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Mycobacterium avium Subspecies
Paratuberculosis Triggers Intestinal
Pathophysiologic Changes in Beige/Scid Mice

George K. Mutwiri, DVM, PhD," Urszula Kosecka, PhD,* Michelle Benjamin,? Soren Rosendal, DVM, PhD,!
Mary Perdue, PhD,? and Daniel G. Butler, DVM, PhD?

We investigated whether infection of beige/scid mice with Mycobacterium avium subspecies paratuberculosis can
induce intestinal pathophysiologic changes. Six-week-old beige/scid mice were inoculated intraperitoneally with
M. paratuberculosis, then were killed 32 weeks after inoculation when the small intestine was evaluated for physi-
ologic and morphologic abnormalities. All infected mice developed clinical disease. The lamina propria of the intes-
tine from infected mice was mildly infiltrated with mononuclear cells containing acid-fast bacteria, and had signifi-
cantly increased villus width. In vitro physiologic studies in Ussing chambers indicated that M. paratuberculosis
infection caused significant abnormalities in intestinal transport parameters. Baseline short circuit current and
potential difference were abnormally high in tissues from infected, compared with control mice, indicative of in-
creased ion secretion. Baseline conductance was significantly decreased in infected mice, suggesting that intesti-
nal tissue from infected mice was less permeable to ions. The change in short circuit current following transmural
electrical and glucose stimulation was significantly reduced in intestines from infected mice, suggesting that in-
flamed intestine had neural and/or epithelial cell damage. We conclude that infection of beige/scid mice with M. paratu-
berculosis triggers significant intestinal pathophysiologic changes consistent with chronic inflammation. These func-
tional abnormalities may contribute to the pathogenesis of the wasting syndrome seen in bovids with paratubercu-
losis. This animal model provides evidence that T cell-independent mechanisms are sufficient to cause mucosal
pathophysiologic changes and inflammation in response to a specific pathogen, and may be of relevance to inflam-

matory bowel disease in humans.

Paratuberculosis (Johne’s disease), a chronic granulomatous en-
teritis of ruminants, is caused by infection with Mycobacterium
avium subspecies paratuberculosis. The clinical disease is charac-
terized by long incubation period, progressive weight loss, diar-
rhea, and death (1, 2). Although it is principally an infection of
ruminants, naturally acquired paratuberculosis in nonhuman pri-
mates has been reported (3). Additionally, M. paratuberculosis has
been implicated as a cause of Crohn’s disease, an inflammatory
bowel disease (IBD) of humans, and is raising concerns that M. pa-
ratuberculosis could be a potential zoonosis (4, 5).

Although paratuberculosis has been recognized for about a
century, its pathogenesis is still not well understood. The weight
loss observed in animals with clinical paratuberculosis is
thought to be due to several factors including: an intestinal patho-
physiologic mechanism that leads to a protein-losing enteropathy
(6), immune mediators released during immune responses to
M. paratuberculosis (1,7, 8), and reduced food intake, presumably
due to reduced appetite (9). However, the exact mechanisms re-
sponsible for the weight loss have not been defined. Lack of a suit-
able laboratory animal model has been identified as a major
hindrance to research of paratuberculosis (10, 11).

We previously reported the potential of severe combined im-
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mune-deficient beige mice infected with M. paratuberculosis for
research of paratuberculosis. Doubly mutant beige/beige.scid/
scid (beige/scid) mice lack functional T and B lymphocytes, and
have reduced natural killer (NK) cell activity (12-14). Animal
models deficient in various immune components have been used
extensively in studies of IBD of humans, the pathogenesis of
which is thought to bear some similarities to that of Johne’s dis-
ease. In this regard, rodents lacking interleukin (IL-) 2, IL-10,
T-cell receptora/p, interferon-y, or IL-4, and even scid mice are
known to develop intestinal inflammation due to dysregulated
immune responses to normal gastrointestinal tract flora or to
specific bacterial agents (15-20). Research using immune-defi-
cient animals has allowed identification of how and why par-
ticular immunologic defects lead to mucosal inflammation. In
this regard, evidence has accumulated indicating a requirement
for lymphocytes (and their mediators) and the presence of bac-
teria in the lamina propria to provoke immune responses re-
sponsible for intestinal inflammation (21).

In our previous report (22), beige/scid mice infected with M. pa-
ratuberculosis developed progressive weight loss, and M. paratu-
berculosis localized in the lamina propria of small intestine in as-
sociation with mononuclear cells. There did not appear to be any
major alterations in the morphology of the intestinal epithelial
barrier; however, we did not evaluate the physiologic status of
the intestinal tissue. Since intestinal inflammation is often as-
sociated with alterations in physiologic functions, such as in-
creased ion secretion, we hypothesized that infection of beige/
scid mice with M. paratuberculosis could trigger significant in-
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testinal pathophysiologic changes, probably before morphologic
changes became apparent. Thus, the main objective of the study
reported here was to evaluate intestinal pathophysiologic changes
caused by infection of beige/scid mice with M. paratuberculosis.
Identifying these pathophysiologic mechanisms may contribute to
our understanding of the pathogenesis of the chronic weight loss
seen in animals with clinical paratuberculosis. Additionally, since
beige/scid mice lack lymphocytes, results of this study may provide
useful information regarding T cell-independent mechanisms in
the pathogenesis of mucosal inflammation.

Materials and Methods

Animal inoculation. The care and use of animals was as
recommended in the Guide to the Care and Use of Experimental
Animals issued by the Canadian Council on Animal Care, and
was approved by the Animal Care Committee of the University
of Guelph. B6;CB17-Lyst?¢7-Prkdcscid (beige/scid) mice were
bred by Dr. Anne Croy (University of Guelph) from flora defined
(by use of Modified Schaedler Cocktail) CB-17-Prkdcscid males
and C57BL/6J-Lyst’s’ females. Males were obtained from Dr.
R.A. Philips (Toronto, Ontario, Canada), whose stock was ob-
tained from Dr. M. Bosma (Fox Chase Cancer Institute, Phila-
delphia, Pa.); females were purchased from Jackson Laboratory
(Bar Harbor, Maine). Mice were housed in a pathogen-free en-
vironment in microisolator cages (LAB Products, Inc., Federals-
burg, Md.) in a Horsfal unit. Mice were fed gamma-irradiated
mouse chow (Charles River Laboratories, St. Contant, Quebec,
Canada) and autoclaved water, and were observed daily.

Twenty-four beige/scid mice, approximately 6 weeks old and
of either sex were assigned to three test and one control group
(n = 6/group). The inoculum was prepared as described (22).
Briefly, a suspension containing M. paratuberculosis (approx.
105 colony-forming units [cfu]/ml) was serially diluted to con-
tain either 103, 102, or 10 cfu of M. paratuberculosis. A sample
from each of these dilutions was cultured on Herrold’s egg yolk
medium containing mycobactin J, results of which confirmed vi-
ability and concentration of each in the three inocula. Each
mouse in the three test groups was inoculated intraperitoneally
once with 10, 102, or 103 cfu of M. paratuberculosis. Control mice
were inoculated with saline.

Sample collection, assessment of clinical disease, and
pathologic examination. Mice were observed for any evi-
dence of disease during the experimental period. At 32 weeks
after inoculation, mice were visually inspected and assigned a
subjective clinical score on a scale from 0 to 5. A score of 0 rep-
resented a clinically normal mouse, and a score of 5 indicated a
very sick mouse; the score assigned to each mouse was based on
the severity of clinical signs of disease described in this animal
model (22), and included roughness of coat, poor body condition,
and huddling in the cage. The mice were anesthetized with meto-
fane (methoxyflurane, Pitman Moore, Mississauga, Ontario, Cana-
da), and a surgical incision was made into the abdomen on the
ventral midline. Approximately 20 cm of the small intestine,
from the distal portion of the ileum proximad, was excised, im-
mediately placed in Kreb’s buffer, and cut into three lengths of
12 cm (for mucosal scrapings), 7 cm (for Ussing chamber study),
and 1 cm (the most distal portion, for histologic examination).
The 7-cm mid-section was immediately transferred to warm
(87°C), oxygenated (95% O,; 5% CO,) Krebs solution containing
10 mM mannitol (pH 7.35).

Mycobacterial Infection in Beige/Scid Mice

Each carcass was then inspected for gross lesions. Sections of
the liver, spleen, and small intestine were dissected out and
fixed in buffered 10% formalin for histologic examination. The
1-cm sections of intestine were opened at the mesenteric border,
placed in Carnoy’s fixative, embedded, sectioned, and stained
with hematoxylin and eosin (H&E). Sections were coded and ex-
amined in blinded manner by one researcher who was not
aware of the experimental mouse groups. Villus length, and width
and crypt length were measured under light microscopy in se-
lected fields containing at least three consecutive well-oriented
crypt-villus units with a uniform epithelial layer. At least 10 mea-
surements per section were made to obtain an average value. Mea-
surements were done using a calibrated micrometer eyepiece.
Infiltration of the lamina propria and submucosa with inflamma-
tory cells was examined by use of light microscopy.

Additionally, formalin-fixed organs (spleen, liver and small in-
testine) were trimmed and embedded in paraffin, then consecutive
sections were stained by use of either H&E (for identification of
lesions) or the Ziehl-Neelsen technique (for identification of acid-
fast organisms) and were examined by use of light microscopy:.

Physiologic study in Ussing chambers. Physiologic intes-
tinal transport parameters were studied in Ussing chambers in
vitro, using a described technique (23). Briefly, a 7-cm segment
of intestinal tissue was opened longitudinally at the mesenteric
border and cut into four equal lengths. Each piece was rinsed in
the buffer solution to dislodge any ingesta and was immediately
mounted onto an Ussing chamber (WPI Instruments, Narco sci-
entific, Mississauga, Ontario, Canada), which included remov-
able stimulating electrodes on opposite sides of the tissue. The
mounted surface area of 0.6 cm? was exposed to Kreb’s buffer
(115 mM NaCl, 8 mM KCl, 1.25 mM CaCl,, 1.2 mM MgCl,, 2.0 mM
KHPO,, pH 7.35 = 0.02), which, on the serosal side contained
10 mM glucose (serosal buffer), and on the mucosal side, con-
tained 10 mM mannitol (mucosal buffer). The tissue was short-
circuited at zero potential, using an automatic voltage clamp
(WPI Instruments) and the short-circuit current (Isc in pA/cm?2)
was recorded continuously on a chart recorder. Potential differ-
ence (PD, mV) was determined at 10-min intervals, and con-
ductance (G), measured in millisiemens per square centimeter
(mS/em?), was calculated as follows; G = Isc/PD/0.6 cm? (24). The
mucosal and serosal buffer solutions were constantly aerated by
use of 95% O,/5% CO,, and were maintained at 37°C.

Measurement of baseline parameters. After tissues were
mounted on Ussing chambers, they were allowed to equilibrate
for 20 min, until steady baseline Isc was observed. The circuit
was then opened to measure the PD, and conductance (G), in
mS/cm?, was determined.

Measurement of tissue response to electrical and
chemical stimulation. After a further 15 min, the tissues re-
ceived transmural electrical stimulation by administration of elec-
trical stimulating current pulses (10 Hz, 10 mA, 0.5 msec) for a
total of 5 sec. across the tissue in a perpendicular direction (25).
The electrical stimulation causes mucosal nerves to release
neurotransmitters and the increase in short-circuit current
(Alsc) following stimulation was recorded as the maximal change
in current within 15 min.

The intestinal segments were also exposed to glucose and his-
tamine, and maximal Alsc was recorded. The Alsc in response
to stimulation with 103} histamine (Sigma Chemical Co. St. Lou-
is, Mo.) added to the serosal side of the intestinal preparation (se-
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rosal buffer), 10 mM glucose added to the mucosal side (mucosal
buffer), and 106 forskolin (Sigma Chemical Co.) simultaneously
added to the serosal and mucosal buffers after 40 min was re-
corded. All these stimuli are known to induce consistent secretory
responses (23, 26).

Measurement of enzymes. Intestine mucosal enzyme ac-
tivity was determined as described (27). Briefly, mucosa was
scraped from the 12-cm segment of intestine, using the edge of
a microscopic slide. Mucosal homogenates were manually pre-
pared in 2.5 mM EDTA (adjusted to pH 7.5 with TRIS) in a glass
homogenizer (100 mg/ml), were quick-frozen in vials in a dry ice-
acetone bath, and were stored at -70°C until assayed. Enzy-
matic activity was measured in the thawed homogenate and
expressed as units of activity per gram of mucosal protein by
use of described methods; sucrase and maltase (28), alkaline
phosphatase (29), and thymidine kinase (30) were determined
as modified by Kertzner and co-workers (31). Protein content
was determined as described by Lowry and co-workers (32).

Statistical analysis. Data were analyzed by use of one-way
analysis of variance (ANOVA), and the means were ranked, us-
ing Duncan’s classification approach (P < 0.05).

Results

Clinical disease and pathologic changes. Two mice from
each of the four groups died of unknown causes during the experi-
mental period. Control mice did not develop any evidence of clini-
cal disease. In contrast, mice injected with any of the three doses of
M. paratuberculosis developed clinical disease, and the severity of
the clinical disease was M. paratuberculosis dose dependent. Mean
clinical scores after 32 weeks of infection were 1.5,4.0, and 5.0 for
groups inoculated with 10, 102, and 10 cfu of M. paratuberculosis,
respectively (mean clinical score for controls was 0).

The major gross lesions observed at necropsy were loss of ab-
dominal fat, enlargement of the spleen, mottling and discoloration
of the liver, muscular wasting, and thickening of the wall of the
small intestine. The extent of these lesions corresponded with
numbers of M. paratuberculosis inoculated into the mice. The le-
sions were most extensive in mice that were inoculated with 10
organisms, moderate in mice inoculated with 102 organisms, and
slight or inapparent in mice inoculated with 10 organisms. Gross
lesions were not seen in control mice inoculated with saline.

The effect of M. paratuberculosis infection on the morphology
of small intestine was evaluated by use of microscopic examina-
tion of intestinal sections. Infection with 103 cfu of M. paratuber-
culosis reduced villus length, compared with that of controls,
but this was not statistically significant (Table 1). Villus width was
increased in intestinal sections from infected mice, and was signifi-
cantly (P < 0.05) increased in mice inoculated with 103 organisms,
compared with controls and with the other two infected groups.
Infection with 10 and 102 organisms increased crypt length, com-
pared with that in controls, and this increase was statistically sig-
nificant in the group of mice inoculated with 10? organisms.

The lamina propria of the gastrointestinal tract from infected
mice was mildly infiltrated with inflammatory cells containing
acid-fast bacilli, but these histopathologic changes were not seen in
control mice. Examination of H&E-stained sections did not reveal
significant differences in the degree of inflammation among the in-
fected groups. The liver and spleen lesions consisted of mono-
nuclear cells containing numerous acid-fast bacteria, the extent of
which correlated with the dose of organisms in the inoculum.
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Table 1. Measurements in microns (mean = SD) of distal small intestine
villus plus crypt (V + C) length, villus (V) length and width, and crypt (C)
length of control mice and three groups of beige/scid mice 32 weeks after a
single intraperitoneal injection of 10, 102, or 10° cfu of M. paratuberculosis

Treatment

group V+C-length V-length V-width C-length
Control 0.543+0.002®>  0.425+0.04 0.065+0.006> 0.117+0.019°
10 cfu 0.523+0.053*>  0.404+0.06 0.071+0.003* 0.122+0.007%
102 cfu 0.614+0.47* 0.462x0.02 0.068+0.007> 0.151+0.027*
10 cfu 0.479+0.031° 0.374+0.04 0.096+0.007*  0.106+0.009"

®Different superscript letters on the same column denote significant (P < 0.05)
difference. N = 4 for all groups. Length and width of villus and crypt depth were
measured on the longest three to six consecutive villi, using a calibrated mi-
crometer eyepiece on H&E-stained, well oriented, blinded sections.

Effect of M. paratuberculosis infection on intestinal en-
zymes. Sucrase activity was reduced in mucosal scrapings from
all infected groups of mice, compared with that in scrapings from
uninfected controls, and the difference was statistically significant
in the group inoculated with 10? organisms. The activities of all
other enzymes were not significantly different (data not shown).

Effect of M. paratuberculosis infection on intestinal
physiology. The effect of M. paratuberculosis infection on intesti-
nal physiology was evaluated by measuring electrical transport
parameters in Ussing chambers in vitro. Baseline electrical pa-
rameters indicated that Isc and PD values were increased (indica-
tive of increased ion secretion) in tissues from all infected mice,
compared with values for uninfected controls, and this increase
was statistically significant (Fig. 1A and 1B). Additionally, conduc-
tance (G) was significantly reduced in all the infected groups of
mice, compared with that in controls (Fig. 1C).

When normal intestinal tissue from control mice was subjected
to electrical stimulation (causes release of endogenous neurotrans-
mitters), there was a transient large Alsc, indicative of a net secre-
tion of ions (Fig. 2A). In contrast, when intestinal tissue from
M. paratuberculosis-infected mice was subjected to electrical
stimulation (TS), there was a significant reduction in Isc response,
compared with that in controls (Fig. 2A). The reduction in short
ciruit current was similar in infected mice regardless of the dose of
M. paratuberculosis inoculated.

Luminal exposure of intestinal tissue to glucose normally stimu-
lates Na/glucose cotransport, reflected as a large Alsc. This Alsc,
in response to glucose stimulation, was significantly reduced in in-
testinal tissue from the three groups of mice infected with M.
paratuberculosis mice, compared with that in controls (Fig. 2B).
This reduction in Alsc appeared to correlate with the number of
organisms used for inoculation. Thus, mice inoculated with the
highest number of organisms (10 cfu) had the smallest response,
whereas the group of mice inoculated with the least number of or-
ganisms (10 cfu) had the largest response, but differences among
the infected groups of mice were not statistically significant.

The response to histamine appeared reduced in the test, com-
pared that in control mice, but the difference was not statisti-
cally significant (Fig. 2C). The Alsc in the test groups in response
to forskolin was similar to that in controls.

Discussion
Results of this study clearly indicate that infection of beige/
scid mice with M. paratuberculosis induced significant intesti-
nal pathophysiologic changes, as indicated by abnormalities in
transport function-associated parameters. The observed intesti-
nal pathophysiologic changes occurred in association with mild
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Figure 1. Graphs illustrating baseline (A) short circuit current, (B) po-
tential difference, and (C) conductance in small intestinal segments from
control and beige/scid mice infected with 10, 100, and 1,000 colony-form-
ing units (cfu) of Mycobacterium paratuberculosis. (n = 4/group, with three
to four replicate tissues from each animal; “P < 0.05, compared with con-
trols by use of one-way analysis of variance [ANOVA]).

inflammatory responses in the lamina propria. Thus, significant
pathophysiolog changes can develop before significant morpho-
logic changes are evident.

Increased ion secretion and abnormalities of the intestinal
barrier often are associated with intestinal inflammation. We
used an approach similar to that used by other investigators to
study pathophysiologic changes in models of intestinal inflam-
mation (23, 33). It was documented that intestinal inflamma-
tion in Nippostrongylus braziliensis-infected rats caused net
secretion of Na* and Cl', which consequently increased baseline
Isc and PD values (23). This is in agreement with our study in
which significantly high baseline Isc and PD values were observed
in intestinal tissue from beige/scid mice infected with M. paratu-

Mycobacterial Infection in Beige/Scid Mice
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Figure 2. Graphs illustrating change in short circuit current (Alsc)
in response to (A) transmural electrical stimulation, (B) exogenous
glucose, and (C) exogenous histamine in small intestinal segments
from control and beige/scid mice infected with 10, 100, or 1,000 cfu of
M. paratuberculosis. (n = 4/group, with three to four replicate tissues
from each animal; “P < 0.05, compared with controls by use of ANOVA).

berculosis. Conductance can often be used as an indicator of per-
meability of the intestinal barrier to ions. In our study, baseline
G was decreased in all infected beige/scid mice, indicating that
the inflamed intestine of these mice was less permeable to ions
and consequently restricted transmural movement of ions.
These observations from our study are indicative of intestinal
pathophysiologic changes, and would be consistent with chronic
inflammation of the small intestine of the beige/scid mouse caused
by M. paratuberculosis infection.

The responses of the small intestine to various stimuli were
reduced in beige/scid mice infected with M. paratuberculosis.
Transmural electrical stimulation of the intestine in vitro usu-
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ally would stimulate mucosal nerves to release endogenous neu-
rotransmitters, which in turn would induce secretion of CI to
the luminal side of the intestinal epithelium (25), consequently
increasing change in Alsc. In our study, it would seem that
Alsc in response to transmural electrical stimulation was
markedly reduced due to intestinal inflammation caused by in-
fection with M. paratuberculosis. Our observation is in agree-
ment with that of others, in which Alsc response to transmural
electrical stimulation was reduced during intestinal inflamma-
tion, and the poor response was due to abnormality of mucosal
nerves (23). In our study, however, it is unclear whether the re-
duced Alsc is due to a neuronal defect (inability to release
neurotransmitters) or an epithelial abnormality (inability to re-
spond to neurotransmitters), or both.

The Alsc in response to glucose stimulation of the intestinal
mucosa was significantly decreased in infected mice in a man-
ner related to the dose of M. paratuberculosis used. The trans-
port of glucose is carrier mediated, and is associated with the
absorption of Na*. Thus, a relative decrease in the Isc response
to glucose stimulation would suggest a defect in the carrier sys-
tem, which worsened with severity of the infection. This may
have important implications in the pathogenesis of the weight loss
seen in animals with paratuberculosis since other molecules of di-
etary significance, such as amino acids, also are absorbed by spe-
cific but different carriers. Malabsorption of amino acids is thought
to be a contributing factor in the pathogenesis of the weight loss
seen in bovids with paratuberculosis (6) and in mice (34).

The Alsc in response to addition of histamine was reduced in
the intestines of infected mice, regardless of dose of M. paratu-
berculosis. Intestinal epithelial cells secrete Cl- on exposure to
histamine, which is reflected as a change in Isc. Histamine me-
diates its effects in intestinal tissue by occupying H,-receptors
on enterocytes and neurons (35, 36) and H,y-receptors in enteric
nerves. Decreased response to histamine may reflect an epithe-
lial or neuronal defect, or both. Responses to another ion secre-
tion stimulator, forskolin, did not differ between control and
infected mice. The stimulatory activity of forskolin is mediated
directly via activation of cAMP, which is the major secondary
messenger responsible for ion secretion. The fact that responses
to forskolin remained unchanged is interesting and indicates
that some of the pathways of induction of ion secretion are not
affected by infection with M. paratuberculosis, whereas others,
such as the glucose carrier system and histamine responses, are
changed following infection.

Physiologic abnormalities observed in intestine of infected
mice were similar among the infected groups of mice. Addition-
ally, there was mild infiltration of the lamina propria with in-
flammatory cells, and the degree of infiltration did not differ
significantly among the infected groups. Thus, significant func-
tional abnormalities may occur early in the inflammatory pro-
cess, before any significant morphologic changes are apparent.

Intestinal inflammation during paratuberculous enteritis is be-
lieved to be partly due to abnormal or excess immune responses
against M. paratuberculosis (1, 37). Similarly, dysregulated mu-
cosal immune responses in the intestine are believed to cause IBD
in humans. Research with immune-deficient animal models of IBD
indicate that T lymphocytes (principally CD4* T lymphocytes) play
a pivotal role in the pathophysiologic changes and tissue damage
associated with intestinal inflammation (16, 18, 21). In this regard,
in vivo neutralization of the Th1 cytokine IFN-y resulted in signifi-
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cant reduction of intestinal inflammation (38). Scid mice, and even
scid/beige mice, which lack functional lymphocytes, are known to
produce the cytokines implicated in intestinal inflammation, in-
cluding IFN-y and tumor necrosis factor (TNF)-a (39-41). We
speculate that, in our study, the presence of M. paratuberculosis in
the lamina propria of beige/scid mice triggers recruitment of in-
flammatory cells, such as macrophages (and likely NK cells), to se-
crete cytokines, such as IFN-y and TNF-o, which have been
implicated in intestinal inflammation. However, further experi-
ments are required to confirm the specific cytokines that cause the
observed pathophysiologic changes. Our observation that M. para-
tuberculosis-infected beige/scid mice (which lack functional T and
B lymphocytes) developed intestinal pathophysiologic changes
suggests that there are T cell-independent mechanisms that are
sufficient to cause intestinal inflammation. Other investigators
have reported that scid mice infected with M. avium have the ca-
pacity to recruit macrophages and form organized granulomas in
the absence of functional T cells (41).

Although results of this study indicate that T cell-indepen-
dent mechanisms are sufficient to cause intestinal pathophysi-
ologic changes (and inflammation), T cells certainly contribute
to the pathogenesis of severe intestinal pathophysiologic changes.
Thymectomized rats (which lack functional T lymphocytes), had
less severe injury to the intestinal mucosa, compared with that
in conventional rats following parasitic infection (42). In sepa-
rate experiments in our laboratory, we found that adoptive trans-
fer of T and B lymphocytes from immune-competent BALB/c mice
to beige/scid mice is associated with induction of interstinal
pathophysiologic changes (unpublished observation). Thus, where-
as T cells may not be essential to initiate intestinal inflammation,
lymphocytes certainly appear to contribute substantially to the
pathogenesis of severe intestinal inflammation.

In the study reported here, we documented that an infection was
established in beige/scid mice following a single intraperitoneal
inoculation of as few as 10 cfu of M. paratuberculosis. The lesions
in the liver, spleen, and intestine of all infected mice were consis-
tent with those of our previous report (22). Increasing the dose of
organisms merely reduced time to establish the infection. The se-
verity and extent of the clinical signs of disease and macroscopic
lesions appeared to correlate with the numbers of M. paratuber-
culosis organisms inoculated. Infiltration of the lamina propria
and submucosa with inflammatory cells may have contributed to
the significant increase in villus width that was observed in the
group that was infected with 103 cfu of M. paratuberculosis.

It was surprising that thymidine kinase activity (an indicator
of cell proliferation) was not increased in the intestinal tissue of
infected mice. Other than the sucrase activity in the group in-
fected with 102 cfu, which was significantly reduced below that
in controls, the activity of the other enzymes appeared normal.
This would support the histologic impression that the epithe-
lium of the distal portion of the small intestine had mild mor-
phologic (structural) changes despite the presence of large
numbers of M. paratuberculosis in the submucosa and the lamina
propria. Often, acute intestinal inflammation is associated with a
mucosal lesion that consists of villus atrophy and crypt hyperpla-
sia (42). In such instances, the infective agent damages the epithe-
lium, predominantly at the villus tips, removing an inhibiting
factor that regulates proliferation in the crypts. In our study, the
lack of morphologic changes to the intestinal epithelium may be
due to the localization of M. paratuberculosis in the lamina propria
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of the villus, with sparing of the enterocyte. Furthermore, M. para-
tuberculosis does not produce any known toxin.

Further work needs to be done to determine whether a link ex-
ists between these observed functional abnormalities of the distal
portion of the small intestine and the cachexia that develops when
beige/scid mice are chronically infected with M. paratuberculosis.
This may provide avenues for future research into the specific
causes of the cachexia associated with paratuberculosis in cattle.

Although intraperitoneal inoculation consistently induces in-
testinal lesions in our animal model, natural infection in ani-
mals is acquired principally through oral transmission. However,
earlier studies using the oral inoculation route indicated that in-
fection was established in only 50% of the beige/scid mice (22).
This reflects the situation in the field in which only a fraction of
animals exposed to M. paratuberculosis actually become in-
fected. Oral administration of M. paratuberculosis would re-
quire a higher dose of organisms to initiate infection because of
physiologic barriers, such as gastric acidity, intestinal/pancre-
atic enzymes, and clearing effects of peristalsis.

This beige/scid mouse model is important in that intestinal
pathophysiologic changes (hence, inflammation) can be induced
in the absence of T lymphocytes after chronic infection with a
specific pathogen. This also is important in view of the fact that
M. paratuberculosis causes chronic enteritis in animals and has
been implicated in some cases of Crohn’s disease (4).

In conclusion, chronic M. paratuberculosis infection in beige/scid
mice caused significant intestinal pathophysiologic changes in as-
sociation with mild inflammation in the lamina propria, and only
minor alteration in tissue morphology. These results further indi-
cate that significant pathophysiologic changes and inflammation
can develop in the intestine in the absence of T cells.
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