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ABSTRACT. Guinea pig gallbladder smooth muscle con- 
tractility undergoes a period of postnatal maturation. Be- 
cause tissues from adult animals contract more forcefully 
than tissues from newborn animals when stimulated with 
agonists that activate the contractile process through dif- 
ferent mechanisms (receptor activation, membrane depo- 
larization), we proposed that factors unrelated to the mech- 
anism of action of the agonist may contribute to the differ- 
ence in force development between the age groups. Our 
study tested this hypothesis by examining the in vitro 
contractile response to calcium of membrane skinned mus- 
cle preparations from newborn and adult guinea pigs. Cell 
membranes were permeabilized using a Triton X-100 
(0.5%) skinning solution. The muscle strips were rinsed in 
relaxing solution then contracted with calcium. The con- 
tracting solution contained either 1, 5, 10, or 20 pM 
calcium. Each muscle strip was stimulated with a single 
concentration of calcium. The results can be summarized 
a s  follows: 1 )  the maximal response of the skinned prepa- 
rations did not differ from that of membrane intact prepa- 
rations; 2)  tissues from each age group contracted in a 
dose-response manner with the maximal response occur- 
ring a t  1 0  pM calcium; and 3) a t  each calcium concentra- 
tion, tissues from adult animals developed more active force 
than tissues from newborn animals. The data suggest that 
the postnatal maturation of gallbladder smooth muscle 
contractility includes factors involved in calcium activation 
of the excitation-contraction coupling process. (Pediatr Res 
28: 336-338,1990) 

Abbreviations 

ACh, acetylcholine 
KBS, Kreb's buffer solution 
Lo, optimal length 
CDJ, choledochoduodenal junction 
EHC, enterohepatic circulation 

involves factors both dependent upon and independent of the 
mechanism of action of the agonist. Our study was designed to 
test the latter part of this hypothesis by examining the contractile 
response to calcium of chemically skinned gallbladder smooth 
muscle preparations from newborn and adult guinea pigs. The 
purpose of the study was to determine whether the observed age- 
related difference in force development could be accounted for, 
at least in part, by a difference in calcium activation of the 
excitation-contraction coupling process. 

MATERIALS AND METHODS 

Tissue preparation. Gallbladder muscle strips were removed 
from newborn (I-d-old) and adult female guinea pigs. The gall- 
bladders were opened along the long axis and rinsed with room 
temperature (23°C) KBS of the following composition (in mM): 
NaC1, 115; KCl, 4.6; CaC12, 2.5; MgC12, 2.1; NaH2P04, 1.2; 
NaHCO,, 15.5; and glucose, 11.5, at pH 7.4. Each gallbladder 
was carefully pinned to the bottom of a KBS-filled petri dish and 
the mucosa removed by blunt dissection. Muscle strips (1 X 3 
mm) were prepared by cutting parallel to the long axis of the 
tissue. Generally, four to six strips were obtained from each 
adult; two to three strips were prepared from each newborn 
animal. 

The muscle strips were mounted in individual 10-mL tissue 
baths filled with warmed (37"C), aerated (95% 02 ;  5% C02) KBS 
and studied as described previously (1). Briefly, one end of each 
muscle strip was connected via gold chain to a force transducer 
(FT 03C; Grass Instrument Co., Quincy, MA) and the other end 
attached to a metal rod, which could be raised or lowered by the 
adjustment of a fine micrometer. After a 1-h equilibration period, 
the length of each muscle strip was increased in 0.5-mm incre- 
ments until the maximal active contractile response to ACh (lo4 
M) was achieved. The muscle strips were maintained at their 
respective Lo for the duration of the experiment. A permanent 
record of the isometric tensions developed by the muscle strips 
was obtained using a Grass (model 7) recorder. 

Skinning experiments. Chemical skinning of the muscle strips 
was achieved using the method described by Li et al. (2). Once 
Lo had been achieved and the contractile response of each'muscle We have previously that gallbladder smooth strip to ACh (104 M) and potassium (80 mM) had been deter- from the newborn guinea pig generates less active force than mined, the KBS was drained from the tissue baths and replaced gallbladder smooth muscle from the adult (1). In these earlier with a skinning solution that contained mM EGTA, 20 mM 

studies, the muscle strips were stimulated with agonists that imidazole (pH, 7.0), 50 mM potassium acetate, 0.5 mM DTT, initiate the contractile process through different mechanisms- 50 mM sucrose, and 0. 5% Triton X-lOO. The muscle strips 
membrane receptor activation (ACh; cholecystokinin) and mem- were exposed to the skinning solution for 1 h. Preliminary studies 
b a n e  de~olarization (potassium). We proposed that the in- indicated that this exposure tirne was necessary to ensure that 
creased contractility that develops during the postnatal period the tissues from both age groups responded maximally to calcium 
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incubated in the relaxing solution for 15 to 20 min. Contraction 
of the muscle strips was achieved by exposing the tissues to fresh 
relaxing solution to which had been added a predetermined 
concentration of calcium (contracting solution). 

The concentration of free calcium and the ionic strength of 
the different buffer solutions was calculated using a computer 
program that solves the appropriate multiequilibrium association 
equations (kindly provided by Dr. Robert Moreland, Bockus 
Research Institute, Philadelphia, PA). CaC12 stock solutions were 
prepared using atomic absorption standard solutions. The "free" 
calcium concentration of the contracting solution was confirmed 
using a calcium electrode (Cal 1, World Precision Instruments, 
Inc., New Haven, CT). Each strip was exposed to only a single 
concentration of calcium (1, 5, 10, or 20 pM). All experiments 
were performed at room temperature (2 1 to 23°C) and the buffer 
solutions gassed with 100% 02. 

Data analysis. Upon the completion of each experiment, the 
length (at Lo) and the weight of each muscle strip was determined 
and used to calculate the cross-sectional area of the tissues from 
the following relationship: Area = mass/(density X length), where 
mass is in g, the length in cm, and the density is assumed to be 
1.05 g/cm2 (3). All active force development was normalized to 
tissue cross-sectional area and expressed as stress in N per square 
m (N/m2 x lo4). The contractile responses of tissues from 
newborn and adult animals were compared for statistical differ- 
ences using the t test for unpaired data. All data are expressed as 
mean f SE. 

RESULTS 

Response to ACh and potassium. Preliminary to the skinning 
procedure, each muscle strip was stimulated with a maximally 
effective concentration of ACh (lo4 M) and potassium (80 mM). 
This was done to confirm the previous observation that postnatal 
development is associated with an increase in gallbladder smooth 
muscle force develovment (1). The results are summarized in 
Figure 1. For both k h  andiotassium, the contractile response 
of the tissues from newborn animals was significantly less than 
that of the adult ( p  < 0.05). 

Table 1. Effect of skinning time on contractile response of 
  all bladder smooth muscle to calcium 110 uM). 

% ACh (lo4 M) response 

Time (min) Newborn Adult 

ACh ( I O - ~ M )  KC1 ( 8 0  mM) 

Response of skinned muscle.fibers to calcium. Before under- 
taking the main study, experiments were performed to determine 
the ovtimal skinning. time and the effect of reveated stimulation 
with calcium on th i  contractile response. ~b address the first 
issue, tissues from newborn and adult animals were exposed to 
the skinning solution for varying periods of time ranging from 
15 to 120 min. At the appropriate time, the skinning solution 
was replaced with relaxing solution and the tissues bathed for an 
additional 20 min before stimulation with calcium (10 pM). For 
both the newborn and the adult, 60 min was determined to be 
an optimal skinning time (Table I). We also determined that 
repeated stimulation with calcium resulted in a decrease in the 
magnitude of the contractile response. As a result, the tissues 
were challenged with only a single dose of calcium. 

Skinned muscle strips from both the newborn and the adult 
contracted in response to direct stimulation with calcium (Fig. 
2). At each concentration of calcium used, the muscle strips from 
adult animals contracted more forcefully than the muscle strips 
from newborns. Maximal force development in the adult (5.49 
k 1.0 x lo4 N/m2) and in the newborn (2.94 + 0.49 x lo4 N/ 
m2) occurred at a calcium concentration of 10 pM. Higher 
concentrations of calcium did not result in larger contractions 
and in many cases resulted in less force development. For both 
the adult and the newborn, the maximal response to calcium did 
not differ significantly from the maximal contractile response of 
the tissues to ACh (adults, 5.1 + 0.59 x lo4 N/m2; newborns, 
3.13 +. 0.49 x lo4 N/m2). 

DISCUSSION 

In our study, gallbladder smooth muscle from newborn guinea 
pigs developed less active stress than tissues from adult animals 
when stimulated with ACh or potassium. The results are con- 
sistent with our earlier observation (1) and support the growing 
body of evidence that visceral smooth muscle contractility under- 
goes a period of postnatal maturation (4-1 1). For most smooth 
muscle tissues, the increased force can be demonstrated regard- 
less of the agonist used. This has lead to the hypothesis that the 
increase in force that develops during the postnatal period is a 
complex process that involves factors specific to the mechanism 
of action of the agonist as well as factors independent of the 
agonist (9, 12-14). 

Factors inde~endent of the mechanism of action of the agonist 
include those p'arts of the excitation-contraction coupling p;ocess 
that become activated in response to agonist-mediated increases 
in cytoplasmic calcium levels (1 2- 14)- Our study used a mem- 
brane skinned smooth muscle preparation to directly examine 
the contractile response of gallbladder smooth muscle to stimu- 
lation by calcium. Membrane skinned muscle preparations have 
been used extensively by investigators interested in the factors 
involved in the intracellular regulation of smooth muscle con- 
traction (1 5-17). Because they retain the structural organization 
of the contractile machinery while membrane diffusion bamers 
are reduced, skinned muscle fibers permit a more accurate as- 

Fig. 1 .  Contractile response of gallbladder smooth muscle from adult I UM 5 U M  10 U M  20 U M  

( A )  and newborn (NB) guinea pigs to maximally effective concentrations Fig. 2. Contractile response of chemically skinned gallbladder smooth 
of ACh and potassium. Each point represents the mean ? SE of 15 muscle strips from adult ( A )  and newborn (NB) guinea pigs to calcium. 
experiments. Each point represents the mean + SE of five experiments. 
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sessment of the relationship between myoplasmic calcium con- 
centration and force development. Through the use of a skinned 
smooth muscle preparation, we hoped to determine whether the 
age-related differences in gallbladder smooth muscle force devel- 
opment that we observed in membrane-intact preparations could 
be attributed, at least in part, to differences in calcium activation 
of the excitation-contraction coupling process. 

For both the newborn and the adult, the response of the 
skinned muscle fibers to calcium was concentration dependent, 
with the maximum response occumng at a calcium concentra- 
tion of 10 pM. The maximal response of the skinned muscle 
fibers did not differ significantly from that of the membrane- 
intact preparations. This suggests that the skinning procedure 
had no deleterious effect on the excitation-contraction coupling 
process. The range of calcium concentrations used in this study 
is consistent with that reported by other investigators and is 
identical to that used by us to examine the contractility of gastric 
smooth muscle from newborn and adult rabbits (1 1). At all 
calcium concentrations examined, the contractile response of 
chemically skinned muscle fibers from newborn animals was less 
than that of the adult. The data suggest that differences exist 
between the newborn and adult guinea pig with respect to 
calcium activation of the contractile process. This study did not 
address the factors that may be responsible for the observed 
difference in response to calcium. However, it has recently been 
suggested that the postnatal maturation of force development in 
vascular smooth muscle is associated with changes in contractile 
protein content and type and with changes in the concentration 
of calmodulin and its sensitivity to activation by calcium (12, 
18). It will be interesting to determine if similar biochemical 
differences exist between gallbladder smooth muscle from new- 
born and adult guinea pigs. As a note of caution, one cannot 
rule out the possibility that differences in the size, mass, or 
geometric arrangement of the muscle bundles in tissues from 
newborn and adult animals might also contribute to the observed 
differences in force. Finally, this study does not rule out the 
possibility that age-related differences might also exist with re- 
spect to the mechanism of action of the agonists. 

The functional implications of the data obtained from this 
study are best understood when considered along with our pres- 
ent knowledge of the postnatal development of the EHC in 
guinea pigs. Several investigators have shown that multiple com- 
ponents of the EHC are impaired at birth and have suggested 
that the decreased efficiency of the EHC in the newborn contrib- 
utes to the neonatal cholestasis observed in this species (19-21). 
Heubi and Fondacara (1 9) reported that active ileal transport of 
bile acids is absent in the newborn and develops to adult levels 
by the 5th day of postnatal life. Li et al. (20) established that the 
bile acid pool size is small in the immediate newborn period and 
that it increases 38-fold over the first 17 postnatal days. More 
recently, Cox et al. (21) observed maturational changes in the 
ability of the CDJ to serve as a pump to promote bile flow. They 
reported that, unlike the adult, the pumping activity of the CDJ 
in animals less than 4 wk of age was diminished or absent and 

that this was due in large measure to incomplete structural 
development of the CDJ. In our present study and in our 
previous study (I), we have shown that the in vitro contractility 
of gallbladder smooth muscle increases postnatally. Although 
one must exhibit caution when extrapolating data from in vitro 
studies to in vivo function, it seems reasonable to suggest that 
the decreased contractility observed under in vitro conditions 
may well reflect a decreased ability of the gallbladder from 
newborn guinea pigs to develop intraluminal pressure in vivo. If 
true, this would add to the list of factors that contribute to the 
physiologic cholestasis and reduced bile acid pool size in the 
newborn. 
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