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Abstract We examined the adaptation of plantar flexor

muscles of female rats to 6 weeks (5 days/week) of

lengthening contractions. After repeated lengthening con-

tractions, a decrease in myofiber area of gastrocnemius

medialis (26%) was accompanied by an increase in extra-

cellular matrix (ECM) (42%) and collagen content (30.9%)

without changes in muscle mass. Decrease in myofiber area

(13%) and muscle mass of soleus (19%) was associated

with increased collagen content (28%) and ECM (15%).

Relative number of soleus myofibers stained for fast

myosin increased by 26%. For plantaris, increases in col-

lagen content (32.3%), percent ECM (17%), and myofiber

area (6%) were recorded. We also observed (1) increases

(3.3%) in the collagen content of the Achilles tendon,

(2) no change in the crosslink content of any of the tissues

tested, and (3) no difference in the force-frequency rela-

tionship of the plantar flexor muscles. Substantial decreases

in myofiber areas with increases in muscle connective tis-

sue by 6 weeks of repeated lengthening contractions did

not appear to result in isometric force loss.

Keywords Training � Myofiber area � Collagen �
Force transmission

Introduction

If the load is sufficient, resistance training results in

increases in muscle force (strength) and myofiber areas

(hypertrophy) in both animals and humans, providing

excellent models for the mechanistic study of muscle

enlargement. However, some resistance training programs

have been reported to lead to decreased performance known

as overtraining. Few animal models have been developed to

study training programs that might lead to decreased per-

formance, but some studies have reported a lack of growth

from resistance training in rats. For example, after 10 weeks

of concentric contractions (192 repetitions) performed

every 3rd or 4th day, the gastrocnemius muscle of rats did

not enlarge [1]. No increase in mass of rat gastrocnemius

was also noted for isovelocity (concentric/eccentric) train-

ing at 24�/s but not 12�/s under the same high-loading

conditions [2]. In contrast, progressive resistance exercise

(i.e., weight training) for 16 weeks produced larger gas-

trocnemius muscles in rats whereas the same training reg-

imen without weights did not. Thus, there appears to be a

training spectrum where load, repetition number, and con-

traction duration (tension-time integral) interact differently

to produce muscle adaptations that are not always hyper-

trophic (e.g., increased strength without enlargement).

Increased strength without any change in muscle size

might result if the transmission of force was improved with

training [3] by connective tissue proliferation and/or

remodeling. It has been proposed that resistance training

might result in additional connective tissue attachments

along the length of myofibers that would decrease the

effective length of the muscle fibers but increase the iso-

metric force [4]. We have shown that collagen struts can

form in the endomysium between myofibers from repeated

lengthening contractions [5] but did not evaluate any
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functional parameters. Because of their connective tissue

sheath, broken muscle fibers retain the ability to transmit

force [6], illustrating the importance of nonmyofiber

components in force transmission. Therefore, alterations in

connective tissue content and organization might be able to

compensate partially for decreased myofiber areas and

maintain isometric force during certain conditions of over-

use or muscle disease so that functional impairment could

be prevented or delayed.

We designed a 6-week training program using repeated

lengthening contractions to study muscle fiber and nonfiber

changes in all three plantar flexor muscles of the rat

together with functional measurements of the isometric

force-frequency relationship. Based on observations in our

lab, a continuum from adequate stimulus for increased

muscle strength and hypertrophy to decreased function and

fibrosis from repeated lengthening contractions exists

depending on repetition number, rest interval, and fre-

quency of exposure. The current study was undertaken to

examine a number of possible adaptations to repeated

lengthening contractions including muscle fiber size and

number, ECM, collagen and collagen crosslink content,

isometric force-frequency relationship, and—for the soleus

muscle—changes in the relative number of fast fibers.

Methods

Female Sprague-Dawley rats (4–5 months) were used for

all experiments. The study complied with Animal Welfare

Act P.L. 99-158 and DHHS Guidelines governing the care

and use of laboratory animals. All experimental procedures

were approved by and followed the guidelines of the West

Virginia University Animal Care and Use Committee

(WVU-ACUC #9809-02). Rats had access to water and

laboratory chow ad libitum and were housed in animal

facilities maintained at 21�C with a 12:12 h light:dark

cycle (lights on 06:00 a.m.–06:00 p.m.). Experiments were

designed to examine isometric force and muscle-specific

adaptations after exposure to repeated lengthening con-

tractions, daily for 6 weeks, except weekends.

Training with lengthening contractions

For each training session, rats were anesthetized and

trained using our manual training program [7] with slight

modifications. Electrodes for electrical field stimulation

were inserted subcutaneously and positioned bilaterally

along the surface of the plantar flexor muscles of the left

hindlimb. The stimulation site was subcutaneous, and the

electrodes were placed parallel to the leg muscles only for

as long as the stimulation was delivered each day. Elec-

trical field stimulation with 0.2 ms pulses at 70 Hz and

40 V was used. With the rat lying on its back, the left foot

was held by the investigator (WTS) between thumb and

index finger at a starting ankle position of 140�. Following

onset of stimulation, the ankle was rotated to 40� by

pushing at the sole of the foot (i.e., stretching the activated

muscles producing lengthening contractions) and returned

to the starting position (i.e., muscles shorten producing

concentric contractions) with little resistance. Each training

session consisted of 5 bouts of 10 stretch-shorten cycles

(time required for 10 repetitions was about 4–5 s) with a

rest period of 30 s between bouts. In between the training

sessions, the rats were returned to normal cage activity.

During the 6 weeks of training, rat plantar flexor muscles

performed a total of 1,500 stretch-shorten cycles. A group

of untrained female Sprague-Dawley rats served as

controls.

Isometric force measurements

Isometric force measurements were taken 48 h after the

last training bout using a different protocol. Rats were

anesthetized with sodium pentobarbital (75 mg/kg, i.p.),

and additional doses were administered as needed. Force

measurements of the plantar flexor muscle–tendon com-

plex of the left hindlimb [training (n = 10), control rats

(n = 10)] were performed using direct stimulation of the

tibial nerve. Details on the dissection procedure for nerve

cuff placement, animal positioning, and force recording

device are described elsewhere [8, 9]. In short, during

muscle activation by nerve stimulation, the left foot of the

rat was kept firmly positioned on an aluminum plate by two

cross-bars. Below the aluminum plate was a Z-11/5 kg load

cell (HBM, Marlboro, MA, USA). Force of the plantar

flexor muscle–tendon complex was measured as a reaction

force under the sole of the rat’s foot [8, 9]. Knee and ankle

angle were held at 90�. For each rat, the maximum voltage

for muscle force production with a stimulation frequency

of 80 Hz and a pulse duration of 200 ls was determined

(mean ± SE: 5.6 ± 0.3 V).

Force-frequency measurements were performed using

isometric contractions at 5, 10, 20, 40, 60, 80, 100, and

120 Hz with stimulation times of 1,500 ms for 5–20 Hz,

900 ms for 40 Hz, and 600 ms for 60–120 Hz stimulations.

Each contraction was performed twice at each frequency.

Rest periods between isometric contractions were 1–2 min.

Tissue sampling and preparation

Immediately following the testing for the force-frequency

relationship, rats were euthanized with an overdose of

sodium pentobarbital. Plantar flexor muscles (i.e., soleus,

plantaris, and gastrocnemius muscles) and Achilles tendons

of left and right hindlimb were dissected, trimmed of fat,
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and weighed. In each group, left and right adrenal glands

were pooled and wet weights measured. Achilles tendon

and mid-belly samples from the individual plantar flexors

were taken and frozen on corks using isopentane cooled by

liquid nitrogen. For morphometric analysis, 10 lm frozen

sections were collected on glass slides. Sampling, handling

of tissue, and details on methods used for measuring col-

lagen content [hydroxyproline (HYP)] and the mature,

nonreducible cross-link pyridinoline (HP) from sectioned

material were described by Miller et al. [10]. HYP and HP

were determined by high-performance liquid chromatog-

raphy and quantified relative to known amounts of type I

collagen and HP, respectively. Collagen content was

expressed as micrograms per milligram of dry weight using

purified collagen as the standard. Collagen cross-links were

expressed as moles of HP per mole of collagen.

Morphometric analysis

For morphometric analysis, the extracellular protein

fibronectin was used to visualize the noncontractile tissue

[11] and serve as a boundary marker for myofibers, simi-

larly to methods reported previously [12]. Fibronectin was

visualized using indirect immunohistochemistry applied to

sectioned muscle samples. After a 2009 dilution was

prepared in phosphate-buffered saline, pH 7.4 (PBS), the

primary antibody, rabbit anti-fibronectin IgG (AB 1942,

Chemicon International, Temecula, CA), was applied to the

slides, incubated for 30 min, and rinsed in PBS. The sec-

ondary antibody, FITC-labeled donkey anti-rabbit IgG (AP

182R, Chemicon International, Temecula, CA), was dilu-

ted 1009 and applied for 30 min. The slides were rinsed in

PBS, a drop of glycerin/PBS solution was applied, and a

coverslip placed on the slide. Four muscle samples were

used from each group.

For determination of the relative number of fast fibers in

the soleus muscles, a double-labeled technique was used.

In addition to the fibronectin staining procedure above,

mouse anti-fast myosin IgG (M-4276, Sigma Chemical,

St. Louis, MO), and goat anti-mouse IgG Cy3 (PA43002,

Amersham Biosciences, Piscataway, NJ) were diluted 209

and applied for 30 min each. The use of concentrated

antibodies allowed the fast-myosin fibers (red) to be visu-

alized using the FITC filters (green). This technique

allowed discrimination of individual fibers that were close

together. Four pictures were taken from each muscle

sample representing a medial, lateral, dorsal, and ventral

area of the muscle. Color photographs (35 mm slides) were

taken at 109 primary magnification and each contained

about 200 fibers for analysis.

The four 35 mm slides for each muscle were scanned

using a Nikon LS-1000 35 mm film scanner into Adobe

PhotoShop 6.0 (Adobe Systems, San Jose, CA). The images

were measured using image analysis software (Image

Pro Plus 4.5, Media Cybernetics, Silver Spring, MD) for

myofiber areas and percent noncontractile content using a

custom calibration sample. Attempts were made to exclude

arteries and veins from the measurement of noncontractile

content. This exclusion reduced the noncontractile material

in some samples. For calculation of the relative frequency

distribution of fiber areas, all areas below 50 lm2 were

excluded from analysis. For fiber counting, the microscope

slides were placed under an Olympus Provis AX70 micro-

scope, and images were captured using Microbrightfield

software. The images containing an entire cross-section of

the muscles were subsequently imported into Adobe

Photoshop. Using a ‘‘layer’’ feature, a dot was placed on

each myofiber. The images containing only dots were saved

as individual files and counted using Image Pro to yield total

fiber counts. To count the number of fast myosin fibers in

the soleus, the scanned images were imported into Photo-

shop, and spots were placed on the stained fibers using a

‘‘layer.’’ The ‘‘layer’’ was saved as a separate image file,

and the spots were counted using the image analysis soft-

ware. Another ‘‘layer’’ was created to contain spots for the

remaining unstained myofibers. The percentage of fast

fibers was calculated from these counts. For statistical

analysis, the mean values for all the fibers in each muscle

and the percent noncontractile material in four 35 mm

slides from each muscle sample were used [13].

Statistical analysis

Weights of individual plantar flexor muscles were not

different between the right hindlimb of trained and control

rats (Student t test, P \ 0.05). Therefore, paired Student

t tests were used to test for differences between left and

right hindlimb of trained rats for (1) weights of the indi-

vidual plantar flexor muscles, (2) collagen content in

individual plantar flexor muscles and Achilles tendon, and

(3) collagen cross-link content in individual plantar flexor

muscles and Achilles tendon. Unpaired Student t tests were

used to test for differences between trained rats and control

rats for (1) adrenal gland weight and (2) isometric force at

an ankle position of 90�. The morphometric data were

entered into an analysis program (Prism 3.0, GraphPAD

Software, San Diego, CA), where means, standard errors,

Student t tests, and frequency distributions were performed.

Data are presented as mean ± SE. Differences were

accepted as significant at P \ 0.05.

Results

Daily resistance training for 6 weeks using repeated

lengthening contractions of electrically activated rat plantar
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flexor muscles did not result in an increase in isometric

force, although there was a trend toward increased force at

higher stimulation frequencies (Fig. 1). The absence of a

difference in isometric force at any of the stimulation

frequencies tested revealed that muscle injury was not

present at the time of testing.

Muscle mass

Because daily exercise for 6 weeks would stress the rats,

the effect of stress on the trained rats was assessed by

weighing the adrenal glands. The adrenal glands from the

trained rats were 17% larger than control rats (Table 1)

providing indirect evidence for an increased stress reaction.

The weights of the soleus, plantaris, and gastrocnemius

muscles of the right (untrained) hind-limbs were similar in

both trained and control rats (Table 1). In contrast, after

training of the plantar flexor muscles (i.e., the muscles of

the left hind-limb), the mass of the soleus muscle decreased

by 19% (Table 1), but the masses of the plantaris and

gastrocnemius muscles were unchanged (Table 1).

Contractile components

Muscle mass is the sum of the contractile and noncon-

tractile components, so each was assessed using morpho-

metric analysis. Figure 2 is an illustration of soleus (a, b),

stained for fast myosin and fibronectin, and gastrocnemius

medialis (c, d) to quantify myofiber areas. In the gastroc-

nemius medialis and soleus muscles of trained rats, myo-

fiber areas decreased by 26 and 13%, respectively. A small

but significant increase in myofiber area by 6% was

observed for the plantaris muscles (Table 2). Very small

fibers were present in the soleus and gastrocnemius medi-

alis muscles but not present in the plantaris muscles

(Fig. 3). If muscle fiber branching resulted in response to

training, small muscle fibers and increased ECM would

result because each fiber has its own connective tissue

sheath.

In soleus muscles from trained rats, the relative number

of fast fibers, identified by antibody localization, increased

by 26% from 17.4 ± 0.9 to 22.0 ± 1.5%. Overall, the

contractile component of the plantar flexor muscles was

decreased after 6 weeks of training with lengthening

contractions.

Noncontractile components

The noncontractile components were assessed by mor-

phometric and chemical analysis. The relative area of ECM

increased in gastrocnemius medialis by 42% and plantaris

by 17%; for the increase in ECM of the soleus muscle

(increase of 15%) there was a trend to reach significance

(P = 0.06) (Table 2). In contrast, HPLC analysis revealed

significant increases in collagen content in all plantar flexor

muscles: soleus by 27.6%, plantaris by 32.3%, and gas-

trocnemius medialis by 30.9% (Table 2) as well as for the

Fig. 1 Relationship between stimulation frequency and isometric

force of the rat plantar flexor muscles for control rats and for rats

trained with repeated lengthening contractions

Table 1 Body and tissue weights from control rats and rats trained with lengthening contractions

Control Training

Body wt (g) 271 ± 3 266 ± 3

Adrenal wt (mg) 62 ± 1 72 ± 3*

Control Training

Right hindlimb Left hindlimb Right hindlimb Left hindlimb

Soleus wt (mg) 134 ± 3 130 ± 3 137 ± 2 116 ± 3*

Plantaris wt (mg) 377 ± 6 366 ± 10 375 ± 7 370 ± 7

Gastrocnemius wt (mg) 1,671 ± 23 1,691 ± 48 1,692 ± 29 1,627 ± 30

*P \ 0.05 (significant difference between control and trained rats, Student’s t test)
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Achilles tendon by 3.3%. No changes in collagen cross-

links (Table 2) were detected in any of the tissues.

Discussion

Substantial decrease in myofiber areas and increase in

muscle connective tissue by 6 weeks of repeated length-

ening contractions did not result in a loss of isometric

force as would be expected from overtraining. An

increase in muscle mass is a common outcome from

resistance training programs in rats given sufficient rest to

prevent overtraining. Overtraining is recognized as a

decrease in performance following large training volumes

and/or high intensity programs [14]. Although daily

training using maximum lengthening contractions would

be considered a high intensity training program [15], no

decrement in performance, as assessed by maximum

isometric force measurements, was observed for the

plantar flexor muscles of rats. Instead a small but insig-

nificant increase in maximum isometric force (14%) was

recorded. The lack of change in isometric force (strength)

occurred together with a decrease in myofiber area of the

gastrocnemius medialis and soleus muscles with a slight

increase in plantaris muscles (Table 2); only the soleus

muscle actually lost muscle mass. Although the relative

frequency distribution of soleus muscle indicates a

decrease in relatively large (i.e., fast) muscle fibers, the

relative increase in fast fibers in the soleus may be

explained by a combined decrease in area of slow and fast

fibers in the trained soleus. Gastrocnemius medialis and

plantaris muscle, both considered fast-twitch and bi-

articular, showed opposite responses for changes in

myofiber areas. Thus, the effects of our training program

were muscle-specific and not necessarily fiber-type rela-

ted. Furthermore, observations in plantaris muscle of a

decrease in muscle mass seem to be in contradiction with

an increase in muscle fiber area. However, without

Fig. 2 Immunohistochemical

localization of fast myosin and

fibronectin in soleus muscles

from control (a) and trained (b)

rats. Fibronectin staining was

used for image analysis of

muscles; the medial

gastrocnemius muscles are

illustrated from control (c) and

trained (d) rats. Red areas
represent areas not included in

the measurements due to tears in

the tissue or the presence of

large blood vessels. Primary

magnification 259

Table 2 Measured variables in control and trained rats

Soleus Plantaris Medial gastrocnemius

Control Trained Control Trained Control Trained

Fiber area (lm2) 3,039 ± 95 2,653 ± 143* 3,026 ± 88 3,191 ± 112* 3,842 ± 154 2,840 ± 189*

ECM content (%) 15.1 ± 1.0 17.4 ± 0.7� 13.3 ± 0.6 15.5 ± 0.6* 12.3 ± 0.4 17.5 ± 1.1*

Collagen content (lg/mg dry wt) 26.9 ± 1.5 33.9 ± 3.5* 18.6 ± 1.6 24.7 ± 0.9* 10.0 ± 0.5 13.1 ± 1.2*

Collagen crosslinks (mol HP/mol collagen) 0.27 ± 0.01 0.28 ± 0.02 0.24 ± 0.01 0.25 ± 0.01 0.35 ± 0.03 0.32 ± 0.02

ECM Extra-cellular matrix, HP pyridinoline

*P \ 0.05, �P = 0.06 (Significant difference between control rats and rats trained with lengthening contractions, Student’s t test)
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measurement of the total number of muscle fibers in each

muscle and assessment of muscle length, further inter-

pretation is impossible. However, since the gastrocnemius

muscle is responsible for 80% [16, 17] of the isometric

force of the plantar flexor muscles, a decrease in myofiber

area of about 26% for the gastrocnemius muscle would be

expected to decrease the isometric force recorded after

resistance training unless fiber branching or hyperplasia

was present.

Although increases in fast fibers have also been reported

for rat soleus muscles following chronic overload [11], the

increase in the number of fast fibers as identified by myosin

antibody localization in the rat soleus muscles following

resistance training was an unexpected finding. Fast fibers

are known to increase in soleus muscles of rats following

hind-limb unloading [18, 19], spinal cord injury and

hypothyroidism—all conditions of muscle atrophy.

Recently, an increase in the ratio of fast to slow fibers in

the rat soleus has also been reported following clenbuterol-

induced hypertrophy [20], but, in single fibers from the

soleus, multiple isoforms were expressed [21].

A transition from slow to fast isoforms normally occurs

during regeneration following muscle injury and might

account for the increased number of fast fibers. Although

injury and regeneration commonly follow a single bout of

unaccustomed lengthening contractions in the rat soleus

muscle [7], protection seems to occur when the training

continues, as markers for injury disappear including the

absence of fibronectin positive myofibers in the present

study. Using the presence of developmental myosin-posi-

tive myofibers to identify muscle regeneration in the soleus

of resistance-trained rats in our study, only very small

fibers were positive, and these probably represent activated

satellite cells known to respond to resistance training.

Although activation of satellite cells is essential to initiate

muscle regeneration (for a review see [22]), a relationship

between those cells and fiber branching and/or multiple

slow and fast isoforms in single muscle fibers is not clear.

Thus, slow to fast fiber shifts in the soleus muscle of

trained rats appeared to result from the daily training reg-

imen. However, we did not examine the tissue for

expression of multiple forms within a single fiber. There-

fore, it is possible that the small muscle fibers represent

regenerated muscle fibers.

Daily training results in diminished recovery time and

may be a risk factor for overtraining [23, 24]. The impor-

tance of recovery time for muscle enlargement was rec-

ognized [25]. When training with lengthening contractions

occurred every other day for 16 weeks, muscle enlarge-

ment was not observed. However, if 3 days of rest occurred

between the exercise sessions, muscle growth occurred

from the same training regimen [25]. In contrast, training

every other day for 8 weeks using 4 bouts of 10 repetitions

of shortening/lengthening contractions led to hypertrophy

only if the angular velocity of ankle rotation was very slow

(12�/s) [2]. These studies illustrate that muscle enlargement

in response to resistance training is highly complex. Fur-

thermore, muscle enlargement is not required for increases

in isometric force (strength) in rats. In spite of a lack of

muscle enlargement from a 5-week isometric training

program, isometric force increased for the plantar flexor

muscles [26].

Fig. 3 Frequency distribution histograms of soleus, gastrocnemius

medialis, and plantaris muscles after 6 weeks of repeated lengthening

contractions (5 days/week). Solid lines Trained muscles, dashed lines
control muscles
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For force to be transmitted to the skeleton, connective

tissue is required in the form of tendon and fascial con-

nections. In our trained rats, the Achilles tendon contained

more collagen per unit dry weight, implying that the col-

lagen fibril density increased in order to accommodate the

muscle force, hence a stronger tendon. Although the effects

of endurance training on muscle [27–29] and tendon [30,

31] collagens have been studied, tendon adaptations to

repeated lengthening contractions have not been studied

except when used to produce tendinosis in rats [32].

To produce tendinosis, 1 h of 1,800 repetitions 3 days a

week for up to 4 weeks was used [32]. In our study, there

was no evidence of pathology or overt inflammation in the

Achilles tendons from the repeated lengthening contrac-

tions but increased collagen content was recorded.

The increase in collagen content could have resulted from a

decrease in noncollagen components (e.g., proteoglycans)

of the tendon. Further studies are needed to define the

noncollagen changes that occurred. However, since colla-

gen cross-link content did not increase in the Achilles

tendons of trained rats, tendon stiffness would not be

expected to change even with an increase in collagen

content. Interestingly, however, evidence of a decrease in

joint stiffness was observed in male rats trained with

lengthening contractions over a 20-day period [33].

In humans, resistance training increased the total

amount of connective tissue in skeletal muscle but in

proportion to the myofiber enlargement [34]. In our studies

of rat plantar flexor muscles, increased ECM and the for-

mation of collagen struts between myofibers were reported

following lengthening contractions. These collagen con-

nections could serve to increase the lateral transmission of

force from the sarcomeres to the tendon. For the anterior

tibial compartment of the rat, extramuscular myofascial

force transmission has been reported [35, 36]. Therefore,

the presence of increased collagen content of muscles

trained with lengthening contractions could have offset any

decrease in force production by reduced myofiber area.

Interestingly, greater expression of transforming growth

factor-b1, a collagen-inducing growth factor, was shown

after 4 days of such training [37].

In summary, daily training with lengthening contraction

for 6 weeks did not result in overtraining as isometric force

production was maintained, if not increased, in spite of a

decrease in myofiber areas of the soleus and gastrocnemius

muscles. Indirect evidence for an increase in specific ten-

sion due to an increased proportion of connective tissue

offsetting the decrease in myofiber area was supported by

an increase in ECM area and collagen content. Increased

collagen content of the Achilles tendon provided evidence

that tendons may become stronger as well. Finally, an

unexpected shift from slow to fast fiber types in the soleus

muscle was observed following training. Perhaps as more

slow fibers become transformed to fast fibers, the soleus

muscle may become more fatigable.
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