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Age and activity-related changes in the respiratory motor system
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Abstract   The ability of the respiratory motor system to adapt to various functional demands 
is very important for maintaining human lifestyles. Age-related changes in the system have 
been studied in several animals. Furthermore, many kinds of models of altered use have been 
developed to examine activity-related changes in the system. In this review, the plasticity of the 
respiratory motor system, including spinal phrenic motoneurons and endplates on muscle fibers 
are discussed, mainly relating to inactivity and over-activity models in rat diaphragm muscle.
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Respiratory muscle

   Skeletal muscle is in a constant state of remodeling to 
adjust to changes in activity and/or load from birth until 
death. To perform a variety of tasks like walking, running, 
talking, eating and breathing, muscles have unique struc-
tural properties in terms of fiber type composition and 
neural organization. Respiratory muscles serve to support 
the primary function of the lungs, which is to provide gas 
exchange by supplying O2 and removing CO2 from the 
blood. Basically, the structure and function of respira-
tory muscles do not differ from those of other skeletal 
muscles. 
   There are two main types of skeletal muscles involved 
in respiration: pump muscles and upper airway muscles. 
The focus in this review is on the diaphragm muscle, 
which is the major pump muscle, and one that is unique to 
mammals. The diaphragm muscle is a dome-shaped thin 
sheet of muscle that is inserted into the lower ribs to form 
a septum separating the thoracic and abdominal compart-
ments. Diaphragm muscle contraction generates a nega-
tive pressure in the thoracic cage leading to inflation of 
the lungs (inspiration). With relaxation of the diaphragm 
muscle, the recoil forces of the lung and chest wall induce 
air movement from the lung (expiration). Therefore, the 
diaphragm muscle works as an active inspiratory pump 
for lung ventilation and its contribution to total ventilation 
volume is estimated to be over 70% in the resting state. 
In addition to the diaphragm muscle, parasternal inter-
costal muscles are the other primary inspiratory muscles 
that are phasically recruited with resting ventilation. The 
intercostal muscles form two layers, but the ventral por-
tion contains only internal intercostal muscles (parasternal 
intercostals).

Motor unit organization and recruitment pattern of 
the diaphragm

   Based on the shortening velocity and fatigue resistance 
of muscle fibers, motor units consisting of phrenic moto-
neurons and diaphragm muscle can be classified into the 
following four groups: 1) slow twitch, fatigue resistant 
(type S); 2) fast twitch, fatigue resistant (type FR); 3) fast 
twitch fatigue intermediate (type FI); and 4) fast twitch, 
fatigable (type FF)1,2). With the development of antibodies 
against specific myosin heavy chain (MyHC) isoforms, 
muscle fiber type is now classified into the following four 
types: 1) type I (involved in the S motor unit); 2) type IIa 
(involved in FR); 3) type IIx (involved in FI); 4) type IIb 
(involved in FF)3,4).
   Based on the sizes of motoneurons and their intrinsic 
electrophysiological properties, type S motor units are 
recruited first, followed in order by FR, FI and FF units 
(Henneman’s size principle)5). Size-related recruitment 
order of motor units is directly related to the mechani-
cal and fatigue properties of the muscle fibers. Similar to 
other skeletal muscle, several studies have shown orderly 
recruitment of diaphragm motor units. In a study of cats6), 
only about 23% of all phrenic motoneurons are recruited 
during inspiration, which is the approximate proportion 
of type S and FR motor units in the diaphragm muscle2). 
Therefore, phrenic motoneurons recruited in resting respi-
ration are composed of type S and FR motor units. Simi-
lar findings were previously reported in rats and ham-
sters7,8). In other words, these results suggest that a large 
number of diaphragm motor units remain fairly inactive 
during resting ventilation and are recruited only when 
short duration, high-force efforts are necessary. Although 
the order of motor unit recruitment may occasionally be 
determined by specific synaptic input, it seems that moto-
neuron size and the respiratory motor system motor unit 
type are important in determining recruitment order. Correspondence: hiro@yamaguchi-u.ac.jp
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Age-related changes in the respiratory motor system

Diaphragm muscle.   Basically, the mechanical output of 
muscle during growth is altered by increases in the cross-
sectional area (CSA) of each muscle fiber, that is, hyper-
trophy. In addition to changes in muscle mass, fiber-type 
composition changes have also been reported. For ex-
ample, in rat diaphragm muscle, it has been demonstrated 
that the replacement of neonatal myosin with adult slow 
and fast myosin occurs rapidly in the prenatal period, 
and the proportion of slow MyHC increases from 7% at 
birth to 18% in adults9). In human diaphragm muscle, the 
proportion of slow MyHC also increases from 9% at less 
than 37 weeks gestational age to 25% at birth, and reach-
es the adult level (55%) at 2 years old10). Furthermore, 
there is a progressive loss of muscle mass and mechanical 
output in later stages of life. It is well recognized that se-
lective atrophy of type II fibers with aging leads to slower 
contraction and relaxation times11,12). 
   In a previous study13), we examined age-related changes 
in mechanical output and biochemical properties of the 
rat diaphragm muscle obtained from three age groups: 
young (10-week), adult (1-year) and old (2-year) after 
birth. Although there were no significant differences in 
specific twitch tension (force/CSA) of the diaphragm 
muscle among the groups, significant reductions were 
found in specific tetanic tension in the adult and old 
groups as compared to the young group. The contrac-
tion and half relaxation time of twitch contraction in 
diaphragm muscle were significantly prolonged with ag-
ing. The patterns of age-related changes in Ca2+-ATPase 
activity in the sarcoplasmic reticulum were similar to that 
of the half relaxation time of muscle contraction. Further-
more, as compared to young diaphragm muscle, there was 
a significant increase in the relative composition of the 
slow MyHC isoform and a concomitant decrease in that 
of the fast MyHC of old diaphragm muscle. Our findings 
demonstrated that older diaphragm muscle has slower 
contraction and relaxation, and these alterations were at-
tributed to changes in the MyHC isoform composition 
and Ca2+-ATPase activity of the sarcoplasmic reticulum, 
respectively.

Endplate on diaphragm muscle.   Morphological chang-
es in the neuromuscular junction with aging have been 
reported from half a century ago14). Recently, with the 
development of immunohistochemical staining and con-
focal microscopy, the three-demensional morphology of 
the endplate on type-identified muscle fibers was studied 
in rat diaphragm muscle in young to very old (30-months 
after birth) groups15). In each age group, the planar area 
and volume of endplates on type–IIx/b muscle fibers were 
larger than those of type–I and IIa muscle fibers, while 
the normalized planar areas of the endplate (endplate 
area/muscle fiber diameter) and the mean thickness of 
the endplate (volume/endplate area) were identical for all 

fiber types within the same age group. Reduced endplate 
density (endplate area/surrounding area) in very old dia-
phragm muscle indicated fragmentation of the endplate, 
especially in type-IIx/b fibers (Fig. 1). These morphologi-
cal changes may lead to functional deficiency and selec-
tive denervation of type–IIx/b muscle fibers with aging. 
   It is possible that the expressions of basal laminar pro-
teins involved in maintaining the integrity of the endplate 
and its corresponding nerve terminal, e.g., the neural cell 
adhesion molecules agrin16) and neuregulin (NRG)17), are 
different across fiber types, and thus account for differ-
ences in endplate fragmentation. It has been clearly dem-
onstrated that expression of these basal laminar proteins 
is altered by conditions that affect the integrity of the 
endplate and nerve terminal18,19). These results are in ac-
cordance with the recruitment patterns during normal res-
piration in the rat diaphragm muscle, in which only type 
I and type IIa motor units are recruited, and type IIx/b 
motor units are rarely recruited20). Furthermore, it is of 
considerable interest that our results clearly indicate age-
related endplate remodeling proceeding from an earlier 
time compared to muscle fiber remodeling. Although 
there were no significant age-related differences in the 
endplate density of type IIx/b muscle fibers, the endplate 
density of the adult group was 22% smaller than the 
young group. These results suggest that age-related mus-
cle fiber atrophy may follow endplate deterioration with 
aging15).

Phrenic motoneurons.   Recently, we investigated age-
related morphological changes in rat motoneurons inner-
vating diaphragm muscle (DI-MN) and lumbar longissi-
mus muscle (LL-MN) in which quite different activation 

Fig. 1   Two-dimensional images of labeled endplates (red) on 
type-identified muscle fibers with anti-myosin heavy 
chain (green) from an old rat (24-month old)15). The 
image in the bottom right corner is a typical three-
dimensional endplate on a type II x/b fiber from a very 
old rat (30-month old). Decreased endplate density 
(endplate area/surrounding area) in a very old dia-
phragm indicated fragmentation of the endplate, espe-
cially on type IIx/b fibers. White bar indicates 10 µm.
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patterns exist21). In young and old rats, the motoneurons 
innervating both muscles were retrogradely labeled by 
intramuscular injection of a cholera toxin B subunit into 
the muscles, followed by immunohistochemical stain-
ing and observation with a confocal microscope (Fig. 2). 
Compared to the soma volume in young rats, significantly 
smaller values were found in old rats in both motoneu-
rons; and the degrees of decline were 16.1% in DI-MN 
and 20.3% in LL-MN. In addition, significant decreases 
in the thickness of primary dendrites were found in both 
motoneurons, and the degrees of decline were 17.5% in 
DI-MN and 22.3% in LL-MN. Smaller changes were 
found in DI-MN than in LL-MN, indicating the possibili-
ty that increased activation by central drives can attenuate 
age-related morphological changes in the motor system in 
the spinal cord. 
   From another point of view, the decreases in soma vol-
ume and dendrite surface area may be a compensatory ad-
aptation to obtain enough excitatory post-synaptic poten-
tial, as motoneuron excitability is determined by intrinsic 
electrophysiological properties and by extrinsic factors 
such as synaptic input. For a given synaptic input, smaller 
surface areas of soma and dendrites imply greater excit-
ability because of the higher input resistance and lower 
rheobase of motoneurons. 
   It has been reported that active behavior decreases with 
aging in daily life, so activity in the central nervous sys-
tem also decreases22). It is speculated that the decrease in 
central drive with aging is much more evident in LL-MN 
than in DI-MN. The greater decrease in central drive may 
induce greater compensatory adaptation in motoneuron 
morphology.

Inactivity-related changes in diaphragm muscle 

   Many kinds of inactivity models have been developed 
to determine inactivity-related effects on structural and 
functional properties of the diaphragm muscle: 1) unilat-
eral denervation (DNV), where neurotrophic influence on 
muscle fibers was completely removed; 2) tetrodotoxin 
(TTX) blockade of nerve action potential propagation, 

where DI-MN activity actually increased while the dia-
phragm muscle was paralyzed, causing a mismatch be-
tween motoneuron and muscle activity that may disrupt 
normal myoneural interactions; and 3) cervical spinal 
cord hemisection at C2 (SPH), where ipsilateral descend-
ing excitatory drive to DI-MN from medullary premotor 
neurons was removed, causing both DI-MN and dia-
phragm muscle to become inactive. In our previous stud-
ies23), after 2 weeks of unilateral diaphragm muscle paral-
ysis induced by SPH, there was only a small decrease in 
muscle-specific force, and no change in the maximum un-
loaded shortening velocity. In contrast, after DNV or TTX 
blockade, there was a marked decrease in specific force 
and a substantial slowing of maximum unloaded shorten-
ing velocity in the diaphragm muscle. Furthermore, the 
diaphragm muscle of the SPH model resulted in much 
smaller changes in succinate dehydrogenase (SDH) activ-
ity of type I and IIa fibers, and a lower reduction in SDH 
variability among fibers (Fig. 3)24). Based on these results, 
we concluded that the effects of inactivity on diaphragm 
muscle properties are dependent on a match between DI-
MN and muscle fiber activities, leading to intact and co-
herent myoneural interactions. These results suggest that 
disruption of neurotrophic influence has a greater impact 
on muscle fiber functional and metabolic properties than 
inactivity per se.
   There are many candidate neurotrophic factors, e.g., 
agrin, NRG, brain-derived neurotrophic factor (BDNF), 
glial cell line-derived neurotrophic factor (GDNF), Neu-
rotrophin-4 (NT-4), Insulin-like growth factor I (IGF-I), 
hepatocyte growth factor (HGF) and ciliary neurotrophic 
factor (CNTF), which mediate myoneural interaction. 
One of these potential nerve-derived trophic factors is 
NRG, which contributes to the regulation of muscle fiber 
growth by increasing protein synthesis. NRG contains an 
epidermal growth factor (EGF)-like domain that signals 
by stimulating the ErbB (erythroblastic leukemia viral 
oncogene homolog) family of receptor tyrosine kinases 
expressed in motoneurons and skeletal muscle fibers25,26). 
Its signal transduction in muscle requires the phosphory-
lation of receptors, followed by activation of downstream 

Fig. 2   Labeled phrenic motoneuron pool in the spinal 
cord (A) and a three-dimensional reconstructed 
image of a labeled phrenic motoneuron (B) in 
the rat21). Cell clustering and rostrocaudal ori-
entation of dendritic projections were observed 
in the phrenic motoneuron pool. White bars 
indicate 300 μm and 10 μm in A and B, respec-
tively.
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pathways including the PI3K/Akt and MAPK/Erk path-
ways27). Neurotrophic factors such as BDNF and GDNF 
trigger the release of pre-synaptic NRG from nerve ter-
minals28,29). Importantly, it is also reported that BDNF and 
GDNF are stored in vesicles and released with activity, 
and that NRG controls acetylcholine receptor synthesis at 
neuromuscular junctions30,31). 

Compensatory over activation-related changes

Diaphragm muscle.   In all the hemidiaphragm muscle 
paralysis models mentioned above, the intact diaphragm 
muscle in the contralateral side was compensatory acti-
vated (CAC model). In our previous study32), as compared 
to pre-surgery values, the mean value of the duty cycle 
and root mean square of the spontaneous inspiratory-
related EMG activity of the CAC diaphragm muscle 
were increased by 7 and 41%, respectively, immediately 
after surgery (Fig. 4). In total, EMG activity in the CAC 
diaphragm muscle was 51% higher than the value before 
surgery, and the increased activity continued for at least 
30 min. In the CAC models, we examined functional, 
morphological and metabolic adaptations of the dia-
phragm muscle to 4-week CAC induced by contralateral 
DNV surgery in young, adult and old rats33). Although 
there were no clear improvements in contraction proper-
ties between CAC and CTL in all age groups, metabolic 
enzyme activities, especially SDH and β-Hydroxyacyl-
CoA dehydrogenase, were increased in the CAC groups.

Endplate on the diaphragm.   In addition to the adapta-
tion of diaphragm muscle to CAC as described above, 
improvements in neuromuscular transmission by CAC 
were observed in all age groups (Fig. 5)34). In young rats, 
the training effects at neuromuscular junctions were in-
troduced previously, such as an increased safety factor 
due to increased neurotransmitter release when given ac-
tive training stimuli35), nerve terminal enlargement36), and 
increased acetylcholinesterase activity37,38). From these 
observations, it was thought that nerve terminal enlarge-
ment, increased acetylcholine release, and increased ace-
tylcholinesterase activity were attributable to increased 

Fig. 3   Inverse relationships between cross-sectional area and succinate dehydrogenase (SDH) activity of type-identified 
diaphragm muscle fibers in each experimental group24). Although smaller type I and IIa fibers had higher SDH 
activities than larger type IIx and IIb fibers in control (A) and spinal hemi-section at C2 (B) groups, the correla-
tions disappeared in tetrodotoxin treatment (C) and denervation (D) phrenic nerve groups.

Fig. 4   Electromyographic (EMG) activity taken from the 
hemi-diaphragm muscle of a rat subjected to con-
tralateral denervation of the phrenic nerve32). Spon-
taneous inspiratory-related EMG activity increased 
after denervation (lower trace), as compared to pre 
surgery (upper trace). In hemi-diaphragm paralysis 
models, the intact diaphragm in the contralateral 
side was compensatory activated (CAC model).
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activity levels. These factors contributed to an increased 
safety factor and influenced neurotransmission. 
   However, there are some studies equivocal to our specu-
lation with regard to acetylcholinesterase in muscle groups 
chronically active by nature. Washio et al.39) observed age-
related higher acetylcholinesterase activity in the extensor 
digitorum longus muscle, but not in the diaphragm or 
soleus muscles, which usually have higher activity. Al-
though the mechanisms of an activity-induced increased 
expression of acetylcholine receptor and acetylcholin-
esterase activity are still unclear, many studies indicate 
that the plasticity in motoneurons and muscle fibers is 
influenced by motoneuron or muscle- derived trophic fac-
tors. For example, Keller-Peck et al.40) has reported that 
excessive expression of GDNF induced multiple neural 
innervations to skeletal muscle fiber. Alteration in NT-4 
expression that occurred with changing activity levels has 
been reported41). It is possible that changes in the activity 
level trigger alterations in neuron or muscle-derived tro-
phic factors, with a concomitant improvement in neuro-
muscular junction, leading to improvement in neuromus-
cular transmission. In fact, Mantilla et al.42) demonstrated 
direct evidence that BDNF and NT-4 could improve 
transmission function in adult rat diaphragm muscle. 

Phrenic motoneurons.   Furthermore, in the CAC mod-
els, electrophysiological membrane properties (resting po-
tential [mV], rheobase [nA] and input resistance [Mohm]) 
of the DI-MN were measured in adult rats (Fig. 6)43). In 
both groups of intact CTL and CAC DI-MN, there were 

significant inverse relationships between the rheobase 
and input resistance of motoneurons. The mean value of 
the rheobase in non-recruited motoneurons (putatively F 
type) was significantly higher than that in recruited mo-
toneurons (putatively S type) in both groups. Most of the 
motoneurons with low rheobase (<5nA) were recruited in 
the CAC, but not in the CTL. As a result, the incidence of 
recruited motoneurons in the CAC (69%) was higher than 
that in the CTL motoneurons (48%). The mean values of 
rheobase and input resistance of each motoneuron type 
were identical between the CTL and CAC groups. We 
concluded that no clear changes in electrophysiological 
properties of DI-MN membranes were induced by 4-week 
CAC. 
   In a previous study, Beaumont & Gardiner44) examined 
the electrophysiological properties of the motoneurons in-
nervating the hindlimb via the tibial nerve in rats housed 
in wheel running cages. The study demonstrated that 
voluntary running rats had slow motoneurons with sig-
nificantly deeper resting potentials than CTL rats. In a 
human study45), motor units had lower initial firing rates 
and smaller discharge variability in the muscles of the 
dominant hands than non-dominant hands. These results 
suggest that increased chronic activity may cause the mo-

Fig. 5   In-vitro force generation (N/cm2) of diaphragm muscle 
by repetitive stimulation of nerve or muscle34). Be-
fore and after nerve stimulation for 2 min, two direct 
stimulations of diaphragm muscle were performed. 
Basically, the difference between the force generated 
by the last nerve stimulation and the following muscle 
stimulation represents transmission failure in the neu-
romuscular junction. The contribution of neuromuscu-
lar transmission failure to muscle fatigue was signifi-
cantly decreased in the CAC diaphragm (A) compared 
to control diaphragm (B) muscles.

A

B

Fig. 6   Relationships between rheobase and input resistance 
of phrenic motoneurons in the CTL (A) and CAC (B) 
groups43). Motoneurons with spikes and without spikes 
during the depolarizing shift were defined as recruited 
(○) and non-recruited (●), respectively. The mean val-
ue of the rheobase in non-recruited motoneurons was 
significantly higher than that in recruited motoneurons 
in both groups. The mean values of rheobase and input 
resistance for each motoneuron type were identical 
between the CTL and CAC groups.
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toneuron membrane properties to become the slow type. 
The implications for these changes are considered to be a 
delay in the onset of membrane accommodation and late 
adaptation that occur with repetitive firing44). Although an 
extreme over-activation of DI-MN occurred due to CAC, 
the mean value of resting membrane potentials was non-
significantly different in both the recruited and non-re-
cruited motoneurons between the CAC and CTL groups. 
The adaptation toward slow-type motoneurons may have 
already occurred in the DI-MN. Indeed, the rheobase 
values of recruited and non-recruited motoneurons in our 
CTL data were slightly lower than those of slow and fast 
type motoneurons in the CTL data from a previous study 
on rats44).

Summary

   The respiratory motor system, including diaphragm 
muscle and phrenic motoneurons, has great adaptability 
to altered demand. Although the underling mechanism of 
the adaptation is not clearly understood, trophic interac-
tion between muscle and motoneurons should be studied 
intensively. The target of these trophic factors on pathways 
related to protein synthesis and degradation require study 
in terms of the respiratory motor system, as well as other 
skeletal muscles, in the near future. 

Acknowledgements

   We would like to sincerely thank the many subjects who have 
participated in our experiments over the years and also our col-
laborators. These works were supported by grants from The Japa-
nese Ministry of Education, Science and Culture (No. 17300220 
and 21300251).

References

 1) Burke RE, Levine DN, Zajac III FE, Tsairis P and Engel WK. 
1971. Mammalian motor units: Physiological-histochemical 
correlation in three types in cat gastrocnemius. Science 174: 
709-712.

 2) Fournier M and Sieck GC. 1988. Mechanical properties of 
muscle units in the cat diaphragm. J Neurophysiol 59: 1055-
1066. 

 3) Brooke MH and Kaiser KK. 1970. Muscle fiber types: how 
many and what kind? Arch Neurol 23: 369-379. 

 4) Schiaffino S and Reggiani C. 1996. Molecular diversity of 
myofibrillar proteins: Gene regulation and functional signifi-
cance. Physiol Rev 76: 371-423. 

 5) Henneman E, Somjen G and Carpenter DO. 1965. Functional 
significance of cell size in spinal motoneurons. J Neurophysi-
ol 28: 560-580. 

 6) Jodkowski JS, Viana F, Dick TE and Berger AJ. 1987. Electri-
cal properties of phrenic motoneurons in the cat: Correlation 
with inspiratory drive. J Neurophysiol 58: 105-124.

 7) Mantilla CB, Seven YB, Zhan WZ and Sieck GC. 2010. Dia-
phragm motor unit recruitment in rats. Respir Physiol Neu-
robi 173: 101-106.

 8) Sieck GC. 1991. Neural control of the inspiratory pump. 
NIPS 6: 260-264.

 9) Geiger PC, Bailey JP, Mantilla CB, Zhan WZ and Sieck GC. 
2006. Mechanisms underlying myosin heavy chain expres-
sion during development of the rat diaphragm muscle. J Appl 
Physiol 101: 1546-1555.

10) Keens TG, Bryan AC, Levison H and Ianuzzo CD. 1978. De-
velopmental pattern of muscle fiber types in human ventila-
tory muscles. J Appl Physiol Respir Environ Exerc Physiol 
44: 909-913.

11) Lexell J, Taylor CC and Sjostrom M. 1988. What is the cause 
of the ageing atrophy? Total number, size and proportion of 
different fiber types studied in whole vastus lateralis muscle 
from 15- to 83-year-old men. J Neurol Sci 84: 275-294.

12) Narici MV, Bordini M and Cerretelli P. 1991. Effect of aging 
on human adductor pollicis muscle function. J Appl Physiol 
71: 1277-1281.

13) Imagita H, Yamano S, Tobimatsu Y and Miyata H. 2009. 
Age-related changes in contraction and relaxation of rat dia-
phragm. Biomed Res (Tokyo) 30: 337-342. 

14) Gutmann E and Hanzlíková V. 1966. Motor unit in old age. 
Nature 209: 921-922.

15) Suzuki T, Maruyama A, Sugiura T, Machida S and Miyata 
H. 2009. Age-related changes in two- and three-dimensional 
morphology of type-identified endplates in the rat diaphragm. 
J Physiol Sci 59: 57-62.

16) Ryan MC and Christiano AM. 1996. The functions of lami-
nins: Lessons from in vivo studies. Matrix Biol 15: 369-381.

17) Hirata M, Sakuma K, Okajima S, Fujiwara H, Inashima S, 
Yasuhara M and Kubo T. 2007. Increased expression of neu-
regulin-1 in differentiating muscle satellite cells and in moto-
neurons during muscle regeneration. Acta Neuropathol 113: 
451-459.

18) Andersson AM, Olsen M, Zhernosekov D, Gaardsvoll H, 
Krog L, Linnemann D and Bock E. 1993. Age-related chang-
es in expression of the neural cell adhesion molecule in skel-
etal muscle: a comparative study of newborn, adult and aged 
rats. Biochem J 290: 641-648.

19) Prakash YS, Miyata H, Zhan WZ and Sieck GC. 1999. Inac-
tivity-induced remodeling of neuromuscular junctions in rat 
diaphragmatic muscle. Muscle Nerve 22: 307-319. 

20) Sieck GC. 1989. Fournier M. Diaphragm motor unit recruit-
ment during ventilatory and nonventilatory behaviors. J Appl 
Physiol 66: 2539-2545.

21) Miyata H, Suzuki T, Maruyama A and Wada N. 2008. Age-
related three-dimensional morphological changes in rat mo-
toneurons innervating diaphragm and longissimus muscles. 
Anato Histol Embryol 37: 394-399.

22) Ingram DK, Chefer S, Matochik J, Moscrip TD, Weed J, Roth 
GS, London ED and Lane MA. 2001. Aging and caloric re-
striction in nonhuman primates: behavioral and in vivo brain 
imaging studies. Ann New York Acad Sci 928: 316-326.

23) Miyata H, Zhan WZ, Prakash YS and Sieck GC. 1995. Myo-
neural interactions affect diaphragm muscle adaptations to 
inactivity. J Appl Physiol 79: 1640-1649.

24) Zhan WZ, Miyata H, Prakash YS and Sieck GC. 1997. Meta-
bolic and phenotypic adaptations of diaphragm muscle fibers 
with inactivation. J Appl Physiol 82: 1145-1153.

25) Trinidad JC, Fischbach GD and Cohen JB. 2000. The Agrin/
MuSK signaling pathway is spatially segregated from the 
neuregulin/ErbB rerceptor signaling pathway at the neuro-



83JPFSM : Plasticity of respiratory motor system

muscular junction. J Neurosci 20: 8762-8770.
26) Zhu X, Lai C, Thomas S and Burden SJ. 1995. Neuregulin 

receptors, erbs3 and erbB4, are localized at neuromuscular 
synapses. EMBO J 14: 5842-5848.

27) Citri A, Skaria KB and Yarden Y. 2003. The deaf and the 
dumb: The biology of ErbB-2 and ErbB-3. Exp Cell Res 284: 
54-65.

28) Esper RM and Loeb JA. 2009. Neurotrophins induce neu-
regulin release through protein kinase Cδ activation. J Biol 
Chem 284: 26251-26260.

29) Loeb JA, Hmadcha A, Fischbach GD, Land SJ and Zakarian 
VL. 2002. Neuregulin expression at neuromuscular synapses 
is modulated by synaptic activity and neurotrophic factors. J 
Neurosci 22: 2206-2214.

30) Dupont-Versteegden EE, Houlé JD, Dennis RA, Zhang J, 
Knox M, Wagoner G and Peterson CA. 2004. Exercise-in-
duced gene expression in soleus muscle is dependent on time 
after spinal cord injury in rats. Muscle Nerve 29: 73-81.

31) Gómez-Pinilla F, Ying Z, Roy RR, Molteni R and Edger-
ton RV. 2002. Voluntary exercise induces a BDNF-mediated 
mechanism that promotes neuroplasticity. J Neurophysiol 88: 
2187-2195.

32) Miyata H and Wada N. 2004. Electrophysiological properties 
of compensatory activated phrenic motoneurons in rats. Adv 
Exerc Sports Physiol 10: 49-53.

33) Shono E, Yamano S and Miyata H. 2005. Functional and met-
abolic adaptation of the rat diaphragm to aging and compen-
satory increased activity. Jpn J Phys Fit Sports 54: 121-131.

34) Suzuki T, Hisamitsu R and Miyata H. 2008. Effects of in-
creased activity on neuromuscular junction in aged rat dia-
phragms. Adv Exerc Sports Physiol 14: 31-36.

35) Dorlochter M, Irintchev A, Brinkers M and Wernig A. 1991. 
Effects of enhanced activity on synaptic transmission in 
mouse extensor digitorum longus muscle. J Physiol 436: 
283-292.

36) Deschenes MR, Maresh CM, Crivello JF, Armstrong LE, 
Kraemer WJ and Covault J. 1993. The effects of exercise 
training of different intensities on neuromuscular junction 
morphology. J Neurocytol 22: 603-615.

37) Gisiger V, Belisle M and Gardiner PF. 1994. Acetylcholines-
terase adaptation to voluntary wheel running is proportional 
to the volume of activity in fast, but not slow, rat hindlimb 
muscles. Eur J Neurosci 6: 673-680.

38) Jasmin BJ, Gardiner PF and Gisiger V. 1991. Muscle acetyl-
cholinesterase adapts to compensatory overload by a general 
increase in its molecular forms. J Appl Physiol 70: 2485-
2489.

39) Washio H, Imazato-Tanaka C, Kanda K and Nomoto S. 1987. 
Choline acetyltransferase and acetylcholinesterase activities 
in muscles of aged mice. Brain Res 416: 69-74.

40) Keller-Peck CR, Feng G, Sanes JR, Yan Q, Lichtman JW and 
Snider WD. 2001. Glial cell line-derived neurotrophic factor 
administration in postnatal life results in motor unit enlarge-
ment and continuous synaptic remodeling at the neuromuscu-
lar junction. J Neurosci 21: 6136-6146.

41) Funakoshi H, Belluardo N, Arenas E, Yamamoto Y, Casabona 
A, Persson H and Ibanez CF. 1995. Muscle-derived neuro-
trophin-4 as an activity-dependent trophic signal for adult 
neurons. Science 268: 1495-1499.

42) Mantilla CB, Zhan WZ and Sieck GC. 2004. Neurotrophins 
improve neuromuscular transmission in the adult rat dia-
phragm. Muscle Nerve 29: 381-386.

43) Miyata H and Wada N. 2004. Electrophysiological properties 
of compensatory activated phrenic motoneurons in rats. Adv 
Exerc Sports Physiol 10: 49-53.

44) Beaumont E and Gardiner P. 2002. Effects of daily spon-
taneous running on the electrophysiological properties of 
hindlimb motoneurones in rats. J Physiol 540: 129-138.

45) Adam A, De Luca CJ and Erim Z. 1998. Hand dominance and 
motor unit firing behavior. J Neurophysiol 80: 1373-1382.


