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ABSTRACT

This paper studies human gallbladder (GB) smooth muscle contractions. A two-state
cross-bridge model was used to estimate the apparent attachment and detachment rate
constants, as well as increased Ca®* concentration from the peak active stress during the
isometric contraction. The active stress was computed from a mechanical model based
entirely on non-invasive routine ultrasound scans. In the two-state cross-bridge model, the
two apparent rate constants, representing the total attached/detached cross-bridges,
respectively, were estimated using active stress prediction for 51 subjects undergoing CCK-
provocation test, together with estimates from the four-state cross-bridge model for a swine
carotid, bovine tracheal and guinea pig GB smooth muscles. The study suggests that the
apparent rate constants should be patient-specific, i.e. patients with a lower stress level are
characterized by smaller apparent rate constants. In other words, the diseased GB may need
to develop fast cycling cross-bridges to compensate in the emptying process. This is a first
step towards more quantitative and non-invasive measures of GB pain, and may provide

useful insight in understanding GB motility and developing effective drug treatments.

Keywords: gallbladder, active stress, CCK, isometric contraction, acalculous biliary pain,

cross-bridge, apparent rate constant, Ca®*



1 Introduction
The gallbladder (GB) is an organ that stores bile, a liquid which helps with digestion.

During fasting, the sphincter of Oddi is closed, and the pressure difference between the liver
and GB drives bile into the GB. This is called the refilling phase. The GB displays adaptive
relaxation so it tolerates chamber volume during refilling without an increase in pressure.
After a meal, a hormone Cholecystokinin (CCK), initiates GB contraction and sphincter of
Oddi relaxation simultaneously, causing the emptying and ejecting bile into the duodenum.

Acalculous biliary pain is biliary colic without gallstones, usually occurring in young
women. As drug therapy seems to have no proven benefit, the usual treatment for acalculous
biliary pain is laparoscopic cholecystectomy. Causes of acalculous biliary pain may include
undetectable tiny stones, poor gallbladder (GB) emptying, hyper-sensitive biliary tract,
sphincter of Oddi dysfunction, etc. This may be diagnosed using ultrasonographic
examination and cholescintigraphy with cholecystokinin (CCK) infusion to measure GB
emptying property (Cozzolino et al. 1963). Such a CCK provocation test is a common means
to identify acalculous biliary pain clinically, and also sometimes used to select patients for
cholecystectomy (Williamson 1988). Unfortunately, only about 50% of patients’ pain
symptoms disappear after cholecystectomy (Smythe et al. 1998; Smythe et al. 2004),
suggesting that cholecystectomy did not eliminate the source of pain. In order to improve the
diagnostic technigque, we need to understand better the causes of acalculous biliary pain. This
is the purpose of our study.

A positive correlation between GB pain and peak stress in the GB wall was identified
in our previous paper (Li et al. 2008) and further work was carried out to evaluate both the
passive and active stresses from the measured volume data with ultrasound for individual
subjects (Li et al. 2011). This showed that active stress plays a very important role in GB pain
and it is essentially patient-dependent.

At the micro-structure level, active stress of smooth muscle can be modelled
effectively using the three-element approach, involving a Ca®* driven cross-bridge
contracting element, two passive springs respectively in series and in parallel (Zulliger et al.
2004; Stalhand et al. 2008; Kroon 2009). Such an approach leads to new constitutive
formulations of smooth muscle to form a framework for soft tissue modelling.

The idea of this paper is to link the cross-bridge models and stress in human GB
smooth muscle, and to apply it to a dataset of 51 GB subjects. For this purpose, we briefly
introduce current research on cross-bridges in GB smooth muscle cells. At a high CCK



(CCK-8) concentration of 10°~10*mM/L for human GB intact smooth muscle cells or 10
#~10mMY/L for muscle strips (Yu et al. 1994), it is believed that the intracellular free calcium
(Ca®") above a certain concentration triggers a series of events, which leads to force
generation in the GB smooth muscle (Yu et al. 1998). It has been shown that the contraction
induced by CCK requires a certain level of extracellular Ca** concentration, and utilizes
increased intracellular Ca** (Brotschi et al. 1989; Shaffer et al. 1992). In other words, GB
smooth muscle contracts via the high CCK dose pathway.

It was demonstrated that Ca** calmodulin-dependent phosphorylation of the 20,000-
dalton myosin light chain by myosin light chain kinase (MLCK) and dephosphorylation by
myosin light chain phosphatase (MLCP) are responsible for contraction of arterial, airway,
vascular and uterine smooth muscle (Hai and Murphy 1988a). It is postulated that a latch-
bridge is formed by dephosphorylation of an attached phosphorylation and cross-bridge and
that latch-bridge formation and detachment are driven by mass action. The structure of four-
state model is shown in Fig.1(a) (Hai and Murphy 1988a). Two conditions are set in order
to get a unique set of rate constants. Firstly, the rate constants of phosphorylation of MLCK
and dephosphorylation of MLCP are assumed to be equal, i.e. K;=Kg and K,=Ks. Secondly,
the attachment-to-detachment ratio is chosen as 4:1, i.e. Ks/K;=4(Hai and Murphy 1988a).
This model is myosin regulation-based.

The myosin regulatory four-state cross-bridge model was later extended to deal with

the active stress in both isometric and isotonic processes with a variable rate constant K, (=K,)

(Hai and Murphy 1989; Yu et al. 1997; Yang et al. 2003a; Yang et al. 2003b; Zulliger et al.
2004; Bursztyn et al. 2007; Kroon 2009; Murtada et al. 2010; Mbikou et al. 2011). However,
all these models require several tissue parameters as well as the [Ca?*] profile with time.
Unfortunately, to the best knowledge of the authors, no such data are available for human GB
smooth muscles. Therefore the extended four-state model cannot be readily used in our
problem.

To simplify the model and reduce the number of required experimental parameters,
Hai & Murphy (1988b) converted the four-state cross-bridge model into a two-state cross-
bridge model (Huxley 1957) by lumping together dephosphorylated and phosphorylated
cross-bridges (Hai and Murphy 1988b; Yu et al. 1997), see Fig. 1(b). Although this model is
simplified with only two apparent rate constants, these parameters can usefully indicate the

averaged rates of total cross-bridge attachment/detachment, and are thus of clear physical



significance. This is the model we use for the most part of the work. However, the four-state
model is also used to estimate range of parameters using available animal data.

Unlike most of the existing studies, which make use of measured parameters in strips
of smooth muscles to estimate the active stress, an inverse process is employed in this paper.
Rather than using experimental data to determine the coefficients, we use the active stress
estimated from a mechanical model based on patient-specific ultrasound scan data (Li et al.
2011) to determine the parameters of GB smooth muscle, such as the cross-bridge rate
constants, and Ca** levels, for 51 human subjects. The major questions are whether these
parameters are patient-dependent, and if they are correlated to GB pain. The advantage of this
investigation is that the ultrasound scan data are part of routine clinical diagnosis, so we can
gain insight of the micro-structure of the GB smooth muscles without expensive, invasive
testing. Any insights into the micro-structure malfunction will be useful not only for
cholecystectomy selection, but also for potential drug treatment. This work represents the first

attempt to relate the CCK-induced GB pain to smooth muscle cell cross-bridge kinetics.

3 Methods
3.1 Two-State Cross-bridge Model

The structure of the equivalent two-state cross-bridge model and the relation used are
shown in Fig.1(b). Square brackets [.] are used to denote the concentration of species.

Following Zhang et al. (2006), we define r(t") as the fraction of attached cross-bridge, which
is proportional to [Asctive ], at time t. The fraction of detached cross-bridges is 1-r(t"), and

the exchange between the attached and detached cross-bridge (i.e. between Agctive ™ and
Agciivet 2 ) IS governed by the equation

LA 1 P PR
where £, and g,, are the apparent rate constants for attachment and detachment, respectively
(Hai and Murphy 1988b). These are related to the original four-state-model parameters, Ki,
to K; by

¢ KlKS(K4K6+K4K7+K5K7)

app (K1+KZ)(K4K6+K4K7+K5K7)+ K3K5K7 . (2)
g = K.K, +K,K, + KK,

e K, +K, +K,



Eq. (1) represents chemical reactions in the cross-bridges of smooth muscle cells.
We determine the time scale of these reactions from an in vivo experiment for a number of
patients at the Royal Hallamshire Hospital, Sheffield. In the experiment, a specific amount of
CCK was injected into the patient intravenously and the internal pressure inside the GB was
monitored with a miniature pressure transducer simultaneously. A typical recording of GB
pressure response under a CCK stimulant is shown in Fig. 2. It shows that by about 14
seconds the GB pressure reaches a higher steady level. This suggests the time scale of the
reaction described by Eq. (1) is around 14 sec for GB smooth muscle.

In the CCK provocation test, patients with acalculous biliary pain were given an
intravenous infusion of saline (control) followed by a continuously intravenous infusion of
CCK (0.05 nug/kg body weight) for 10min to diagnose attacks of biliary-type pain. After 10
minutes, pressure reaches its peak inside the GB wall and the emptying began. Clearly, the
CCK infusion time scale (~10min) is much longer than the CCK induced reaction time scale
(~14 sec) for cross-bridges. Therefore we can reasonably assume that the chemical reaction

in (1) reaches the steady state at each incremental level of CCK, i.e.
(1-r)f—19. =0 . (3)

Solving (3) for r gives

f
S R @
fapp + gapp 1+ gapp / faPP

Note that although r, f,, and g,, are independent of the reaction time ¢, they are CCK

dose-dependent, hence are dependent on the much-slower CCK infusion time t.

To calculate the mechanical stresses at each CCK dose, we assume that the attached
cross-bridges, both the phosphorylated and dephosphorylated, behave as linear springs
exerting forces proportional to their displacement x from the zero-force equilibrium position.

From the Huxley’s two-state linear stress model we know that r and the stress o in the

steady state are implicitly related by:
o' = T kxn(x)dx, r:T n(x)dx, (5)

where k is the spring constant, and n(x) is the distribution of the fraction of cross-bridges
within displacement x. The cross-bridges detach when the displacement is either negative or
greater than a critical value (defined as x=1, x being the normalized displacement). If we

assume that in the isometric state, n(x) =ny, is independent of X, i.e.



n(x) = n,, 0<x<1 (6)
|0, otherwise '

Then equation (5) leads to

o= =N (7)

During the CCK infusion period, the active stress is dose-dependent and increases

with the infusion time scale t. Accordingly, I, f,, and g,, are functions of t. From Eq.
(7), the fraction of attached cross-bridges r(t) is proportional to the active stress, and thus

r

r(t)=ao’(t), a=— (8)

max

Here the maximum active stress, o’ is a constant for any individual GB smooth muscle,
max

and the peak fraction of attached cross-bridges, ..., is also a constant. It is known that for
cardiac muscle; r_ =0.3-0.53 (Robertson et al. 1981; Solaro and Rarick 1998), but for
smooth muscle, r_ =0.5-0.78 due to the latch-bridge effect (Kamm and Stull 1985a; Hai and

Murphy 1988a; Hai and Murphy 1988b; Ratz et al. 1989; Hai 1991).
Substituting Eg. (8) into Eq. (3), we relate the cross-bridge kinetics to o* (t) by

[1-ac* (1) ]f,, (t)-ac* (t)g,, (t)=0 . 9)

Equation (9) can also be written as

e (1) = 0{%2”&8)} | (10)

3.2. Estimation of the active stress due to CCK

o*(t) is the peak active stress in the GB during the isometric contraction (CCK

infusion period), see Fig. 3(a). This is estimated from a mechanical model (Li et al. 2011). For
completeness, we now summarize the key points of the stress estimation.
In the isometric phase, the active stress is determined by the transmural pressure and

the geometry of the GB:
o*(t)=[p(t)-p. Jmax{F,F,,F,/F}, (11)

where max{F,F,,F,/F.} means pick up the maximum from F,F, and F, /F ,the F,, F,

and F, are geometrical functions given by:



Dk, [, k?—k?
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0 GB 317172 4hGB k12k22
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B ka cos? @cos’ ¢ + kZ cos? @sin’ @ + sin® @

Fn(kl,kzﬁ,(p)—
J

where D,, D,, D, are the three principal diameters of the ellipsoid fitting the GB shape, and

F, (hes Dy .k, K, ,0,00) = [2KZ + (7 + K = 20K? )sin® 0.+ (7 ~ Kk Joos® Ocos2| | (12)

k2 sin? s k2cos’m
VT & 7 &

hes is the GB wall thickness. Note that k, =D,/D, and k, =D, /D, are constant and are
estimated from the ultrasound scans of GB of patients in the isometric period. P, =11mmHg

is the refilling pressure (Li et al. 2011). @ and @ are the angular coordinates of a spherical
coordinate system on the ellipsoid GB wall (Fig. 3b) (Li et al. 2011). Note by taking the
maximum value of the geometrical functions we ensure that o® takes the maximum in-plane

stress component at any particular location of the ellipsoid.

The peak active stress occurs at the end of the isometric contraction:
Uriax = ( Prax — Pe ) maX{FH Fn , F(p/Fn} . (13)

where P, is the GB pressure at the end of CCK induced isometric contractions.

In our study, the isometric contraction was induced by infusion of CCK to patients
over the period of 10 minutes (Smythe et al. 1998), so that it is reasonable to assume that the
isometric contraction is a quasi-steady process during which time the concentration of CCK is
steadily increased. We assume that during this quasi-steady isometric contraction, the GB

shape remains ellipsoidal, so the shape functions F,,F,,F, are independent of time, while the

pressure in the GB obeys (Meiss 1975)

p(t)=pe*, 2=In [pp“j/i , (14)

where t; is the GB isometric contraction time during the course of CCK injection (10 min),

and A isaconstant. Then o°(t)/o%, can be expressed as

o (1) o = (e ~1) (e -1) (15)

From Eq. (10) and (15), we have



_ rmax (eit _l) gapp (t)
oo (t) - (e),ti _1)_ r (eﬂt _1) : (16)

max

Note that the rate constants in Eqg. (16) appear to be the function of time. This is
because they are thought to be functions of [Ca**] which increase as CCK is infused. This

time dependence is much slower than the transient change in Eq. (1). Eq. (16) also shows that

although f,

p

is dependent on the value of 4, the final value of f~(whent=t) is

proportional to 9., only, for a given value of rpa. This makes sense, since a faster cycling

process requires both higher rates of constants of cross-bridge attachments and detachments.

3.3 Estimation of 9,, for human GB

It remains to determine the apparent rate constant 9., . It has been found that the g,,,
is nearly independent of [Ca**] and approximately unchanged in the cycling of cross-bridges

(Brenner 1988). Therefore we can assume that g, is independent of time. Unfortunately,

there are no direct experiments for human GB to help us to find the range of values of g,,, , so

we need to estimate it from the limited data available for smooth muscles of guinea pigs. Our
estimation is based on using the four-state cross-bridge model for swine artery, bovine
tracheal and guinea pig GB smooth muscles, where the active stress and Mp and AMp
concentrations were measured. This helps us to identify the relevant constants, K;-K; for the

guinea pig’s smooth muscle contractions.

In order to determine the rate constants K; through K, when there is an unlimited

max

supply of Ca®*, and hence the maximum values fa::ax and g™, we solved the four-state cross-

app

bridge model for smooth muscle proposed by (Hai and Murphy 1988a) (Fig.1a)

dgl\*/l] — KM+ K,[Mp]+ K, [AM]

% = K,[AMp]+ K [M]- (K, + K, )[Mp]

%= K[Mp ]+ K[AM]- (K, + K, )[AMp] )
% — K,[AMp]- (K, + K, AM],

numerically using the 4th-order Runge-Kutta method, with the initial condition [Mm] =1,

[Mp]=[AMp]=[AM]=0. (Note that here we use the fast reaction time scale, t".)



The results are used to match the experimental data obtained for swine carotid artery
smooth muscle (Singer and Murphy 1987), tracheal smooth muscle (Kamm and Stull 1985b),
and guinea pig GB smooth muscle (Washabau et al. 1994) by choosing suitable set of rate
constants Ky through K; see Fig. 4. The rate constants K; through K; for the swine carotid
artery smooth muscle and tracheal smooth muscle are found to be the same as given by Hai
and Murphy (1988a). The rate constants K; through K7 for the guinea pig GB smooth muscle
are determined here which give the best experimental fit for the time dependent active stress
and the concentration [Mp]+[AMp], see Fig. 4.

All the estimated rates of constants are listed in Table 1. Note that

Fax = @+ g:;:X/fa:ax)‘l is about 0.77 for both the swine carotid artery and bovine carotid

smooth muscles, this agrees with experimental observations (Kamm and Stull 1985a; Hai and
Murphy 1988a; Hai and Murphy 1988b; Ratz et al. 1989; Hai 1991). Choosing the same
value r_. =0.77 for the guinea pigs' GB smooth muscle, we obtain fa:;ax = 0.0553, which is

max

about 3.6 times g™, consistent with the experimental observation on rabbit psoas fibres

app

(Brenner 1988). Table 1 also suggests that the apparent rate constant g, should be around
0.015s™ for the GB smooth muscle. It is interesting to see that the rate constants are highly

dependent on the smooth muscle groups selected. The apparent rate constants fa:;ax and g";jx

of guinea pig GB smooth muscle are considerably smaller than those of swine carotid artery
and tracheal smooth muscle. This is presumably because the strength and frequency of the
contraction required in the GB is much lower than that of carotid artery and trachea. Given

that GB smooth muscles function the same way in human, it is reasonable to assume that

human GB smooth muscle has a comparable g:pa: value to that of guinea pigs'.

However, although for each individual subject, g;“pif IS a constant, it is not clear if it is

constant across a range of patients in pathological cases. In other words, patients constantly
require a higher level of active stress may develop faster cycling cross-bridges. This
hypothesis is supported by the observation in Table 1, that organs of different functions

develop different values of the rate constants. We thus explore the possibility of g'a“pa: being

proportional to the peak active stress of each individual GB, i.e.

9™ = Boa - (18)

app



where g is a constant chosen to be g=" /o7, ol =59mmHg is the mean peak active

p mean ! mean

stress level based on the 51 sample of GBs, and g™ is the mean apparent detachment rate

constant for human GB, chosen to be 0.015s* (Table 1), implying that g =2.54 (mmHg-s)™ .

3.4 Active stress and the ca®* level

The CCK-induced GB contraction utilizes Ca®* from the intracellular stores (Lee et al.
1989; Renzetti et al. 1990; Shaffer et al. 1992). Although the relationship between the active
stress and [Ca®'] is time-dependent and implicit through the constants K; and K; of the cross-
bridge model (Hai and Murphy 1988a), if we only consider the steady state as discussed in 3.1,
then the steady active stress should be proportional to the total increase of [Ca?*] supplied, i.e.

Alca® | =o' (1) . (19)

where » is a constant. In fact, this relationship between the steady active stress and

A[Caz*] was reported in experiments (Ishizuka et al. 1993) The simplest approach is to

choose y to beA[CaZ+Tean /o2 ., where A[Cazqmean and o2

mean ! mean

are the averaged quantities

of a normal human GB. &2

mean

can be calculated from the average value of the active stress of

mean

the 51 GB samples (o2, =59 mmHg), but A[Caz+]mean again needs to be estimated from the
experimental data for guinea pigs.

For adult guinea pig GB, the mean intracellular free Ca?* level in normal GB smooth
muscle is about 82.5 nM/L (Shen et al. 2007), and the mean intracellular free Ca®* level in
healthy guinea pig heart muscle is about 151 nM/L (Thompson et al. 2000). Therefore the
ratio of the mean free Ca®* of smooth and heart muscles for guinea pig GB is about 0.546.
For human myocardium, the resting intracellular free Ca** level is around 250nM/L
(Gwathmey and Hajjar 1990; Beuckelmann et al. 1992). In the absence of experimental data

on human gallbladder muscle, it is not unreasonable to assume that the ratios would be similar
which would produce a free [Caz*]mean in human GB smooth muscles around

250*0.546=136.6nM/L. We also know that the peak value of Ca?* for the guinea pig GB
smooth muscles is normally 17% higher than the resting level under the CCK-8S stimulus of
50uM/L (Si et al. 2009). Applying the same percentage to human GB smooth muscles, we

have A[Ca2+]mea" =136.6*0.17=23.2 nM/L.

10



4 Results
The peak apparent rate constant fa::ax for the 51 human GBs after the end of the CCK

infusion are calculated using Eq. (16) and (18), is shown in Table 2, together with the bile

ejection fraction (EF) at 30min of emptying, the peak active stress, 1, f and increased

app ! ganp

A[Ca*]. The results show that if we choose constant g:]jx (0.015s™), then f,, is

insensitive to the change in the active stress (f‘:;ax ~0.05s™). However, if we let g,, vary

according to Eq. (18), then the peak fa:;ax changes in the range of (0.011s-0.17s™), with a

considerable variation from one subject to another. This is better illustrated for three selected

samples in Fig. 5, where the apparent rate constants fa:;ax and 9::?)( are shown as a function

of time for GB 1, 9 and 37 for both variable and constant value of g:;jx. The peak active
stresses of GB 1, 9 and 37 are 19mmHg, 70mmHg and 38mmHg, respectively.

Physiologically, it seems reasonable to speculate that far;ax would reflect the change of active

stress, i.e. both far;ax and g:;jx may be subject-dependent.

The variation of A[Caz*] estimated from (19) for subjects 1, 9 and 37 during the time

of active muscle contraction is shown in Fig. 6. Note that the subject 9 the largest intracellular

A[Ca® | (27.7nMIL), whereas the subject 1 has the smallest A[ Ca* | (7.6nM/L). A| Ca*" |

for subject 37 is 13.78nM/L.
We can now correlate the parameters of the smooth muscle contraction to the GB

pain induced by CCK test. These parameters are the peak f_ _, the peak active stress, and the

app !
peak [Ca?*]. However, the difficulty here is that there is no literature data on the threshold of
pain using any of these constants. Hence we have extracted the “threshold” from the model
that corresponds to the measured total stress threshold at which pain occurs (Li et al. 2011).

This gives [ . ]=0.051s™, [c.]=60mmHg, and [Ca®*']=23nM/L. The results are listed in

app

Table 2. The success rates, defined as the positive correlation (e.g. f__ >[ f_ 1) over the total

app app
sample size, are 0.667 for the rate of attachment, active stress, [Ca?*] concentration,
respectively. Overall, the correlation of these parameters is lower than using the total stress

(which has over 76% success rate) (Li et al. 2011). As the total stress is the sum of the active

11



and passive stresses, this suggests that the pain receptors are associated with physical

stretching and not the chemical stimulus alone.

5 Discussion

In this paper, we presented a model to extract the cross-bridge information of human
GB smooth muscle from the routine clinical ultrasound scans. By using the Huxley’s two-
state cross-bridge model and the active stresses estimated from a simple mechanical model,
we estimated the rate of constants of the cross-bridge models, as well as the increased Ca**
concentration of the smooth muscle of GB walls. These results were achieved without directly
measuring the concentrations of Mp+AMp in the smooth muscle cells, which is not attainable
from routine clinical diagnoses. Thus our mode may provide a simple and non-invasive way
of estimating possible smooth muscle malfunction, and an additional clinical assessment tool.

Our model is based on the cross-bridge models proposed by (Hai and Murphy 1988a).
However, recent work suggests that there may be a cooperative interaction among the
contractile proteins in rabbit portal vein smooth muscle. The phosphorylation of myosin light
chain causes activation of unphosphorylated myosin (Vyas et al. 1992), causing
dephosphorylated myosin to attach to actin to maintain the force. Such a cooperative
activation of myosin contributes to a high tension with low levels of MLCP, and represents a
different model to the one we used. However, we have not exploited the differences of using
the cooperative interaction model since it has been reported that the new model did not show
significant difference from those of the original four-state cross-bridge (Rembold and Murphy
1993; Rembold et al. 2004).

It is believed that normally smooth muscle contraction is based on the thick (myosin)-
filament regulator mechanism, while the vertebrate striated muscles contraction is initiated by
thin(actin)-filament control, where regulatory proteins (troponin & tropomyosin) limit the
cross-bridge cycling until Ca®* binds to troponin (Somlyo et al. 1988). However, in the
absence of Ca®*, vertebrate smooth muscle contraction appears to be thin-filament regulated
and cooperative (Somlyo et al. 1988; Haeberle 1999), which is achieved by the PKC pathway
(Morgan and Gangopadhyay 2001). It has been tested that for GB smooth muscle stimulated
by a high CCK dose the pathway is thick-filament regulation. At a low dose CCK, because
the thin-filament PKC pathway is very sensitive to low Ca*" concentration, it adopts thin-
filament mechanism (Yu et al. 1994; Yu et al. 1998).

12



More recently, Hai and Kim (2005) proposed a new model which can incorporate the
thin-filament-based regulation (Hai and Kim 2005), as an extension to their previous four-
state cross-bridge with an ultra-slow latch-bridge cycle (Hai and Murphy 1988a). The new
model can achieve a steadily growing isometric active stress with decreasing MLCP
concentration against time as shown the in vitro experiments for the airway smooth muscle
stimulated by 1uM phorbol dibutyrate (PDBu), which is a specific stimulant for PKC pathway.
Thus this more recent model seems to be able to deal with both thick-filament and thin-
filament regulatory mechanisms. However, we choose not to use this model here as our
premier interest is to investigate patients given a high dose of CCK in the CCK provocation
tests. Caution is required in defining the "high dose CCK" here, as we performed CCK
injection of 0.05 xg/kg to patients, which is not directly convertible to the high dose (107

mM/L) used in laboratories. However, we can estimating the CCK concentration based on the
estimated volume of blood contained per kilogram in men and women and the dose of CCK-
10 that was given suggests that the likely concentrations are similar to the high dose by (Yu et
al. 1994).

The apparent rate constants f™ and g™ in Table 1 stand for the averaged behaviour

of single cross-bridge in smooth muscle (Lecarpentier et al. 2002). They are sensitive to
species-and type of smooth muscles, presumably because of variable myosin concentration or
degree of phosphorylation of myosin required in the smooth muscle cells. The apparent rate
constants estimated in the paper appear to support this observation, although more
experiments will be needed for acquisition of data.

However, in the current work, we have made the following assumptions: (1) that the
GB remains as an ellipsoid during emptying and refilling, although the shape change is
reflected by the axes ratio change; (2) that the pressure in the GB is constant during refilling;

and (3) that the apparent rate constant g, is estimated from the guinea pig data, and (4) that

the r is used to represent the total number of binding per cross-bridge for just one site at actin
per myosin head, while more recent studies suggest that it is likely that there may exist more
than ten sites of actin binding per myosin head for smooth muscles (Rembold et al. 2004).

In addition, we have only estimated the apparent attachment rate constant in the
isometric contraction of human GBs only. In other words, we only considered the smooth
muscle contraction at the beginning of emptying. This may not be sufficient to identify other

GB motility issues (or gallstone formation) associated with the whole emptying process.
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Among these assumptions, perhaps the greatest limitation is the first one, since we
know GB is attached to liver, which will put 3D constraint during its contraction. While this
issue should be addressed with more sophisticated stress modelling, this will not change the
qualitative results that are presented here. The estimation of the calcium concentration in the
current model may be validated when experimental data become available. For example, it

was confirmed experimentally that the apparent rate constant g, of skinned rabbit adductor

magnus fibres is Ca’* concentration dependent during isometric contraction (Kerrick et al.

1991). For smooth muscles, however, such dependence is yet to be observed.

5 Conclusions

In this paper, we use a combination of cross-bridge and mechanical models for
estimation of the parameters of a two-state cross-bridge model and the increased intracellular
Ca®* concentration from active stress computed for human GB data from clinical ultrasound
scans. These parameters are obtained for 51 patients who underwent CCK provocation tests.
The model supports the positive correlation between these parameters and the CCK induced
GB pain, in the same manner as the correlation between the active stress and GB pain.
However, the correlation is not as strong as that of the total (active + passive) stress,
suggesting that pain receptors may be associated with physical stretching and not with smooth
muscle contraction alone. The model also suggests that the rate of constants may be subject-
dependent. Such an investigation linking the macro-scale mechanics to the micro-scale
structure of smooth muscles of GB is useful for the in-depth understanding of human GB

motility, and may pave a way for effective diagnoses and drug treatment.
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Fig. 1 (a) Structure of four-state thick filament-regulated latch cross-bridge model: Kito K7are rate
constants, A denotes actin (thin fileaments), M detached dephosphorylated cross-bridge,

Mp detached phosphorylated cross-bridges (i.e. latch-bridges). (b) Structure of the
equivalent two-state model: f, and g,, are the apparent rate constants for attachment and

detachment, respectively; Aacive and Ainactive denote actin (thin filament) in absence and
presence of Ca", respectively; o, cross-bridges.
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Fig. 4 The dimensionless active stress (column a), and concentration (column b), plotted as
functions of time. The top row is for the stimulated swine carotid artery smooth muscle
(Singer and Murphy 1987). The middle row is for the tracheal smooth muscle (Kamm and
Stull 1985b), and the bottom raw is for a guinea pig gallbladder smooth muscle (Washabau,
Wang et al. 1994). The symbols represent the experimental data and curves denote the
results predicted by the four-state cross-bridges model.
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Table 1 The maximum values of the apparent rate constants

fmax

and g:p‘jx estimated using the 4-state cross-bridge model for three
different types of smooth muscles.
Smooth muscle fm (s g7 (s7)
Swine carotid 0.2032 0.0575
Bovine tracheal 0.3455 0.1021
Guinea pig gallbladder 0.0553 0.0154




Table 2 Peak active stress, apparent rate constant and increased [Ca®*] concentration of 51 patients
pp p

P Peak Variable g, Constant g, ALCE]
EF(%) - active stress | pegi f_ Peak g, Peak f, Peak g, (ML) CCK Test
(min™) (mmHg) ) pp ) oo ) PP - pp
(s7) (s7) (s7) (s)
1 4.5 0.0327 19 0.0163 0.0049 0.050 0.015 7.47 no pain
2 5.4 0.0570 56 0.0329 0.0141 0.050 0.015 22.02 no pain
3 11.4 0.0498 37 0.0312 0.0093 0.050 0.015 14.55 no pain
4 15.5 0.0619 55 0.0469 0.0140 0.050 0.015 21.63 no pain
5 10.7 0.0270 48 0.0406 0.0121 0.050 0.015 18.87 pain(+)
6 10.0 0.0399 67(+) 0.0572(+) 0.0171 0.050 0.015 26.35(+) pain(+)
7 14.0 0.0429 46 0.0390 0.0116 0.050 0.015 18.09 no pain
8 21.9 0.0577 90(+) 0.0763(+) 0.0228 0.050 0.015 35.39(+) pain(+)
9 16.1 0.0418 70(+) 0.0595(+) 0.0178 0.050 0.015 27.53(+) pain(+)
10 54 0.0398 96(+) 0.0814(+) 0.0243 0.050 0.015 37.75(+) no pain
11 15.1 0.0613 152(+) 0.1295(+) 0.0387 0.050 0.015 59.77(+) no pain
12 21.3 0.0413 56 0.0477 0.0142 0.050 0.015 22.02 no pain
13 39.7 0.0384 62(+) 0.0526(+) 0.0157 0.050 0.015 24.38(+) pain(+)
14 20.6 0.0406 96(+) 0.0817(+) 0.0244 0.050 0.015 37.75(+) pain(+)
15 80.8 0.0515 61(+) 0.0523(+) 0.0156 0.050 0.015 23.99(+) pain(+)
16 32.3 0.0258 13 0.0114 0.0034 0.050 0.015 5.11 no pain
17 324 0.0409 27 0.0227 0.0068 0.050 0.015 10.61 pain(+)
18 93.7 0.0370 22 0.0189 0.0056 0.050 0.015 8.65 pain(+)
19 49.4 0.0873 102(+) 0.0865(+) 0.0258 0.050 0.015 40.11(+) pain(+)
20 48.7 0.0446 32 0.0271 0.0081 0.050 0.015 12.58 pain(+)
21 66.3 0.0572 a7 0.0403 0.0120 0.050 0.015 18.48 no pain
22 54.4 0.0312 20 0.0166 0.0050 0.050 0.015 7.86 pain(+)
23 44.7 0.0582 126(+) 0.1073(+) 0.0321 0.050 0.015 49.55(+) pain(+)
24 27.4 0.0507 61(+) 0.0518(+) 0.0155 0.050 0.015 23.99(+) no pain
25 27.9 0.0690 120(+) 0.1021(+) 0.0305 0.050 0.015 47.17(+) pain(+)
26 19.1 0.0531 84(+) 0.0716(+) 0.0214 0.050 0.015 33.03(+) pain(+)




27 70.2 0.0429 32 0.0273 0.0081 0.050 0.015 12.58 pain(+)
28 715 0.0477 35 0.0298 0.0089 0.050 0.015 13.76 no pain
29 37.8 0.0442 31 0.0262 0.0078 0.050 0.015 12.19 no pain
30 91.8 0.0483 68(+) 0.0581(+) 0.0173 0.050 0.015 26.739(+) pain(+)
31 100 0.0408 98(+) 0.0831(+) 0.0248 0.050 0.015 38.54(+) pain(+)
32 10.1 0.0413 56 0.0477 0.0142 0.050 0.015 22.02 no pain
33 95.0 0.0470 42 0.0359 0.0107 0.050 0.015 16.52 no pain
34 28.4 0.0367 83(+) 0.0704(+) 0.0210 0.050 0.015 32.64(+) pain(+)
35 100 0.0209 19 0.0166 0.0050 0.050 0.015 7.47 pain(+)
36 16.3 0.0440 50 0.0429 0.0128 0.050 0.015 19.66 no pain
37 26.3 0.0477 38 0.0296 0.0088 0.050 0.015 13.78 no pain
38 10.7 0.0543 76(+) 0.0648(+) 0.0194 0.050 0.015 29.88(+) pain(+)
39 8.0 0.0549 43 0.0371 0.0111 0.050 0.015 16.91 pain(+)
40 22.2 0.0298 24 0.0191 0.0057 0.050 0.015 9.44 pain(+)
41 36.4 0.0386 35 0.0204 0.0061 0.050 0.015 13.76 pain(+)
42 2.8 0.0888 107(+) 0.0911(+) 0.0272 0.050 0.015 42.07(+) no pain
43 14.2 0.0554 201(+) 0.171(+) 0.0512 0.050 0.015 79.04(+) pain(+)
44 15.2 0.0378 70(+) 0.0597(+) 0.0178 0.050 0.015 27.53(+) no pain
45 9.1 0.0377 30 0.0255 0.0076 0.050 0.015 11.80 no pain
46 6.5 0.0472 40 0.0344 0.0103 0.050 0.015 15.73 no pain
47 0.34 0.0439 59 0.0502 0.0150 0.050 0.015 23.20 no Pain
48 0.08 0.0442 80(+) 0.0678(+) 0.0203 0.050 0.015 31.46(+) Pain(+)
49 1.25 0.0252 40 0.0345 0.0103 0.050 0.015 15.73 Pain(+)
50 8.75 0.0657 85(+) 0.0524(+) 0.0157 0.050 0.015 33.42(+) no pain
51 1.62 0.0403 64(+) 0.0542(+) 0.0162 0.050 0.015 25.17(+) Pain(+)
Success rate 34/51=0.667 | 34/51=0.667 34/51=0.667




