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Myonuclear domain in skeletal muscle fibers. A criical review.
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The muscle cells, or myofibers, are one of the ehmaultinucleated cell types, along with
osteoclasts and cytotrophoblasts. This aspect efettt muscle has led to the concept of
myonuclear domain, which is defined as the thecametimount of cytoplasm within a muscle
fiber controlled by a single myonucleus. Considgrthe huge plasticity of skeletal muscle
fibers, the myonuclear domain has become one aspethjor interest under situations leading
to muscle atrophy (spinal cord isolation and tratiea, microgravity, hindlimb suspension and
chronic denervation) hypertrophy (synergist ablatimd bouts of exercise) and day-to-day wear
and tear (age, body size, muscle function and fipge-related differences). This concept is
supported by several studies reporting that chaimgesiscle fibers’ cross-sectional area (CSA)
are paralleled by an alteration in the number obmuglei, maintaining constant the relationship
between them. This implies a fairly strict reguwdatiof the myonuclear number that is governed
by two opposing mechanisms: the gain of myonuclethe fusion of muscle stem cells into
hypertrophying muscle fibers and the loss of mydgiuby apoptosis/necrosis in atrophying
muscle fibers. The aim of this review is to scrizinthe changes in the myonuclear domain in
skeletal muscle fibers considering the atrophic hgdertrophic processes, emphasizing the
differences between the various methods utilizeactieve these morphological alterations, and
the differences between muscle responses accotdititeir phenotype (different function and
fiber type composition) and animal age (relevacsatrcopenia).
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1. INTRODUCTION some surface membrane proteins (e.g., CD8) may be
distributed over the entire muscle cell, it seehad the
After the discovery that the skeletal muscle filea  protein synthesis, processing and distribution oacu
multinucleated structure derived from the fusion ofthe vicinity of the correspondent myonucleus (14).
myoblasts forming a syncitium where different niicle However, given the possibility that the cytoplasmic
share their own products (14), the concept ofmembrane proteins are free to diffuse, if they eisde
myonuclear domain (MND) has sprouted. This ideawith a local target, they remain near the myonusleu
brought to light the theoretical concept that agln otherwise, they will occupy the entire length o€ th
myonucleus “supports” a determined amount offiber (14). Therefore, their distribution will be
cytoplasm in order to grant the functionality ofeth determined by changes in the physiological or
entire fibre (14), i.e., the MND is the theoretical developmental state of the cell such as relatitesraf
volume of cytoplasm within the myofiber regulated b diffusion, association with a target and metabolic
the gene products of a single myonucleus (32). breakdown (12, 14).
One of the most significant studies related to thidt is speculated that the MND tends to be relagivel
concept was made by Pavlath et al. (32). Theiconstant when different experimental protocols are
experiments demonstrated that the products of thepplied to produce changes in the skeletal musote s
several myonuclei in the skeletal muscle cell —(3). In fact, different studies have suggested that
proteins associated with the Golgi and the coriteact myonuclei number in the myofiber play an important
apparatus — remain localized near their myonuabéus role during the skeletal muscle size adaptatiomgesi
origin (32). Although some studies have reported th  during muscle hypertrophy the myonuclei number are
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Challenges to the theory of myonuclear domain in skeletal muscle

increased (probably through fusion of myogenicell fibers (2, 41, 43). The MND regarding the subjects’
while during muscle atrophy the total myonuclei age and body size will also be addressed in thethfou
number within muscle fibers are significantly reddc  chapter. Although the MND seems to be directly
hypothetically through apoptosis/necrosis (3). correlated to body size (23), this relationshipess
Several studies investigating skeletal muscleclear when compared to the subjects’ age (10, 21).
hypertrophy suggest that the myonuclei number

increases during the growth and enlargement of the  THE MND DURING THE SKELETAL

muscle fiber (2, 13, 18, 27, 35, 37). In opposition
studies analysing the skeletal muscle atrophy @oce MUSCLE ATROPHY PROCESS

reported a proportional reduction between the

myonuclei number and the fiber size (4, 16, 28, 31The concept of MND in atrophying muscles has been
40). Nevertheless, different results have beenrtego tested in several experimental conditions, such as
Concerning the skeletal muscle hypertrophy procesdiindlimb suspension (HS) (1, 19-21, 42), spacdaflig
one study, using isolated fibers from mice, rembrte (4, 16, 19), spinal cord transaction (SCT) (2, &B),

that the cytoplasmic enlargement during muscledenervation (5, 11, 46), mechanical ventilation) (28
hypertrophy is followed by a decrease in theand bed rest (31). It is known that the atrophycpss
myonuclear number (45). Regarding the skeletals characterized by an increased muscle mass \gastin
muscle atrophy process, there are various studiesnd therefore a decrease in the myofibers’ cross-
reporting that the myonuclear number is notsectional area (CSA) along with the disappearaiice o
synchronized with the myofiber volume; i.e., duringfibers” myonuclei (3). Therefore, during atrophg, a
the reduction of the skeletal muscle mass thehe transcriptional and translational demands place
myonuclei number did not decrease (1, 11, 20, 21, 3 myonuclei are attenuated, myofibers may respond by
39, 42, 44, 47). In a study where atrophy was ieduc eliminating myonuclei, possibly to maintain a camt

by 28 days of hindlimb suspension (HS), a signifitca MND (8). However, the literature concerning this
decrease in CSA and an increase in myonuclei densiissue is filled with disparate results.

were found (20). Likewise, in a recent in vivo stud

(11) the results of different atrophy-inducing 2.1. Hindlimb suspension

methodologies (denervation, nerve impulse block and

tenotomy for mechanical unloading) essentiallySeveral research groups using HS-induced atrophy
demonstrated the same conclusion — skeletal muscleave verified that the MND decreases during the
atrophy was not followed by the loss of myonuclei.atrophy process (1, 19-21, 42).

Some methodological imperfections and the fact thalThe decrement in the MND during muscle atrophy
most studies focus on muscle undergoing changeseems to be the consequence of a quantitativeofoss
(phases of muscular dynamic adaption) may be théhe muscle fibers’ CSA that is not always proporsib
main reason for the occurrence of these disparat® the decrease of the fibers’ myonuclei number; i.
results and, therefore, for the generated contsyver although the myonuclei number decreases, this
regarding the relationship between skeletal muscleeduction is not sufficient to preserve the MND (1,
fiber size and its myonuclei number. Whether thia ga 21).

or loss of fibers” myonuclei is the major contribgt One study analysing the soleus muscle of rats (6
factor to muscle fiber hypertrophy (gain) or atrgph months old) over 14 days of HS reported that the
(loss) remains the central controversial point. myonuclei number decreased along with the muscle
Since there are several studies reporting comfticti fiber CSA (21). Nevertheless, the CSA per
results, a general agreement about this issue sie@ms myonucleus ratio was also reduced when compared to
from being achieved. However, the controversialthe control group. The mean CSA was determined
points in the literature are those who incite csitip  from 150 muscle fibers and the myonuclei number
and, therefore, are objects of study and investigat from 120-150 fibers (21). It remains unclear if the
Consequently, the main reason for this review is tanyonuclei number were counted in the same 150
gather and examine in detail the most relevantiessud fibers analysed for the CSA. Another study analysin
related to MND. The methodological procedures willthe soleus muscle during two weeks of HS also
be analysed in detail to determine what is respbmsi reported that the atrophy process resulted in reuscl
for the attainment of these incongruent resultsCSA reduction, loss of myonuclei number and a
Another aim of this review is to highlight the decrease in the cytoplasmic volume per myonucleus
behaviour of MND according to the muscle fiber ratio, although a significant correlation betwedr t
phenotype. Indeed, several studies describechean myonuclear number and CSA was found (1).
differences in the MND size according to the fiberThe methodological procedure for the assessment of
type composition suggesting that the MND in the-fas the myonuclei number per mm of fiber, muscle fiber
twitch fibers is larger when compared to slow-tlitc CSA and volume, also used in other studies (2is4),
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full of particularities. Using a confocal microsegp control group and 27 from HS group) (20). This stud
the myonuclei number average in isolated fibers watlas some methodological limitations that may
calculated from projections obtained from scansin compromise the obtained results. Apart from the
chosen portion of the fiber in a determined fidldld reduced fibers sample size that does not allowcarse
size=173 x 173 pum); fiber CSA was calculated from extrapolation to the real variability in the entire
the reconstruction of serial scans and the voluere p muscle, the methodological procedure used does not
myonucleus was measured by multiplying theguarantee that the satellite cells were not errosigo
calculated CSA by the region length (173 um) andcounted as myonucleus.

dividing by the myonuclei number per field. To The tibialis anterior (TA) and the gastrocnemius
calculate the final results for each fiber (singbdue), (Gast) muscles of juvenile rats were also analysed
three separate regions were arbitrarily pickedusing this atrophy-inducing mechanism (19). A span
examined and averaged. All the fiber ends withof 5.4 days of HS resulted in a reduction of theefi
damaged regions and connective tissue were exclude@SA in both muscles and in the maintenance of the
To minimize the differences in the fibers” state ofmyonuclei number per mm of fiber. The cytoplasm
stretch, the values for the myonuclei per mm ared thvolume per myonucleus decreased in both muscles.
fiber CSA were multiplied by the mean fiber These results were obtained from the analysesreéth
sarcomere length (mean value was calculated ielé fi fibers from the TA muscle and three fibers from the
of 173 um, from three different sets of 10 conseeut Gast muscle (19). The methodological procedures
sarcomeres) and were divided by 2.5 to normalize to used to determine the main variables in this stuelse

2.5 pm sarcomere length. Five to 15 fiber segmentthose used in the former (20). Once again, the Eamp
per animal were analysed (1, 2, 4). size seems to be insufficient to safely extrapdiatse
Surprisingly, various studies have reported thad th results for the whole muscle.

CSA per myoncleus ratio imbalance also can be thén a recent paper (42), the soleus muscle of ras w
result of a preservation or increase of the myagiucl also submitted to inactivity by HS over 14 daysisTh
number during the atrophy process (19, 20, 42). Onprocess resulted in a decreased muscle CSA (50
study inducing 28 days of HS in the plantaris andpercent in the slow fibers and 35 percent in tst fa
soleus muscles of rats and analysing the type ofnes), a constant number of myonucleus per mm of
myosin expressed (fast and slow), demonstrated thdiber and decreased CSA per myonucleus ratio (36
the muscle CSA decreased in both soleus (both fagtercent from control group). The muscle CSA was
and slow fibers) and plantaris muscles (only infdet  determined by measuring 100 fibers, and no less tha
fibers) (20). Interestingly, the myonuclei number p 200 fibers were analysed for the myonuclei number
mm of fiber increased in the soleus muscle (fast anquantification (dystrophin stained). The mean value
slow fibers) and was maintained in both fiberstwf t for both variables were calculated. The number of
plantaris muscle. Regarding the cytoplasmic volumanyonuclei per mm was calculated by the formula X=
per myonucleus ratio, the results showed that trdy NL/(1+d) — where X is the myonuclei number per mm
slow fiber group of the plantaris muscle remainedand N is the myonuclei number at its cross-section,
unchanged from the control fibers. To determine thds the length of segment (1 mm), | is the section
myonuclei number per fiber the authors analysed fouthickness and d is the myonucleus length (13.4 pum)
points (each point with 350 umz2) along the fiber(42).

segment. The mean value of the four points wastakeAll the studies mentioned reported that the cytepla
as the mean myonuclei number per mm of fibefCSA or volume) per myonucleus ratio decreases.
(assuming that the myonuclei density along therfibe Nevertheless, the methodology used to determirge thi
uniform). The muscle CSA was determined from therelationship may induce errors. These inaccuracies
same four points analysed to verify the myonucleimay be due to: 1) the use of equations to extrépola
number (careful attention was taken to minify anythe cytoplasm volume and myonuclei number per
distortion or compression of the fiber) and thefiber; 2) the normalization of the fiber volume and
cytoplasmic volume per myonucleus was calculatedength (the normal size of the fiber may be alteséti
multiplying the mean CSA of each fiber per 1000310 the isolation process); 3) the characterizationaof
pm3) and, then dividing it by the myonuclei per mm.entire fiber only with the examination of four ptsn
The length of each fiber was standardized to 2.5 pnalong the fiber; and 4) the small quantity of fiber
per sarcomere. The total number of fibers analysed analysed.

the fast fibers of the plantaris muscle was 39f(a6h

control group and 23 from HS group) and in the slowp o Space flight

fibers was nine (three from control group and soaf

HS group). Likewise, the total number of soleud fas Space flight is another model used to produce dbiron
fibers analysed was eight (two from control grompl a unloading in the skeletal muscle fibers. Decreasss

six from HS group) against 49 slow ones (22 fromof the skeletal muscle, induced by the eliminatbn
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the gravitational effects leads to its atrophy (36) The CSA of both type | and type Il fibers (200 masc
Studies using this methodology have reported tmat t fibers) decreased (type | twice as much as type Il
MND remains unchanged (4, 16) or decreases (4, 19jibers). The myonuclei were calculated in identfie
The study examining the changes induced byand measured fibers, and its distribution normédlize
inactivity in rats gastrocnemius and tibialis aitter number per mm of fiber circumference. There were no
muscles (19) reported in the previous chapter (HSYifferences between the control and flight groups i
also observed the effects of 5.4 days of spacétflig the normalized myonuclei number, indicating that th
With this experimental protocol, there was no dasee myonuclei number decreases as the fibers atroghe. T
in the CSA in the TA muscle and the myonucleiCSA per myonulceus ratio was identical between the
number per mm of fiber increased in both musclesgontrol group and the space group. The quantificati
therefore, the values of the cytoplasmic volume peof fiber CSA and myonuclei was determined from
myonucleus decreased (19). The gravitationaPolaroid pictures (16).

unloading may have different affects on the muscleThe studies reported in this chapter indicate that
structure when compared to the HS-induced atrophy. differences in the methodological process to dategm

In other study (4), with a prolonged experimentalthe main variables to study the MND may induce bias
protocol (14 days) that examine the myosin heavyn the results. The latter study (16) determined th
chain (MHC) expressed in isolated fibers from the r myonuclei number normalized to the circumference
soleus muscle, the results support that the cydapta  size of 200 fibers (CSA and myonuclei number were
volume per myonucleus decreased in muscle fiberboth evaluated in each fiber) (16). This
expressing MHC |, and is maintained in fibers co-methodological adjustment reported that the type |
expressing MHC | and MHC Il and those expressindiibers maintained their MND after the inactivity
MHC II. The CSA of the fibers expressing MHC | period, which contrasts with those who reported tha
(n=110) and co-expressing MHC | and Il (n=44)fibers expressing MHC | do not maintain it (4).
decreased, but the fibers expressing MHC Il (n=27)

maintained their CSA. The myonuclei per mm of fiber2.3. Spinal cord transection

decreased in the fibers expressing MHC |. These

results were obtained using the following methals: Complete transection of the spinal cord induces an
sequence of scans with a confocal microscope waatrophic response below the point of lesion in eta
taken trough the entire Z thickness of a fiberisact of muscles (36).

the myonuclei in the stack for this section wereln the soleus muscle of adult rats, the effects of
counted and converted into myonuclei per mm byinactivity, caused by 4 and 60 days of SCT, have
dividing by the length of the field~(173 um) and generated a decrease in the MND of the fibers
multiplying by 1000; the CSA was also calculatedexpressing MHC |, MHC lla, and those expressing
from same stack of the section; the mean lengtinef both MHC | and MHC lla (47). The soleus fibers
sarcomere was calculated from 10 consecutivexpressing MHC I, MHC lla and MHC lIx had their
sarcomeres from three different regions; bothMND reduced after 60 days of SCT, but it remained
myonuclei per mm and CSA were adjusted forunchanged after four days of SCT, despite the fiber
differences in the sarcomere length (multiplyingthhy  atrophy. The fiber CSA decreased significantly anly
observed sarcomere length and dividing by 2.5 tadhe MHC | group after four days of SCT. After 60
normalize to a 2.5 um sarcomere length); the meadays of SCT all the groups of fibers reduced tGSA
cytoplasmic volume per myonucleus was determinedMHC |; MHC I+lla; MHC I+lla+lIx and MHC lla).

by multiplying the fiber CSA by the length of thibdér  Regarding the myonuclei number per mm of fiber
region (173 um) and dividing by the number oflength, only the MHC | group had its myonuclei
myonuclei counted in that region (the mean valwes f number reduced after 60 days of SCT. All the other
each fiber were obtained from three no overlappinggroups maintained the myonuclei number (after four
regions randomly chosen along the fiber lengtijerfi and 60 days of SCT) (47). These results were odxain
ends, damaged regions and markedly stretcheftom isolated fibers and the methodological
(sarcomere lengths > 3.5 um) were omitted fromprocedures (4) were already reported.

analysis (4). This study seems to indicate thafibtexr =~ Another study analysing the MND (cytoplasmic
types may respond differently to the induced-volume per myonucleus) of isolated fibers from the
inactivity. soleus muscle of adult cats demonstrated its desmrem
However, another study using dystrophin antibothes after six months of SCT (2). The isolated fibergave
mark the sarcolema to recognize the underlyingyped as slow fibers (expressing MHC | — 100 pefrcen
myonuclei concluded that the MND in the rat soleusof the fibers in the control group; 86.4 percenthie
muscle was maintained after 10 days of space fligh8CT group) and fast fibers (expressing MHC lla — 9
(16). To recognize the type of skeletal musclerbe percent; and MHC lIb, lla and | — 4.6 percent ie th
the authors analysed the myofibrillar ATPase astivi SCT group). The results showed that the MND of the
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control group was significantly larger than thevslo seems to diminish after denervation. If the
fibers of the SCT group. The same conclusion wasnethodological procedure to visualize the skeletal
obtained when the MND of the control group wasmuscle in vivo influences the results (mainly those
compared to the MND of the fast fibers in the SCTrelated to the apoptosis) remain a pertinent qouiesti
group. Both fibers’ CSA and myonuclei number perin contrast with the previous findings, one study
mm of fiber decreased during the experimentalanalysing the plantaris muscle of young rats (3ksee
protocol (2). Once again, these results were obthin old) reported that 10 days of denervation did not
with the methodology previously reported (4). affected the MND (cytoplasmic volume per
Although previous studies report a tendency in themyonucleus ratio) (46). The muscle CSA decreased
MND to shrink along the fiber atrophy, it was also after five (519 fibers analysed) and 10 days (44&ré
documented that some fiber types in the mediabnalysed) of denervation when compared to the
gastrocnemius and the tibialis anterior of aduts ra control group (432 fibers analysed). The same tesul
maintain their MND (fiber volume per myonuclei were obtained when the myonucleus number per mm
number in each field of view). The results werewas evaluated. These findings were obtained from
obtained from isolated fibers of each muscle dfiar  isolated fibers. The fiber CSA and cytoplasmic vodu
and 60 days of SCT (38). The MND quantification were determined in images by the use of formulas
was also determined with methods previously reporte (CSA = 3.14 x (w/2)2; cytoplasmic volume =CSA x |,
(4). All fibers were categorized by their MHC w and | are the width and length of the fibers mead
expression in type: MHC |; MHC lla; MHC lIx; MHC on the image, respectively) (46).

lIx + IIb; and MHC llb. In the medial gastrocnermju The MND in the diaphragm muscle is also a referred
the MND remained unchanged in the group submitteanatter in various studies (5, 28). In type-idertifi

to four days of SCT in the fiber types MHC I; MHC single diaphragm fibers (classified as type I, lla,or

lla; MHC lIx; and MHC lix and IIb. The MHC Ilb 1lb on the basis of MHC isoform), the MND (fiber
fibers were the only ones whose MND sizevolume per myonucleus) increases in the type Ir$ipe
significantly decreased. The same results werés maintained in the type lla fibers and decreasése
obtained in the group submitted to 60 days of Slit, type IlIx and Illb fibers during two weeks of
the MND also decreased in the fiber type MHC IIx denervation (5). The fibers’ CSA and volume were
and lIb. In the tibialis anterior, in the group smutied assessed and averaged from optical sections (three
to four days of SCT, all the MND remained different positions along an arbitrarily select@d3tm
unchanged. In the group submitted to 60 days of, SCTiength of the fiber). The myonuclei number and the
only the MND of the fibers type MHC Ilb was sarcomeric spacing were calculated in each fiber
significantly decreased (there were no lla fibershis  section. The total myonuclei number per fiber was

group, therefore no comparison is possible) (38). calculated from the mean myonuclei number per
micrometer (after adjustment to a 2.5 um sarcomeric
2.5. Denervation length) and normalized to 2 cm of fiber (5). These

results contrast with those reporting that the MND
Denervation is another method capable of inducingemains stable after 12 hours of mechanical veiuiia
atrophy (5, 11, 46). Therefore, the use of denedvat (28). Although the mechanism to induce atrophy and
skeletal muscle is one practicable technique tdhe time of the experimental protocol are differehe
investigate the change in myonuclei number, fibersmyonuclei apoptosis is present even in just a short
CSA and, consequently, the behaviour of the MNDperiod of time. This apoptotic behaviour of the
during the atrophy process. diaphragm muscle myonuclei contrasts with ine
A recent in vivo study (11) directly observed (wiah Vivo study findings that reported the absence of
time-lapse imaging technique) the repercussior28of apoptotic myonucleus in the EDL and soleus muscle
days of denervation in rats extenshgitorius longus ~ (11).
(EDL) and soleus muscles. The results showed that
despite the decrement in fibers’ CSA, the myonucleR.6. Bed rest
number per fiber was identical throughout the
experimental period. These results were obtained b@ne study analysing the effects of two and four
the analyses of fiber segments of 250-1000 pum imonths of bed rest in the soleus muscle of humans
different focal planes (5 um apart each). The wél (31) (six subjects) reported that the MND (cytopias
apoptosis by TUNEL labelling were also evaluatedvolume per myonucleus) decreases only in the fourth
and the results showed that the inactivity induoigth ~ month of bed rest. The fibers’ CSA only decreases i
levels of apoptosis; however, when the muscles werthe fourth month of bed rest and the myonuclei
stained for laminin and dystrophin, none of thenumber per mm are maintained throughout the four
TUNEL-positive nuclei could be categorized asmonths (31). All the methods utilized to evaludie t
myonuclei (11). These findings showed that the MNDmain variables to examine the MND were previously
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reported (4). weeks were studied in the rat soleus muscle fibers
In conclusion, it appears that during periods of(27). The results showed that the mean muscle GSA o
inactivity the skeletal muscle may respond throtigh the functional overloaded group (FO) was not
following processes: 1) the reduction in the fibers significantly different from the control group, btite
CSA, maintenance or reduction of the myonucleiweight of the muscle was increased. The mean
number and, therefore, smaller MND producing anmyonuclei number increased and the mean MND
higher than normal complement of DNA; 2) the (cytoplasmic volume per myoncleus) was identical to
adaptations in the fibers’ CSA seems to occur fastethat in the control group. The results were obtdine
than those in the myonuclei number, i.e., thefrom mechanically isolated (microdissected) fibers.
myonuclei number per fiber seems to decrease at Along the proximal, middle and distal portions bét
lower rate than the CSA, indicating that the adémta fiber, three regions (173 pum) were observed and
of the skeletal muscle fibers to inactivity is mtatad  averaged to determine the CSA, myonuclei number
not only by changes in the amount of gene expressioper mm and cytoplasmic volume per myonucleus of
in the existing myonuclei, but also by alteratiomshe  the fiber. One hundred seventy-eight and 186 fibers
total myonuclei number available; 3) the modulationwere analysed from the control and FO groups
in the quantity of gene expression and proteinrespectively (27). All the other processes to deiee
production among the myonuclei seems to indicate athe MND were described previously (4). This study
early and more adaptive strategy (faster redudtion concluded that, during FO, the increase in the
the CSA); and 4) the modulation in the myonucleimyonculear number and fiber size were combined so
number seems to be a second and more chronibe MND was preserved. The same conclusion was
adaptive strategy. obtained for the EDL muscle of rats. Four weeks of

FO caused hypertrophy, characterized by a sigmifica
3. THE MND DURING THE MUSCLE augment in muscle mass and a proportional incriease
HYPERTROPHY PROCESS the myonuclei number (35).

The plantaris muscles (isolated fibers) of aduts ra
The MND during the skeletal muscle hypertrophy haswvere also evaluated after 10 weeks of FO (37). The
been addressed in several studies (6, 13, 18,72842 results showed that the fibers’ CSA of FO group (19
35, 37, 45). The underlying question during thietest fibers analysed) increased compared to the control
of skeletal muscle adaptation is to determine & th group (13 fibers analysed). The same outcome was
enlargement of the cytoplasm is accompanied wigh thobserved in the myonuclei nhumber per mm of fiber.
incorporation of new myonuclei — therefore the ltota The MND (cytoplasmic volume per myonucleus) was
quantity of genetic apparatus available for proteinmaintained in the type | and type lla fibers but
synthesis would be amplified with small alterations decreased in the type IIx/b fibers (37). The meshod
the dynamics of protein production of eachused for the quantification of the variables were
myonucleus; maintaining the MND — or if the exigtin previously described (4). The same effect was
myonuclei are able to maintain the expression angroduced in the plantaris muscle of cats after the
distribution of the increased request of proteEsch  application of three months of FO (2). The results
myonucleus could basically increase its proteinshowed an increase in the slow (22 fibers analysed)
production for the greater volume of cytoplasm,and fast (53 fibers analysed) fibers’ CSA compdwed
therefore enlarging the MND (3, 8). Interestingly, each control group (nine and 37 fibers analysethef
recent debate about this issue has gathered th@opi slow and fast control groups, respectively). The
of various authors but a final conclusion has re#rb  myonuclei number per mm of fiber also increased in
achieved (7, 9, 15, 17, 24, 26, 29, 33). Variowsdis both groups. The MND (cytoplasmic volume per
can determine if the addition of satellite cells ismyonucleus) was maintained in the slow fiber types
obligatory for the skeletal muscle hypertrophy. 3ée but decreased in the fast ones (2).
factors include type of growth stimulus, extent of Again, the analyzed data suggests the presence of
growth response, age, specie and growth phasesof thegulatory mechanisms that guarantee a thigh aogipli
animal, and time of samples collection after thebetween the amount of the fiber genetic apparatds a
applied stimulus (30). protein requirements.

3.1. Sinergist ablation

This skeletal muscle hypertrophying mechanism

induces an increased loading in a determined muscleélthough the MND was not calculated, one study
by the surgical ablation of its synergist muscles. analysing the trapezius of 10 elite power liftelPd)
response, the CSA and mass of the selected musdemonstrated a significant correlation between the
increases (36). myonuclear number and the fibers’ CSA (18). The
The alterations induced by this mechanism overethre muscle biopsies also revealed that the fibers’ @8é

3.2. Strength training
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the myonuclei number per fiber were significantly These results indicate a close relationship betvileen
higher in PL compared to the control group. All themyonucleus number and the CSA in both slow and
data was collected using a light microscope commkect fast fibers. Moreover, this study also reportedt tha
to a computerised image analysis system. Nearly 208uring the atrophy process the fibers MHC expressio
fibers were photographed and utilized for theis altered toward a faster fiber phenotype.
quantification of fiber CSA and myonuclei number Another study analysing the repercussions of fowt a
(18). These findings suggest that larger fibers ldiou 60 days (47) (see the atrophy chapter) of SCT én th
contain  more myonuclei, reinforcing the MND soleus muscle of rats showed that the fibers esprgs
concept. MHC | possibly were more affected by inactivity tha
those fibers co-expressing MHC | and lla, MHC | and

4. MND ACCORDING TO THE FIBER lla and IIx, and MHC lla. Regarding the myonuclei

TYPE COMPOSITION AGE AND number per mm of fiber length, the fibers expregsin
BODY SIZE ’ MHC | were the only group with a significant

reduction after 60 days of SCT. The results of the
) o MND (fiber volume per myonucleus) indicate that the

4.1. Fiber type composition fibers expressing the faster types of MHC (lla,, lx

IIb) are those who have the greater MND. In thiglgt
The examination of the relationship between thehere was also a tendency in the muscles fibers to
fibers’ CSA and its myonuclei number during the change their MHC expression into a faster type.(47)
skeletal muscle atrophy (2, 4, 5, 16, 38, 47) andSimilar results, with the same time of SCT, wergoal
hypertrophy (2, 37) indicate that the changes e@s¢h reported in the Gast and TA muscles of rats (38).
two variables differ according to the muscle fibgre  Interestingly, although maintaining the similar
composition. characteristics of the other muscle fibers (fib&AC
Six months of atrophy (induced by SCT) in the ssleu myonuclei number and MND), the faster fibers of the
muscle of cats changed the fibers” MHC expressiordiaphragm are apparently more responsive to the
(2). All the control fibers expressed MHC |, buteaf atrophy process that the slow ones (5). This may
the experimental protocol the expression changemdicate that possible gravitational effects influe
toward a faster profile (84.6 percent of the SCdugr the muscle reaction to the induced inactivity.
expressed MHC |, 9 percent expressed MHC lla andn summary, during the atrophy process the fibers
4.6 percent MHC IlIb + Ila + I). Since there were noMHC expression is altered toward a faster fiber
fast fibers in the control group, the authors coraga phenotype (4, 47). Given that fibers expressingefas
the fast fibers with the slow fibers in the SCTypo MHC phenotypes appear to have greater CSA and
The results showed that the fast fibers had lesiewer myonuclei per mm, this time-dependent
myonuclei number per mm of fiber but there were noresponse may bias the MND results. Studies anagysin
differences in the fibers’ CSA and in the MND the MND during the hypertrophy process also regbrte
(cytoplasmic volume per myonucleus). It seems thathat the slow fibers had a smaller MND than the fas
the prolonged period of atrophy may induce changesnes (2, 37). One study verified this outcome é&fier
in the MHC expression. induction of a FO+ (synergist ablation plus exeskis
Another study analysing the soleus muscle in ratstimulus in the rat plantaris muscle. The results
using 10 days of space flight to induce atrophyindicated that the cytoplasmic enlargement of the
reported a greater myonuclei number in the slowpgty skeletal muscle fibers was followed by an increiase
1) fibers compared with the fast (type Il) fibers6§.  the myonuclei number. Nevertheless, in the FO group
The effects on the fibers’ CSA was also fiber type-without exercise, all the fiber types had a similar
dependent; therefore, the results showed that latrop MND. This effect seems to be related to a relagivel
has a bigger effect on slow than fast fibers. Suppp  greater increase in the myonuclei number compared t
these results, a study with the same experimentdhe fibers CSA (37). Similar results were repoiitec
design (14 days of space flight), also reported tina  study analysing the effects of FO in the plantaris
extent of atrophy (fibers’ CSA) was greater in $h@v  muscle of cats. The MND was also similar between
fibers (expressing MHC | and co-expressing MHC Ithe FO slow and fast fibers (2).
and Il) than on the fast fibers (expressing MHC(4).  Summarizing, all the reported results seem to pmiit
Interestingly, the myonucleus number per mm wadhe possible role of the fiber metabolic status in
significantly lower in the fibers expressing MH®A  determining its CSA, myonuclei number and MND,
flight animals (those that had a greater redudtiaine  which results in the tendency of the fast (probadbly
fiber CSA), but was maintained in the fibers co-oxidative) fibers to have the largest MND compated
expressing MHC | and Il (a soft decrease in thiberf  slow (high oxidative) fibers. The main metabolic
CSA was observed compared to the fibers expressingathway utilized by the fiber seems to be a sigaiit
MHC I), and in the fibers expressing MHC Il (4). determinant of its morphology and myonuclear
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number. Studies demonstrated that the fibers’ CSApecies with different body masses (from 25g to
and myonuclei number may be correlated with the2500Kg) (23). A total of 174 single fibers (two pts
activity of central enzymes in the metabolic patisva per fiber from 3D reconstructions and at a set
(36, 43). These differences in the myonuclear dgnsi sarcomere length) were analysed. The results showed
fibers’ CSA and MND may reveal in part the differen that the MND (fiber volume per myonuclei number) is
demands in the metabolic and protein expressiopositively correlated with the body mass of thejecb
arrangements in the diverse fiber types. The sstalle and it is very dependent on muscle fiber type (&
MND in slow fibers may also be related to the qeick fibers had the largest MND) (23).

contractile and metabolic protein turnover rates in

mainly slow muscles compared to fast ones (22, 43). 5. CONCLUSIONS

4.2. Age and body size Some conclusions can be drawn from this review: 1)
changes in the skeletal muscle size appear toldtede
The relationship between the fibers’ myonucleito the MND (fibers volume and myonuclei number);
number and the CSA throughout the age of the) the MND is fiber type-specific; 3) during muscle
subjects was also addressed in some studies (21, 45 atrophy, both myonuclei number and MND decrease
The analyses of the TA muscle (127 fibers) ofseems to be important to produce muscle shrinkége;
newborn mice and mice at 1 (355 fibers), 3 (305during hypertrophy, the main system for the
fibers), and 5 (428 fibers) weeks, and 6 (177 fiber enlargement of the fibers seems to be the incrizgase
and 18 (378 fibers) months old, demonstrated theit t the myonuclei number (the MND in normal conditions
MND (fiber volume per myonucleus) increases duringseems to be functioning near a “ceiling” of the
the growth phase (birth to 6 months old) and desgga transcriptional levels, i.e., each myonucleus setms
during the aging phase (6 to 18 months old) (4%). | be functioning near its maximum transcriptional
the period between 5 weeks and 6 months of age, th@otential; 5) the different experimental procedures
results showed that the fibers’ hypertrophy isdaied  utilized to quantify the fibers’ CSA and, mainly
by a decrease in the myonuclei number. In the dldesnyonuclei number, may be inducers of errors; 6)rwhe
mice (18 months), no correlation was found betweerstudying the MND the following issues may determine
the myonuclei number and fiber CSA, but throughouthe final results: age, race and size of the stajjec
the remaining ages this correlation was foundkind of stimulus inducted to produce muscle changes
especially in the mice at 1 week old (r=0.70). Thissampling time (muscles undergoing changes may
outcome may be related to the fact that, despite aduce errors); and time of the study (applicatain
reduction in the fibers’ CSA of the 18-months-old the stimulus).
group, the myonuclei number was similar betweerThe fact that the MND is one theoretical concepy ma
them and the 6-months-old group (45). All thebe responsible for the controversy around thiseisbu
methodological processes were previously reportedact, the methodological procedure used to caleulat
(46). this variable is based on the relationship betwtben
Another study analysing the MND (fiber CSA per fibers’ myonuclei number/density and their
myonucleus) in the soleus muscle of rats with dififé ~ CSA/volume. Nevertheless, the concept of MND is
ages (6 and 32 months) reported that the fiberdA CS based on the assumption that each myonucleus in the
were significantly smaller in the oldest rats bbet muscle fiber may be responsible for the regulatibn
myonuclei number per fiber was similar between theprotein  synthesis for its surrounding area.
two groups (21). Consequently, the MND was smallelConsequently, this controversy may be solved
in the oldest group than in the youngest. The &ffet  theoretically with studies analysing each myonuclei
HS (14 days) were also analysed. The results showgatotein production (staining specific proteins from
that, despite a reduction in the CSA, the oldet ra their myonucleus of origin).
maintained their myonuclei number per fiber, andThis review may provide important insight into how
consequently, their MND was smaller (21). muscle fibers adjust to meet the demands of protein
Both studies indicate that the aging process isynthesis or degradation in response to different
associated with maintenance of the myonuclei numbemetabolic, physiological and biochemical
per fiber, possibly because the responsibleequirements. Specifics of the structural and fiomet
mechanisms for their elimination are less reactiveadjustments that occur during atrophy and hypelntyop
This supposition is based in the observation ohhig processes as well as mechanistic explications dar h
levels of apoptosis in the soleus muscle of olé ratthese changes occur are lacking. Neverthelesstadeve
without the elimination of their myonucleus (this studies addressing the MND issue appear to edtablis
elimination happened in the young rats) (21). an important role for modulation of myonuclear
To clarify whether the MND is related to the sizsla number in diverse skeletal muscle adaptation
mass of the animal, experiments were done in differ processes. Therefore, changes in myonuclear number
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or MND size are linked to and appear to be esdentia
for changes in myofiber size.
During skeletal muscle hypertrophy, it seems that t

prevailing mechanism for increasing fiber sizetis t 15.

increase in myonuclear number. This proposal
suggests that the MND size under normal conditions16
may be operating at or very close to the highestally
transcriptional levels, or instead, that diffusion

distances are restraining, requiring the additidn o17.

more DNA units to increase successful distribuidn
gene products during fiber hypertrophy. Likewise,
during skeletal muscle atrophy, the increased oéte

proteolysis and/or decreased protein synthesis seert9.

to be balanced by the rate of myonuclei loss by

apoptosis, necrosis or aponecrosis. Therefore, ¥g

appears that the decreased transcriptional demands
lead to the decrease in the myonuclei number. &hes
findings suggest that the response of skeletal lmusc
tissue to diverse external stimuli is always segkin
balance between the DNA available for growing or

shrinking situations. 22.
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