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Introduction
Work-related musculoskeletal disorders (MSDs) are prevalent 
world-wide and associated with long-term pain and physi-
cal disability.1,2 Risk factors for such MSDs include forceful 
actions against large loads, repetitive movements, and awk-
ward posture.3,4 An interaction between force and repeti-
tion exists such that repetition results in moderate increases 
in MSD risk for low-force tasks and elevated risk for high-
force tasks.3 While exercise composed of muscle contrac-
tions against external resistance (ie, resistance training) 
can be adaptive and can improve the condition of muscle, 
inappropriate resistance training results in maladaptation 
characterized by diminished performance and the onset of 
a contraction-induced MSD.5 Extensive investigation of 
regimes to promote contraction-induced muscle adaptation is 

difficult to perform for human subjects largely because of the 
limitations in sampling tissue.

To overcome the limitations inherent in human stud-
ies, an experimental animal model was developed almost 
four decades ago.6 Cats were operantly conditioned to per-
form weight-lifting training (ie, wrist-flexion of their right 
paw) for food reward. Since that time, several investigators 
have examined other voluntary resistance training models that 
have included rearing up while wearing weighted jackets7,8 or 
lifting of a weighted ring within a vertical tube.9 Using such 
models, investigators have studied such topics as the extent 
of inflammation, molecular pathways of muscle hypertrophy, 
and the role of stem cells.10–13 In a number of animal studies 
of chronic voluntary resistance training, morphological analy-
sis was evaluated and a training-induced increase in muscle 
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fiber number reported.7,8,11,14–16 Despite these advances, 
assessment of reactive forces, a precise measure of perfor-
mance, was not implemented. In addition, investigation of 
resistance training of animal models has been limited in that 
muscle morphology has not been assessed during a distinctive 
phase of training – when performance gains precede muscle 
hypertrophy. A common observation in human subjects is 
that in the initial phase of resistance exercise training, per-
formance improves in the absence of muscle hypertrophy.17–19 
Both neural factors (eg, motor unit discharge rate and syn-
chronization) and muscular factors (eg, myofilament density 
and connective tissue) have been investigated for their poten-
tial role in initial strength gains, but the roles of these factors 
are not fully characterized.17,20–26 Consequently, the motiva-
tion to explore factors for early muscle adaptation other than 
those already investigated still persists.

To address the limitations in research regarding animal 
models for resistance training, our group developed a custom-
designed weight-lifting apparatus for operantly conditioned 
rats that includes a force plate for direct measure of reactive 
forces. The methods and components of this novel apparatus 
are reported in an previously.27 In the article, some experimen-
tal data are also reported, such as the observation of increased 
mass of various lower hindlimb muscles after two months of 
resistance training of a 700 g load. However, the report did not 
describe the effect of training on reactive forces. In addition, 
investigation of the training phase when strength gains pre-
cede muscle hypertrophy remained for future research. With 
this in mind, the purpose of the present study was to identify 
the alterations in performance and muscle morphology one 
month following training with two different loading regimes. 
We tested the hypothesis that load-dependent muscle adapta-
tion is characterized by increased muscle fiber number in his-
tological muscle sections and heightened reactive forces before 
increased muscle mass. The agonist soleus (SOL), medial gas-
trocnemius (MG), lateral gastrocnemius (LG), and plantaris 
(PL) muscles and the antagonist tibialis anterior (TA) muscle 
were excised and analyzed. Results from the present study sup-
port the hypothesis and establish a load-dependent adaptation 
in performance and muscle morphology in a volitional animal 
model of resistance training. These findings provide valuable 
insights regarding the loading and morphological features to 
consider for resistance training-induced muscle adaptation – 
insights potentially important for addressing MSDs in terms 
of prevention and rehabilitation.

Methods
Rats. A total of 24 male Sprague-Dawley (Hla:(SD)CVF, 

Hilltop, Scottdale, PA) rats, three to four months of age, were 
randomly assigned to three groups differing in training conditions: 
700 g load training, 70 g load training, or cage controls. The rats 
were trained using operant conditioning procedures and a food 
reward, 45 mg pellets (Noyes Formula P; Research Diets). To 
ensure rats were hungry and to maintain food as a reinforcer, 

food was restricted to keep body mass at 80% of ad libitum mass, 
a standard target body mass in behavioral research.28 All animal 
procedures were approved by the Animal Care and Use Com-
mittee at the National Institute for Occupational Safety and 
Health (NIOSH) in Morgantown, WV.

Training. Preparation for training and the training proto-
col were described in detail previously.27 Before training, each 
rat became accustomed to the operant chamber, which was 
modified with a custom-designed weight-lifting apparatus.  
The apparatus was designed for squat-type training and con-
sisted of a vertical tube containing a ring assembly (ie, a yoke 
that moved along two vertical shafts) and a force plate at the 
base.27 The pre-training period (five days per week for three 
to five weeks) prepared the rat to enter the tube, stand on its 
hindlimbs, place its nose in the ring assembly, push a weighted 
ring assembly vertically until activating the nose-poke at the 
top of the tube, and retrieve a food reward (two pellets for 
each full lift).

Training sessions were done with a light load (70 g) or 
a heavier load (700 g, which is approximately two times the 
average body weight (BW)). The training terminated after 100 
full lifts (lifts with successful nose pokes) or a fixed time limit, 
whichever occurred first. The time limit was 30 minutes for 
the 70 g load group and 60 minutes for the 700 g load group. 
Rats exposed to 70 g load training tended to achieve 100 full 
lifts before reaching the time limit, whereas the rats exposed 
to 700 g load training tended to reach the time limit having 
achieved ∼80 full lifts.27 One training session was performed 
each day with a training schedule of five days per week for one 
month. During each session, peak reactive force was deter-
mined for each lift regardless if the lift was partial or full. 
The mean peak reactive force of each session was recorded. 
Afterward, the mean of these values for the initial five sessions 
and the final five sessions of training was calculated for each 
rat and statistically analyzed. To determine whether transient 
effects of edema or inflammation were present closely fol-
lowing the training regimes, half of the rats in each training 
regime were euthanized within a week (four to seven days) 
post-training. To characterize muscle well after any potential 
transient inflammatory responses, the remaining trained rats 
were euthanized 14 days after the last training session. Since 
no overt edema or inflammatory response was observed within 
one week following the last training session and no effect of 
time was observed in the analyses of muscle fiber number or 
size used for this study, data from muscles 4–14  days post-
training were pooled for each group.

Histology. SOL, MG, LG, PL, and TA muscles were 
removed by dissection, weighed, covered with tissue freezing 
media, and frozen in cold isopentane at −80 °C. The mid belly 
of each muscle was cryosectioned at 10 µm thickness. These 
transverse sections of muscles were stained with hematoxylin 
and eosin. During histological analysis, each slide was coded 
to prevent the investigator from knowing in which group each 
slide belonged.
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Quantitative morphology. Histological analysis was 
performed by a standardized stereological method that 
has been utilized and described by our group in previous 
publications.29–33 Points of a 121-point 11-line overlay grati-
cule (0.04 mm2 square with 100 divisions) were evaluated at 
40× magnification. On either side (by 1 mm) of the midpoint 
of the midsection, stereological analysis was systematically 
repeated at five equally spaced sites across the muscle section. 
As 121 points were evaluated in 10 fields, a total of 1210 points 
were analyzed per muscle section. Percent of muscle tissue for 
degenerative muscle fibers, non-degenerative muscle fibers, 
and centrally nucleated muscle fibers was computed as the 
percentage of points that overlaid the type of muscle fibers of 
interest relative to the total number of points. Three criteria for 
degenerative muscle fibers were as follows: (1) those that lost 
contact with surrounding fibers, (2) cellular infiltrates inter-
digitating the sarcolemma, and (3) cellular infiltrates internal 
to the muscle fiber.29 If any of these criteria were not met, the 
fiber was considered non-degenerative. Centrally nucleated 
fibers were considered to be any fibers with at least one inter-
nal nucleus not in contact with the sarcolemma. Percent of 
muscle tissue for cellular interstitium and non-cellular inter-
stitium was computed as the percentage of points that overlaid 
the type of interstitium of interest relative to the total number 
of points. Points that overlaid nuclei in sites between muscle 
fibers were counted as cellular interstitium. Points that over-
laid regions between muscle fibers but did not directly overlay 
nuclei were counted as non-cellular interstitium.

For MG, LG, PL, and TA muscles, in addition to evalu-
ating points of the overlay graticule at each of sites sampled 
per section, we evaluated the number of fibers within the 
boundary of the graticule. These values were used to estimate 
mean muscle fiber area and the number of fibers per unit 
cross-sectional area. A muscle fiber was counted when the 
topmost point of the fiber was within the outermost boundary 
of the graticule. As the sections consisted almost exclusively 
of non-degenerative muscle fibers and degenerative fibers 
lacked distinct borders, degenerative muscle fibers were not 
counted. The number of fibers per unit cross-sectional area 
(number of fibers per square millimeter) was calculated as 
the total number of fibers counted divided by the total area 
sampled over 10 regions (ie, 0.4 mm2). Because of the small 
size of SOL muscles, total counts of all the muscle fibers 
in each section were feasible to perform. These counts were 
divided by the area of each section to determine fiber number 
per unit cross-sectional area directly. Mean muscle fiber area 
(µm2) was determined by dividing the percent tissue frac-
tion of non-degenerative muscle fibers by the fiber number 
per unit area.

Statistical analyses. Peak reactive force data were 
analyzed with a two-way repeated measures ANOVA with 
Student–Newman–Keuls post hoc tests. Data from the his-
tological analysis were analyzed using one-way ANOVA with 
Student–Newman–Keuls post hoc tests. If normality or equal 

variance could not be assumed, the data were analyzed by 
Kruskal–Wallis one-way ANOVA by ranks with the Wilcoxon 
method of post hoc tests. All data are shown as means ± SEM. 
P  0.05 was considered statistically significant.

Results
Peak reactive force during each lift was used to assess perfor-
mance. In general, greater peak reactive forces were required 
during 700 g load training compared with those during 70 g 
load training (Fig. 1). When comparing the peak reactive forces 
early in training with those late in training, an enhancement of 
21 ± 6% was only observed for 700 g load training. Therefore, 
one month of training was sufficient to improve performance 
when exposed to a moderately heavy external load.

The performance gain was not accompanied by increased 
muscle mass, thereby excluding muscle mass as a factor for 
the adaptation (Table  1, Figure  2). To investigate muscle 
morphology, muscle transverse sections were evaluated. No 
training effect was observed in the percentage of muscle 
tissue composed of non-degenerative muscle fibers, degen-
erative muscle fibers, or centrally nucleated fibers (Table 2, 
Figure  3, Supplementary Figure  1A–C). This was also 
consistent with the absence of changes in the cellular and  
non-cellular interstitium, indicating a lack of edema and the 
absence of accumulated connective tissue (Table 2, Figure 3, 
Supplementary Figure 1A–C). Overall, these results indicate 
that chronic cycles of degeneration/regeneration did not 
accompany training.

Despite the lack of a training effect on muscle mass, 
training had a significant effect on muscle fiber size and 
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Figure 1. Performance improved after one month of 700 g load training. 
The plot depicts the mean peak reactive forces for the initial and final five 
sessions of training with 70 and 700 g loads (N = 8 per group). Values are 
means ± SEM.
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number. Following the 700  g load training, mean muscle 
fiber area decreased by 15% for SOL muscles and 21% for 
TA muscles relative to control values (Fig. 4). This decrease 
in muscle fiber size was accompanied by an increase in mus-
cle fiber number per unit area – 16% for SOL muscles and 
23% for TA muscles relative to control values (Fig. 5). Whole 
muscle section areas were not significantly different between 
700 g load training, 70 g load training, and cage control con-
ditions (SOL muscles – 12.8 ± 0.3 mm2, 12.3 ± 0.4 mm2, and 
13.1 ± 0.5 mm2, respectively, P value = 0.45; TA muscles – 
47.7 ± 1.3 mm2, 47.0 ± 1.3 mm2, and 51.2 ± 1.8 mm2, respec-
tively, P value = 0.16). Therefore, the increased fiber number 
per unit area indicated an increase in total fiber number per 
muscle section. Because of the small size of SOL muscles, 
total counts of all muscle fibers in each section were feasible 
to perform. Following 700 g load training, the total number 
of fibers per muscle section increased 18% relative to control 
muscles and 11% relative to 70 g load training, P < 0.05 for 
both comparisons (Fig. 6).

Discussion
A multitude of reports and reviews exist in the scientific lit-
erature regarding exercise as an intervention to reduce work-
related MSDs.34,35 While resistance exercise in general appears 
to alleviate MSDs, novel insights into muscle adaptation and 
consensus on exercise prescription have been difficult to ascer-
tain. This is largely because of the methodological complexities 
that arise when investigating a human population.34,35 Because 
of these complexities, investigators have worked to develop 
animal models of volitional resistance exercise.6–9 The pres-
ent investigation advances the research concerning volitional 
animal models of resistance exercise by demonstrating training-
induced adaptation by the assessment of reactive forces and the 
observation of distinct alterations at the muscle fiber level.

The main findings include the observation of strength 
gain exclusively following the heavier training load (ie, 700 g). 
Also, improvements in performance preceded muscle hyper-
trophy – a finding consistent with studies regarding human 
subjects.17–19 In one month, 700  g load training induced an 

increase in peak reactive force of 21% despite unaltered muscle 
masses for the major muscles of the hindlimb. Previous work 
demonstrated that increased muscle mass occurs later – at two 
months of 700 g load training.27 Despite the lack of muscle 
hypertrophy in the present study, alterations occurred at the 
muscle fiber level. Histological analysis indicated a 16 and 23% 

Table 1. Body weights and muscle masses for cage control and 
training conditions.

Control 70 g load 700 g load

Body weight (g) 404 ± 4 392 ± 5 396 ± 2

SOL (mg) 173 ± 5 174 ± 7 172 ± 5

TA (mg) 879 ± 25 820 ± 32 836 ± 18

GTN (mg) 2203 ± 62 2051 ± 57 2094 ± 47

PL (mg) 447 ± 11 438 ± 13 448 ± 6

Notes: Values are means ± S.E.M. Body weight is the weight at the time 
muscles were removed. Sample size was N = 8 per group with the exception 
of the TA muscle (sample size was N = 4 for controls and N = 5 for each of the 
70 g and 700 g loads). No significant differences were observed.
Abbreviations: SOL, soleus; TA, tibialis anterior; GTN, entire gastrocnemius; 
PL, plantaris.
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Figure 2. Muscle mass was unaltered by training. Values for muscle 
mass were normalized to BW. No significant differences were observed. 
Values are means ± SEM.
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increase in muscle fiber number and a 15 and 21% decrease in 
mean muscle fiber area for SOL and TA muscles, respectively. 
Our results demonstrate early strength gains in a volitional 
animal model of resistance training and establish a synchro-
nization between muscle fiber number and performance gains 
independent of alterations in muscle mass.

A training-induced increase in muscle fiber number has 
been observed in several investigations of voluntary models of 
animal resistance training.7,8,14–16 Consistent with the present 
study, a training-induced effect on muscle fiber number has 
been noted previously for SOL muscles.15 Adult (19 months 
of age) rats were trained progressively in squat-like exercise 
for approximately 10 lifts per day, four days per week for  

20 weeks (reaching ∼800 g external load toward the end of 
the training).9,15 Muscle mass increased by 22% and fiber 
number increased by 14%, muscle adaptations consistent 
with several reports regarding humans.15,36–40 Despite these 
intriguing findings, these studies were limited because muscle 
morphology was analyzed only after muscle hypertrophy was 
achieved.7,8,14–16 Consequently, these morphological altera-
tions were associated with the muscle hypertrophic response 
and did not address whether they might occur before muscle 
hypertrophy or influence performance.

In the present study, we demonstrate that increased 
fiber number occurs before increased muscle mass following 
700 g load training. This was possible because the increased 

Table 2. No change in percentage of muscle tissue composed of degenerative muscle fibers, centrally nucleated muscle fibers, and interstitium 
in muscle sections following training with different loads.

Control 70 g load 700 g load

SOL

Non-degenerative muscle fibers (%) 937 ± 0.6 94.3 ± 0.3 93.7 ± 0.6

Degenerative muscle fibers (%) 0.33 ± 0.20 0.12 ± 0.09 0.29 ± 0.17

Centrally nucleated muscle fibers (%) 3.7 ± 1.4 3.9 ± 1.5 3.4 ±1.0

Cellular interstitium (%) 1.1 ± 0.2 1.0 ± 0.2 0.9 ± 0.2

Non-cellular interstitum (%) 4.9 ± 0.4 4.7 ± 0.3 5.2 ± 0.5

TA

Non-degenerative muscle fibers (%) 97.9 ± 0.3 97.0 ± 0.3 96.7 ± 0.5

Degenerative muscle fibers (%) 0.00 ± 0.00 0.07 ± 0.07 0.00 ± 0.00

Centrally nucleated muscle fibers (%) 0.7 ± 0.2 1.0 ± 0.3 0.3 ± 0.2

Cellular interstitium (%) 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.3

Non-cellular interstitum (%) 1.8 ± 0.4 2.6 ± 0.2 3.0 ± 0.5

LG

Non-degenerative muscle fibers (%) 93.9 ± 0.6 94.1 ± 0.6 93.1 ± 0.5

Degenerative muscle fibers (%) 0.03 ± 0.03 0.00 ± 0.00 0.01 ± 0.01

Centrally nucleated muscle fibers (%) 1.9 ± 0.7 0.8 ± 0.3 2.2 ± 0.6

Cellular interstitium (%) 1.8 ± 0.2 1.7 ± 0.2 2.1 ± 0.2

Non-cellular interstitum (%) 4.3 ± 0.5 4.1 ± 0.5 4.8 ± 0.5

MG

Non-degenerative muscle fibers (%) 94.8 ± 0.8 94.7 ± 0.7 95.7 ± 0.4

Degenerative muscle fibers (%) 0.03 ± 0.03 0.02 ± 0.02 0.00 ± 0.00

Centrally nucleated muscle fibers (%) 1.8 ± 0.4 3.8 ± 1.1 1.1 ± 0.4

Cellular interstitium (%) 1.3 ± 0.3 1.7 ± 0.4 1.6 ± 0.3

Non-cellular interstitum (%) 3.8 ± 0.6 3.5 ± 0.5 2.7 ± 0.3

PL

Non-degenerative muscle fibers (%) 96.5 ± 0.3 96.7 ± 0.5 97.0 ± 0.3

Degenerative muscle fibers (%) 0.02 ± 0.02 0.00 ± 0.00 0.01 ± 0.01

Centrally nucleated muscle fibers (%) 1.5 ± 0.4 2.4 ± 0.5 2.1 ± 0.4

Cellular interstitium (%) 0.3 ± 0.1 0.4 ± 0.1 0.2 ± 0.1

Non-cellular interstitum (%) 3.2 ± 0.3 2.9 ± 0.4 2.8 ± 0.2

Notes: Values are means ± S.E.M. Sample size was N = 8 per group with the exception of the TA muscle (sample size was N = 4 for controls and N = 5 for each of 
the 70 g and 700 g loads). Values expressed as percentage were in reference to percentage of tissue fraction. No significant differences were observed.
Abbreviations: SOL, soleus; TA, tibialis anterior; LG, laterial gastrocnemius; MG, medical gastrocnemius; PL, plantaris.
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fiber number was countered by a shift to smaller muscle 
fiber sizes. Such a shift in fiber size with resistance train-
ing has been observed previously in animal studies where 
muscle hypertrophy had already been reached.7,16 Overall, 
the implication is that increased muscle fiber size is not 
required for either early or late muscle adaptation. With 
70 g load training, muscle fiber size and number were unal-
tered. These results are consistent with the reactive forces 

characteristic of rats training with 70 and 700 g loads. Even 
early in training, 700 g load training consisted of peak reac-
tive forces that were twofold greater than those generated 
during 70 g load training. This implies that the significant 
increases in fiber number with 700  g load training were 

Control

70 g load

700 g load

Figure 3. No indications of chronic degeneration/regeneration or 
alterations to the interstitium with training. Transverse sections of SOL 
muscles stained with hematoxylin and eosin. Scale bar = 50 µm.
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Figure 4. Smaller mean muscle fiber area in SOL and TA muscles 
accompanied training. Data were from N = 8 per group for the SOL, MG, 
LG, and PL muscles. For the TA muscle, sample size was N = 4 for cage 
control conditions and N = 5 for each of the 70 and 700 g load training. 
Values are means ± SEM.
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demonstrates that the TA muscle, an antagonist for ankle 
plantarflexion, is activated during squats.41 Such activation 
stabilizes the hindlimb and assists descent in controlled squats 
or squat-related movements.41,42 This control was, perhaps, 
most important during 700 g load training of the present study 
because of the higher descent velocities inherent to that train-
ing compared with 70 g load training.27 Therefore, the need 
for precise control was likely heightened and, consequently, 
required increased activation of the predominantly type II 
dorsiflexor TA muscle. These results highlight the impor-
tance of evaluating antagonist muscles in volitional training  
studies – a practice rarely done for animal models.7,8,14–16

Our group previously reported that gastrocnemius (GTN) 
muscles also increase mass after two months of 700 g training.27  
This occurred despite the absence of a training effect at the 
muscle fiber level after the shorter duration of training in the 
present study. In the previous report, the increased muscle 
mass for GTN muscles (∼5%) was half that of SOL muscles 
(∼10%). This implies that GTN muscles may have experienced 
a muted response compared with SOL muscles. The decreased 
responsiveness for GTN muscles is not surprising given the 
external load tested. That is, 700 g is twofold greater than the 
BW of the rats – a moderate external load because rats are able 
to voluntarily train with threefold of their BW.43 In addition, 
the load was fixed so that training was not progressive, imply-
ing the load was perceived as submaximal during the weeks of 
training. Therefore, compared with maximal or near-maximal 
loads, the expectation for lifting in the present study is that full 
neuromuscular recruitment of muscles with predominantly 
type II muscle fibers (eg, GTN muscles) was not required. 
Rather, in this case, plantarflexion was more dependent on the 

400

300

200

100

0

SOL

Control
70 g load training
700 g load training

P = 0.01

TA

300

200

100

0

400

LG

300

200

N
u

m
b

er
 o

f 
m

u
sc

le
 f

ib
er

s 
p

er
 m

m
2

100

0

400

MG

300

200

100

0

400

PL

300

200

100

0

400

P = 0.02

P = 0.04

P = 0.03

Figure 5. Training-induced increases were observed in the number of 
muscle fibers per unit area. SOL and TA muscles exhibited increased 
number of muscle fibers per unit area following 700 g load training. Data 
were from N = 8 per group for the SOL, MG, LG, and PL muscles. For the 
TA muscle, sample size was N = 4 for cage control conditions and N = 5 
for each of the 70 and 700 g load training. Values are means ± SEM.
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because of high reactive forces necessary for handling 
a heavy external load.

The results indicated that increases in fiber number 
also occurred for the TA muscle exclusively following 700 g 
load training. Biomechanical analysis of human subjects 
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predominantly type I SOL muscle. Additionally, it should be 
noted that the GTN muscle is a biarticular muscle (ie, crosses 
and acts upon two joints). Consequently, the different move-
ment dynamics of such a muscle during each lift may have 
been a factor in the dissimilar response. If this is true, this 
would suggest that training-induced fiber number increases 
may be dependent on the muscle-to-joint relationship during 
each movement of resistance training, a possible factor to con-
sider when designing and interpreting studies.

An explanation for how the morphological alterations 
observed in the present study originated and how such altera-
tions potentially improved muscle performance could not be 
determined because of restricted availability of tissue. A lim-
ited amount of tissue was collected, sectioned, stained with 
hematoxylin and eosin, and stored for analysis in the present 
study. With a more expansive collection of tissue for analy-
sis in future research concerning this animal model, several 
mechanisms could be explored further. For example, the 
mechanism for increased fiber number, fiber splitting or de 
novo fiber formation, could be determined.13 In addition, the 
mechanism by which the morphological alterations poten-
tially contributed to strength gains could be established. 
One such mechanism to consider is whether the remodel-
ing inherent in increasing muscle fiber number also induces 
remodeling at the neural and connective tissue levels – two 
adaptations previously proposed to influence early strength 
gains.20–24,44 Another mechanism to consider is whether a 
diminished metabolic/diffusion gradient inherent in small 
muscle fibers improves force development during prolonged 
training such as that tested in the present model (rats were 
exposed to a high number of lifts, ∼100 per session). Aside 
from a diminished diffusion gradient, small muscle fibers 
have a high sarcolemmal to cytoplasmic volume ratio, a fea-
ture that may improve lateral force transmission and increase 
sarcomere length homogeneity during contractions.45,46 
Regardless of the particular mechanism involved, the finding 
of the present study that alterations in muscle fiber number 
and size coincide with early strength gains before increased 
muscle mass suggests the possibility that these morphological 
alterations directly influence performance.

The findings of the present investigation provide motiva-
tion to further research fiber number modulation in human 
studies. Indirect evidence regarding body builders indicates 
that training-induced increases in muscle fiber number are 
possible.37–40 Such an adaptation has obvious benefits to con-
ditions associated with muscle fiber loss such as aging,47,48 
muscular dystrophy,49,50 and accident-related denervation.51 
An encouraging finding from the present study is that 
chronic cycles of widespread degeneration/regeneration are 
neither inherent nor required, for adaptation to resistance 
training.7,16,52 This is in agreement with the notion that severe 
inflammation and muscle fiber degeneration follow acute 
extreme contractions associated with strains but are absent 
after acute bouts of stretch-shortening contractions modeled 

after customary resistance-type training.52 As a consequence, 
MSDs may be avoided by scientifically based training regimes 
where such training has the potential to benefit those persons 
with compromised conditions. Indeed, in one study regarding 
experimental animals, voluntary resistance training decreased 
age-related muscle fiber loss.15 In addition to the potential 
to slow fiber number reduction in several detrimental condi-
tions, the present work offers a rationale to investigate muscle 
fiber number alteration further – as a process that may benefit 
healthy individuals such as athletes/performers (eg, wrestlers, 
olympic-style weightlifters, ballet dancers) pursuing perfor-
mance gains without directly increasing muscle bulk. If this 
notion is supported, fiber number modulation would pro-
vide an alternative goal for accelerating early strength gains 
induced by resistance training.

Acknowledgment
The authors thank Robert R. Mercer of the NIOSH for his 
critical comments regarding stereological analyses.

Author Contributions
EPR, GRM, OW, and BAB conceived and designed the 
experiments. EPR, RDC, OW, and BAB analyzed the data. 
EPR and BAB wrote the first draft of the manuscript. EPR, 
GRM, RDC, OW, and BAB agreed with the manuscript 
results and conclusions. EPR, GRM, RDC, OW, and BAB 
jointly developed the structure and arguments for the paper. 
EPR, GRM, RDC, OW, and BAB made critical revisions 
and approved the final version. All the authors reviewed and 
approved the final manuscript.

Publication Disclaimer
The findings and conclusions in this report are those 
of the authors and do not necessarily represent the views of  
the NIOSH.

Supplementary Data
Supplementary Figure 1A. Low magnification (10X) 

image of a transverse section of SOL muscle following cage 
control conditions.

Supplementary Figure 1B. Low magnification (10X) 
image of a transverse section of SOL muscle following 70 g 
load training.

Supplementary Figure 1C. Low magnification (10X) 
image of a transverse section of SOL muscle following 700 g 
load training.

References
	 1.	 HSE. The health and safety executive statistics 2012/13. 2013. Available at http://

www.hse.gov.uk/statistics/overall/hssh1213.pdf. Accessed February 2, 2014.
	 2.	 Woolf AD, Erwin J, March L. The need to address the burden of musculoskel-

etal conditions. Best Pract Res Clin Rheumatol. 2012;26(2):183–224.
	 3.	 Gallagher S, Heberger JR. Examining the interaction of force and repetition 

on musculoskeletal disorder risk: a systematic literature review. Hum Factors. 
2013;55(1):108–24.

Downloaded From: https://bioone.org/journals/Environmental-Health-Insights on 19 Sep 2024
Terms of Use: https://bioone.org/terms-of-use

http://www.la-press.com
http://www.hse.gov.uk/statistics/overall/hssh1213.pdf
http://www.hse.gov.uk/statistics/overall/hssh1213.pdf


Adaptation in weight-lifting rats

9Environmental Health Insights 2014:8(S1)

	 4.	 Punnett L, Wegman DH. Work-related musculoskeletal disorders: the epide-
miologic evidence and the debate. J Electromyogr Kinesiol. 2004;14(1):13–23.

	 5.	 Cutlip RG, Baker BA, Geronilla KB, et al. Chronic exposure to stretch-shortening 
contractions results in skeletal muscle adaptation in young rats and maladapta-
tion in old rats. Appl Physiol Nutr Metab. 2006;31(5):573–87.

	 6.	 Gonyea WJ, Ericson GC. An experimental model for the study of exercise-
induced skeletal muscle hypertrophy. J Appl Physiol. 1976;40(4):630–3.

	 7.	 Ho KW, Roy RR, Tweedle CD, Heusner WW, Van Huss WD, Carrow RE. 
Skeletal muscle fiber splitting with weight-lifting exercise in rats. Am J Anat. 
1980;157(4):433–40.

	 8.	 Tamaki T, Uchiyama S, Nakano S. A weight-lifting exercise model for 
inducing hypertrophy in the hindlimb muscles of rats. Med Sci Sports Exerc. 
1992;24(8):881–6.

	 9.	 Klitgaard H. A model for quantitative strength training of hindlimb muscles of 
the rat. J Appl Physiol. 1988;64(4):1740–5.

	 10.	 Zanchi NE, de Siqueira Filho MA, Lira FS, et  al. Chronic resistance train-
ing decreases MuRF-1 and Atrogin-1 gene expression but does not modify Akt, 
GSK-3beta and p70S6 K levels in rats. Eur J Appl Physiol. 2009;106(3):415–23.

	 11.	 Zanchi NE, Lira FS, Seelaender M, Lancha-Jr AH. Experimental chronic 
low-frequency resistance training produces skeletal muscle hypertrophy in the 
absence of muscle damage and metabolic stress markers. Cell Biochem Funct. 
2010;28(3):232–8.

	 12.	 Aguiar AF, Vechetti-Júnior IJ, Alves de Souza RW, et  al. Myogenin, MyoD 
and IGF-I regulate muscle mass but not fiber-type conversion during resistance 
training in rats. Int J Sports Med. 2013;34(4):293–301.

	 13.	 Tamaki T, Uchiyama Y, Akatsuka A. Plasticity and physiological role of stem 
cells derived from skeletal muscle interstitium: contribution to muscle fiber 
hyperplasia and therapeutic use. Curr Pharm Des. 2010;16(8):956–67.

	 14.	 Tamaki T, Akatsuka A, Tokunaga M, Ishige K, Uchiyama S, Shiraishi T. Mor-
phological and biochemical evidence of muscle hyperplasia following weight-
lifting exercise in rats. Am J Physiol. 1997;273(1 pt 1):C246–56.

	 15.	 Klitgaard H, Brunet A, Maton B, Lamaziere C, Lesty C, Monod H. Morpho-
logical and biochemical changes in old rat muscles: effect of increased use. J Appl 
Physiol. 1989;67(4):1409–17.

	 16.	 Giddings CJ, Gonyea WJ. Morphological observations supporting muscle  
fiber hyperplasia following weight-lifting exercise in cats. Anat Rec. 
1992;233(2):178–95.

	 17.	 Moritani T, deVries HA. Neural factors versus hypertrophy in the time course of 
muscle strength gain. Am J Phys Med. 1979;58(3):115–30.

	 18.	 Jones DA, Rutherford OM. Human muscle strength training: the effects 
of three different regimens and the nature of the resultant changes. J Physiol. 
1987;391:1–11.

	 19.	 Seynnes OR, de Boer M, Narici MV. Early skeletal muscle hypertrophy and 
architectural changes in response to high-intensity resistance training. J Appl 
Physiol. 2007;102(1):368–73.

	 20.	 Christie A, Kamen G. Short-term training adaptations in maximal motor unit firing  
rates and afterhyperpolarization duration. Muscle Nerve. 2010;41(5):651–60.

	 21.	 Fling BW, Christie A, Kamen G. Motor unit synchronization in FDI and 
biceps brachii muscles of strength-trained males. J Electromyogr Kinesiol. 
2009;19(5):800–9.

	 22.	 Griffin L, Cafarelli E. Transcranial magnetic stimulation during resistance train-
ing of the tibialis anterior muscle. J Electromyogr Kinesiol. 2007;17(4):446–52.

	 23.	 Claassen H, Gerber C, Hoppeler H, Luthi JM, Vock P. Muscle filament spacing 
and short-term heavy-resistance exercise in humans. J Physiol. 1989;409:491–5.

	 24.	 Moore DR, Phillips SM, Babraj JA, Smith K, Rennie MJ. Myofibrillar and 
collagen protein synthesis in human skeletal muscle in young men after maxi-
mal shortening and lengthening contractions. Am J Physiol Endocrinol Metab. 
2005;288(6):E1153–9.

	 25.	 Folland JP, Williams AG. The adaptations to strength training: morpho-
logical and neurological contributions to increased strength. Sports Med. 
2007;37(2):145–68.

	 26.	 Carroll TJ, Selvanayagam VS, Riek S, Semmler JG. Neural adaptations to 
strength training: moving beyond transcranial magnetic stimulation and reflex 
studies. Acta Physiol (Oxf). 2011;202(2):119–40.

	 27.	 Wirth O, Gregory EW, Cutlip RG, Miller GR. Control and quantitation of 
voluntary weight-lifting performance of rats. J Appl Physiol. 2003;95(1):402–12.

	 28.	 Ator N. Subjects and instrumentation. Amsterdam: Elsevier; 1991.
	 29.	 Baker BA, Mercer RR, Geronilla KB, Kashon ML, Miller GR, Cutlip RG. Ste-

reological analysis of muscle morphology following exposure to repetitive stretch-
shortening cycles in a rat model. Appl Physiol Nutr Metab. 2006;31(2):167–79.

	 30.	 Baker BA, Hollander MS, Kashon ML, Cutlip RG. Effects of glutathi-
one depletion and age on skeletal muscle performance and morphology fol-
lowing chronic stretch-shortening contraction exposure. Eur J Appl Physiol. 
2010;108(3):619–30.

	 31.	 Baker BA, Hollander MS, Mercer RR, Kashon ML, Cutlip RG. Adaptive 
stretch-shortening contractions: diminished regenerative capacity with aging. 
Appl Physiol Nutr Metab. 2008;33(6):1181–91.

	 32.	 Baker BA, Rao KM, Mercer RR, et  al. Quantitative histology and MGF 
gene expression in rats following SSC exercise in vivo. Med. Sci. Sports Exerc. 
2006;38(3):463–71.

	 33.	 Baker BA, Mercer RR, Geronilla KB, Kashon ML, Miller GR, Cutlip RG. 
Impact of repetition number on muscle performance and histological response. 
Med Sci Sports Exerc. 2007;39(8):1275–81.

	 34.	 Moreira RF, Foltran FA, Albuquerque-Sendin F, Mancini MC, Coury HJ. 
Comparison of randomized and non-randomized controlled trials evidence 
regarding the effectiveness of workplace exercise on musculoskeletal pain con-
trol. Work. 2012;41(suppl 1):4782–9.

	 35.	 Silverstein B, Clark R. Interventions to reduce work-related musculoskeletal dis-
orders. J Electromyogr Kinesiol. 2004;14(1):135–52.

	 36.	 Narici MV, Hoppeler H, Kayser B, et  al. Human quadriceps cross-sectional 
area, torque and neural activation during 6 months strength training. Acta Physiol 
Scand. 1996;157(2):175–86.

	 37.	 Alway SE, Grumbt WH, Gonyea WJ, Stray-Gundersen J. Contrasts in 
muscle and myofibers of elite male and female bodybuilders. J Appl Physiol. 
1989;67(1):24–31.

	 38.	 Tesch PA, Larsson L. Muscle hypertrophy in bodybuilders. Eur J Appl Physiol 
Occup Physiol. 1982;49(3):301–6.

	 39.	 MacDougall JD, Sale DG, Elder GC, Sutton JR. Muscle ultrastructural char-
acteristics of elite powerlifters and bodybuilders. Eur J Appl Physiol Occup Physiol. 
1982;48(1):117–26.

	 40.	 Larsson L, Tesch PA. Motor unit fibre density in extremely hypertrophied skel-
etal muscles in man. Electrophysiological signs of muscle fibre hyperplasia. Eur J 
Appl Physiol Occup Physiol. 1986;55(2):130–6.

	 41.	 Dan B, Bouillot E, Bengoetxea A, Noel P, Kahn A, Cheron G. Adap-
tive motor strategy for squatting in spastic diplegia. Eur J Paediatr Neurol. 
1999;3(4):159–65.

	 42.	 Hoffren M, Ishikawa M, Komi PV. Age-related neuromuscular function during 
drop jumps. J Appl Physiol. 2007;103(4):1276–83.

	 43.	 Roy RR, Wilson R, Edgerton VR. Architectural and mechanical proper-
ties of the rat adductor longus: response to weight-lifting training. Anat Rec. 
1997;247(2):170–8.

	 44.	 Carolan B, Cafarelli E. Adaptations in coactivation after isometric resistance 
training. J Appl Physiol. 1992;73(3):911–7.

	 45.	 Ramaswamy KS, Palmer ML, van der Meulen JH, et al. Lateral transmission 
of force is impaired in skeletal muscles of dystrophic mice and very old rats.  
J Physiol. 2011;589(pt 5):1195–208.

	 46.	 Street SF. Lateral transmission of tension in frog myofibers: a myofibrillar net-
work and transverse cytoskeletal connections are possible transmitters. J Cell 
Physiol. 1983;114(3):346–64.

	 47.	 Lexell J, Taylor CC, Sjostrom M. What is the cause of the ageing atrophy? Total 
number, size and proportion of different fiber types studied in whole vastus lat-
eralis muscle from 15- to 83-year-old men. J Neurol Sci. 1988;84(2–3):275–94.

	 48.	 Sheard PW, Anderson RD. Age-related loss of muscle fibres is highly variable 
amongst mouse skeletal muscles. Biogerontology. 2012;13(2):157–67.

	 49.	 Millay DP, Sargent MA, Osinska H, et al. Genetic and pharmacologic inhibi-
tion of mitochondrial-dependent necrosis attenuates muscular dystrophy. Nat 
Med. 2008;14(4):442–7.

	 50.	 Iannaccone S, Quattrini A, Smirne S, et al. Connective tissue proliferation and 
growth factors in animal models of Duchenne muscular dystrophy. J Neurol Sci. 
1995;128(1):36–44.

	 51.	 Mendler L, Pinter S, Kiricsi M, Baka Z, Dux L. Regeneration of reinnervated 
rat soleus muscle is accompanied by fiber transition toward a faster phenotype.  
J Histochem Cytochem. 2008;56(2):111–23.

	 52.	 Baker BA, Cutlip RG. Skeletal muscle injury versus adaptation with aging: novel 
insights on perplexing paradigms. Exerc Sport Sci Rev. 2010;38(1):10–6.

Downloaded From: https://bioone.org/journals/Environmental-Health-Insights on 19 Sep 2024
Terms of Use: https://bioone.org/terms-of-use

http://www.la-press.com

