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ABSTRACT. In vitro experiments were performed to ex- major factor which affects the intraluminal concentration of bile 
amine the contractile responsiveness of guinea pig gall- acids is the contractile ability of the gallbladder (9). The dynamics 
bladder smooth muscle as a function of developmental age. of gallbladder motility in the neonate has received little attention. 
Gallbladder muscle strips from preterm (day 50-55 ges- Kaplan et al. (10) recently evaluated gallbladder mechanics in 
tation), newborn (days 1-3 post partum), and 1-month-old newborn piglets and reported a decreased intracholecystic pres- 
animals were stimulated with agonists that initiate the sure response to agonist stimulation, when compared to the 
contractile process either by activation of membrane recep- adult. They speculated that the decreased pressure response 
tors (acetylcholine and the octapeptide of cholecystokinin) reflects a decrease in smooth muscle contractility. The present 
or by membrane depolarization (potassium). Dose-re- study was designed to test this hypothesis by examining the in 
sponse curves were constructed for each agonist in each vitro contractile responsiveness of gallbladder muscle strips from 
age group and analyzed with respect to the maximal force newborn and adult guinea pigs. In addition, tissues from fetal 
developed and the pD2 value (negative logarithm of the animals were studied. This group was included in order to more 
dose of agonist which produces a one-half maximal re- fully define the development of gallbladder smooth muscle con- 
sponse). The results can be summarized as follows: 1) tractility. 
when normalized for tissue cross-sectional area, the mag- 
nitude of the contractile response to each agonist increased 
with increasing developmental age; 2) the dose of agonist METHODS 

required to elicit a one-half maximal response was inde- ~ ~ i ~ ~ l  model. ~h~ in ,,ityo contractile responsiveness of the 
  en dent of developmental age. The data indicate that tho- guinea pig gallbladder was studied using tissues obtained from 
linergic and cholecystokinin receptors are Present and func- fetuses, full term neonates, and young adults. Fifteen date-mated 
tional on gallbladder smooth muscle prior to birth and that pregnant animals were obtained from a reliable breeder (Perfec- 
the force generating capacity of the tissue continues to tion Breeders, Douglassville, PA). Normal parturition occurred 
develop after birth. A reduced contractility of the gallblad- in .in, of these animals.  hi^^^^^ pups were randomly selected 
der in preterm and animals as to young to be studied as newborns. These animals were studied between 
adults may ~artially explain the decreased choledochol bile 1 and 3 days of age and had a mean weight of 101.6 + 8.2 g and 
flow seen in the neonate- (Pediatr Res 20: 214-2177 1986) a crown-rump length of 15.2 + 1.2 cm. The remaining animals 

(n  = 12) which delivered spontaneously were housed with their 
Abbreviations mother for subsequent study as young adults (average age = 33.5 

CCK-OP, octapeptide of cholecystokinin + 2.1 days; mean weight = 380.2 + 33.1 g). Sixteen 3rd trimester 

ACh, acetylcholine fetuses (day 50-55) were delivered by ceasarian section from six 
pregnant animals. The normal gestation time in the guinea pig 
is 68-70 days. The fetuses had a mean weight of 69.8 + 1.4 g 
and a crown-rump length of 13.4 + 0.5 cm. 

Tissue  preparation. After induction of anesthesia (Ketamine 
Normal growth and development in the newborn is dependent HCl, 100 mglkg), gallbladders from newborns and young adults 

on many processes. Ultimately, however, the ability of the infant were removed through a midline incision. Gallbladders from 
to survive depends on its ability to digest and absorb nutrients fetal animals were obtained without the benefit of anesthesia. 
(1-3). Fats comprise 50% or more of the milk calories in most Once removed, the gallbladders were immediately placed in an 
animal species and thus are a major factor in infant nutrition agar lined petri dish filled with aerated, room temperature Krebs- 
(4). Fat digestion is a complex process requiring input from both Ringer solution (composition in mM: Na+, 138.6; K+, 4.6; Ca2+, 
the pancreas and the hepatobiliary system. In particular, bile 2.5; Mg2+, 2.1; C1-, 126.2; HC03-, 21.9; P04=, 1.2, and glucose 
salts are necessary to stabilize the pancreatic lipolytic enzymes 12.7). Each gallbladder was opened along the longitudinal axis, 
and to solubilize the products of lipolysis into micelles. Both the anchored open with fine pins, and the mucosa removed by blunt 
bile salt pool size and the rate of bile-salt synthesis are reduced dissection. A single muscle strip (3 X 7 mm) was obtained from 
in infants as compared to adults. This apparent immaturity of the body of each gallbladder by cutting parallel to the circular 
the hepatobiliary system has been implicated in the decreased axis. One end of each muscle strip was connected via plastic clip 
bile excretion, inefficient fat digestion, and propensity to choles- and gold chain to a force transducer (Grass FT03C) and the 
tasis often observed in newborn infants (5-8). other end attached to a metal rod that could be raised or lowered 

In addition to the synthesis and secretion of hepatic bile, a by the adjustment of a screw micrometer. The muscle strips were 
then transferred to individual 20 ml tissue chambers (Phipps- 
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muscle strip was increased in 2-mm increments until the maxi- 
mal active contractile response to acetylcholine M) stimu- 
lation was achieved (1 1). The muscle length corresponding to 
the optimal preload was maintained throughout the duration of 
the experiment. 

Muscle stimulation. The muscle strips were examined for their 
contractile responsiveness to ACh (Sigma), CCK-OP (Sinca- 
hide), and elevated levels of extracellular potassium. Stock SO- 
lutions, of ACh and CCK-OP were prepared and added fresh 
daily to the tissue baths in microliter amounts to achieve the 
final molar conconcentrations reported. Individual doses were 
given in random order; no cumulative dose-response curves were 
constructed. When the contractile response to elevated extracel- 
lular potassium was evaluated, the NaCl concentration of the 
bathing medium was reduced accordingly in order to maintain 
osmolality. In general, complete dose-response curves could be 
obtained for any two agonists on any one muscle strip. Perma- 
nent records of the isometric tensions developed were attained 
using a Grass (7P1) multichannel recorder. 

Data analysis. Upon completion of each experiment, the 
muscle strip length at optimal preload was measured using a 
calibrated eyepiece micrometer and the muscle weight deter- 
mined. The individual contractile responses were then normal- 
ized for tissue cross-sectional area (1 I). Cross-sectional area was 
calculated according to the following relationship: area = mass/ 
(density x length), where mass is in grams, the length in centi- 
meters, and the density is assumed to be 1.05 g/cm3 (12). The 
dose-response curves for each agonist in each age group were 
analyzed for the maximal contractile response and the pD2 value, 
defined as the negative logarithm of the dose of agonist which 
causes a one-half maximal response ( 15). The significance of the 
data was determined by analysis of variance followed by the 
Student's t test for unpaired observations. Statistical significance 
was established at the 95% confidence limit. All results are 
expressed as the mean f SEM. 

RESULTS 

Basal activity. The resting tension at which maximal active 
force development occurred was 0.75 f 0.12 g for fetal tissues ( n  
= 16), 1 .0 + 0.12 g for tissues from newborn guinea pigs ( n  = 
13), and 1.15 + 0.25 g for tissues from young adults ( n  = 12). 
The values do not differ significantly from one another. In 
previous studies it has been shown that gallbladder muscle strips 
from adult guinea pigs (500-700 g) contract spontaneously at a 
frequency of 4-5/min when studied in vitro (1 1). In the present 
study muscle strips obtained from young adults (mean weight, 
380 g) exhibited a similar contractile behavior. Spontaneous 
contractions were evident in all tissues and lasted for the duration 
of the experiment. In contrast, tissues from newborn animals 
exhibited an erratic spontaneous contractile pattern. While the 
contractions lasted for the duration of the experiment, both the 
frequency and magnitude varied during the course of the exper- 
iment. Tissues from preterm animals only infrequently exhibited 
any spontaneous phasic contractile activity. When present, both 
the frequency and the amplitude were erratic and did not last 
the entire experimental day. 

Responses to agonists. All of the muscle strips examined were 
responsive to each of the agonists tested. The dose-response 
relationship of tissues from fetal, newborn, and young adult 
guinea pigs to stimulation with ACh is shown in Figure I. Within 
each age group increasing the concentration of agonist was 
associated with an increased force of contraction. The maximal 
tension developed in each age group is given in Table I. Tissues 
from newborn animals contracted with significantly more force 
than tissues from fetal animals; tissues from young adults evi- 
denced contractions which were significantly greater than the 
force developed in either of the other two groups. Although the 
magnitude of the contractile response to ACh varied with devel- 
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Fig. 1 .  Dose-response curve for ACh in isolated gallbladder smooth 
muscle strips from fetal, newborn, and young adult guinea pigs. Each 
point represents the mean + SEM of at least 12 determinations. 

Table 1. Maximal tension development in isolated gallbladder 
muscle strips from fetal, newborn, and young adult guinea pigs 

(mean f SEM) 
Tension (kg/cm2) 

Animal ape ACh CCK-OP Potassium 

Fetal (n = 16) 0.16 + 0.02 0.15 + 0.03 1 .O k 0.02 
Newborn ( n  = 13) 0.25 + 0.03* 0.24 + 0.05* 0.21 + 0.02* 
Young adult (n = 12) 0.50 + 0.057 0.54 k 0.107 0.54 + 0.057 

* Significantly different from fetal value. 
t Significantly different from newborn value. 

Table 2. pD2* valuesfor isolated strips of gallbladder smooth 
muscle as a function o f  develoumental ane (mean + SEM) 

Agonist 

Animal age ACh CCK-OP Potassium 
- 

Fetal (n = 16) 5.46 k 0.34 9.41 + 0.45 1.92 + 0.38 
Newborn (n = 13) 5.89 + 0.26 9.04 + 0.36 2.10 + 0.3 1 
Youne adult (n = 12) 6.1 1 + 0.30 9.64 t 0.56 1.87 + 0.32 

* Negative logarithm of the dose of agonists which causes a one-half 
maximal response. 

opmental age, no significant differences existed among the dose- 
response curves with respect to their pDz values (Table 2). 

The data summarizing the effect of developmental age on the 
contractile response to CCK-OP are presented in Figure 2. 
Within each age group increasing the concentration of CCK-OP 
resulted in an increased force of contraction. Similar to the results 
observed with ACh stimulation, the maximal contractile re- 
sponse increased as a function of the age of the animal (Table 
1). The sensitivity of the tissues for the agonist (pD2 value) was 
independent of the developmental age (Table 2). 

In order to determine whether the age-related increases in force 
development were the result of the development of receptor 
mediated processes, or whether development was associated with 
an overall increase in contractility, the tissues were examined for 
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Fig. 2. Dose-response curve for CCK-OP in isolated gallbladder 
smooth muscle strips from fetal, newborn, and young adult guinea pigs. 
Each poinl represents the mean c SEM of at least 12 determinations. 

0-0 ADULT - TERM - - 0  FETAL 

Fig. 3. Dose-response curve for potassium stimulation in isolated 
gallbladder smooth muscle strips from fetal, newborn. and young adult 
guinea pigs. Each point represents the mean + SEM of at least 12 
determinations. 

their contractile responsiveness to increased extracellular potas- 
sium. Potassium stimulation is thought to involve membrane 
depolarization and to be independent of any receptor mediated 
processes (14). Increasing the potassium concentration from 
normal levels (5 mM) to 20 mM resulted in progressively larger 
contractile responses in all tissues (Fig. 3). Increasing the potas- 
sium concentration above 20 mM did not result in any further 
significant increases in the magnitude of the contractions. Analy- 
sis of the individual dose-response curves indicated that the ED5(, 
(dose eliciting a one-half maximal response) was similar in all 
age groups (Table 2). 

Within each age group the maximal forces generated in re- 
sponse to ACh, CCK-OP, and potassium were not significantly 
different. 

DISCUSSION 

It is well established that the digestive and absorptive functions 
of the gastrointestinal tract continue to develop after birth (1-3). 
In contrast, relatively little information is available concerning 
the developmental characteristics of gastrointestinal motility. 
However, it has recently been reported (10) that the neonatal 
gallbladder develops a lower intraluminal pressure in response 
to agonist simulation than does that of the adult. The authors 
suggested that the reduced pressure may be related to a decreased 
smooth muscle contractility. The present study examined the 
relationship between contractility and developmental age using 
an isolated muscle strip preparation. Such an approach elimi- 
nates any extrinsic neural and hormonal influences which might 
modulate gallbladder motility in vivo and, therefore, provides a 
more accurate evaluation of contractility. The tissues were stim- 
ulated with agonists that are known to initiate gallbladder smooth 
muscle contraction by a direct effect on the muscle and that 
operate through different mechanisms to effect a contractile 
response (membrane receptor stimulation, ACh, and CCK; 
membrane depolarization, K+). This approach permitted a more 
thorough assessment of the contractile process as a function of 
developmental age. 

The results of the present study indicate that the guinea pig is 
a good animal model to study the developmental characteristics 
of gallbladder smooth muscle contractility. This is of interest 
when one considers that the guinea pig, unlike other animals 
normally used to evaluate the development of the hepatobiliary 
system such as the rat, is quite mature at birth and develops very 
rapidly. Nevertheless, age-related differences were observed with 
respect to the presence and coordination of spontaneous phasic 
contractions. Although regular rhythmic contractions were ob- 
served in young adults, tissues from newborn animals evidenced 
an erratic contractile pattern. Tissues from fetal guinea pigs rarely 
exhibited spontaneous phasic contractions. The underlying 
mechanism responsible for the phasic contractile activity of the 
gallbladder is unknown. In other gastrointestinal smooth muscles 
spontaneous contractions are the consequence of an underlying 
electrical signal, termed the electrical slow wave or basic electrical 
rhythm (15). The development of an action potential in con- 
junction with the slow wave results in a contraction. It has been 
reported for both the lamb and the dog that the frequency and 
coordination of these electrical signals in gastric and small intes- 
tinal smooth muscle continues to develop in the newborn animal 
(16-18). Thus it is tempting to speculate that the progressive 
development in the frequency and regularity of spontaneous 
contractions in the guinea pig gallbladder reflects a maturation 
of the processes responsible for the generation of electrical slow 
waves. 

ACh was capable of eliciting a contraction in all of the tissues 
studied, indicating that ACh receptors are present and functional 
prior to birth. Functional cholinergic receptors have been dem- 
onstrated in other gastrointestinal and nongastrointestinal 
smooth muscles from fetal animals (19-24). Analysis of the dose- 
response relationship indicated that the concentration of agonist 
required to elicit a one-half maximal response did not change 
during development. In contrast, the absolute magnitude of the 
contractions increased as a function of developmental age. These 
findings are consistent with the developmental characteristics of 
the cholinergic receptor in other smooth muscles. Boreus and 
McMurphy (20) found that the maximal isometric tension which 
could be developed by segments of ileum from human fetuses 
increased 20-fold during gestation. The force generating capacity 
of smooth muscle from the cat esophagus, stomach and small 
bowel, and rat stomach also has been shown to be directly related 
to the postnatal age ofthe animal (25-27). The reported increases 
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in force development could not be accounted for solely on the 
basis of an increase in muscle mass, suggesting maturation of the 
factors which affect contractility. In the present study all con- 
tractile responses were normalized for tissue size. Thus it appears 
that gallbladder smooth muscle also is characterized by contrac- 
tility changes during development and maturation. 

The developmental characteristics of the contractile response 
to CCK-OP were virtually identical to the results obtained with 
ACh stimulation (increased force of contraction; no change in 
tissue sensitivity). It has recently been reported that ACh and 
CCK-OP each stimulate gallbladder contraction through a simi- 
lar mechanism (I I). It is conceivable that the present findings 
are the result of a maturation of this excitation-contraction 
coupling pathway and not the result of an overall increase in 
force generating ability. In order to test this possibility the muscle 
strips were stimulated with an agonist that activates muscle 
contraction by a process independent of receptor activation 
(potassium-induced membrane depolarization). As was observed 
with receptor-mediated agonist stimulation, the magnitude of 
the potassium-induced contractions increased with develop- 
mental age. This result would suggest that the increased force of 
contraction which is observed as the animal matures reflects an 
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