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Increased reinnervation in aging by longlife high level exercize

Reinnervation of Vastus lateralis is increased significantly in seniors
{70-years old) with a lifelong history of hich-level exercise
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Abstract

It has long been recognized that histological changes observed mn agmg mmscle suggest that
denervation contibutes to muscle detenioration and that disuse accelerates the process while
nmning activity, sustained for decades, protects agamst age-related loss of motor units. Here
we show at the histological level that hifelong increased physical activity promotes
reimmervation of muscle fibers. In muscle biopsies from 70-year old men with a lifelong history
of high-level physical activity, we observed a considerzble increase in fiber-type sroupings
{almost exclusively of the slow type) 1n companson to sedentary semors, revealing a large
population of remnervated mmscle fibers in the sportsmen. Slow-type transformation by
reimmervation In semor sportsmen seems to be a chimieally relevant mechamsm: the muscle
biopsies fluctuate from those wath scarce fiber-type transformation and groupings to almost
fully transformed muscle, going through a process m which isolated fibers co-expressmg fast
and slow MHCs seems to fill the gaps. Taken together, our results suggest that, beyond the
direct effects of azmg on the muscle fibers, changes oceuming in skeletal mmscle tissue zppear
to be largely, although not solely, a result of sparse denervation. Qur data suggest that lifelong
exercise allows the body to adapt to the consequences of the age-related denervation and to
preserve muscle stucture and function by saving otherwise lost mmscle fibers through
recruitment to different, mamly slow, motor units. These beneficial effects on motonewrons
and, subsequently on mmscle fibers, serve to mamtain size, stmcture and fimction of muscle
fibers, delaying the functional declne and loss of independence that are commonly seen in late
agmg.

Trial Registration: ClinicalTrials. gov: NCTO1670077

Key Words: agmg, human skeletal muscle, hfelong phyzical exercise, semior sportsmen,
denervation and remnnervation, Sber-fype groupng, training

Ii bas long been accepted that histological changes glec’l:mph}"siulngical studies }.la.T.'E v::ocn.ﬁrmad_a d.e::rea:?e
in the number of motor umts with some increase m

their size, suggesting reimmervation effort [7]. Further
evidence supporing rounds of denervaton and

seen In aging muscle suggest that denervation
sigmificantly contmbutes to tissue atrophy [28.30].
Comoboratine evidence of a orosressive loss of a-
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bumans, fiber types appear randomly distmbuted across
the mmscle but become increasmgly clustered or
zrouped together wath age [1]. Therefore, 1t has been
proposed that apoptosiz of motonewrons m the spinal
cord (with subsequent mcomplete remmnervaton of
fiber= by swvming motoneurons) commbutes to the
loss of muscle strength and mass that ocours with age
[17].

All of these processes are accompamed by a
progressive merease 1o slow muscle fibers, although
the literature provides some contradictions (see recent
review [22]). Some of this discrepancy has been
dispelled by compansons of muscle from active and
immaobile patients: the mmmobile elderty have a shuft
toward fast 1soform expression, az 1= common In
“unloaded” pmscle (e.z., dunng spaceflizht or hmb
mmobihzation), whereas pmscle wastmg 1=
accompanied by a shift toward a fast twitch phenotype
[26]. Thus the actual expression pattern of myesin
zoforms m the elderly 15 modulated by complex
factors becauwse it depends upon the confliching
influences of both agmp and reduced actrity tending
to shaft toward slow and fast isoforms, respectrvely [6].
To further comphicate the situation, confhichng results
regarding fast to slow myosm fransibon anse 1n
endurance training studies usmg animal models and m
climeal tmals of humans mwobing either voluntary
exercize or electncal stmulation (directly to muscle or
indirectly through nerve stmmlabon) [3.4.11,18,
21.24.26). Whether these shifis are under neural
control or the durect effect of use/disuse on muscle
fibers remains to be clanfied.

In the presentz stady, we analyzed opmscle biopsies
harvested from the Fasmus lareralis of semor (63 to 79
years) amateur sportsmen (Le., subjects who routinely

prachice sport actvites usually more than three fimes a
week, up to the time of biopsy). In agreements with
some previous studies of master athletes [5,29 31], we
show that hfelong lugh-level physical activity
considerably increases the percentage of slow-type
myofibers and the number of muscle fiber-tvpe
groupings. Slow-type transformation by remnervation
in senior sportsmen appears to be a chmiealky relevant
mecham=m because, despite the facts that the biopsies
from owr subjects vary mn the degree to which they
have undergone slow-type transformation and that
mmerous factors can affect fiber type transihon, the
analyses of owr data demonstrate that the semicr
sportsmen have a sigmificantly greater level of slowr
tvpe fiber mroupings, demonstrating that their muscle
has undergone sigmificant remnnervation. Indeed
recent meefngzs, we have reporfed that mmuscle
properiies of these semor amateur sportsmen are more
smmilar to those of actrve voung men than to those of
sedentary semors [13.33]. Thus our studies support the
concept that lifelong high-level exercize has a
beneficial effect on the motoneurons and through
them on the muscle fibers, resultng in maintaimance
of muscle size, structure and function, thereby delaving
the functional declme and loss of mdependence that are
commenly seen in aging adults.

Mlaterials and Methods

All subjects recruted for the study were voluntesrs
who received detailed mformation and all signed an
mfermed consent Approval from the national
committee for medical ethics was obtained before
study onset (EK08-102-0608). Groups of vounz men
(p=16), semors with normal hife stvle (sedentary, n=16)
and semiors with a lifelong histery of hugh-level

Table 1. Small anzular muscle fibers in voung men and in septuagenarians either zedentary or sportzmen

Ayvofiber diameter
< 30 pm <15 Um
Subjects (size) W ANOVA L ANOVA
Young men (16} 05+-07 YES 03 +-05 YES (vs. sedentary)
Seniors
Sedentary (16} 60+-36 YES 30+-20 YES (vs Sportzmen)
Sportsmen (16} 10+-17 NO 02+-03 WO (vs. Youngs)

YES or NO, sigmficance of ANOWVA test.
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Table 2. Fiber-tvpe groupings in voung men and in septuagenarians either sedentary or sportsmen

Fiber-type groupings

{2z % of central fiber: in clustered areaz vs. total fibers)

Subjects (size) Fast ANOVA Slow ANOVA

Young men (8) 1.1+-22 HNO =0.1+/-0.1 MO (vs. sedentary)
Semors

Sedentary (8) 36+-51 NO 0.5+/-0.6 YES (vs. Sportsmen)
Sportsmen (&) 0.1+-0.1 HNO 84 +-79 YES (vs. Young men)

YES or NO, sigmaficance of ANOVA test.

recreational sport achvites (m=16) were envolled. All
subjects were healthy and declared not to have amy
specific mobihty 1mparment or diseaze. Upon
enrollment in the study, needle mmscle bropsies were
harvested through a small skin mcision {f pm) from
the nght and left Fasmus lateralis muscles of each
patient and then frozen for light microscopy as
desertbed [11].

Light microscopy and guantitative histological
analyses. Senal cryosectons (8 pm) from frozen
muscle biopsies were mounted on polysine™ glass
shdes, aw-dned and stamed either with Hematoxylin
and Eozsin (H&E) or using corventional techniques for
myofibnllar ATPases to evaluate mmscle fiber tyvpes
[23]. In the latter method, slow-type muscle fibers are
dark while the fast-tvpe fibers are lightly stained
following premmcubation at pH 4.35. The reverse 15 tue
after preincubation at pH 9.4,

Morphometc analyses of the fiber diameter and of the
fiber type distnbution were performed on crvosections
using Secion Image for Windows version Beta 4.02
(2000 Scion Corporation) as previously desenbed [9-
13,23].

Statistical analysiz. ANOVA tests were performed
with statistics algonthms of Ongim™, COnginlab
Corporation, USA. The level of stahsteal sigmficance
was set at p=0.05.

Eesults and Discussion

From our previous studies on skeletza]l mmscle biopsies
of paraplegic patients we know that mmscle disuse
resulting from decades of vears of densrvation (after
upper motor newron lesion) mduces at mest a 30%
decreaze 1n size (lLe., fom a myofiber diameter of
approxmately 70 pm to 35 pm) [12], while lower
motor newron demervated skeletal mmscle (ome year

after denervation) shows mmscle fibers with a dizmeter
less than 30 pm [2,9-11]. Based upon these findings
we are confident m defining those mmscle fibers having
a diameter smaller than 30 pm as demervated This
wferpretation 15 strengthened by the fact that several
zmall myofibers have angular aspects [33]. In the
biopsies analvzed here, small anpular muscle fibers
have the zize and the morphology of denervated
mmscle fibers and they are more frequent in sedentary
septuzgenarians than 1m  young men and
septuagenarians with a hifelong history of hogh-level
exercise [ Lable 1). Muscle fibers with a diameter less
than 30 tm are seldom observed (= 05 %) m the
muscle bopsies of young men while bopsies
harvested from the sedentary semors contain the
highest percentage (6.9 %) of denervated mmscle fibers
among the three groups (Table 1), When mmscle fibers
with diamneters less tham 25 um are counted the
percentages decrease by approximately 0% for each
eroup, however, the sedentary semors stll maintain the
highst values. ANOWA tests on these data confirm that
the lngher percentages of small angular fibers m
sedentary semors relative to both young subjects and
senior sportsmen are stafistically sipmificant This is
not the case when voung subjects and semior sportzmen
are compared.

Analyze: of fiber-type groupings demonsirate that,
although not statisheally mignificant, the percentage of
fast fiber types 15 markedly lngher i the sedentarv
semiors than in either the senior sport=men or the voung
men. The percentage of slow type fibers, however, is
sigmficantly lugher in the semor men (both sedentary
and sportsmen) than in the younger men. DMost
mferestingly, the percentage of slow-type fibars 1n the
semlor sportsmen 1s signficantly higher than m the
sedentary semors (LTable 2).
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Fiber-type grouping 1= 1dentified on the basis that one
myvofiber 15 completely swrounded by fibers of the
same phenotvpe. Because two or more slow type fibers
were not always easily distinguished one from another
i alkalme-resistant ATFase specimens, we confirmed
our fiber border delineations with the less ambiguous
method of acid resistant ATPase stamning of specimens
following premcubation at pH 4.35. In fipure 1 some
examples of ATPaze staimng of musecle biopsies
harvested from hugh-level recreational sportsmen are
shown, beginning with one which contains 2 one-te-
one proporton of slow-to-fast fibers (as In normal
adult mmsecles) and escalating to 2 sample in which

Fig I Fiber type distmbution by ATPase stammg
(pH 4.33) m 70-vear sportsmen shows a lngh
occurrence of slow type fibers (dark stamed
mvofibers). Biopsies are ordered from panel
A to panel L according to their increasing
percentage of slow fibers. The majonty has
around 70%% of slow type, ranging from 51%
{panel A}, to 92% (panel L). See also Table
3. All panels are at the zame magmfication,
bar=1mm

almost all the mmscle biopsy 1= coverad by verv large
slow fiber-type zroupings.

Table 2 shows that some fast fiber-fype groupings were
present in the biopsies harvested from sedentary
semors: the central fibers charactenizing fast fiber-tvpe
groupings were 3.6% of the totzl muscle fibers, while
those of slow-tvpe were around 0.5%. Even more
evident 1= the fact that, in the biopsies harvested from
senior sportsmen the slow type fibers are zrouped
larger areas (mean 3.4 %o, see Table 2), almost reaching
the 92% in the extreme cases (Table 3}

It has long been mecogmzed that the histolomeal
changes seen in aging mmscle suggest that denervation
sigmficantly contributes to muscle decay [8,25,28] and
that 1mmobility accelerates the detenorstion process
[6]. while runmng actwity sustamed for decades (as
that performed bv muaster athletes) protects agamst the
age-related loss of motor units [16,19 20] and, thereby,
protects lean mmscle mass [32]. However, the degree to
which denervation canses muscle fiber transformation
and loss of mvofibers 15 an open 1ssue in humans, smee
relmmervation events may compensate long-term for
motor newon loss i spmal cord and'or axomal
abnormahties in penpheral nerves [1,7,14,15].

In the present study we used histochemical ATPase
methods to analvze muscle biopsies harvested from
septuzgenarian sportsmen and compared thew relatrve
ameunt of 1. =mall angular myvofibers (denervated
muscle fibers), 2. fast and slow muscle fibers (muscle
plasticity), and 3. central muscle fibers of fiber-type
clusters (remmnervated mmscle fibers) with those m
muscle bropsies of sedentary septuagenanans and
woung men. [he man results are: 1. biopsies from
young men seldom confain denervated and

Table 3. Slow fibers and fiber-type grouping: in
Vasms laveralis of Tl-vear sportzmen

Panel: Slow fibers Slow groupings

(%) =
A 51 2
B 68 6
C 69 3
D 70 19
E 71 6
F 75 4
G 76 18
H 81 23
I 85 =23
L 92 =23
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remnervated mmscle fibers or ransformuing myofibers;
2. biopsies from sedentary semiors contain both
denervated and a fow reimmervated chostered myvofibers
of the fast type; and 3. senior sportsmen present with a
larger percentage of slow myvofibers, up to 90%, which
appear clustered 1n slow fiber-type groupings. Cur data
suggest that slow-type transformation by reinmervation
In senior sportsmen 15 a clincally relevant mechamism
despite the facts: 1) that subject biopsies vary from those
with scarce fiber-type transformation and zroupings to
thoze with almost fully transformed muscles m which
1solated fibers co-expressmg fast and slow MHCs fill
in the gaps (Mosole et al., manuscript m preparation);
and 2} there are potental confoundmmg factors such as
the sampling of a2 heterogeneous musele, mdividual
genetic backgrounds, difference m kind and extent of
the high level achwities Indeed, m recent meetngzs we
reported that the mmscle propernes of this group of
semior sportsmen are more smlar to that of active
yvoung men than to those of sedentary semors.
Specifically, the results indicate that relative to their
sedentary cohorts, semlor sportsmen have greater
musele mamimal 1sometnie force and fimchon and
better preserved mmscle morphology and ultrastructure
[13.33].

Taken together our results suggest that, beyond the
direct effects of azmg on the muscle fibers, changes
occumng m skeletal muscle fissue appear to be largely,
although not solely, a result of sparse incremental
denervation. In semtor sportsmen the merease m slow
clustered fiber percentage 15 concervably the result of
the positrve effect of Lifelong physical activity on the
motoneuron  pool, which has  spared the slow
motoneurons from age related lesion/death, increasing
the chance that penpheral remnervation cccurs due to
sprouting of slow axons. Lifelong exercize seems to
allow the body to adapt to the comsequences of age-
related denervation and to preserve mmscle structure
and fincton by saving othermize lost muscle fibers
through recnutment to different mamly slow, motor
umits. Thus, regular physical actvity 15 a gpood sirategy
to  attenuate muscle functional decline and
ultrastructurzl abnormahties associated with agng
Certainly other mechamisms contribute to lifelong
mmscle health however, our present data support the
concept that hfelong high-level exercise has a
beneficial effect on the motonewons and, through
them, on muscle fibers, thereby maintaiming size,
stucture and function and thus delaving age-related
functional decline and loss of mdependence that are
commonly seen in late aging.
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