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BC Chin, DTM Tan, RB Scott. Undernournishment and
Yersinia enterocolitica enterocolitis alter intestinal contractility
in the rabbit: Role of smooth muscle contractile protein con-
tent. Can J Gastroenterol 1998;12(4):319-324. Previous stud-
ies have demonstrated that the longitudinal smooth muscle of
rabbits infected with Yersinia enterocolitica and undernour-
ished because of reduced food intake exhibit a significantly re-
duced ability to develop tension in response to carbachol
compared with pair-fed animals, which are uninfected but
equivalently undernourished. To determine whether the altera-
tion in smooth muscle contractility results from changes in cell
number (hypo- or hyperplasia), or in contractile protein content
or isoform distribution, New Zealand White rabbits (600 to
1000 g) were randomly assigned to one of three treatment
groups: infected, pair-fed or control. Tissue contractility was
measured, morphometric studies were performed and immuno-
assays were developed for the measurement of total actin,
gamma-enteric and alpha-vascular isoactins, and myosin heavy
chain. Consistent with what was found in previous reports, the
contractility of longitudinal smooth muscle in response to car-
bachol was found to increase in pair-fed animals and to decrease
in Y enterocolitica-infected animals. There was no significant
change in the proportional thickness of the ileal longitudinal
smooth muscle coat, and the number of cross-sectioned longitu-
dinal smooth muscle cells/mm2 was not significantly different in
infected, pair-fed or control tissues. Immunoassay indicated
that the proportion of each specific contractile protein, relative
to total protein content in the muscularis propria, was unaf-

fected by Y enterocolitica infection or by pair-feeding. Thus, the
alterations in intestinal longitudinal smooth muscle function
observed after Y enterocolitica infection were concluded not to
be associated with tissue hypo- or hyperplasia, or changes in the
total content or isoform distribution of contractile proteins in
the muscularis propria.
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La malnutrition et l’entérocolite à Yersinia
enterocolitica altèrent la contractilité
intestinale chez le lapin : rôle du contenu en
protéines contractiles du muscle lisse
RÉSUMÉ: Des études ont déjà démontré que le muscle lisse longitudinal des
lapins infectés à Yersinia enterocolitica et dénutris en raison d’un apport
alimentaire moindre, manifestent une aptitude significativement réduite à
développer une tension en réponse au carbachol, en comparaison avec des
animaux-témoins nourris ensemble qui ne sont pas infectés, mais aussi
dénutris. Afin de déterminer si l’altération de la contractilité du muscle lisse
résulte d’un changement du nombre des cellules (hypo- et hyperplasie), de
leur contenu en protéines contractiles ou de la distribution de leurs
isoformes, des lapins blancs New Zeland (de 600 à 1 000 g) ont été assignés
aléatoirement à l’un des trois groupes suivants : infectés, animaux-témoins
nourris ensemble ou témoins. On a mesuré la contractilité tissulaire, on a
effectué les analyses morphométriques et on a utilisé des immunodosages
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It is well established in both humans (1-4) and animals
(5,6) that Yersinia enterocolitica infection is an impor-

tant cause of bacterial enterocolitis. Y enterocolitica-i-
nfected patients present with diarrhea and abdominal
cramping, while the clinical illness (Yersinia infection)
may manifest as either an acute gastroenteritis or a chronic
relapsing ileocolitis similar to Crohn’s disease of the termi-
nal ileum. The rabbit model of Y enterocolitica enteritis is
characterized by diarrhea, reduced food intake, weight
gain and an increased rate of aboral transit (5,6). In vitro
studies have shown that longitudinal smooth muscle from
the ileum of Y enterocolitica-infected rabbits generates sig-
nificantly less stress in response to the muscarinic agonist
carbachol, with no accompanying change in the muscles’
passive contractile properties (7). In contrast, the re-
sponses of tissues from the pair-fed (undernourished, but
not Y enterocolitica-infected) control group to both car-
bachol and potassium chloride stimulation were signifi-
cantly enhanced (7). The response was reproduced with
potassium chloride depolarization and, therefore, likely re-
sulted from a postreceptor change in smooth muscle func-
tion (7). Tissue hypo- or hyperplasia (changes in cell
number) and changes in the content and isoform distribu-
tion of the contractile proteins are potential mechanisms
for the postreceptor change.

Changes in the contractile protein mRNA or isoform
content found in gastrointestinal tract tissue have been
shown to occur with dysfunction or disease and may be as-
sociated with changes in tissue contractility. In a rat model
of the adaptation of the residual functional bowel to a 70%
intestinal bypass, there was an association between the
thickening of the muscularis propria and the specific ele-
vation of alpha-smooth muscle actin mRNA (8). In prairie
dogs fed a high cholesterol diet for eight days, a propor-
tionate increase in gamma-isoactin protein and a concur-
rent decrease in alpha-isoactin protein (9) were speculated
to be functionally associated with a previously docu-
mented reduction in gallbladder contractility (10,11). In a
rat model of Trichinella spiralis infection the following
were noted: an association between hypertrophy (change
in the size of cells) and hyperplasia of the muscularis pro-
pria (12); an increase in the contractility of the longitudi-
nal smooth muscle (13); an increase in the expression of
the mRNAs that encode alpha-smooth muscle actin; and
an increase in actin protein content (14). Similar findings
have been reported in other organ systems. In models of
load-induced cardiac hypertrophy, actin and myosin un-
derwent changes in isoform expression (15-18). The al-
terations were independently regulated (18-20), and the

altered expression of isoforms resulted in altered longitudi-
nal smooth muscle contractility (21-22).

Thus, the aim of the present study was to determine
whether altered longitudinal smooth muscle contractility
in pair-fed or Y enterocolitica-infected groups resulted
from tissue hypo- or hyperplasia, or from alterations in
contractile protein content or isoform distribution in the
muscularis propria.

ANIMALS AND METHODS
Experimental design: New Zealand White rabbits with ini-
tial weights of 600 to 1000 g were purchased from Van-
dermeer, Sherwood Park, Alberta and housed individually
in stainless steel, mesh-bottom cages. A 12 h light/dark cy-
cle was maintained in a temperature- and humidity-
controlled environment. All experimental procedures were
approved by the University of Calgary Animal Care Com-
mittee.

Rabbits were randomly assigned to one of three treat-
ment groups. In the infected group (n=16), rabbits were
inoculated orogastrically with 1010

Y enterocolitica deliv-
ered in 10 mL of 10% sodium bicarbonate. Pair-fed rabbits
(n=17) were inoculated with 10 mL of 10% bicarbonate
buffer alone. To mimic the reduced weight gain consis-
tently observed following Y enterocolitica infection, the
experiment for the pair-fed group started one day after the
infected group so that the pair-fed group’s daily food allot-
ment could be restricted to the average food intake of in-
fected rabbits from the previous day. A second, untreated
control group (n=11) was also inoculated with 10 mL of
10% bicarbonate buffer alone but were allowed to feed ad
libitum throughout the study. Daily food intake and body
weight were monitored for each treatment group. In addi-
tion, daily rectal swabs were performed and cultured on
salmonella-shigella agar plates to test for the presence of
Y enterocolitica.

The alterations in longitudinal smooth muscle contrac-
tility associated with Y enterocolitica enteritis and under-
nourisment are maximal in the terminal ileum at day 6 (7).
Thus, on day 6 postinoculation, rabbits were sacrificed
with an overdose of sodium pentobarbital administered by
intracardiac injection. A 10 cm segment of distal ileum
(beginning 10 cm proximal to the ileocecal valve) was
quickly removed and placed in oxygenated ice-cold Krebs
buffer, the composition of which was sodium chloride
120.3 mM, potassium chloride 5.9 mM, calcium chloride
2.5 mM, magnesium chloride 1.2 mM, sodium bicarbonate
15.4 mM, sodium bisphosphate 1.2 mM and glucose
11.5 mM. Intestinal segments were opened along the site
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pour calculer les taux d’actine totale, d’isoactines gamma-entériques et
alpha-vasculaires et les chaînes lourdes de myosine. À l’instar des rapports
précédents, en réponse au carbachol, la contractilité des muscles lisses
longitudinaux a augmenté chez les animaux-témoins nourris et a diminué chez
les animaux infectés à Y. enterocolitica. On n’a noté aucun changement
significatif quant à l’épaisseur proportionnelle de la couche musculaire lisse
longitudinale de l’iléon et le nombre de cellules du muscle lisse longitudinal

transversal/mm2 n’a pas été significativement différent dans les tissus des
animaux infectés, des animaux-témoins nourris ensemble ou des témoins.
L’immunodosage a indiqué que la proportion de chaque protéine contractile
spécifique par rapport au contenu protéique total dans la muscularis propria

n’était aucunement affectée par l’infection à Y. enterocolitica ni par le statut
d’animal-témoin nourri ensemble. On en a conclu que les altérations de la
fonction du muscle lisse longitudinal intestinal observées après l’infection à



of mesenteric attachment, pinned out mucosal side down
in wax dishes containing oxygenated ice-cold Krebs buffer
and divided into three equal portions. Longitudinal tissue
strips 0.5x2.0 cm were obtained from the first portion for
the contractility experiments. Tissue for histologic studies
was obtained from the second portion, and longitudinal
smooth muscle for the contractile protein content assay
was obtained from the third.
Contractility studies: To show that previously reported
contractility changes (7) could be reproduced in the rabbits
used in the present study, full thickness longitudinal mus-
cle strips were taken from the distal ileum of Y enterocoli-

tica-infected and pair-fed animals six days postinoculation,
and were suspended between the base of a 25 mL organ
bath and an isometric force transducer. Tissues were
bathed in Krebs buffer. The temperature was maintained at
37°C, and the bath was continuously bubbled with 95%
oxygen and 5% carbon dioxide. In addition, 10–6 M tetro-
dotoxin was present throughout all experiments. Mechani-
cal activity of the longitudinal muscle was detected by
isometric force transducers, enhanced by a transducer am-
plifier, relayed to a bioelectric amplifier and recorded on an
eight-channel chart recorder (7).

Following a 30 min equilibration period, tissues were
stretched to their optimal length (Lo), ie, the muscle length
at which peak active tension was developed in response to
10–5 M carbachol. Preliminary experiments determined
that for all treatment groups Lo was 125% of initial tissue
length. After being stretched, tissues were left to equili-
brate for a further 30 mins. The active tension developed
in response to 10–5 M carbachol was then measured. At
the end of each experiment, ileal tissue strips were re-
moved from the tissue baths, scraped free of mucosa with
glass slides and lightly blotted. Tissue dry weights were re-
corded.

Active contractile responses were normalized to tissue
cross-sectional area as previously described (7). In addi-
tion, histological assessment yielded the fraction of thick-
ness of the wet muscle strip attributable to the longitudinal
muscle alone. Using these data, all calculations were cor-
rected so that tension was normalized to the cross-
sectional area of the longitudinal muscle alone. Tension
was expressed in units of stress, mN/mm2.
Morphometry: Longitudinal smooth muscle cell hyper- or
hypotrophy can occur in two dimensions – along the long
axis and circumferentially. Hyper- or hypotrophy along the
longitudinal axis must be associated with a change in either
the circumference or the thickness of the longitudinal
smooth muscle coat. The number of cross-sectioned longi-
tudinal smooth muscle cells per unit area was used to assess
changes in the circumferential plane.

To perform tissue morphometry, the allocated segment
of ileum was removed from the iced Krebs solution and
opened longitudinally along the mesenteric attachment.
Next, the external circumference was measured by laying
a 1.8 g plastic ruler across the width of the opened gut, and
the segment was stapled to cardboard and placed in forma-

lin for fixation. Formalin-fixed tissues were embedded in
paraffin, thick-sectioned (3 to 4 �m), and stained with he-
matoxylin and eosin. Cross-sections of the longitudinal
smooth muscle layer of each tissue section and a hemocy-
tometer grid were visualized under oil immersion (x1000
power) with a microscope (Ernst Leitz GmbH, Wetzlar,
Germany). The thickness of the longitudinal muscle layer
was measured with an ocular micrometer and by means of
standard image-splitting micrometry, and was expressed as
a proportion of the total thickness of the muscularis pro-
pria.

Photomicrographs were taken of each tissue section.
The number of cross-sectioned longitudinal smooth mus-
cle cells per unit area (including all whole cells within the
grid and all partial cells adjacent to the bottom and left
margin of the grid) was then determined by comparing the
photographs of the tissue with those of the grid. Cell
counts were made independently by two observers without
knowledge of the origin of the specimen. Because the two
separate counts were highly correlated (r=0.97) and not
significantly different, the mean of the two counts is re-
ported.
Contractile protein immunoassay: With the aid of a dis-
secting microscope and Dumont #5 fine forceps (Dumont,
Montignez, Switzerland), the longitudinal muscle layer
was gently peeled away from the remaining ileal tissue. Fol-
lowing measurement of wet weights, tissues were stored at
–70°C.

At a later date, individual longitudinal muscle tissues
were first minced and then homogenized by hand in a solu-
tion of 0.5 M Tris-Cl pH 6.8, 0.5 M dithiothreitol, 5% so-
dium dodecyl sulphate and 10% glycerol, at a
concentration of 100 mg wet weight tissue/mL buffer. All
samples were stored at –70°C for later assay.

Total protein was determined in the following manner.
First, 650 �L of ice-cold 10% trichloroacetic acid (TCA)
was added to 50 �L of original sample and left on ice for
30 mins. Samples were then spun in a microcentrifuge at
13,000 g for 15 mins. Next, the supernatant was removed,
and the protein pellet washed with ice cold 70% ethanol.
Following a spin at 13,000 g for 3 mins, the supernatant
was again removed, and the pellets left to air dry for 60
mins at room temperature. Pellets were resuspended in 50
�L of 1 N sodium hydroxide. Because this was the original
sample volume no dilution was made during the TCA pre-
cipitation procedure. Total protein was then determined
using a detergent compatible protein assay kit (Bio-Rad).
Bovine gamma globulin was TCA precipitated in the same
manner as the study samples, and concentrations of bovine
gamma globlin were used to generate a standard curve for
the total protein assay.

Immunoassays measuring the amounts of myosin heavy
chain, alpha-enteric isoactin and alpha-vascular isoactin
were performed on the original samples. Diluted appropri-
ately in carbonate buffer (sodium carbonate 15 mM, so-
dium bicarbonate 35 mM; pH 9.6), 50 �L of sample was
delivered to each of three wells in a 96-well plate. To indi-
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cate background protein levels, homogenization buffer, di-
luted in the same manner as the treatment samples, was
added to six to 12 wells. Plates were then incubated for 48
to 72 h at 4°C to allow the samples and buffer to coat the
wells. Samples and buffer were removed from the wells
with a plate washer, and the wells were washed six times
with phosphate-buffered solution plus 0.05% Tween 20
solution. The washing procedure was repeated after each
incubation throughout the immunoassay. Nonspecific
binding sites were blocked with 4% bovine serum albumin
in phosphate-buffered saline containing 0.05% Tween 20
(30 mins, room temperature). Each sample was then incu-
bated with a single primary monoclonal antibody (1.5 h,
room temperature) followed by a secondary immunoglobu-
lin G antibody peroxidase conjugate (1 h, room tempera-

ture). Colour development was achieved by adding 50 �L
of freshly prepared o-phenylenediamine solution (citric
acid 0.1 M, sodium monophosphate 0.1 M, o-phenylenedi-
amine 15 mg, 30% hydrogen peroxide 15 mg) to each well.
After 15 to 20 mins the peroxidase reaction was termi-
nated by adding 25 �L of 2.5 M sulphuric acid to each
well. Optical density was measured at 490 �. Within a
given assay, all samples were measured at the same dilution
and in triplicate. The average background optical density
for each plate (0.044 to 0.056 optical density units) was
subtracted from all sample data.

Commercially available chicken gizzard actin immuno-
assay results were used to generate the standard curve for
the gamma-enteric isoactin assay, thus enabling quantifi-
cation of gamma-enteric isoactin. The data for alpha-vasc-
ular isoactin and myosin were expressed as their absolute
optical densities. In all cases the level of contractile protein
present in a given sample was expressed relative to its total
protein content (Figure 1).
Statistical analysis: Data were reported as mean � SE and
were analyzed using ANOVA with a Tukey test for pos-
thoc comparisons. P<0.05 was considered significant.
Materials: Monoclonal antibodies to alpha-enteric and
alpha-vascular isoactins were generously donated by Dr J
Lessard (University of Cincinnati, Cincinnati, Ohio), but
can be purchased commercially from ICN Biomedicals
(California). Chicken gizzard actin, o-phenylenediamine,
EGTA, tetrodotoxin, verapamil, monoclonal antibody to
smooth muscle myosin heavy chain and antimouse immu-
noglobulin G peroxidase conjugate were purchased from
Sigma Chemical Co (Missouri). The detergent compatible
protein assay kit was purchased from Bio-Rad. Immunoas-
say plates from VWR Canlab were read using a kinetic mi-
croplate reader purchased from Molecular Devices
(California).

The isometric force transducers (Model 50-7905) and
transducer amplifiers (Model 50-7970) were purchased
from Harvard Apparatus Ltd (Kent, United Kingdom).
Bioelectric amplifiers (Model 8811A) and an eight chan-
nel chart recorder (Model 7858A) were obtained from
Hewlett Packard.

The statistical software package Systat was purchased
from Systat (Illinois).

RESULTS
Clinical response, body weight and food intake: Only the
group of rabbits infected with Y enterocolitica exhibited di-
arrhea and were positive for Y enterocolitica on culture of
rectal swabs. Body weight was similar in the three groups
at study onset (untreated controls 1019�36 g, pair-fed
group 985�29 g , infected group 921±38 g; not
significant). However, the infected group’s daily food in-
take decreased as early as day 2 postinfection and remained
significantly reduced for the duration of the study (un-
treated controls 87.5�10 g/day; pair-fed animals [re-
stricted to the mean daily food intake of the infected
animals] 44.4�5.6 g/day, P<0.05). As a consequence, by
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Figure 1) Top Representative standard curve of chicken gizzard
actin. Commercially available chicken gizzard actin was serially
diluted and assayed using a monoclonal antibody (B4) directed
against gamma- enteric isoactin (solid circles). Regression
analyisis indicated a linear relationship with an r value of 0.98.
A standard curve was also generated by using a monoclonal
antibody directed against alpha-vascular isoactin (1A4),
although its sensitivity for gizzard actin was much less than that
of the gamma-enteric antibody, B4. Bottom Representative
standard curve of rat abdominal aorta, serially diluted and
assayed by using a monoclonal antibody directed against
alpha-vascular isoactin (1A4). Regression analysis indicated a
linear relationship with an r value of 0.97 (open circles). For
comparison, the serially diluted sample was also assayed using
antibody B4. For this monoclonal antibody directed against
gamma-enteric isoactin, optical density never exceeded the level
of background at any concentration tested (solid circles)



day 6 of the study, body weight in the infected (954�26 g)
and pair-fed control groups (1006�39 g) increased by only
5% and 2%, respectively (not significant), while the
untreated, ad libitum-fed group, had a body weight of
1296�33 g on day 6, which represented a significant
(P<0.025) 28% increase in body weight over the study
interval.
Contractility: In the presence of normal Krebs buffer, ileal
tissues from pair-fed rabbits developed significantly more
stress in response to 10–5 M carbachol than tissues from ei-
ther control or infected rabbits (untreated controls
3.9�0.7 mN/mm2, pair-fed controls 15.9�2.3 mN/mm2,
infected group 4.9�0.6 mN/mm2).
Morphometry: Morphometric measurements were ob-
tained to determine whether the increased contractility of
the longitudinal muscle in undernourished animals and the
decreased contractility of the longitudinal muscle in in-
fected and control animals were due to a change in the
number or the size of smooth muscle cells. Longitudinal
smooth muscle cell hyper- or hypotrophy can occur in two
dimensions – along the long axis and circumferentially.
Hyper- or hypotrophy along the longitudinal axis must be
associated with either a change in the circumference or a
change in the thickness of the longitudinal smooth muscle
coat. The number of cross-sectioned longitudinal smooth
muscle cells per unit area indicates changes in the circum-
ferential plane. If the significantly greater ability of longi-
tudinal smooth muscle from the pair-fed animals to develop
stress is attributable to a hypertrophy in length or circum-
ference of the smooth muscle cells, there should be an in-
crease in the circumference and/or the thickness of the
longitudinal smooth muscle coat, or an increase in the
number of crosssectioned longitudinal smooth muscle
cells per unit area, respectively.

Ileal circumference was not different between the
infected and the pair-fed animals (3.5�0.2 versus
3.3�0.3 cm, respectively), and the proportionate
thicknesses of the distal ileal longitudinal muscle layer in
the muscularis propria were not significantly different
among control, pair-fed and infected animals
(0.17%�0.03%, 0.14%�0.02% and 0.13%�0.02%,
respectively; P=0.57 [not significant]). There was no
significant difference in the number of cross- sectioned
longitudinal smooth muscle cells per unit area among con-
trol (22.8�3.2x103/mm2), pair-fed (26.3�5.0x103/ mm2) or
infected (29.1�6.1x103/mm2) animals. These data suggest
that no change in smooth muscle cell size developed in
response to a short period (six days) of undernourishment
alone (pair-fed group) or to infection with Y enterocolitica.

Immunoassay: For all immunoassays, the protein concen-
tration of the sample or standard was directly proportional
to optical density. The linear relationship was reproduci-
ble, and r values were consistently above 0.94.

Due to the highly conserved nature of the amino acid
sequences of the contractile proteins, the isoactin and my-
osin antibodies are reactive in several species, including

the rabbit (personal communication). The ability of each
antibody to recognize preferentially specific isoactins
(23,24) or myosin heavy chain (25,26) has been docu-
mented in the literature. To confirm the reported specific-
ity of antibody reactivity, preliminary experiments were
performed that demonstrated that the antibody to
gamma-enteric isoactin, B4, was unable to recognize actin
from rat abdominal aorta but did elicit a positive, propor-
tional response to commercially prepared chicken gizzard
actin. The antibody to alpha-vascular isoactin, 1A4, re-
sponded positively and proportionally to rat aorta and to
chicken gizzard actin, although its sensitivity towards the
latter was about eightfold less than that of the V-enteric
antibody. Rat tissue samples for immunoassay were pre-
pared as described in the Animals and Methods section.

The proportion of total protein attributable to gamma-
enteric isoactin, B4, in longitudinal ileal muscle was not
altered by pair-feeding or Y enterocolitica infection (Table
1). Similarly, the levels of alpha-vascular isoactin, total ac-
tin and myosin were not affected by any of the treatments
(Table 1).

DISCUSSION
Previous studies have shown that undernourishment or
pair-feeding, matching the reduced food intake associated
with Y enterocolitica enteritis, results in an enhanced con-
tractile response to the muscarinic agonist carbachol and
to potassium chloride-induced membrane depolarization in
ileal longitudinal smooth muscle (7). The mechanism is
unknown; however it probably reflects receptor-
independent changes in smooth muscle function because
the response can be reproduced with potassium chloride
depolarization (7). Potential explanations include altera-
tions in the following: intracellular signalling pathways;
excitation-contraction coupling, including transmembrane
calcium flux and calcium sensitivity; tissue hypo- or hy-
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TABLE 1
Contractile protein levels in ileal longitudinal muscle
measured six days after Yersinia enterocolitica infection

Contractile
protein

Untreated
control (n=11)

Pair-fed control
(n=14)

Y enterocolitica-
infected
(n=16)

Gamma-enteric
isoactin

0.109�0.200 0.128�0.024 0.090�0.015

% total
protein

27.1�4.1 29.1�3.7 24.2�3.6

Alpha-vascular
isoactin

0.053�0.012 0.060�0.011 0.052�0.010

Total actin 0.107�0.005 0.146�0.016 0.127�0.015

Myosin heavy
chain

0.278�0.132 0.249�0.076 0.313�0.114

Relative abundance values of gamma-enteric isoactin, alpha-vascular
isoactin, total muscle actin and myosin heavy chain are reported as optical
density readings. Relative abundance values of gamma-enteric isoactin are
also expressed as percentage of total protein. The absolute abundance val-
ues were determined against a standard curve of chicken gizzard actin
abundance
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