameter (MFD) and MHC I, MHC Ila, and
MHC IIb+1Ix myofiber CSA are shown in Fig. 2. Soleus MFD
and soleus MHC 1, Ila, and MHC IIb+IIx myofiber CSA
decreased following HU (vs. control) and was similar follow-
ing RL (vs. HU) with no age differences across conditions.
Soleus MHC IIa CSA was increased at RL7 (vs. HU) for both
groups. Plantaris MFD and plantaris MHC Ila and MHC
[Ib+1Ix myofiber CSA decreased following HU and were
increased at RL7 compared with HU. Gastrocnemius MFD and
MHC Ila and MHC IIb+IIx myofiber CSA decreased in both
groups following HU compared with control. However, at
RL7, the OLD CSA was similar to HU, whereas the YOUNG
CSA increased compared with HU such that an age effect at
RL7 and in the difference from HU to RL7 was evident.
Gastrocnemius MHC I myofibers were rare and CSA were
similar with control and HU, yet smaller MHC I myofibers
were found in the OLD compared with the YOUNG at RL7.
Soleus and gastrocnemius muscle macrophages via immuno-
fluorescence. Quantification of CD68, CD163, and CD206
immunoreactivity on mononuclear cells in soleus and gastroc-
nemius cross-sections is shown in Fig. 3. Macrophages were
severalfold more abundant in the soleus than in the gastrocne-
mius cross-sections (Fig. 3). CD68TCD163 " DAPI™ cells in
soleus cross-sections (Fig. 3A) were similar following HU
compared with control, but a greater density was seen in the
YOUNG at RL7 vs. HU. At RL7, the YOUNG observed a

Table 1. Muscle weights as both absolute and relative to lean mass at CON, HU, RL4, and RL7

Absolute Relative to Lean Mass
Con HU RL4 RL7 Con HU RL4 RL7

Triceps surae

Old 158.9 = 5.8 134.1 = 3.3 1372 £54 133.6 £ 2.1 6.51 = 0.60 6.16 = 0.07 6.37 = 0.25 6.04 = 0.04

Young 173.0 £ 3.5# 146.3 = 2.3#7 152.9 * 2# 159.5 £ 5.2# 8.32 = 0.15# 7.00 £ 0.31# 7.47 £ 0.12# 7.41 £ 0.23#
Triceps

Old 102.1 =49 102.5 £ 2.5 93.9 £ 3.0* 101.3 £2.0 4.46 = 0.18 4.73 £0.15 4.36 £ 0.15 4.59 £0.10

Young 107.6 = 2.9 107.6 = 1.8 104.3 £ 2.5# 108.2 £ 2.5 5.17 = 0.12# 5.14 = 0.18# 5.10 = 0.18# 5.03 = 0.11#

Data are means = SE. Triceps surae is the sum of the soleus, plantaris, and gastrocnemius. Con, Control; Gastroc, gastrocnemius; HU, hindlimb unloading;
RLA4, 4 days of reloading; RL7, 7 days of reloading. P < 0.05 Control vs. HU; #P < 0.05 vs. OLD; *P < 0.05 vs. HU.
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Fig. 2. Soleus, plantaris, and gastrocnemius myofiber size in OLD and
YOUNG mice from ambulatory controls and during hindlimb unloading (HU)
and reloading (RL). RL4, 4 days of RL; RL7, 7 days of RL. A: soleus,
plantaris, and gastrocnemius myofiber diameters. Soleus (B), plantaris (C), and
gastrocnemius (D) myofiber cross-sectional area by myosin heavy chain (MHC
I, Ia, and IIb+1Ix) fiber type. #P < 0.05 vs. Old; *P < 0.05 vs. HU; AP < 0.05
vs. Control.
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greater density of CD68TCD163 DAPI™ cells vs. HU such
that there was a pronounced age effect at RL7 and in the
difference from HU to RL7. CD68 CD163"DAPI" cells in
soleus cross-sections (Fig. 3B) were similar to across condi-
tions and by age. CD68 "DAPI™ cells in soleus cross-sections
(Fig. 3C) were increased at HU (vs. control) in both groups and
increased further in the YOUNG vs. the OLD at RL7 (vs. HU).
Thus, a pronounced age effect for a greater effect in the
YOUNG was observed at RL7 and in the difference from
HU to RL7. CD163"DAPI* cells in soleus cross-sections
(Fig. 3D) were more abundant at HU (vs. control) and were
not different by age. CD68 CD163"DAPI™ cells in soleus
cross-sections (Fig. 3E) were greater following HU vs.
control. There was a greater density of these cells at RL7 vs.
HU in the YOUNG. CD68*CD163 DAPI* cells in gastroc-
nemius cross-sections (Fig. 3G) were relatively rare (2-6
cells/mm?), but they were higher at RL7 vs. HU in both
groups. CD68 "DAPI™ cells in gastrocnemius cross-sections
(Fig. 3I) were similar in the OLD across all conditions, but
the YOUNG showed an increase in this cell population at
RL7 vs. HU. There were age-related differences in these
cells such that they were lower in the YOUNG vs. OLD at
control and RL4. CD68 CD163*DAPI™ cells in gastrocne-
mius cross-sections (Fig. 3H) were relatively rare (2—-10
cells/mm?), but they were more abundant in the OLD than in
the YOUNG at control and HU. Moreover, the OLD had a
lower density of these cells at RL4 and RL7 vs. HU.
CD163"DAPI™ cells in gastrocnemius cross-sections (Fig. 3J)
were higher in the OLD compared with the YOUNG in the
control and HU conditions and a lower density of these cells
during RL vs. HU. CD68"CD163"DAPI™ cells in gastrocne-
mius cross-sections (Fig. 3K) were higher in the OLD than in
the YOUNG at control and at RLA4.

To further characterize the anti-inflammatory macrophage
phenotype at RL7, we examined soleus and gastrocnemius
cross-sections with immunofluorescent costaining of CD163
and CD206, two accepted M2 macrophage markers (Fig. 3F
and 3L). CD206"CD163 DAPI" and CD206 " DAPI™" cells in
soleus cross-sections were of greater abundance in YOUNG
compared with OLD at RL7. There were no differences in this
cell type in the gastrocnemius as a result of experimental
condition or age.

Plantaris mRNA expression. Plantaris mRNA expression
(Fig. 4) of Igf-1 was greater at RL4 in both age groups and at
RL7 in the YOUNG-only compared with HU. The YOUNG
had a higher expression of /gf-1 throughout RL compared with
the OLD. Ccl2 (C-C motif ligand 2) expression was greater at
RL4 in both age groups and at RL7 in the OLD-only compared
with HU. In addition, an age difference at RL7 revealed a
greater expression in the OLD vs. the YOUNG. Vegfc (vascu-
lar endothelial growth factor C) and Irf7 (interferon regulatory
factor 7) expressions were less at RL4 in both age groups vs.
HU. Irf7 expression remained reduced at RL7 vs. HU in OLD,
and an age effect for the difference between HU and RL7 was
seen. Changes in mRNA expression of Cd206 and IL-4 during
RL and between age groups did not reach statistical signifi-
cance.

Gastrocnemius muscle macrophages via flow cytometry.
Quantification and characterization of gastrocnemius muscle
macrophages via flow cytometry is shown in Fig. 5. Ly6c™
cells were considered proinflammatory monocytes/macro-
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Fig. 3. Immunofluorescence quantification of macrophages in soleus (A—F) and gastrocnemius (G—L) cross-sections from OLD and YOUNG ambulatory
control mice during hindlimb unloading (HU) and reloading (RL) as CD68*CD163 " DAPI* (A, G), CD68 CD163*DAPI* (B, H), All CD68"DAPI*
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CD206*CD163"DAPI*, All CD163*DAPI*, All CD206"DAPI*, and CD206*CD163"DAPI* cells at RL7 (F, L). Representative image of CDG68,
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RL4, 4 days of RL; RL7, 7 days of RL. #P < 0.05 vs. Old; *P < 0.05 vs. HU; AP < 0.05 vs. Control.

phages, and F4/80™ cells were considered resident tissue mac-
rophages (23, 27).

F4/80 cells (percent of CD11b cells; data not shown) were
similar across the experimental conditions in the YOUNG. The
OLD mice demonstrated a smaller population of these cells at
HU (vs. control), which was restored to control levels during
RL vs. HU. Thus, an age effect for the difference from control

to HU and from HU to RL was observed. When expressed per
milligram of muscle (Supplemental Fig. S4) a greater abun-
dance of macrophages was observed at RL4 vs. HU and there
were no differences by age.

We classified “M1-like” polarized macrophages as MHCII " -
CD206~ and “M2-like” polarized macrophages as MHCII™ -
CD206™. MHCIT"CD206~ cells (percent F4/807CD11b™ cells;
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Fig. 4. Plantaris mRNA expression of insulin-like
growth factor I (Igf-1; A), C-C motif ligand 2 (Ccl2; B),
vascular endothelial growth factor C (Vegfc; C), inter-
feron regulatory factor 7 (Irf7; D), Cd206 (E), and II-4
(F) in OLD and YOUNG mice during hindlimb unload-
ing (HU) and reloading (RL). RL4, 4 days of RL; RL7,
7 days of RL; FC, fold change. Expression was normal-
ized to the YOUNG HU group with the geometric mean
of 36b4 and Pparg as housekeeping genes to examine
the effect of age and reloading. *P < 0.05 vs. HU; "P <
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Fig. 5C) were greater in the YOUNG than in the OLD at control,
HU, and RLA4. This population of cells in both groups was less
following HU compared with control. Although both groups had
greater levels of these cells during RL, the YOUNG had the
greatest abundance at RL4 (vs. HU) such that an effect of age was
evident. MHCII*,CD206~ cells (percent F4/80*CD11b™ cells)
per milligram of muscle weight (Supplemental Fig. S4B) were
higher in the YOUNG vs. the OLD at control and decreased in the
YOUNG at HU vs. control. Following RL, both groups demon-
strated greater abundance of these cells at RL4 vs. HU.

MHCII~CD206 " cells (percent F4/80"CD11b™ cells; Fig.
5D) were higher at HU vs. control and decreased at RL4 vs. HU
in both groups. At RL7, the OLD demonstrated a smaller abun-
dance of these cells vs. HU, whereas the YOUNG demonstrated
a greater frequency of these cells. MHCII—,CD206 " cells (percent
F4/80*CD11b* cells) per milligram of muscle weight (Supple-
mental Fig. S4C) were similar across experimental conditions and
by age.

Next, we examined the ratio of these M2-like to M1-like
macrophages (data not shown). A greater ratio was observed at
HU vs. control in both groups, yet the OLD increased to a
greater extent than the YOUNG. Following RL, the OLD
showed a smaller ratio at RL4 and RL7 vs. HU, whereas the
YOUNG showed a smaller ratio only at RL4 (vs. HU). The
YOUNG also demonstrated a higher ratio of M2 to M1 cells at
RL7 (vs. OLD) such that an age effect in the difference from
HU to RL7 was evident. The ratio of M2-like to MI1-like
macrophages per milligram of muscle weight (Supplemental
Fig. S4D) tended (P = 0.066) to be greater in OLD vs.
YOUNG at control and HU. The ratio was higher at HU vs.
control in both groups. Although both groups showed a de-
crease in the ratio at RL4 (vs. HU), the YOUNG demonstrated

1

a lower ratio compared with the OLD. The OLD maintained a
lower M2/MI ratio at RL7 vs. HU, which resulted in an age
effect in the difference from HU to RL7 being evident.

Ly6ctiehF4/80Mieh cells (percent CD11b cells; Fig. 5E) were
similar by age and at control and HU in both groups. During
RL, the YOUNG had fewer Ly6cHie"F4/80Hieh cells at both
RL4 and RL7 (vs. HU) such that an effect of age was present
at those time points and in the difference from HU to RL. A
similar pattern was seen when cells were normalized to milli-
grams of muscle weight (Supplemental Fig. S4F).

Ly6c-°"F4/80Hieh cells (percent CD11b cells; Fig. 5F) were
similar between control and HU in OLD. During RL, the
YOUNG maintained a higher level than the OLD, but no
difference from HU to RL was observed in either group. When
expressed per milligram of muscle (Supplemental Fig. S4F),
the YOUNG similarly demonstrated a greater level than the
OLD at HU. Following RL, the YOUNG demonstrated a lower
abundance at RL4 vs. HU, yet the OLD had a greater abun-
dance at RL4 vs. HU. Thus, an age difference was evident at
RLA4.

Ly6cMedivmE4/80°% cells (percent CD11b cells; Fig. 5G)
were higher in the OLD after HU and lower in the YOUNG
such that a pronounced age effect was observed at HU and in
the difference from control to HU. During RL, the YOUNG
maintained the level of these cells, whereas the OLD showed a
lower abundance (vs. HU). As a result, there was an age effect
in the difference from HU to RL (pooled). When expressed per
milligram of muscle (Supplemental Fig. S4G) the OLD dem-
onstrated a greater abundance at HU vs. control and an age
effect was observed at HU and the difference from control to
HU. Following RL, these cells were higher in the OLD than in
the YOUNG.
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Fig. 5. Immunophenotyping of macrophages in gastrocnemius smgle—cell suspensions from OLD and YOUNG ambulatory control mice during hindlimb
unloading (HU) and reloading (RL). A: gating strategy and validation with fluorescence minus-one controls with letters in parentheses denoting populations of
interest. After gating out debris, we excluded doublets and selected live (DAPI7)CD45*CD11b* cells as the myeloid monocyte/macrophage population of
interest. B: representative quantification of gating strategy, with letters in parentheses denoting populations of interest. Live (DAPI™)CD45*CD11b* populations
of interest (C, K). M1-like macrophages (CD11b"F4/80%) as MHC II*CD206 cells (C). M2-like macrophages (CD11b*F4/80%) as MHC 1I-CD206* cells
(D). Ratio of M2-like to MI1-like macrophages (F4/80") (E). Ly6cHiehF4/80Meh cells (F), Ly6c-o%F4/801!eh cells (G), Ly6cMedivmE4/80Lo cells (H),
Ly6ctovF4/80Medium cells (1), Ly6c " F4/80 cells (J), and Ly6c~F4/80™ cells. RL4, 4 days of RL; RL7, 7 days of RL; MHC, myosin heavy chain; FSC, forward
scatter; SSC, side scatter. #P < 0.05 vs. Old; *P < 0.05 vs. HU; AP < 0.05 vs. Control.
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Ly6c-o“F4/80Medium cells (percent CD11b cells; Fig. 5H)
were lower at HU compared with control in both groups.
Following RL, the OLD displayed a greater abundance vs. the
YOUNG, which resulted in a greater abundance in the OLD at
RL7 vs. HU. Since the YOUNG were similar at RL vs. HU, an
age effect at RL7 and in the difference from HU to RL7 was
evident. When expressed per milligram of muscle (Supplemen-
tal Fig. S4H), differences by age and time were noted only
following RL. The OLD demonstrated a greater abundance at
RL4 vs. HU; thus, an age effect during RL and in the difference
from HU to RL was evident.

Ly6c~F4/80Hieh cells (percent CD11b cells; Fig. 5I) were
higher in the YOUNG vs. the OLD at HU and following RL
(pooled RL vs. HU). An age effect for the difference from
control to HU was evident. When expressed per milligram of
muscle (Supplemental Fig. S47), the YOUNG had a greater
abundance in the control vs. OLD, and the YOUNG showed a
smaller abundance of these cells following HU. Following RL,
a greater abundance of these cells was observed at RL4 vs. HU.

Ly6c"F4/80~ cells (percent CD11b cells; Fig. 5J) were
greater in the OLD than in the YOUNG at HU and following
RL vs. HU. An age effect for the difference from control to HU
was evident. When expressed per milligram of muscle (Sup-
plemental Fig. S4J), a similar pattern was observed.

Regarding muscle-specific macrophage content, the planta-
ris (63.1 = 6.0 cells per mg muscle) had similar macrophage
abundance (CD45*CD11b*F4/80™" cells) to the gastrocnemius
(63.8 = 7.4 cells per mg muscle), whereas the soleus had
greater abundance of macrophages than either plantaris or
gastrocnemius (186.8 = 36.6 cells per mg muscle).

At RL4, we used flow cytometry to examine myeloid cell
abundance (per mg muscle) in young and old soleus versus
gastrocnemius (Fig. 6). CD45™" cells were more abundant in
the soleus with no differences by age. CD45"CD11b™, CD45™
CD11b*CD64*, CD45*CD11b*CD64"MHCII*CD206~, and
CD45*CD11b"CD64HighLy6cto™ cells were more abundant
in the YOUNG than the OLD in the soleus, and the YOUNG
soleus had more of these cells than the YOUNG gastrocemius.
CD45"CDI11b*CD64*MHCII~ CD206" were more abundant
in the YOUNG soleus than in the OLD soleus, but overall the
gastrocnemius demonstrated higher levels than in the soleus.
CD45"CD11b*Ly6¢™ cells were more abundant in the soleus
than in the gastrocnemius and were greater in the OLD than in
the YOUNG gastrocnemius. Finally, CD45"CD11b*CD64-o%
Ly6c™ were more abundant in the soleus than in the gastrocne-
mius and were greater in OLD than in YOUNG in both muscles.
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Gastrocnemius and soleus CDI11b™ cell mRNA expression.
Gene expression of Cd206 and Vegfc was lower, while Retnla
was higher in OLD vs. YOUNG in gastrocnemius Cdl1b™
cells at RL4 (Fig. 7A), and there was no difference by age at
RL7 (Fig. 7B). In the soleus, at RL4, mRNA expression of
Cd206, 1I-4, and Vegfc was lower, whereas Retnla and II-10
were higher in OLD vs. YOUNG (Fig. 7C). When mRNA
expression was compared in gastrocnemius resident Cdl1b
cells from RL4 to RL7 by age (Fig. 7D), 1l-1B, II-6, tumor
necrosis factor-a, Infy, and Cd206 were lower in RL7 vs. RL4,
whereas 1I-4, Vegfc, Retnla, and Irf7 were higher in RL7 vs.
RL4. With this normalization, the OLD had lower Cd206
mRNA expression at RL4 and less Retnla expression at RL7.
When mRNA expression in gastrocnemius versus soleus resi-
dent Cd11b cells at RL4 were compared by age (Fig. 7E), 1I-6,
Infy, and Vegfc were lower in in the soleus. The OLD soleus
has less I1-4 expression than the YOUNG soleus muscle, while
also demonstrating greater expression of Retnla, Tbff3, and
11-10 than expression levels in both YOUNG soleus and OLD
gastrocnemius. With this normalization, the OLD had lower
Cd206 mRNA expression in the gastrocnemius, whereas Vegfc
expression was suppressed in both muscles with aging.

DISCUSSION

In the context of muscle regrowth following disuse, we used
flow cytometry and cell sorting to characterize the skeletal
muscle monocyte/macrophage polarization and activation pat-
terns in male mice. These experiments revealed dynamic skel-
etal muscle macrophages in young mice similar to the panoply
of literature using immunofluorescence or immunohistochem-
istry on muscle cross-sections. With our use of this gold
standard method to quantify immune cells, we demonstrated,
for the first time, that older (~25 mo) mice have an altered
skeletal muscle monocyte/macrophage characterization and
muscle-specific abundance in the week following recovery
from disuse (hindlimb unloading) that is concurrent with im-
paired muscle regrowth compared with young mice. These are
important findings specific to physiological muscle disuse and
subsequent regrowth in aging and distinct from the supraphysi-
ological damage/injury and subsequent regeneration more
commonly studied in skeletal muscle immunology.

The field of skeletal muscle immunology has made inroads
toward dissecting skeletal muscle pathology regeneration re-
sponses (9, 10, 48). In addition, research from the laboratory of
Dr. James Tidball (48), among others, has demonstrated well

Young = Old

Soleus
old
Gastroc

Fig. 6. Monocyte/macrophage cell abundance (per mg mus-
cle) at 4 days of reloading (RL4) in OLD and YOUNG
soleus and gastrocnemius (Gastroc) muscle single-cell sus-
pensions. After gating out debris, doublets were excluded
and selected, live (DAPI7)CD45% cells as the myeloid
populations of interest. CD64 %, Ly6c*, CD64MeLy6clov,
and CD64"°“Ly6¢™ cells were from the CD457CD11b*
population and MHC II*CD206~ and MHCII~CD206™ cells
were from the CD64" population. MHC, myosin heavy
chain. #P < 0.05 vs. soleus; *P < 0.05 vs. YOUNG for that
muscle group.
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Fig. 7. mRNA expression of live (DAPI™) CD45"CDI11b™ cells in OLD and YOUNG mice by age at 4 days of reloading (RL4) gastrocnemius (A), 7 days of
RL (RL7) gastrocnemius (B), and at RL4 soleus (C). D: comparing mRNA expression in gastrocnemius resident CD11b cells from RL4 to RL7 by age. E:
comparing mRNA expression in gastrocnemius vs. soleus resident CD11b cells at RL4 by age. *P < 0.05, AP = 0.056 vs. YOUNG (A-C); *P < 0.05, "P <
0.08 vs. RL4 (D); #P < 0.05 vs. YOUNG for that time point (D); *P < 0.05 vs. gastrocnemius for that age (E); #P < 0.05, &P < 0.08 vs. YOUNG for that
muscle group (F). IL, interleukin; TNFa, tumor necrosis factor-a; VEGFc, vascular endothelial growth factor C; TGF, transforming growth factor-f3; IRF7,
interferon regulatory factor 7; INFvy, interferon-vy.

the skeletal muscle macrophage responses from disuse and solved and replaced by an M2-like macrophage (CD11b*F4/
specifically muscle regrowth following disuse, but only in 80"MHC II"CD206™) response later (at RL7).

young rodents (12, 14, 18, 19, 43, 46—49). Their work in this It is well documented that aging is accompanied by impaired
minimal-injury model (hindlimb unloading followed by ream- muscle regrowth following disuse atrophy (24, 25, 44, 53). It
bulation/reloading) demonstrates a classical increase in proin-  was unknown whether this impaired regrowth was due, in part,
flammatory (M1-like) macrophages that precedes an increase to skeletal muscle macrophages, which are clearly important to
in anti-inflammatory (M2-like) macrophages in the first week maximize regrowth in young animals. Only one study thus far
of ambulatory recovery following disuse (46, 48). In addition, has examined a single macrophage marker using immunoflu-
several reports using loss (monocyte/macrophage deletion) of orescence at one late recovery time point (14 days recovery)
gain- (immunotherapy) of-function experiments demonstrate a  following disuse in aging animals, thereby missing valuable
requirement of macrophages for complete and rapid regrowth earlier time points and polarization information during the
(12, 14, 35, 49). The sparse level of muscle damage (26) and recovery process (53). Interestingly, the older mice in our
central nucleation with this model (26, 48) suggests that experiments do not show the aforementioned macrophage
muscle macrophages are contributing much more than the plasticity of young rats, and this impairment is contemporane-
more common supporting role toward the activation and pro- ous with the impaired regrowth of aging muscle we demon-
liferation of satellite cells in muscle regeneration (9, 10). This  strate in the gastrocnemius and soleus muscles. In addition, the
and the evidence that knockdown of paired box 7-expressing older mice demonstrated an accumulation of cells with the
satellite cells does not impair muscle regrowth (26) suggests proinflammatory marker Ly6c, which likely reflects an abun-
that macrophages exert other beneficial functions [i.e., release  dance of inflammatory monocytes. Intriguingly, in the gastroc-
of cytokines and growth factors like Igf-I and macrophage nemius, monocyte expansion starts during disuse and carries
colony-stimulating factor (M-CSF)] to promote rapid muscle foward into the RL phase, suggesting that disuse itself may
regrowth (9). Similar to these previous reports in young rats, have an influence on skeletal muscle monocyte/macrophage
we also demonstrate a relative increase in M1-like macrophages activity (12, 19, 34, 47), which we speculate may further
(CD11b"F4/80"™MHC II"CD2067) early (at RL4) that is re- “overactivate” the initial skeletal muscle immune response and
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contribute to impaired muscle regrowth. The fact that disuse
precedes the modest RL stress of HU is likely why these
age-related responses are distinct from the effects of aging on
muscle macrophages due to the much more damaging eccentric
exercise (40). Yet, old mice clearly demonstrate impaired
skeletal muscle recovery from ischemia-reperfusion and other
toxin injury models (1, 3, 7) that may be mediated, in part, by
impaired macrophage function. Indeed, aging in general im-
pairs macrophage polarization (30), and macrophages in aging
skeletal muscle are dysregulated during regeneration from
toxin injury (36). We now demonstrate, for the first time, a
similar phenomenon during the regrowth of aged skeletal
muscle following disuse.

The accumulation of inflammatory monocytes (Ly6c™ cells)
in the gastrocnemius and soleus combined with elevated plan-
taris Ccl2 mRNA expression in aged mice during recovery
suggests that these immune cells from old mice do not have a
dysregulated recruitment and migration of monocytes. We
acknowledge that plantaris mRNA expression is limited in its
ability to characterize immune cell responses found in the other
muscles studied herein, but there are some interesting patterns
in this muscle that deserve brief discussion. As suggested in a
previous report (42), we demonstrate impaired Igf-I expression
within aged muscle following recovery from disuse. Also, the
old have greater Ccl2 expresasion during recovery than the
young, which corresponded to less Irf7 expression. Since Irf7
is a lymphoid-specific marker essential for monocytes to dif-
ferentiate from macrophages (29) these data could indicate that
the old muscles are continually recuiting monocytes during
recovery, but, unlike young muscle, their ability to convert
them to macrophages may be impaired; thus, recruitment of
these inflammatory monocytes is prolonged in aged muscle.

To further explore the phenotype of the monocytes/macro-
phages, we sorted CD45"CD11b™" cells from the gastrocne-
mius and soleus during recovery. When young versus old were
compared at specific time points we found no difference at RL7
in the gastrocnemius but rather a divergent M2-like mRNA
expression pattern in the old early in recovery (4 days RL) in
both soleus and gastrocnemius, suggesting an altered activation
status of the tissue resident macrophages. Regardless of these
differences, both age groups demonstrated an mRNA expres-
sion pattern that reflected a shift from the M1-like to the
M2-like phenotype from RL4 to RL7 in the gastrocnemius.
Intrigingly, the mRNA expression pattern examining the mus-
cle-specific and age-dependent effects early in recovery (RL4)
suggested a differential activation pattern between muscles and
a premature M2-like response in the old soleus. Thus, rather
than an impairment in monocyte/macrophage recruitment to
the gastrocnemius, it is more likely that these aged mice
possess an ineffective immunomodulation of recruited and
resident cells.

Another interesting finding was that in the gastrocnemius the
old may have a reduced percentage and concentration of
M1-like resident tissue macrophages compared with the young.
The reasons for this are unknown, but it may explain why
aging skeletal muscle is characterized by a greater abundance
and stiffness of extracellular matrix (54), since this macro-
phage phenotype may promote collagen turnover (52).

We were able to expand the use of flow cytometry to the
soleus during muscle recovery. In general, we observed greater
concentrations of myeloid cells in the old soleus during early
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recovery (RL4). Also, the old soleus had fewer resident tissue
macrophages (high CD64 expression and low Ly6c expression)
with a M1-like phenotype (MHC 11" CD206 ) compared with
the young. This pattern in the old soleus somewhat resembled
what we found in the old gastrocnemius and is likely reflective
of the slower rate of regrowth in these muscles. Although the
gastrocnemius did not display a difference in myeloid, mono-
cyte or resident tissue cells between old and young, the
old gastrocnemius hosted a greater level of infiltrating infla-
mmatory monocytes and macrophages (CD11b*Ly6c* and
CDI11b*Ly6c™CD64M°Y cells). Similarly, the old soleus con-
tained a greater abundance (vs. young) of these infiltrating cells
which we speculate may indicate a reduced capacity with aging
to differentate the infiltrating monocytes and macrophages into
the resident tissue macrophages (CD64*). Overall, these data
comparing the age-related myeloid cell response in the soleus
versus the gastrocnemius during early recovery may suggest
that there is an impairment in monocyte/macrophage recruit-
ment and activation in the soleus with aging.

The literature concerning rodent skeletal muscle immune
cells during RL following disuse has been exclusively domi-
nated by the use of semiquantitative immunohistochemistry or
immunofluorescence analysis in (12, 18, 19, 43, 46—49) and
limited to experiements in young animals. Although flow
cytometry has been used on muscle single-cell suspensions to
immunophenotype in response to supraphysiological injury,
this method has not yet been applied to the physiologically
relevant disuse/regrowth model. As such, a strength of this
investigation is the novel use of flow cytometry to validate 20
or more years of immune cell data generated in young animals
and to take this application a step further by characterizing the
disuse/regrowth response in aging animals. Quantification and
characterization of macrophages conducted through the use
of immunohistochemistry/immunofluorescence on skeletal
muscle cross-sections is only semiquanitative, imprecise,
and potentially inaccurate, especially when larger muscles
are considered, as we demonstrate here with differences in
macrophage quantification in the gastrocnemius with immu-
nofluorescence and flow cytometry. Our immunofluoresence
quantification of macrophages on soleus cross-sections dem-
onstrated increased macrophage density with RL and is in line
with reports in the literature and the general pattern of greater
resistent muscle macrophages in young vs. old mice at RL7.
However, our immunofluorescence quantification of macro-
phages on gastrocnemius cross-sections was not consistent
with the immunophenotyping we conducted via flow cytometry
on single cell suspensions in the same muscle. This does well
to highlight the challenge of utilizing a single 8-pum slice of
large and complex muscle to quantify muscle macrophages.
The soleus muscle is likley more uniform across its length and
thus immunohistochemistry or immunofluoresence quantifica-
tion of macrophages cross-sections from that muscle are prob-
ably more representative of the muscle as a whole as opposed
to the gastrocnemius, where one slice runs the risk of a less
acurate representation of the data. Another challenge to im-
mune cell identification via immunohistochemistry or immu-
nofluoresence is that these methods are restricted in the number
of antigens (<3 or 4) and have limited quantitative application
and potential for nonspecificity of the macrophage marker
antigens. Macrophage markers commonly utilized in these
methods may nonspecifically bind to neutrophils, dendritic
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cells, satellite cells, or other cell types (37, 48). To overcome
these limitations, we utilized the novel application of flow
cytometry on gastrocnemius single-cell suspensions to specif-
ically identify and quantify muscle macrophages through a
precise and specific myeloid-gating strategy (Fig. 5). Utilizing
these methods, we revealed divergent presence of macrophage
and monocyte phenyotypes in skeletal muscle of aged vs.
young mice following muscle disuse and recovery.

An unexpected finding of this study was that in control
conditions soleus macrophage abundance (with immunofluo-
resence and flow cytometry) was higher than the more fast-
twitch plantaris and gastrocnemius which shared macrophage
similar abundance. We also demonstrated greater macrophage
abundance (in young muscle) in the soleus compared with
the gastrocnemius at RL4. The underlying explanations for
these differences in macrophage abundance between these
muscles are not entirely known (28) but are likely reflective of
the muscle composition, activity level, or level of damage upon
releading and warrants further examination.

Finally, our characterization of M1-like and M2-like mac-
rophages is an oversimplification. Although many authors
make these generalizations regarding macrophages, the reality
is that macrophages exist on a spectrum (32), particularly in
vivo, where macrophages will express markers for both phe-
notypes concurrently. In this study, we demonstrate a similar
pattern with macrophages expressing both markers, but we
classify as M1- or M2-like when those cells demonstrate a
predominance of a specific M1 or M2 marker. Also, there is a
possibility, that the Ly6CHig" population that we classify as
inflammatory monocytes/macrophages could include inflam-
matory neutrophils. We would consider this highly unlikely,
since elevation of neutrophils in skeletal muscle following
recovery from disuse has been seen only within 2 days of RL
(19, 43, 47) but likely resolves shortly after (4 and 7 days) as
in our current study, since RL from disuse induces very little
muscle damage, unlike cardiotoxin injury (51). However, ac-
cumulation of these cells is delayed in aging skeletal muscle
(40), and the possibility of prolonged neutrophil accumulation
in aged skeletal muscle during recovery from disuse warrants
further investigation. Last, macrophage activation would be
better characterized by experiments using protein quantifica-
tion via ELISA or immunostaining of these immune cells.

Our data are mostly descriptive, and future focused experi-
ments (such as adoptive transfer of old and young immune
cells) are needed to specifically test whether this impairment is
centered around the aged immune cells, aged myofibers, or
some interaction effect. Strategies to provide skeletal muscle-
activated macrophages via timely intramuscular injection of
M1 (39) or M2 (23) polarized macrophages demonstrated
improved muscle repair and regrowth following injury. In
addition, activation of recruited and resident muscle immune
cells via timely intramuscular injection of M-CSF demon-
strated improved muscle regrowth following disuse (15). Thus,
it is probable that similar strategies hold promise to improve
muscle regrowth in aged skeletal muscle following disuse.

Characterization of the aging skeletal muscle immune re-
sponse in this minimal-injury model (disuse/regrowth) is in-
valuable because of the frequency of such insidious inactivity
and recovery events during the aging process. A large propor-
tion of these older adults will take months to years to fully
recover their muscle function, with many never regaining
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pre-hospitalization levels (5, 6, 11, 20-22). Over a lifetime, it
is reasonable to expect repeated cycles of hospitalizations and
incomplete muscle recovery, further accelerating muscle and
functional decline in this vulnerable population (16). Thus,
there exists a need for a strong understanding of cellular and
molecular events that govern muscle regrowth in older adults
following disuse in order to develop appropriate mechanistic-
based interventions to offset these deficits in muscle and
strength.
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