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ABSTRACT

Mechanical properties of a muscle have traditionally been described on the basis of the characteristics of
parallel elastic component (PEC), series elastic component (SEC) and contractile element (CE). Reptiles
in general and Uromastix in particular have been less investigated regarding the mechanical responses and
the characteristics of elastic elements of their visceral muscle tissues. Therefore, a comparative study was
conducted to determine the mechanical properties of esophageal and intestine tissue strips of Uromastix
hardwickii. Tissues were subjected to electrical stimulation in order to observe the graded mechanical
response, and the quick isotonic release method was used for the measurement of stiffness in the series
elastic component. The higher stiffness in intestinal tissues as compared to esophageal tissue of Uromastix
is probably associated with its lesser compliance due to a lesser quantity of SEC that makes the intestine
stiffer, as its muscle cells are less embedded in a collagen matrix. A significant difference between both
types of muscle strips was observed in the rate of force re-development and change in their length. Thus,
the present study provokes the need for quantitative histological and histo-chemical studies on the non-
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contractile proteins of Uromastix smooth muscle.

INTRODUCTION

1l isolated muscle has some compliant elements in

series with the contractile elements. The mechanical
properties and location of the elastic component of smooth
muscles has been the subject of many investigations
(Stephens and Kromer, 1971; Herlihy and Murphy, 1974;
Herrera et al., 2005; Speich, 2006, 2007, 2009), and there
is a general consensus that this component is less stiff than
the corresponding component of skeletal muscle. In other
words, the compliance of activated whole smooth muscle
is greater than that of activated whole skeletal muscle
(Herlihy and Murphy, 1974; Mulvany and Halpern, 1976).

According to the cross bridge theory, cross bridges and
their attachments have elastic properties that are masked
by the presence of compliant passive structures in series
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with the contractile apparatus. The reduction of force in
an activated fiber resulting from a rapid decrease in length
is a linear function of the length decrease. This function
of the muscle fiber is thought to be the characteristic of
the series elastic component (SEC). Compliance of the
parallel elastic component (PEC) is also dependent on
the anatomic arrangement and fraction of collagen in the
tissue (Glavind, 1993). Collagen constitutes about 50%
of smooth muscle, as seen in biopsies (Glavind, 1993;
Mulvany, 1984).

Smooth muscles isolated from various viscera have
a very long functional range, therefore these studies are
disputed (Ford and Gilbert, 2007). Even the geometric
organization of the contractile units can be altered when
the muscle cells adapt to different lengths (Herrera et
al., 2005). The generation of force and shortening are
strongly influenced by the passive tissue elements when
smooth muscle undergoes certain length changes (Meiss
and Pidaparti, 2004, 2005). Previous studies regarding
stiffness measurements (Meiss, 1993; Peiperet al., 1986;
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Yamakawaet al, 1990) indicated that the effects were
confined to changes in the cross bridge, but according
to Meiss and Pidaparti (2005), the curve defining the
shortening-dependent stiffness in tracheal smooth muscle
is highly sensitive to changes in radial connective tissue
parameters, and not in the active tissue element. Speich et
al. (2006, 2007) proposed a mechanical model to justify
adjustable passive stiffness in smooth muscle. Their model
is based on the addition of a novel cross-linking element
to a hybrid Kelvin/Voigt visco-elastic model (Fung, 1993;
Murphy, 1980). They focus on the existence of a variable
parallel elastic component (VPEC) in addition to SEC and
PEC. The VPEC element represents intracellular structures
responsible for the adjustable component of passive
stiffness. Most recently, Speich, (2009) and Almasari et
al. (2010) reported that by increasing the number of KCI-
induced contractions or the duration of a contraction,
the amount of adjustable passive stiffness also increases.
Further studies on pulmonary arterial smooth muscle by
Syyong et al. (2008) revealed that force recovery is the
characteristic of length adaptation that is due to passive
stress relaxation. According to the authors, this will be
needed in future studies to understand abnormalities. The
compliance of SEC is higher in smooth muscle because
the absolute length of the SEC in smooth muscle is much
longer than that in striated muscle (Dorbin and Canfield,
1973, 1977) and also due to the small size of smooth
muscle cells which are embedded in a collagen matrix
rather than connected to tendons, like in case of skeletal
muscles (Gabella, 1977). Studies of SEC properties in dog
common carotid artery showed that skeletal and cardiac
muscle exhibit similar SEC extensions when subjected to
the isometric quick release method, but smooth muscle
exhibits a somewhat greater SEC extension, and the greater
compliance is due to differences in the morphological
basis, i.e., less viscoelastic contractile component than
that of skeletal and cardiac muscle (Dorbin and Canfield,
1973, 1977). Using amphibian smooth muscle, Harris
and Warshaw (1991) reported that the stiffness of a single
isolated smooth muscle cell decreased as the length
decreases. Thus, each type of muscle is tuned to a specific
application for their molecular and mechanical process.
The simplest approach for characterizing the contractile
system of a muscle is the measurement of its mechanical
properties. Smooth muscle mechanics have been less
studied on the spiny tail reptile Uromastix hardwickii.
However, its skeletal muscle mechanics have been
extensively studied by Azeem and Shaikh (2006), Azeem
et al. (2006) and Farooq et al. (2007). Different visceral
muscle tissues of Uromastix and other reptiles have not
been compared among themselves with respect to stiffness
of their SEC. The present study is, therefore, an attempt

to determine and compare the series elastic component’s
stiffness in esophageal and intestinal smooth muscles of
Uromastix hardwickii.

MATERIALS AND METHODS

Isolation of intestinal and esophageal tissue

Adult Uromastix hardwickii of both sex, weighing
180-200 g, were used for the experiments. Standard
and ethical procedure was adopted for the handling of
animals for dissection and isolation of smooth muscle
tissue strips (Savanur et al, 2014). Isolated muscle
tissues were separated from the surrounding connective
tissues and blood vessels. The whole of the intestine and
esophagus was washed by flushing with reptilian buffer
solution (NaCl: 100mM, KCI: 2mM, CaCl,.2H,0: 1.8mM,
Na HPO,2H,O: 5.8mM, KH,PO, 12mM; pH=7.4)
through the lumen twice or thrice by using a small pipette
or syringe (without needle). Then it was immediately kept
in bulk in 400-500ml of oxygenated (95% O, and 5% CO,)
reptilian buffer solution at room temperature.

Fixation and recording from muscle strip

For recording purpose, approximately 1-3 cm long
segments were cut from intestine or esophagus. A single
strip was then immediately transferred in the external
muscle chamber that was filled with Reptilian buffer
solution. One end of the strip was fixed into the pin that
was glued in the muscle chamber, and the other end was
attached by an entomology pin, shaped as a hook and a
nylon thread that was associated with the hook, passing
through a pulley and tied with the leaf of an isotonic
transducer. A calibrated isotonic force transducer (Harvard
Apparatus, UK) was used to measure the mechanical
activity of muscles for transmission through the interface
transducer unit of an Oscillograph channel amplifier.
A pair of stimulating electrodes was placed beneath the
muscle strip to stimulate the tissue.

Determination of SEC stiffness in esophagus and intestine

The muscle strip was mounted horizontally in the
muscle chamber. It was then extended by adjusting the
position of the force transducer with the help of a macro-
manipulator to provide stretch on the muscle strip until a
desired passive tension was recorded on the Oscillograph.
At this passive tension, the length of the muscle strip was
taken as initial length measured by using the measuring
scale. The strip was then allowed to incubate for 20 min in
the muscle bath at room temperature. Later for stimulation
of intestinal and esophageal strips, tetanic currents of 240
Hz for 30 sec were used to produce a mechanical (graded)
response, while the paper speed of the Oscillograph was
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adjusted at 0.5 mm/sec or 1 mm/sec. In order to measure
the SEC stiffness, the muscle strip was quickly released
from stretch by a sudden anticlockwise movement of
the macro-manipulator knob and kept at this reduced
level of stretch for 30 sec, to complete the record taken
on the Oscillograph before and after release of stretch
of the smooth muscle strip. All such records of graded
mechanical response obtained on stimulation followed by
quick release were used for the analysis and calculation
of various mechanical parameters including the SEC
stiffness.

Fig. 1. Schematic illustration of the method used for the
measurement of graded mechanical response, series elastic
component stiffness and rate of force development. The
muscle was stimulated electrically at 240 Hz and produces
graded response (P)), release by 0.5 mm (P,). At is the time
required by muscle strip to change tension from P, to P,.

Graded response

A gradual change in initial base line after exposure
to electrical stimulation represents a graded mechanical
response. The magnitude of the graded response was
measured in mm by drawing a vertical line “P,” from base
line to the peak of response as shown in Figure 1. The
magnitude of the graded response was then calculated in
grams by using the transducer calibration according to the
following formula (1):

GR (g) = y (g) X x (mm).....(1)

Where, y is the calibration obtained from deflection of
the Oscillograph pen on applying a 5gm weight on the
leaf spring of the isotonic transducer and x is the total
amplitude of the mechanical response represented as P in
Figure 1.

The graded response was then converted into kg/cm?
by using the formula (2):

- (E) _ GR (g) ¥ Length of M.Strip (cm)

(2
Wt. of M.Strip (mg) (2

cm?

SEC stiffness (AP/AL)
The stiffness of the SEC was estimated by using the

formula (3) as described by Hellstrand (1984):

Change in tension (kg/cmz)

AP
—= e (3
AL Change in length (cm) (3

Where, AP = P -P, (change in tension after quick release
measured from the record as shown in Figure 1), AL=L -
L, (change in length after quick release measured by using
a ruler), P, is the tension at initial length (L)), P, is the
tension after quick release at the new length (L)), L, is the
initial length of muscle strip and L, is the length of the
strip after quick release.

Rate of rise of contraction or force redevelopment (AP/At)

The rate of force redevelopment during the graded
mechanical response was calculated by using the formula
(4) as described by Klemt and Peiper (1978):

Change in tension (k‘gfcmg)

AP _ A
At Time (sec) v (4)

Where, At is the time required by the muscle strip to
change tension from P, to P,.

Rate of length change

The rate of change in muscle length was calculated
by using the formula (5) as described by Per Hellstrand
(1984):

AL  Change in length (cm)

Where, At is the time required by the muscle strip to
change length from L, to L.

Time (sec)

RESULTS AND DISCUSSION

To understand the architecture, mechanics and
underlying molecular mechanism of smooth muscle,
the contractility following quick release imposed during
active contraction has been demonstrated by a number of
studies (Gunst, 1986; Gunst et al., 1993; Meiss, 1993).
The data obtained on quick release are illustrated in
Figure 1 and were used to compute the stiffness of the
series elastic component, graded mechanical response,
rate of force redevelopment and rate of length change. All
of these parameters were then compared in intestinal and
esophageal smooth muscles of Uromastix.

Stiffness of series elastic components (SEC)
The stiffness of the SEC was estimated by the change
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in tension/change in length (AP/AL) as described by
Hellstrand (1984) and Stephens and Seow (1989).

The results summarized in Table I demonstrate that
the stiffness of the SEC is significantly higher (P<0.005)
in intestinal muscle as compared to esophageal muscle
of Uromastix (Fig. 3B). A previous study of Gabella
(1977) on taenia coli of guinea pig has demonstrated that
smooth muscle cells are smaller in size and embedded in
a collagen matrix rather than connected to tendons like
in skeletal muscles, therefore their SEC compliance is
higher and stiffness is less than that of skeletal muscle.
The compliance of the parallel elastic component is also
dependent on the anatomic arrangement and fraction of
collagen in the tissue (Glavind, 1993). Studies by Dorbin
and Canfield (1973, 1977) revealed that the absolute
length of the series elastic elements of smooth muscles
are longer than in striated muscle, therefore the SEC in
smooth muscles is more compliant than that in skeletal
muscles. Cox (1984) revealed that the differences in the
stiffness of the SEC are dependent on SEC properties, on
muscle length, on anatomical variability of muscles in a
given animal, and on species differences. In addition to
above studies, Meiss and Pidaparti (2004, 2005) tested the
radial constraint hypothesis on tracheal smooth muscle of
mongrel dogs and reported that stiffness varies with the
intensity of muscle contraction. Accordingly, when muscle
begins to shorten against a small after load, its internal axial
forces generated by the cross bridge array are proportional
to the small axial force, while the connective tissue forces
present in the radial direction are negligible, and stiffness
at this point is very low. On the other hand, when muscle
shortened fully (at constant volume), the external force has
not changed, but the measured axial stiffness and the tissue
diameter increased significantly, and the radial connective
tissue is now strained, providing an increased (internal)
load on the cross bridge array. The adaptive response to
length change (Syyong et al., 2008) due to the adjustable
passive stiffness of smooth muscle (Meiss and Pidaparti,
2005; Almasari et al., 2010; Speich et al., 2006, 2007,
2009) has also been studied to understand the active and
passive component in the length dependent stiffness.

Thus, in view of the above mentioned reports, it
is suggested that the intestinal and esophagus smooth
muscle of Uromastix also possess passive stiffness during
contraction, and this stiffness changes as the length
of the muscle changes, and the lesser SEC stiffness in
esophageal muscle than in intestinal muscle may be due
to the reason that their smooth muscle cells are smaller
in size, highly embedded in a collagen matrix, their series
elastic elements are also larger in size, and thus this makes
esophageal muscle more compliant and less stiff than
intestinal muscle.

Table I.- A comparison of the average values of the
magnitude of graded response, stiffness of series elastic
components (AP/AL), rate of rise of contraction (AP/
At) and rate of length change (AL/At) measured from
the records of mechanical response of esophageal and
intestinal smooth muscles of Uromastix hardwickii.

Mechanical Visceral muscles P
parameters Esophageal Intestinal

strips strips
Magnitude of 0.0079 £ *0.0091+ P>0.05
response (kg/cm?) 0.00226 (10) 0.00226 (10)
Stiffness of S.E.C 0.0782 + 0.1487+  P<0.005
AP/AL (kg/cm?) 0.0164 (10) 0.0150 (10)
Rate of force 0.0005 + 0.0008 + P <0.025
redevelopment 0.00009 (10) 0.0001 (10)
AP/At (kg/cm?*/sec)
Rate of length change  0.0081 + 0.0056+ P <0.025
AL/At (cm/sec) 0.0010 (10)  0.0005 (10)

All the values presented are Mean+SE. Values in parenthesis represent
number of observations (n). P, represent the level of significance. Value
with asterisk represents negatively graded response.

Fig. 2. Effect of rapid release on Uromastix hardwickii
smooth muscles stimulated by 240 Hz frequency. A,
positive mechanical graded response of esophageal muscle
strip. B, negative mechanical graded response of intestinal
muscle strip. Transient events occurring at beginning of
stimulation, 0.5 mm release and the end of stimulation are
indicated by arrows A, B and C.
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Fig. 3. A comparison of esophageal and intestinal smooth muscle mechanics of Uromastix hardwickii: A, graded mechanical
response; B, series elastic component stiffness; C, rate of force redevelopment; D, rate of length change.

Graded response

In our present study, esophageal and intestinal
smooth muscles of Uromastix were exposed to electrical
stimulation (240 Hz); different graded responses have been
observed as shown in Figure 2A and B. A positive graded
response was observed in the esophagus of Uromastix. In
contrast, the intestine of Uromastix showed quite unique
behavior and produced a negative graded response on
electrical stimulation is shown in Figure 3A. These results
suggest that the positive graded response that was produced
in the esophagus of Uromastix might be a contractile
response that was evoked by electrical stimulation. Earlier
studies revealed that electrical stimulation is responsible
to release acetylcholine from intrinsic nerves of rat ileum,
and this would be responsible to evoke contractions
(Kurjak et al., 1999; Blandina et al., 1984; Jankovic et al.,
2004). The negative graded response that was produced
in the intestine of Uromastix might indicate relaxation,
as it was also reported in literature that the electrical
stimulation produces an inhibitory response in different
smooth muscles of different animals. For example, studies

on smooth muscles like mouse colon (Shuttleworth et
al., 1997), mouse ileum (Ward et al., 1994), guinea pig
taenia caeci (Bridgwater et al., 1995), guinea pig ileum
(Crist et al., 1992; Bywater and Taylor, 1986), human
colon (Keef et al., 1993) and human jejunum (Stark et al.,
1993) demonstrated that the electric stimulation evoked
inhibitory junction potentials (IJPs) which showed slow
and fast hyper polarization. Furthermore, 1JPs result in
relaxation of gastrointestinal smooth muscles, and these
[JPs are mediated by inhibitory non-adrenergic non-
cholinergic (NANC) neurotransmitters (Bywater and
Taylor, 1986). These evidences strengthen our hypothesis
that the negative graded response produced in Uromastix
intestine might be due to hyper polarization that was
mediated by NANC transmitters and results in relaxation.
A comparative study between esophagus and intestine
of Uromastix presented in this work in terms of graded
response is shown in Figure 3A. The insignificantly
higher graded response in positive direction produced in
esophagus as compared to intestine of Uromastix may
probably be related with some variability in thin to thick
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filament ratio. According to Murphy et al. (1974), the
larger thin to thick filament ratio provides the basis for
larger force development by providing a larger number of
potential cross bridges at any given muscle length.

Rate of force redevelopment and length change

When muscle strips were quickly released from the
desired initial length during contraction, a fall in tension
was observed at the new length. The time required for
developing the new tension, and the time required to
reach the new length was also determined in the present
study. Accordingly, it was observed that the intestine of
Uromastix showed a significantly higher (P<0.025) rate
of force development but lesser (P<0.025) rate of length
change as compared to the esophagus (Table I; Fig. 3C,
D). As mentioned earlier, the intestinal muscles of
Uromastix produce higher tension and also have greater
SEC stiffness than esophagus muscles, which is in good
agreement with Hill’s hypothesis (1970) that the greater
tension makes the SEC stiffer. Moreover, Warshaw and
Fay (1984) reported that the rate of tension recovery is
a consequence of actively cycling cross bridges. Their
argument was based on the entire loss of the ability to
recover tension when cells were contracted in the rigor
state. Therefore, it is suggested in the present study that the
greater stiffness of the SEC in intestine was responsible for
the slow development of tension, as the SEC is stiffer in
them. It is assumed that intestinal tissue takes more time
to overcome the resistance imposed on the contractile
components by the non-contractile elements. In contrast,
the fact that intestine takes less time to change its length
as compared to esophagus of Uromastix, indicates that
the speed of shortening is higher in intestine in spite of
the fact that it contains a higher stiffness. Furthermore,
there are indications of some morphological differences in
esophageal and intestinal muscles, studies of which are in
progress and will be described elsewhere.

CONCLUSIONS

The present study is the first of its kind on intestinal
and esophageal smooth muscle of Uromastix hardwickii
focusing on the behavior of the elastic component. It is
concluded that intestinal tissues have a stiffer SEC, which
is responsible for the slow development of force because it
takes more time to overcome the resistance imposed on the
contractile component by the non-contractile component.
Additional studies are required to understand the complex
behavior of smooth muscle related to the differences in
histological & morphological aspects that influence the
mechanical behavior serving the different physiological
roles of different tissues in this animal.
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