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Abstract

Body movements are mainly provided by mechanical function of skeletal muscle. Skeletal muscle is composed of numerous bundles of
myofibers that are sheathed by intramuscular connective tissues. Each myofiber contains many myofibrils that run longitudinally along the length
of the myofiber. Myofibrils are the contractile apparatus of muscle and they are composed of repeated contractile units known as sarcomeres.
A sarcomere unit contains actin and myosin filaments that are spaced by the Z discs and titin protein. Mechanical function of skeletal muscle is
defined by the contractile and passive properties of muscle. The contractile properties are used to characterize the amount of force generated
during muscle contraction, time of force generation and time of muscle relaxation. Any factor that affects muscle contraction (such as interaction
between actin and myosin filaments, homeostasis of calcium, ATP/ADP ratio, etc.) influences the contractile properties. The passive properties
refer to the elastic and viscous properties (stiffness and viscosity) of the muscle in the absence of contraction. These properties are determined
by the extracellular and the intracellular structural components (such as titin) and connective tissues (mainly collagen) 1-2. The contractile and
passive properties are two inseparable aspects of muscle function. For example, elbow flexion is accomplished by contraction of muscles in
the anterior compartment of the upper arm and passive stretch of muscles in the posterior compartment of the upper arm. To truly understand
muscle function, both contractile and passive properties should be studied.

The contractile and/or passive mechanical properties of muscle are often compromised in muscle diseases. A good example is Duchenne
muscular dystrophy (DMD), a severe muscle wasting disease caused by dystrophin deficiency 3. Dystrophin is a cytoskeletal protein that
stabilizes the muscle cell membrane (sarcolemma) during muscle contraction 4. In the absence of dystrophin, the sarcolemma is damaged
by the shearing force generated during force transmission. This membrane tearing initiates a chain reaction which leads to muscle cell death
and loss of contractile machinery. As a consequence, muscle force is reduced and dead myofibers are replaced by fibrotic tissues 5. This later
change increases muscle stiffness 6. Accurate measurement of these changes provides important guide to evaluate disease progression and to
determine therapeutic efficacy of novel gene/cell/pharmacological interventions. Here, we present two methods to evaluate both contractile and
passive mechanical properties of the extensor digitorum longus (EDL) muscle and the contractile properties of the tibialis anterior (TA) muscle.

Video Link

The video component of this article can be found at https://www.jove.com/video/50183/

Protocol

1. Evaluation of the Contractile and Passive Properties of the EDL Muscle Ex vivo

The contractile and passive properties of the EDL muscle are measured ex vivo using the Aurora Scientific in vitro muscle test system. Refer to
Table 1 for materials and equipment.

1.1 Equipment preparation

1. Assemble the tissue-organ bath by securing the oxytube to the water-jacket tissue bath. Attach the assembled bath to the muscle mounting
apparatus. Connect the gas line to the oxytube. Fasten the water circulation lines to the water-jacket tissue bath and place the needle valve
into the bath drainage.

2. Turn on the circulating water-bath and adjust the temperature to 30 °C 7. Allow 5 PSI (pounds per square inch) of 95% O2-5% CO2 to flow
through the oxytube. Fill the bath with Ringer's buffer. Equilibrate the buffer for at least 10 min with a steady gas flow by adjusting the oxytube
valve.

3. Turn on the instruments (stimulator, dual-mode lever system, and signal interface). Load the dynamic muscle control (DMC) software
according to manufacturer's instruction.
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1.2 EDL muscle dissection

All animal studies must be approved by the Institutional Animal Care and Use Committee.

1. Anesthetize the mouse with intraperitoneal injection of 2.5 μl/g body weight of the anesthetic cocktail (refer to materials section). Throughout
the surgical procedure, the depth of sedation was checked by performing a toe pinch. A supplement of 10% of the initial anesthetic dose is
administrated when needed to keep the animal under anesthesia. Shave the hind limb. Maintain the body core temperature at 37 °C prior
to dissection procedure by placing the mouse on a heating pad. The body temperature is monitored by constantly measuring the rectal
temperature using a thermal probe.

2. Position the mouse supine on the dissection board (Figure 1). Peel off the leg skin to expose the hind limb muscles. Secure the leg on the
sylgard block using two dressmaker pins, one in the foot and the other in the gracilis muscle. Place a heat lamp above the mouse body to
maintain the core body temperature at 37 °C. Constantly superfuse all exposed muscles with Ringer's buffer. Drain excess buffer through a
vacuum line.

3. Expose the distal TA tendon and the extensor ligament under a stereomicroscope by dissecting the skin toward the foot. Gently remove the
fascia covering the TA muscle. Cut the extensor ligament to release the distal TA tendon.

4. Cut the distal TA tendon and use it to peel off the TA muscle. Carefully remove the TA muscle at its proximal attachment. Place a thin piece
of Ringer's buffer soaked cotton next to the EDL muscle to absorb bleeding caused by the rupture of the TA muscle vasculature. Use the
vacuum line to remove excess buffer and blood.

5. Tie a double square knots followed by a loop knot using a bread silk suture at the muscle tendon junction (MTJ) of the distal EDL muscle
(Figure 2). Make an incision in the distal portion of the biceps femoris muscle to expose the proximal EDL muscle. Repeat the same set of
knots (Figure 2) at the MTJ of the proximal EDL tendon. Attach the lever arm hook to either the proximal or the distal knots with a double
square knot using the same suture line. Cut off the remaining suture line.

6. Cut the proximal EDL tendon superior to the proximal suture knot. Lift up the EDL muscle with the hook and cut the vasculature beneath the
muscle. Cut the distal EDL tendon inferior to the distal suture knot to remove the EDL muscle from the hind limb. Cover the exposed hind limb
with a piece of Ringer's buffer soaked cotton.

7. Attach the hook to the lever arm. Align the muscle vertically between two electrodes. Secure the distal suture line to the fixed post. Lift up
the tissue bath to submerge the muscle in Ringer's buffer. Adjust the resting tension to 1.0 g using the dual coarse/fine translation stage and
allow the muscle to equilibrate for at least 10 min.

1.3 Measuring the contractile and passive properties of the EDL muscle

Use Table 2 to set up the parameters in the DMC software for each of the following measurements. Analyze the data using the dynamic muscle
analysis (DMA) software.

1.3.1 Measuring the contractile properties of the EDL muscle

1. Stimulate the EDL muscle three times at 150 Hz with 60 sec apart to stabilize the muscle 8.
2. Stimulate the EDL muscle at different resting tensions to determine the optimal length (Lo). The optimal length is the length at which muscle

develops maximum twitch tension. Allow the muscle to relax for 2 min.
3. Adjust the resting tension to Lo. Measure muscle force at single twitch stimulation. Determine the absolute twitch force (Pt), time to peak

tension (TPT) and half relaxation time (½ RT) of the Pt. Allow the muscle to relax for 2 min.
4. Adjust the resting tension to Lo. Measure tetanic muscle force generated at different stimulation frequencies (50, 80, 100, 120, 150 and 200

Hz). Determine the absolute maximal tetanic muscle force (Po) where muscle force reaches the maximal. Measure the TPT and ½ RT of the
Po 9.

5. Allow the muscle to relax for 5 min. Adjust the resting tension to Lo. Apply 10 cycles of eccentric contractions with 2 min rest between cycles.
Calculate the relative force loss of the Po after each cycle of eccentric contraction.

6. Detach the EDL muscle from the apparatus and cut the tendons at the suture site. Determine the muscle wet weight and calculate the muscle
cross sectional area (CSA) 6,10.

1.3.2 Measuring the passive properties of the EDL muscle

1. Dissect the contralateral EDL muscle and attach it to the apparatus as described in Section 1.2, steps 2 to 7.
2. Subject the EDL muscle to a six-step stretching protocol where the muscle is strained to 160% Lo with an increment of 10% Lo. Analyze the

stress-strain profile 6.
3. Evaluate the viscous property of the EDL muscle by measuring the stress relaxation rate (SRR) at the following time frames after stretching

and holding the muscle at 10% Lo: from peak to 0.1s post-peak (pp), from 0.1 to 0.2s pp, from 0.2 to 0.5s pp, from 0.5 to 1s pp and from 1 to
1.5s pp.

4. At the end of study, euthanize the mouse by cervical dislocation and/or decapitation while the mouse is still under anesthesia. Detach the
EDL muscle from the apparatus and cut the tendons at the suture site. Determine the muscle wet weight and calculate the muscle cross
sectional area (CSA) 6,10.

2. Evaluation of the Contractile Properties of the TA Muscle In situ

The contractile properties of the TA muscle are measured using the Aurora Scientific in situ muscle test system. Refer to Table 1 for materials
and equipment.

2.1 Equipment preparation

1. Heat up the thermo-controlled animal stage to 37 °C using the circulating water-bath.
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2. Turn on the instruments (stimulator, dual-mode lever system, and signal interface). Load the DMC software according to manufacturer's
instruction.

2.2 Preparation of the TA muscle for in situ force measurement

1. Anesthetize the mouse, shave the hind limb and expose the TA muscle as described in steps 1 to 3 in Section 1.2.
2. Tie a double square knot around the patella ligament using a bread silk suture. Tie a double square knot followed by a loop knot at the MTJ of

the distal TA muscle (Figure 2), tie another double square knot leaving a ~10 mm loop from the distal TA tendon knot using the same suture
line. Place the second double square knot on the side of the loop.

3. Remove the pins from the hind limb and position the animal prone. Expose the biceps femoris muscle. Make an incision in the midline to
reveal the sciatic nerve. Tie a double square knot around the proximal end of the sciatic nerve. Trim one side of the suture lines and cut the
nerve superior to the knot. Gently, pull the sciatic nerve toward the knee using the suture line and clear the surrounding connective tissue to
free ~ 5 mm of its length. Do not stretch the nerve during this procedure and constantly superfuse the nerve with ringer buffer.

4. Prepare the contralateral TA muscle as described in steps 1 to 3. Cover one of the exposed hind limb with a piece of Ringer's buffer soaked
cotton. Constantly superfuse both hind limbs with pre-warmed (37 °C) Ringer's buffer. Remove excess buffer through a vacuum line.

5. Position the animal prone on the animal platform. Attach the knee clamp holder to the animal platform and secure both knees to the metal pin
with double square knots using the patella ligament suture lines. Pin both feet on the sylgard block using dressmaker pins. Secure the animal
platform onto the thermo-controlled stage. Position the heat lamp to maintain the animal core body temperature at 37 °C.

6. Secure the electrode holder to the animal platform and lay the sciatic nerve on the electrode using the suture line. Keep the electrode away
from the hind limb muscles. Cut the distal TA tendon of the uncovered hind limb at the MTJ suture site. Attach the distal TA tendon suture
loop to the lever arm hook. Cover the exposed hind limb muscle with a warm Ringer's buffer soaked cotton.

2.3 Measuring the contractile properties of the TA muscle

1. Use Table 2 to set the parameters in the DMC software. Follow the same protocol described in Section 1.3.1 to determine the contractile
properties of the TA muscle. Analyze the data using the DMA software.

2. After contractile property measurement, detach the distal TA tendon suture loop from the leveler arm hook. Remove the TA muscle.
Determine the muscle wet weight and calculate the CSA 10.

3. Measure the contractile properties of the contralateral TA muscle according to steps 1 to 3 described above. Euthanize the mouse according
to institutional guidelines at the end of the study.

Representative Results

The following results are a representation from our previous reports 6,9. Data are presented as mean±standard error of mean. Table 3 shows
the morphometric properties of the EDL muscle in normal BL10 and dystrophin-deficient (mdx) mice at 4 to 6 months of age. Figure 4 shows
representative contractile and passive properties of the EDL muscle from BL10 and mdx mice. The contractile properties of the EDL muscle are
described by the following terms including the specific (absolute force divided by the CSA) twitch force (Figure 4A), specific maximal tetanic
force (Figure 4B), TPT and ½ RT of the absolute maximal tetanic force (Figure 4C and D). The TPT and ½ RT can also be calculate from the
absolute twitch force. The stress-strain profile (Figure 4E) and SRR (Figure 4F) are used to describe the passive properties of the EDL muscle.

Absence of dystrophin has a significant impact on the contractile and passive properties of the EDL muscle 6,9. Specific twitch and tetanic forces
are significantly reduced in the mdx EDL muscle. The TPT is significantly faster while the ½ RT is significantly slower in the mdx EDL muscle.
The stress-strain profile suggests that stiffness is significantly increased in the mdx EDL muscle. The mdx EDL muscle also yields a significantly
much higher resistance force (passive stress) before reaching the peak stress, while the post-peak stresses decline much faster. Further, the
SRR was significantly higher in the mdx EDL muscle compared to that of the BL10 EDL muscle.

Statistical analysis

Statistical significance between two groups is analyzed by the Student t-test. For statistical significance among multiple groups, One-way or Two-
way ANOVA analysis followed by Bonferroni post hoc analysis is recommended using the SAS software (SAS Institute Inc., Cary, NC). Difference
is considered significant when p < 0.05.

Table 1.  Materials and equipment.

Experiment Resting
tension
(gram)

Pulse
frequency
(Hz)

Pulse width
(ms)

Stimulation
duration (ms)

Stretch
length

Stretch
duration (ms)

Stretch rate Comments

1. Evaluation of contractile and passive properties of the EDL muscle ex vivo

1.3.1 Measuring the contractile properties of the EDL muscle

1. Warm up 1.0 150 0.2 300 Rest the
muscle for 60
sec between
each stimulus.
These
preliminary
tetanic
contractions
stabilize the
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muscle for
subsequent
measurements.

2. Optimal
muscle length
(Lo)

0.5, 1.0, 1.5
and 2.0

1 0.2 300 Allow the
muscle to
relax for 30
sec between
each stimulus.
Measure
the muscle
optimal length
using a digital
caliper.

3. Single
twitch force
(Pt)

Adjust resting
tension to Lo

1 0.2 300

4. Tetanic
muscle force

Adjust resting
tension to Lo

50, 80, 100,
120, 150 and
200

0.2 300 Allow the
muscle to
relax for 1
min between
each stimulus.
Determine
the frequency
that generate
the maximal
absolute
tetanic force
(Po).

5. Eccentric
contraction

Adjust resting
tension to Lo

Use the
frequency that
generates
the maximum
tetanic force
(Po)

0.2 700 10% Lo last 200 ms of
the stimulation
duration

0.5 Lo/sec Repeat the
eccentric
contraction
for 10 cycles
with 2 min
rest between
cycles.

6. CSA of the
EDL muscle

CSA =
(muscle mass
(g) / [1.06 g/
cm3 x (Lo x
0.44)]. 1.06
g/cm3 is the
muscle density
and 0.44 is the
EDL muscle
fiber length to
Lo ratio.

1.3.2 Measuring the passive properties of the EDL muscle

1. Six-step
stretching
protocol

Adjust resting
tension to Lo

10% Lo 2 cm/sec Repeat the
stretching
protocol with
an increment
of 10% Lo
till 160% Lo
is reached.
Alow 1.5
sec between
stretch cycles.

2. SRR Adjust resting
tension to Lo

10% Lo 2 cm/sec SSR is
calculated
by dividing
the difference
in the stress
with the time
elapsed
between two
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time points in
a time frame.

2.3 Measuring the contractile properties of the TA muscle

1. Warm up 4.0 150 0.2 300 Rest the
muscle for 60
sec between
each stimulus.

2. Optimal
muscle length
(Lo)

3.0, 4.0, 5.0,
6.0 and 7.0

1 0.2 300 Allow the
muscle to
relax for 30
sec between
each stimulus.
Measure
the muscle
optimal length
using a digital
caliper.

3. CSA of the
TA muscle

CSA =
(muscle mass
(g) / [1.06 g/
cm3 x (Lo x
0.6)]. 0.6 is
the TA muscle
fiber length to
Lo ratio.

Table 2.  Parameters for the evaluation of the mechanical properties of the EDL and TA muscles.

Strain Age (month) Body weight (g) EDL weight (mg) EDL Lo (mm) EDL CSA (mm2)

BL10 6 32.03 ± 0.57 13.90 ± 0.77 14.09 ± 0.04 2.12 ± 0.12

mdx 6 35.44 ± 0.42* 16.73 ± 0.42* 13.93 ± 0.05* 2.57 ± 0.07*

Table 3. Morphometric properties of the EDL muscle. *, the value in mdx mice is significantly different from that of age-matched BL10 mice.

 

Figure 1. A schematic diagram of the custom-made mouse dissection board.  The dissection board is made from a ½ inch thick plexiglass
and was fabricated at the institutional shop. Click here to view larger figure.
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/>

 

Figure 2. A series of digital images showing the steps of tying a double square knot followed by a loop knot at the MTJ.  Asterisk, the
EDL muscle; Arrow, the distal tendon of the EDL muscle.

/>

 

Figure 3. A schematic diagram of the custom-made platform for in situ TA muscle function assay. The plexiglass animal platform and the
stainless steel knee holder were designed to mount on the 809B in situ mouse apparatus. *, Stainless steel rod (Cat# MPR-2.0, Siskiyou, Grants
Pass, OR); #, Universal electrode holder (Cat# MXB, Siskiyou, Grants Pass, OR); §, electrode attachment rod (Cat# MPR-3.0, Siskiyou, Grants
Pass, OR); **, Sylgard block. Click here to view larger figure.
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Figure 4. Representative results for the contractile and passive properties of the EDL muscle. The contractile properties of the EDL
muscle are characterized by the specific twitch force (A), the specific tetanic force (B), the time to peak tension (C) and the half relaxation time
(D). The passive properties of the EDL muscle are assessed by the stress strain profile (E) and the SSR. *, mdx mice are significantly different
from age-matched BL10 mice.

Discussion

In this protocol, we have illustrated physiological assays for measuring the contractile and passive properties the EDL muscle and the contractile
properties of the TA muscle. A major concern in muscle physiology studies is the oxygenation of the target muscle. For large muscles (such as
the TA muscle), the in situ approach is preferred because oxygen diffusion from Ringer's buffer may not reach the center of the muscle in an
in vitro assay. In situ approach does not disturb normal blood supply and hypoxia-associated artificial effects are avoided. The EDL muscle is
one of the most commonly used muscle in physiology study. Adequate oxygenation of the entire muscle can be achieved in an in vitro system
because of the small size of the muscle. Further, the in vitro system provides an enclosed environment to manipulate the concentrations of ions
(Ca 2+, Na+ and K+) and chemicals (ATP and glucose) that are necessary for optimal muscle force generation. This offers a great opportunity to
study the effect of these variables on force production.

Accurate measurement of the contractile and passive properties of the limb muscle is critical to study skeletal muscle function. Characteristic
changes of these properties are often considered as the hallmarks of various muscle diseases. Changes in these parameters are also important
indicators to determine whether an experimental therapy is effective or not.
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