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Abstract

We investigated the effect of aging on the basement membrane (BM) during postinjury muscle recovery. Using a rat model, we found that aging
delayed muscle fiber and BM recovery. In addition, expression of BM-related factors peaked 7 days after muscle injury among both young and
older rats. Peak expression of collagen IV synthetic factors decreased with age, whereas expression of the degradative factor was unaffected
by age. These results suggest that age-related delays in postinjury muscle fiber and BM recovery may be related to the suppression of collagen

IV synthetic factors.
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Skeletal muscle fibers are covered by a basement membrane
(BM) that provides mechanical protection [1]. The BM is
formed from the action of heat shock protein 47 (HSP47)
and secreted protein, acidic and rich in cysteine (SPARC) on
collagen 1V, which is degraded by matrix metalloproteinase-
14 (MMP14) [1-4]. Previous studies on BM-related factors
have shown that loss of the collagen IV gene is associated
with abnormal BM structure and muscle fiber fragility [1-6].
In addition, collagen IV induction is necessary for recovery
from muscle atrophy or injury [7,8]. These results suggest that
BM-related factor expression is essential for the maintenance
and recovery of skeletal muscles.

In young muscles, reloading after disuse muscle atrophy
resulted in smooth recovery with elevated expression of BM-
related factors, whereas older muscles showed poor expres-
sion of BM-related factors, leading to BM injury and delayed
muscle recovery [7]. This suggests that suppressed BM-related
factor expression is involved in the delayed recovery of aging-
related disuse muscle atrophy. However, aging effects on BM
during the recovery of other muscle disorders remain unclear.
To prevent muscle disorders in old age, we must clarify how
aging influences the BM during recovery from multiple types
of muscle problems. Therefore, in this study, we investigated
BM response to age during recovery after muscle injury.

Our experiment used two age groups of male Wistar rats:
2- (n=16) and 23-months-old (n = 14) (Japan SLC, Shizuoka,
Japan). Experimental animals were kept in transparent plas-
tic cages with free access to food and water. Breeding room

temperature was set at 22 4= 2°C and maintained in a 12/12 h
light/dark cycle. This study was approved by the Committee
of Animal Care and Use of the Osaka University of Human
Sciences (#2). All procedures were in accordance with the
institutional guidelines for the use of experimental animals.

Muscle injury was induced with an intramuscular injection
of 0.25% dibucaine (0.5 ml) into the right tibialis anterior
(TA) muscle, as previously described [9]. Dibucaine is a local
anesthetic with myotoxic effects, acting on the sarcoplasmic
reticulum to excessively increase intracellular calcium ion con-
centrations and, thus, damage muscle fibers [10]. After injury
of the right TA, rats were placed into separate subgroups,
with each experiencing different recovery durations: 2, 7 and
21 days (R2d, R7d and R21d, respectively). Intact TA mus-
cle on the opposite side of R2d was designated as a control
(hereafter, Intact muscle). As a superficial muscle that is prone
to injury from injection, the TA muscle has been used as a
drug-induced muscle injury model [9].

At the end of each experimental period, rats were
euthanized via intraperitoneal administration of sodium
pentobarbital. Tibialis anterior muscles were harvested and
flash-frozen in isopentane cooled on dry ice. Transverse
sections of 1-mm thickness were cut from the center of frozen
samples and immersed in RNAlater (Thermo Fisher Scientific,
Hanover Park, IL).

For morphological analysis, 10-um transverse sections
were sliced using a cryostat (CM1950; Leica, Wetzlar,
Germany) from the center of the frozen (-25°C) TA samples.
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Fig. 1. Morphological analysis. Transverse sections of the tibialis anterior (TA) muscle stained with hematoxylin and eosin. Temporal observations from
Intact, R7d and R21d in young (a—c) and older rats (d—f). Arrowheads: central nuclei fiber (CNF). Fiber cross-sectional area (FCSA) of CNF on R7d and
R21d and of Intact muscle fibers was measured (g). TA samples were from Intact (n=5), R7d (n=5) and R21d (n= 6) groups of young rats and Intact
(n=4), R7d (h=4) and R21d (n=5) groups of older rats. R2d was the necrotic phase and excluded from measurements of FCSA. **** P <0.0001. Data

are presented as mean = standard error of the mean. Scale bar is 100 um.

Sections were then stained with hematoxylin and eosin (HE).
Staining images were analyzed in Image] Fiji to determine
necrotic areas on R2d, as well as fiber cross-sectional areas
(FCSA) of Intact muscle fibers and central nuclei fibers (CNFs)
on R7d and R21d [11]. For the FCSA analysis, 150 muscle
fibers were measured per sample, following previous studies
[12,13].

For transmission electron microscopy (TEM) analysis,
frozen (-25°C) 1-mm tissue sections were prepared from
the center of the TA samples. Sections were fixed in 4%
paraformaldehyde/2% glutaraldehyde, then treated with
osmium tetroxide, dehydrated with ethanol and embed-
ded in Epon. Longitudinal ultrathin sections (90-nm thick)
were stained with 4% uranyl acetate and 1% lead cit-
rate for observation under TEM (HT7700; Hitachi, Tokyo,
Japan).

Total RNA was extracted with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and reverse transcribed using random
primers and ReverTra Ace (Toyobo, Osaka, Japan). Tar-
get gene expression was measured with quantitative reverse-
transcription PCR (StepOnePlus Real-Time PCR System,
Applied Biosystems, Carlsbad, CA) using TB Green Premix Ex
Taq II (Takara Bio, Shiga, Japan). Endogenous control Rn18s
did not change in expression with recovery or age. Variation in
target gene expression was calculated as a percentage change
from the expression in the Intact muscle of young rats. The
primer sets for Col4al, Hsp47, Sparc, Mmp14 and Rnl8s
are described in Supplementary Data.

Differences in R2d necrotic areas between young and
older rats were examined using #-tests, with means separated
using Tukey HSD tests (KaleidaGraph version 4.5.1; Syn-
ergy Software, Reading, PA). All data are expressed as the
mean + standard error of the mean. Significance was set at
P<0.05.

To determine age-related differences in recovery, we mea-
sured FCSA of CNE an indicator of muscle regeneration
(Fig. 1a—g). We began observing CNFs after 7 days of recovery
in both age groups (Fig. 1, arrowheads in b and e). In young

rats, the FCSA of CNF increased to Intact muscle size starting
from 7days of recovery and was maintained at 21 days of
recovery (Fig. 1c and g). In contrast, older rats had smaller
FCSA of CNF than rats with Intact muscle and young rats at
21 days of recovery (Fig. 1f and g). These aging-related char-
acteristics in muscle recovery were consistent with the results
from a previous study [14]. Therefore, we conclude that aging
delays recovery after muscle injury.

Next, we used TEM to observe microstructural changes in
muscle fibers and BM during recovery (Fig. 2a-h). At 7 days,
we observed a pleated BM-like structure (Fig. 2a and black
arrow in b) and lamina densa (LD) (Fig. 2b, white arrow) in
the CNFs of young rats. However, these structures were not
obvious in older rats (Fig. 2¢, d and Supplementary Table S1).
At 21 days, the BM of CNFs became relatively linear in young
rats, and LD continued to be visible (Fig. 2e and white arrow
in f), but the earlier pleated BM-like structures were rare.
In contrast, pleated BM-like structures (Fig. 2g and black
arrow in h) and LD (Fig. 2h, white arrow) only became widely
observable among old rats on day 21. Because these pleated
structures occur during BM recovery [15,16], our TEM results
suggest that aging delays this process.

To investigate the expression of BM-related factors during
recovery, we compared changes in Col4al, Hsp47, Sparc and
Mmip14 expression between young and older rats (Fig. 3a—d).
In Intact muscle, expression of BM-related factors decreased
with age (Supplementary Fig. S4). Among both young and
older rats with TA injury, expression of BM-related factors
peaked at 7days of recovery and returned to Intact levels
at 21 days (Fig. 3a—d). Col4al, Hsp47 and Sparc expression
tended to be less variable in older rats than in young rats
(Fig. 3a—c). In addition, age led to a low peak expression of
Hsp47 and Sparc, both of which are collagen IV synthetic
factors (Fig. 3b and c). However, no such age difference was
observed for Mmp14, the degradative factor (Fig. 3d). These
results suggest that aging hampers upregulation of collagen IV
synthetic factors after muscle injury but not upregulation of
collagen degradative factors.
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Fig. 2. Electron microscopy analysis. Longitudinal sections of tibialis
anterior (TA) muscle were observed using transmission electron
microscopy (three samples per group). Basement membrane (BM)
structures of young rats (a and b) and older rats (c and d) on R7d. BM
structures of young (e and f) and older (g and h) rats on R21d. MF, muscle
fiber; ECM, extracellular matrix; black arrow, pleated BM-like structure;
white arrow, lamina densa. (b), (d), (f) and (h) are enlargements of the
black squares in (a), (c), (e) and (g). Scale bar is 500 nm.

The appearance of pleated BM-like structures may be
delayed due to aging-related suppression of collagen IV syn-
thetic factors. This study showed that pleated BM-like struc-
tures appeared during recovery in both age groups, but they
formed more slowly in older rats than in young rats. Old BMs
peel off during recovery and a pleated structure is observed
as new BM forms [15,16]. A pleated BM structure also acts
as a scaffold, allowing the adherence of activated satellite
cells while they differentiate and fuse to form myotubes [16].
Therefore, the delayed appearance of a pleated BM-like struc-
ture may indicate slow BM reconstruction. In this study,
we found that age is associated with decreased upregulation
of collagen IV synthetic factors, major components of BM
required for BM reconstruction [1]. These results suggest that
decreased expression of collagen IV synthetic factors may be
a causal element behind delayed BM reconstruction.

Fibroblast senescence is potentially involved in age-related
downregulation of collagen IV synthetic factors. Our data
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Fig. 3. Basement membrane-related factors. Changes in relative mRNA
expression of Col4al (a), Hsp47 (b), Sparc (c) and Mmp14 (d) among
young and older rats. Samples were obtained from TA of young rats in
Intact (n="5), R2d (n=4), R7d (n=>5) and R21d (n=6) groups, as well as
of old rats in Intact (n=4), R2d (n=4), R7d (hn="5) and R21d (n=5)
groups. **P <0.001, *P <0.05. Data are presented as mean =+ standard
error of the mean.

suggest that aging suppresses collagen IV synthetic factor
expression after muscle injury. Previously, we linked age-
related delays in disuse atrophy recovery with inhibition of
collagen IV synthetic factor upregulation [7]. Taken together,
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our current and prior research indicate that age-related sup-
pression of collagen IV synthetic factors is common across
different muscle disorders (e.g. injury and atrophy), as well as
their recovery processes. The common causative link may be
fibroblast senescence. One study showed that inhibiting the
function of intramuscular connective tissue fibroblasts during
muscle recovery resulted in residual immature myofibers and
inadequate recovery [17]. In addition, senescent fibroblasts
appear to have reduced collagen production capacity [18].
Therefore, we hypothesize that senescent fibroblasts lack the
capacity to adequately express collagen 1V, thereby causing
delayed muscle recovery.

In contrast to that seen for collagen IV synthetic factors,
induction of the MMP14 BM-degrading protein during BM
reconstruction may be less sensitive to aging. MMPs are
induced by tissue necrosis due to post-ischemia reflux [19].
MMP14 is involved in BM reconstruction. In this study, we
observed injury-induced extensive necrosis, similar to our
previous study where we observed dibucaine-induced necro-
sis [9]. Our results indicate that severe necrosis can induce
Mmip14 expression independent of age. This is consistent with
the results of another study that reported that aging does not
affect MMP expression [20]. As senescent fibroblasts can still
produce MMPs [20], we hypothesize that after severe mus-
cle injury fibroblasts produce MMP14 in the initial step of
BM reconstruction. However, our previous study showed that
Mmp14 is not expressed during recovery from disuse atro-
phy [7] which indicates the differences in BM reconstruction
processes and emphasizes the importance of extending studies
to different muscle disorders.

In this study, we found that aging delays BM recovery after
muscle injury. Aging also suppressed the upregulation of col-
lagen IV synthetic factors. Together, these results imply that
the inhibition of collagen IV synthetic factor expression is an
underlying mechanism of aging-related delays in postinjury
BM recovery.
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