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ABSTRACT. To quantitate surface hydrophobicity of the 
stomach, we measured contact angles formed with water 
droplets in different regions of rabbit stomach at varying 
ages (suckling, weanling, and adult). Contact angles were 
measured using novel methods: axisymmetric drop-shape 
analysis-contact diameter for contact angles <9O0 and ax- 
isymmetric drop-shape analysis-maximum diameter for 
contact angles >90°. To determine whether gastric mucus 
was responsible for the physical properties of the surface 
mucosa, the surface tension of mucus derived from the 
body of stomach was measured by axisymmetric drop- 
shape analysis on pendant drops. Contact angles of adult 
antrum 82.9" f 5.5" (mean f SEM) were greater than in 
the body of stomach (36.1" f 2.6", p = 0.0001). Contact 
angles on mucosa obtained from the body of the stomach 
of both suckling rabbits (76.4" f 2.7") and weanling rabbits 
(84.2" f 2.9") were greater than in adult animals (ANOVA, 
p < 0.05). Pendant drop analysis of mucus derived from 
the body of stomach showed a high surface tension (57.72 
f 0.06 mJ/m2, mean f SD). We conclude that there are 
maturational changes and regional differences in the sur- 
face hydrophobicity of the lapine stomach. These changes 
are likely caused by changes in the overlying mucus layer. 
(Pediatr Res 35: 209-21 3, 1994) 

Abbreviations 

ADSA, axisymmetric drop-shape analysis 
ADSA-CD, ADSA-contact diameter 
ADSA-P, ADSA pendant drop 
ADSA-MD, ADSA-maximum diameter 
ANOVA, analysis of variance 

Bacterial adhesion to mucosal surfaces is recognized as a 
virulence factor for microbial pathogens because it promotes 
delivery of toxins and it is a prerequisite for invasion into 
eukaryotic cells ( I ) .  Both specific ligand-receptor interactions 
and nonspecific surface properties, including charge and hydro- 
phobicity, promote binding of microbial pathogens to mucosal 
surfaces (2, 3). 

In a previous study, we showed regional differences in the 
surface hydrophobicity of lapine small bowel and colon that were 
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related to the surface tension of the mucus layer overlying surface 
epithelial cells (4). In addition. changes in surface hydrophobicity 
were related to the stage of the rabbits' postnatal development. 
Although the stomach has been previously considered relatively 
sterile, it is now clear that certain gram-negative. microaerobic 
bacteria demonstrate tropism for the gastric microenvironment. 
For example. Helicohacterpylori fulfills each of Koch's postulates 
as a human pathogen causing chronic-active gastritis (5). H. 
pjqlori colonization of the stomach has also been associated with 
recurrent peptic ulceration (6) and the development of gastric 
cancers (7). This gastric pathogen inhibits acid secretion (8) but 
stimulates pepsinogen secretion (9) in suspensions of lapine 
parietal cells. The factors mediating colonization and adhesion 
of H. pj,lori to gastric surfaces are not known. However. when 
compared with noninfected, age-matched controls. reduced hy- 
drophobicity is evident on stomach mucosal surfaces obtained 
using endoscopic biopsies from I I .  pj-lori-infected individuals 
(10-12). In the present study, we examined surface hydropho- 
bicity in the body and antrum of rabbit stomach at varying ages 
after birth. 

MATERIALS A N D  METHODS 

Preparation of stomach  section.^ ,fi)r contact an& mrasriri~- 
mcnts. New Zealand White rabbits (Reimans Fur Ranch. 
Guelph. Canada) were used for all experiments. The research 
protocol was reviewed and approved by the hospital's Animal 
Care Committee. Nine suckling rabbits were examined at 2 wk 
of age, three weanling rabbits (littermates) were examined at 6 
wk of age (body weight = 0.8 kg), and three male postweanling 
rabbits between 3 and 4 mo of age weighing approximately 3 kg 
were studied. Animals were killed using intracardiac Euthanyl 
(MTC Pharmaceuticals, Cambridge. Canada) after anesthesia 
with intramuscular ketamine (Parke-Davis. Scarborough, Can- 
ada) and xylazine (Bayvet. Etobicoke, Canada). A midline ab- 
dominal incision was then made to open the peritoneal cavity 
and the entire stomach was excised. Segments from antrum (2 
cm') and body of the stomach (9 cm') were washed with sterile 
saline at 4°C and mounted onto a flat surface of dental wax. 
Water droplets did not form on freshly isolated stomach mucosal 
surfaces. Therefore, stomach segments were allowed to air dry at 
room temperature and were constantly watched until the mucosa 
developed a dull. matted appearance, as previously described (4. 
10-12). 

Preparation (!/'mucus. Mucus is a complex mixture of mucin 
glycoproteins, water, various serum and cellular macromolecules. 
electrolytes, microorganisms, and sloughed epithelial cells ( 13). 
Soluble mucus was prepared from the mucosa of the body of the 
stomach of adult rabbits, as described previously ( 14. 15). Briefly. 
excised sections were opened and washed with sterile saline at 
4°C. Mucosal tissue was obtained by gently scraping the luminal 
surface with a glass slide. Scrapings were weighed and placed 
into a solution of 5 mM EDTA (100 mL/g wet weight; Sigma 
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Chemical Co., St. Louis, MO) containing 0.0 I % sodium azide 
(Sigma) and proteinase inhibitors to minimize the proteolytic 
degradation of mucins ( 1  5). The proteinase inhibitors contained 
5 mM N-ethylmaleimide (Sigma) and 2 mM phenylmethyl sul- 
fonyl fluoride (Sigma). Scrapings of the mucosa were then ho- 
mogenized in a blender for 30 s. The homogenate was centrifuged 
at 30 000 x g for 30 min at 4°C to remove pelleted cellular and 
particulate debris. Protein content of the soluble preparations 
was determined by the method of Lowry (.I al. (16) using BSA 
(Sigma) as the reference standard. The soluble supernatants. 
defined as crude mucus, were then stored at -70°C until further 
use in the pendant drop-shape analyis. 

Measurement of hydrophobicity o f  intestinal rnlrcosal slrrfacts. 
The technique for measurement of contact angles. referred to as 
ADSA-CD, was performed as described in detail previously ( I  7, 
18). This method calculates contact angles by solving the Laplace 
equation using liquid surface tension. drop volume, and the 
contact diameter of a water droplet as input parameters. Sessile 
drops of distilled water were placed onto air-dried stomach 
mucosal surfaces. The volume of the drops of water was obtained 
by using a micrometer syringe (Gilmont. Canlab. Toronto. Can- 
ada). Surface tension of the water droplet was determined using 
the Wilhelmy technique (19). Contact diameter of the drop of 
water was determined by computer digitization of an advancing 
droplet periphery on an image taken from above (4. 20). The 
image was obtained, using a stereomicroscope (M7S Zoom, Wild 
Heerbrugg. Germany). within I s after the water droplet formed 
on the surfaces of gastric mucosa. 

ADSA-CD was developed initially from the more general 
ADSA-P (see below) for the purpose of determining small contact 
angles, which cannot be determined with a high degree of accu- 
racy by means of ADSA-P. ADSA-CD has proven to be an 
excellent tool for the determination of contact angles when the 
solid substrata are rough and heterogeneous, thereby producing 
sessile drops with ragged three-phase lines rather than circular 
ones (2 1 .  22). In the course of previous investigations. we en- 
countered situations in which the contact angle was greater than 
90°so that the contact area could not be seen by observation of 
the sessile drops from above (4). Rather, this observation records 
the maximum equatorial diameter of such drops. To avoid losing 
the power of ADSA-CD to average irregularities of the three- 
phase line, a further modification of ADSA called ADSA-MD 
was developed (23). In this technique, the maximum equatorial 
diameter is determined using the same experimental apparatus 
with which ADSA-CD measurements are performed. The re- 
quired input also remains unchanged: surface tension and density 
of the liquid, drop volume, and local gravity. The main output 
quantity is the average effective contact angle of the water 
droplet. Thus, in the present experiments. contact angles less 
than 90" were determined using ADSA-CD and those greater 
than 90' by ADSA-MD. 

Measuremenl qfslrrface lension (!/'soluble mlicfts. The crude 
mucus preparations were measured at a concentration of 1 mg/ 
mL. Surface tension values of the crude mucus were obtained 
by means of ADSA-P using pendant drops (4). This technique 
calculates the surface tension by fitting the Laplace equation of 
capillarity to an arbitrary array of coordinate points selected 
from the drop profile. The profile coordinates were found and 
analyzed by an automatic digitization technique described in 
detail previously (2 1.  22). Briefly, the pendant drop was formed 
inside a quartz cuvette at the tip of a Teflon capillary that was 
inserted into a stainless steel tube to keep the capillary straight. 
To maintain vapor pressure in equilibrium and to prevent evap- 
oration of the pendant drop during the time of the experiment, 
the cuvette was half filled with the sample of mucus and then 
sealed. The measurements were performed at room temperature. 
In addition to the drop profile coordinates. the analysis required 
only information on the local gravity and density of the liquid. 
Density of the mucus preparations ( I  mg/mL) was 999.9 kg/m3. 

as determined using a digital densitometer (Digital Meter. DMA 
45. Anton Paar. Graz, Austria). 

Statistics. Results are expressed as means + SEM for the 
number of droplets tested unless otherwise indicated. Compari- 
sons between the two regions of the stomach were made by 
unpaired, two-tailed I test (24). Comparisons between multiple 
groups were determined using Fisher protected least-significant 
difference one-factor ANOVA at 95% confidence intervals (24). 

RESULTS 

Regional difirences in hj~drophohicit.~~. For these experiments. 
24 drops were formed on antral tissue and 25 drops on tissue 
derived from the body of stomach for determination of contact 
angles by ADSA-CD in the three animals evaluated. Compari- 
sons were performed on the number of drops formed because 
we showed previously that an evaluation of contact angles is the 
same when comparisons are made for either the number of drops 
or the averages for drops formed with each animal (4). As shown 
in Figure I, contact angles formed on the antrum (82.9" + 5.5%. 
mean + SEM) of adult rabbits were significantly greater than 
those formed on the mucosa from the body of stomach (36.1" + 
2.6". p = 0.0001). 

Ontogenj~ of  S I I ~ / U C P  hydropl1ohici1.19. There was no regional 
variation in surface hydrophobicity within the stomach of suck- 
ling rabbits. The contact angles formed by water droplets on the 
body of stomach (76.4" + 2.2". n = 48) were comparable to those 
on antral mucosa (76.8" + 6.1". n = 23. p > 0.05). In weanling 
rabbits, both regions of the stomach were hydrophobic in nature 
with contact angles in the body (84.2" + 2.9". n = 21) slightly 
lower than in antrum (93.0" + 3 2 ,  n = 17, p < 0.05). 

As shown in Figure 2 .  the contact angle on tissue derived from 
the body of stomach of adult rabbits (36.1" + 2.6") was lower 
than contact angles, measured by ADSA-CD. on the stomach 
body derived from both weanling (84.2" + 2.9") and suckling 
rabbits (76.4" + 2.7". ANOVA, p < 0.05). There was no differ- 
ence, however. between the contact angle values formed in 
antrum along the three age groups (ANOVA. p > 0.05). 

Slirface lension of mtccu.~. A time course evaluation of pendant 
drop shapes was performed with mucus prepared from the body 
of stomach. The start point of the mucus preparation would be 
projected to be near the value of the surface tension water (i.c. 
72.58 mJ/m2). However, as shown in Figure 3. over time the 
mucus solution influenced the interface between water and air. 
At the end point of the experiments (3600 s), the surface ten- 
sion of mucus derived from the body of the stomach was 

Antrum Body 

Fig. 1. Contact angles of water formed on segments of stomach from 
healthy adult rabbits. Results are expressed as mean + SEM. Contact 
angles formed in antral mucosa (solid bur) were greater than those in 
body of stomach (hulchr~d bar. p = 0.0001 ). 
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suckling weanling Adult 

Fig. 2. Contact angles formed on mucosa of the body of the stomach 
from suckling rabbits (solid bur). weanling rabbits (/~arc/lc.d bur), and 
adult rabbits (\lcrlic.al-1inc.d bar). Contact angles in adults were signifi- 
cantly smaller than those in the two younger age groups (ANOVA. p < 
0.05). 

Time (sac) 

Fig. 3. Surface tension of soluble mucus ( 1 mg/mL) derived from the 
body of stomach of adult rabbits measured by ADSA of pendant drops 
at room temperature. A time course evaluation of pendant drops formed 
from three determinations is shown. Each value represents the mean for 
the drops. At the end point (i.c. 3600 s), the surface tension of gastric 
mucus was 57.7 mJ/m2. 

57.72 * 0.06 mJ/m2. Surface tension is inversely correlated with 
hydrophobicity (2. 4). Therefore, this relatively high value of 
surface tension using pendant-drop shape analysis provides in- 
dependent confirmation for results showing lower surface hydro- 
phobicity in the body of stomach (as measured by a relatively 
low contact angle of water droplets formed on  the surface mu- 
cosa). This surface tension value was greater than results obtained 
previously for mucus extracted from the distal ileum and colon 
of rabbits (4). Indeed, calculating the solid surface tension of the 
surface of the body of the stomach from the contact angle (36. I") 
and the surface tension of the water droplet forming this contact 
angle (72.5 mJ/m2) by means of a n  equation of state approach 
(25) yields a surface tension of 60.9 mJ/m2, which is in good 
qualitative agreement with the above value. 

DISCUSSION 

These data show that there are regional differences in the 
surface hydrophobicity of stomach mucosa in the adult rabbit 
using the ADSA-CD technique to measure contact angles. Sur- 
face hydrophobicity in these experiments was determined by the 

ADSA-CD and ADSA-MD techniques in which water droplets 
were placed onto the mucosal surface of the stomach. By using 
segments of tissue rather than biopsies. larger volumes of water 
droplets can be formed (4) and there are no crush artifacts. which 
can occur when using biopsy tissue that is only a few millimeters 
in diameter. Thus. surface properties can be more accurately 
determined and d o  not represent an overestimation of hydro- 
phobic properties that can result when evaluating very small 
pieces of tissue. 

The hydrophobic nature of the antrum could have important 
biologic implications. including. for example, affecting host sus- 
ceptibility to infection with microbial pathogens (26. 27). Bac- 
terial adhesion to epithelial cells is a multifactorial process that 
is mediated by both specific stereochemical interactions (c.,?. 
receptor-ligand) and nonspecific interactions (c.g. hydrophobic- 
ity (1-3). In the human stomach. Hclicohac~cr p j h ~ r i  primarily 
colonizes the antrum of the stomach (28). H. p j i ~ r i  and Ilelico- 
hacter-like organisms have not been reported to colonize lapine 
stomach (29). However, in other animals including the ferret, 
related Hclicohact~~r species infect both the antrum and the body 
of the stomach. A glycerolipid receptor for both Ilc1ic~ohuctcr.s 
has been identified (30) and shown to be present throughout the 
intestinal tract (31). This suggests that for infection to develop 
not only does the receptor have to be present but a favorable 
local microenvironment is required. Similar to other enteric 
bacterial pathogens (32). H. pjvlori is found both within the 
mucus layer overlying epithelial cells and underneath the mucus 
layer in close proximity to the mucosal epthelial cells (33, 34). 

H. pjJori strains were shown previously to demonstrate hydro- 
philic or hydrophobic surface properties depending on the assay 
conditions used (35. 36). Reduced surface hydrophobicity of the 
antrum occurs with H.  pjllori gastritis in humans ( 10). Reduced 
surface hydrophobicity in the antrum is not an inherent defect 
but, rather. secondary to the bacterial infection (12). In addition. 
lowered hydrophobicity has been observed previously with ex- 
perimentally induced inflammation in the colon (4). Future 
studies will examine the effect of mucosal inflammation induced 
by exogenous ethanol or hydrochloric acid on surface hydropho- 
bicity properties in the lapine stomach. 

The findings presented herein also show that there are age- 
related changes in the surface hydrophobicity of stomach body. 
Breast-fed animals had a significantly higher contact angle and. 
hence, higher surface hydrophobicity than adult rabbits. Age- 
related differences in surface hydrophobicity were shown previ- 
ously in different regions of the rabbit intestinal tract (4)  and in 
the body of the rodent stomach (37). The effect of administering 
breast milk intragastrically to  adult animals on hydrophobicity 
properties remains to  be examined. In contrast with our findings 
in the rabbit stomach, increased surface hydrophobicity associ- 
ated with advancing age was reported in the rat (38). 

The higher levels of surface hydrophobicity in young animals 
might be influenced by dietary factors. For example. surface- 
active lipids in the milk contained in the diet of suckling rabbits 
could increase hydrophobic properties (39. 40). Reduced bile 
acids in the enterohepatic circulation of infants and a resulting 
reduction in gastric exposure to  refluxed bile acids could also 
account for the increased hydrophobicity observed in the infant 
rabbits (4  1, 42). 

Surface hydrophobicity of different regions of the stomach has 
been evaluated previously in other species. In humans. surface 
hydrophobicity measurements of the stomach have also been 
performed using mucosal biopsies taken through fiberoptic en- 
doscopes. Unlike in animals, regional differences were not ob- 
served (10). Hills el a/. (43) found that tissue from the oxyntic 
region of canine stomach was more hydrophobic than the antral 
mucosa. In contrast to  the higher surface hydrophobicity of 
mucosa from the body of dog stomach, mucus from the same 
region was hydrophilic in nature (44). In the present study. a 
solution of mucus derived from the body of rabbit stomach was 
also hydrophilic in nature. as measured by the ADSA-P meth- 
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odology. However, in contrast to the dog studies, this hydrophilic 
property of the mucus paralleled the relatively hydrophilic nature 
of the mucosal surface of the body of the rabbit stomach. 

There are a number of possibilities that could account for 
varying results of surface hydrophobicity measurements in the 
stomach. One possibility is that the mucus layer is not present 
over the gastric epithelial cells. However, as we have shown 
previously (4), the methodology used to prepare the tissues for 
analysis does not remove the mucus layer overlying the mucosa. 
A second possibility is that the mucus layer is not responsible for 
the physical properties of the underlying epithelial cells. In other 
regions of the lapine gastrointestinal tract, the hydrophobic prop- 
erties of the overlying mucus parallels the surface hydrophobicity 
properties (4). We, and others (43). have also found that it is 
difficult to mechanically remove adherent mucus from the un- 
derlying epithelial cells. Another possibility is that the method- 
ology used by Hills el 01. (44), which involved spreading mucus 
onto a hydrophobic surface, did not allow for an accurate deter- 
mination of the effects of mucus in solution at the air-fluid 
interface. 

The surface tension of soluble mucus presented in this study 
likely represents the hydrophobic properties of the surface of the 
stomach. Goddard et 01. (45) showed that luminal mucus ac- 
counts for the surface hydrophobicity characteristics in canine 
stomach. We have presented findings to support the same con- 
clusion in the lapine large intestine (4). In the stomach. phos- 
pholipids aligned on the luminal aspect of the surface mucus gel 
appear to account for these hydrophobic properties (46-52). 
Therefore, future studies will determine whether changes in either 
content or composition of phospholipids in mucus account for 
the ontogenic and regional changes in the surface hydrophobicity 
of the stomach that are described in this report (53). 
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