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A total of 14 lambs were experimentally infected with Eimeria ovinoidalis in two separate experiments in two
consecutive years. Nine lambs served as uninoculated controls. Material was collected from the ileum 2 weeks
after infection in eight lambs and 3 weeks after infection in six lambs. Lambs examined 2 weeks after infection
had normal follicles. After three weeks, the follicle-associated epithelium covering the lymphoid follicles of the
ileal Peyer’s patches showed fusions with adjacent absorptive epithelium, focal hyperplasia, and occasionally
necrosis. Macrogametes, microgamonts, and oocysts were often found in the follicle-associated epithelium and
the dome region. Various degrees of lymphocyte depletion were present in the ileal lymphoid follicles in all six
infected lambs 3 weeks after infection, and four lambs had decreased follicle size. Reduced staining for
leukocyte common antigen (CD45), B-cell markers, and the proliferation marker Ki-67 was present in these
lambs. Application of the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
method for apoptotic cells revealed decreased staining in the ileal lymphoid follicles 3 weeks after infection. A
marker of follicular dendritic cells, 5�- nucleotidase, showed increased reactivity, probably due to condensation
of reticular cells following loss of follicle lymphocytes. Reduced staining for carbonic anhydrase in the
follicle-associated epithelium and the domes was present in all six lambs examined 3 weeks after infection,
indicating decreased production of carbonic anhydrase-reactive 50-nm particles and a decreased lymphopro-
liferative stimulus. In conclusion, the present study shows that severe E. ovinoidalis infection in lambs causes
lesions of the follicle-associated epithelium and may result in lymphocyte depletion and atrophy of the ileal
Peyer’s patch follicles.

Coccidiosis in lambs is an intestinal infection characterized
clinically by diarrhea and dehydration. A major cause of ovine
coccidiosis is Eimeria ovinoidalis, but other species, such as
Eimeria crandallis, may also be associated with this disease.
Morphological changes in Eimeria sp. infections in lambs are
characterized by inflammation, villus atrophy, epithelial hyper-
plasia, glandular loss, and mucosal collapse (8, 9, 11). Cellular
immune responses play an important role in immunity against
Eimeria spp., whereas humoral immunity probably represents a
less important factor (3, 46, 51).

Immunity is dependent on effective antigen detection, and
the Peyer’s patches are important for the generation of an
immune response. Ruminants have two distinct types of Pey-
er’s patches, the jejunal Peyer’s patches and the ileal Peyer’s
patches (IPP), which differ in their development, cellular com-
position, and function (13, 28, 45). IPP have been attributed to
have a role as a central lymphoid organ in the development of
B cells, whereas a function in mucosal immune responses has
been questioned (12, 36). The Peyer’s patches of ruminants are
outlined by a modified, follicle-associated epithelium (FAE),
which has the ability to internalize and transport antigens to
the underlying lymphoid tissue (22). In ruminants, the FAE of
the IPP and that of the jejunal Peyer’s patches differ in mor-
phology and enzyme reactivity (21, 22). Whereas the jejunal
FAE is composed of absorptive epithelial cells intermingled

with modified membranous cells, M cells, the ileal FAE con-
sists of a homogenous population of cells characterized by
active transcytosis of macromolecules and shedding of car-
bonic anhydrase-reactive 50-nm membrane-bound particles to
the underlying lymphoid tissue (22).

The FAE has the capacity for uptake of microorganisms
(reviewed in references 37 and 47) and may provide a route of
entry for multiple bacterial and viral pathogens (5, 15, 16, 23,
24, 32, 48, 51). The uptake of pathogens by the FAE may be
followed by injury to the lymphoid follicles. Such lesions can
vary from lymphocyte depletion to extensive destruction of
lymphoid follicles (2, 19, 26, 29, 52, 53).

The aims of the present study were to examine lesions of the
FAE and the IPP follicles during infection with an enteric
protozoan species in lambs. Changes in morphology and en-
zyme reactivity in the FAE and the lymphoid follicles were
examined. Alterations in cellular composition and the rate of
proliferation and apoptosis in the lymphoid follicles of the IPP
were addressed.

MATERIALS AND METHODS

Experimental design and animals. A total of 23 lambs were used; 14 were
infected with sporulated oocysts of E. ovinoidalis, and 9 served as uninoculated
controls. Lambs were obtained from the Dal Research Farm, Asker, Norway,
and were of the Dala breed. The lambs were used in two separate experiments,
and the experimental protocol has been described in detail elsewhere (1). In
experiment 1, eight lambs (no. 1 to 8) were infected when 19 to 21 days old and
euthanatized 10 (one lamb) or 13 days after infection. Each lamb was given
250,000 oocysts. Five lambs (no. 9 to 13) served as uninoculated controls and
were killed when they were 30 days old. In experiment 2, six lambs (no. 14 to 19)
were each given 100,000 oocysts at the age of 19 to 21 days and euthanatized 19
(one lamb) or 20 days after infection. Four lambs (no. 20 to 23) served as
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uninoculated controls in experiment 2 and were killed when they were 39 or 40
days old. The inoculum contained oocysts of the same isolate of E. ovinoidalis
(�99.9% pure) in both experiments.

Clinical examination. A thorough clinical examination of the lambs was not
performed, but clinical signs were briefly recorded at the time of euthanasia.

Collection of tissue specimens. Pieces of tissue were collected under pento-
barbital anesthesia (20 mg/kg of body weight) or were taken promptly at nec-
ropsy following euthanasia with pentobarbital. For the present study, specimens
were taken from the IPP at the insertion of the ileocecal ligament. For morpho-
metric analysis, an additional sample was taken from the IPP close to the
ileocecal valve. Replicate samples were taken; one specimen was frozen in
chlorodifluoromethane (Isceon 22), and the other was fixed in 10% phosphate-
buffered formalin. Frozen samples were stored at �70°C until tested.

Histopathological examination. Fixed sections were routinely processed and
embedded in paraffin. Sections were cut 2 to 5 �m thick and stained with Mayer’s
hematoxylin and eosin. Stained sections were examined by light microscopy.

A semiquantitative evaluation of the cellularity in the IPP follicles was done
independently by two persons. The slides were read in a blinded fashion by use
of a four-point (0 to ���) scoring system for examination of lymphocyte
depletion. The average value for each individual was calculated. The results were
transformed to numeric values, and differences in values between infected and
control lambs were tested by using the Mann-Whitney test. The level of signif-
icance chosen was a P value of �0.05.

5�-Nucleotidase histochemical analysis. Frozen samples were cut to a thick-
ness of 7 �m, and the sections were air dried at room temperature for 1 to 2 h
and fixed for 5 min at 4°C in 4% formaldehyde containing 68 mM calcium
chloride adjusted to pH 7.2 with sodium hydroxide. Reactivity for 5�-nucleotidase
was examined by incubation with a solution composed of 1 mM AMP, 200 mM
Trismaleate buffer (pH 7.4), 1.3 mM lead nitrate, 100 mM MgSO4 � 7H2O, and
96 mM sucrose (35). The sections were incubated for 40 min at 37°C, followed
by treatment with a 0.2% (NH4)2S solution for 1 min. The addition of 100 mM
sodium fluoride to the incubation solution inhibited the reaction.

Carbonic anhydrase histochemical analysis. Frozen samples were cut and the
sections were fixed as described for the 5�-nucleotidase analysis. Carbonic anhy-
drase was demonstrated by a modification of the method of Ridderstrale (45).
The incubation medium contained 3.5 mM CoSO4, 26 mM H2SO4, 12 mM
KH2PO4, and 157 mM NaHCO3. The total incubation time was 3 or 4 min and
involved repeated dipping of the sections into the incubation medium for 2 s and
withdrawal for 20 s. The sections were then rinsed for 5 min in 0.7 mM phosphate
buffer (pH 5.9) before treatment with a freshly prepared 0.2% (NH4)2S solution
for 1 min. Finally, the sections were washed in water before mounting. Controls
included specific inhibition by the addition of 10�5 mM acetazolamide to the
incubation medium.

Staining for apoptotic cells. An in situ cell death detection kit (Boehringer
Mannheim GmbH, Mannheim, Germany) based on the TUNEL (terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) method was
used to demonstrate apoptotic cells (6). Sections 7 �m thick were made from
frozen samples and fixed for 20 min in 4% paraformaldehyde at room temper-
ature. The kit was used as recommended by the manufacturer. DNA strand
breaks are produced during apoptosis and are identified by labeling free 3�-OH
ends with modified (fluorescein isothiocyanate-labeled) nucleotides in an enzy-
matic reaction. Terminal deoxynucleotidyltransferase is the enzyme used in this
kit. Incorporated fluorescein is detected by use of a sheep antifluorescein anti-
body, conjugated with alkaline phosphatase, followed by treatment with fast red.

Immunohistochemical analysis. An avidin-biotin complex method was used
for immunoperoxidase staining. Cryostat sections were cut to a thickness of
about 7 �m. The sections were air dried at room temperature for 1 h and fixed
in acetone for 10 min. After fixation, the sections were air dried for 5 min, briefly
warmed with a hair dryer, and rehydrated in phosphate-buffered saline. Fixed
sections were treated with normal horse or goat serum diluted 1:50 in 5% bovine
serum albumin (BSA) in Tris-buffered saline (TBS) containing avidin solution
(from an avidin-biotin blocking kit; Vector Laboratories, Burlingame, Calif.)
diluted 1:6 for 20 min at room temperature. All incubations were done in a slowly
rotating humid chamber, and washing between each step was done with phos-
phate-buffered saline. The primary antibodies (Table 1) were diluted in 1%
BSA–TBS containing biotin solution (from the avidin-biotin blocking kit) diluted
1:6, applied to the sections, and incubated overnight at 4°C. Biotinylated horse
anti-mouse immunoglobulin G or anti-rabbit immunoglobulin G (Vector Labo-
ratories) was diluted 1:200 in 1% BSA–TBS containing 2% normal sheep serum
and incubated with the sections for 30 min at room temperature. Subsequently,
inhibition of endogenous peroxidase was carried out by treatment with 0.03%
H2O2 in 50 mM imidazole buffer (pH 7.4) for 10 min. Avidin-biotin–horseradish
peroxidase complex (Vector Laboratories) was diluted 1:200 in phosphate-buff-

ered saline and incubated for 30 min. Peroxidase reactivity was visualized by
treatment for 2 min with a metal-enhanced diaminobenzidine substrate (Pierce
Chemical Company, Rockford, Ill.) diluted 1:10 in peroxide substrate buffer.
Sections were rinsed in distilled water and stained with Mayer’s hematoxylin for
1 min before mounting.

Morphometric analysis. In all animals from both experiments, the sizes of the
ileal follicles were examined by morphometric analysis. From both sites sampled,
two sections of frozen tissue at a distance of 175 �m were made. Tissue blocks
were oriented prior to sectioning in order to cut the majority of the lymphoid
follicles longitudinally. Sections were stained for 5�-nucleotidase as described
above and then counterstained with eosin for 1 min. Images of all follicles
identified by light microscopic examination were captured using a CCD-72 video
camera (Dage-MTI Inc., Michigan City, Ind.) mounted on a Leitz Orthoplan
microscope and Image Grabber software (Neotech Ltd., Hampshire, England).
The mean follicle size for each animal was estimated using a video image analysis
system (analySIS; Soft-Imaging Software GmbH, Münster, Germany). All fol-
licular lymphoid tissue below the muscularis mucosae was measured. Follicles
with a disrupted fibrous capsule were excluded. A mean value was calculated for
the two sites sampled. The Mann-Whitney test was used to test for differences in
mean follicle sizes between infected and control animals. The level of signifi-
cance chosen was a P value of �0.05.

RESULTS

Clinical signs. Infected lambs in experiment 1 were all
healthy, except for mild diarrhea in lamb no. 2 and 3. In
experiment 2, lamb no. 16 showed hemorrhagic diarrhea and
severe dehydration, and this lamb was moribund 21 days after
infection. Lamb no. 15 also showed severe dehydration and
enteritis. The other infected lambs in experiment 2 showed
diarrhea and moderate dehydration 21 days after infection.

Morphological changes. Histopathological findings are sum-
marized in Table 2. Lambs in experiment 1 had mild lesions of
the FAE. Five animals had epithelial adhesions, whereas mild
and focal epithelial hyperplasia was observed in three lambs.
Developmental stages of coccidia, mainly second-generation
meronts and gamonts, were occasionally seen in the FAE. The
crypts surrounding the dome were often dilated and contained
debris and neutrophils. The lymphoid follicles appeared nor-
mal in infected lambs in experiment 1, and semiquantitative
evaluation of lymphocyte density in IPP follicles did not show
significant differences between infected and control lambs.

Infected lambs in experiment 2 had severe lesions of the
FAE (Table 2). Changes included extensive parasitization of
epithelial cells, fusions with adjacent absorptive epithelium,
and epithelial hyperplasia (Fig. 1 and 2). One lamb (no. 17)
had extensive necrosis of the FAE, whereas four lambs had
small necrotic foci in the FAE. The domes were small and
inconspicuous in five lambs, and various coccidial stages were
often present within the dome region (Fig. 2). All six infected
lambs in experiment 2 had various degrees of lymphocyte de-

TABLE 1. Antibodies to leukocyte molecules used in this study

Mole-
cule Antibodies Cells or antigen

marked
Refer-
ence

CD45 SBU-LCA Leukocyte common
antigen

30

CD21 DU2-74-25 B cells, follicular den-
dritic cells

14

BLA.36 Mouse anti-human B lympho-
cyte BLA.36

B cells 17

Ki-67 Mouse anti-human Ki-67
antigen

Proliferating cells 7

CD68 Mouse anti-human macro-
phage CD68

Macrophages 18
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pletion of the IPP follicles. Lamb no. 16 had severe lymphocyte
depletion (Fig. 3), whereas loss of lymphocytes was moderate
or mild in the other five lambs (Table 2). Statistical analysis of
the data collected by semiquantitative evaluation showed sig-
nificant differences in the cellularity of lymphoid follicles be-
tween infected and control animals (P � 0.05). Lamb no. 16
had distinct follicle atrophy, and three other lambs (no. 15, 18,
and 19) had moderately reduced follicle size. The follicle cap-
sule was thickened, and perifollicular lymphatic sinuses were
dilated. Lamb no. 18 had some intrafollicular abscesses.

Morphometric analysis. Data on mean follicle size in ani-
mals from experiments 1 and 2 are shown in Fig. 4a and b,
respectively. Differences in follicle size between infected and

control animals were not significant at the chosen level (P �
0.05).

5�-Nucleotidase histochemical analysis. 5�-Nucleotidase is a
marker for follicular dendritic cells. In control lambs, the ileal
lymphoid follicles showed reticular staining for 5�-nucleotidase
(Fig. 5a). The reactivity for this enzyme in the ileal lymphoid
follicles of infected lambs showed variation between individu-
als. All infected lambs in experiment 1 showed reticular stain-
ing like that in the controls. Increased reactivity for 5�-nucle-
otidase was observed in the follicle centers in the three lambs
with moderate follicle atrophy (Fig. 5b). Lamb no. 16, with
severe lymphocyte depletion and atrophy, had even, intense
staining of the follicle centers, indicating condensation of stro-
mal cells due to loss of lymphocytes (Fig. 5c).

Carbonic anhydrase histochemical analysis. Carbonic anhy-
drase is reported to show strong staining of the ileal FAE and
of IPP follicle centers in ruminants (25). In accordance with

TABLE 2. Evaluation of morphological changes and carbonic
anhydrase reactivity in IPP of lambs infected

with E. ovinoidalis

Lamb

Morphological changesa in
the ileal dome or follicle region

Carbonic anhydrase
reactivityb in:

Epithelial
adhesions

Intra-
epithelial
parasites

FAE
hyper-
plasia

Dome
atrophy

Lympho-
cyte de-
pletion

FAE Dome
area

Follicle
center

Controls (�) 0 0 0 0 ��� ��� ���
1 �� 0 0 0 0 ��� ��� ���
2 �� (�) 0 0 0 ��� ��� ���
3 �� �� � 0 0 �� �� ��
4 0 0 0 0 0 ��� ��� ���
5 0 0 0 0 0 ��� ��� ���
6 0 0 0 (�) 0 �� �� ��
7 � � � (�) 0 � �� ���
8 � �� � 0 0 �� �� ���
14 ��� ��� �� �� �� � � ��
15c �� ��� � �� � � � ���
16 ��� �� ��� ��� ��� � � �
17c �� � 0 �� �� � � ��
18 ��� ��� ��� �� � � � ��
19 ��� �� � ��� � � � ��

a ���, prominent lesions; ��, moderate lesions; �, mild lesions; (�), few,
scattered lesions; 0, no observed lesions.

b ���, strong staining; ��, moderate staining; �, weak staining.
c IPP of terminal ileum were evaluated.

FIG. 1. Dome (d) of IPP of a lamb (no. 14) infected with E. ovi-
noidalis. The FAE covering the dome shows fusions with adjacent
absorptive epithelium (arrowheads). Hematoxylin-eosin. Bar, 50 �m.

FIG. 2. Additional aspects of the dome (d) of IPP of a lamb (no.
14) infected with E. ovinoidalis. Numerous macrogametes and oocysts
are present in the FAE and in the dome region (arrowheads). Hema-
toxylin-eosin. Bar, 50 �m.

FIG. 3. IPP of lamb no. 16 infected with E. ovinoidalis. The lym-
phoid follicles (f) are reduced in size and depleted of lymphocytes.
Hematoxylin-eosin. Bar, 205 �m.
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these data, strong reactivity for carbonic anhydrase was found
in the ileal FAE of control lambs in the present study; enzyme
reactivity was located at the luminal cell border and along the
basolateral plasma cell membrane (Fig. 6a), as described by
Landsverk et al. (25). In normal ileal lymphoid follicles, gran-
ular staining for carbonic anhydrase was present in the follicle
centers (Fig. 6a). Four infected lambs in experiment 1 had
slightly reduced reactivity for carbonic anhydrase in the FAE
and dome (Table 2), whereas the others showed reactivity like
that in the controls. All six lambs euthanatized 3 weeks after
infection showed reduced staining for carbonic anhydrase in
the FAE and dome (Table 2). Reduced staining for carbonic
anhydrase was also present in the follicle centers in five of the
six lambs (Fig. 6b).

Apoptosis. Ileal follicles in control lambs contained several
apoptotic cells (Fig. 7a), a finding in accordance with the ap-
optosis of B lymphocytes that normally occurs in the IPP (34,
42, 44). Reduced staining for apoptotic cells was found in
infected lambs (no. 15, 16, 18, and 19) with follicle atrophy
(Fig. 7b).

Immunohistochemical analysis. Follicles in lamb no. 16,
showing severe lymphocyte depletion, contained only a few
cells with distinct staining for leukocyte common antigen
(CD45); in contrast, in control lambs most of the follicle lym-
phocytes were positive (Fig. 8). B cells, which showed positive
staining with antibodies against CD21 and BLA.36, were nu-
merous in normal lymphoid follicles (Fig. 9a), whereas only
scattered cells were present in the atrophic follicles of lamb no.
16 (Fig. 9b). In the IPP follicles of the three lambs with mod-
erate atrophy, reduced numbers of CD45� cells and CD21�

cells were present. Staining for the nuclear antigen Ki-67,
which is expressed on proliferating cells (7), was decreased in
the IPP follicles of lamb no. 15 to 19 compared with normal
lambs (Fig. 10). Macrophages were present in the lymphoid
follicles of both infected and control lambs, as seen in sections
stained for CD68. Condensed staining for this marker was
present in atrophic follicles (data not shown).

DISCUSSION

The present study shows that patent infection with E. ovi-
noidalis may result in lymphocyte depletion and atrophy of IPP
follicles in lambs. A significant reduction in the cellularity of

IPP follicles was present in lambs 3 weeks after infection, a
finding that may represent an initial step in the regression of
follicles. Four infected lambs in experiment 2 had reduced
follicle size, but statistical analysis of data obtained by com-
puter-assisted morphometric examination did not show a sig-
nificant difference in follicle size between infected and control
lambs. One must keep in mind the facts that the numbers of
animals in both groups in experiment 2 were very low and that
considerable variation between individuals in each group was
present. Still, we believe that reduced follicle size was a char-
acteristic finding in four lambs 3 weeks after infection. Lym-
phocyte depletion of the Peyer’s patches in coccidiosis has
been reported as a finding in severe disease in lambs (8, 9, 11)
and rabbits (10). Our study shows that lesions present in the
follicles varied between individuals given the same dose of
oocysts, indicating that other aspects may be important. Fac-
tors such as genetic constitution, maternal immunity, and the
immune status of the animal probably influence the severity of
disease (8, 46) and may, at least in part, contribute to the
variation observed between individuals.

Neither decreased cellularity nor reduced size was present in
IPP follicles in lambs 2 weeks after infection. This finding
implies that lymphocyte depletion of IPP follicles in lambs
infected with E. ovinoidalis may develop between 14 and 21
days after inoculation. The prepatent period for E. ovinoidalis
is approximately 15 days, and the present study shows that
patent infection was present before lymphocyte depletion of
IPP follicles occurred. However, various unknown factors also
could have contributed to the differences in follicle morphol-
ogy and size observed between the infected groups. First, the
experiments were carried out in two consecutive years. Various
environmental factors may have changed, but the housing fa-
cilities and feeding routines were the same in both experiments
(1). The immune status of the lambs in the two experiments
may have differed, even though the lambs were kept together
with their mothers both years. The infective dose was reduced
in experiment 2 in order to prevent serious, life-threatening
enteritis. Still, more prominent lesions of the intestinal mucosa
and the IPP were present in these lambs.

It is possible that injury to the FAE and dome precedes
follicle atrophy and results in the decreased lymphocyte pop-
ulation of IPP follicles that is present 3 weeks after infection.
Mild lesions of the FAE were observed in five of eight infected

FIG. 4. Mean and standard error of the mean area of the follicles of the IPP of age-matched control lambs and infected lambs, as determined
using computer-assisted morphometric analysis. (a) Infected lambs (no. 1 to 8) and control lambs (no. 9 to 13) killed 2 weeks after infection. (b)
Infected lambs (no. 14 to 19) and control lambs (no. 20 to 23) killed 3 weeks after infection.
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lambs 2 weeks after infection, and severe epithelial injury was
found in all six infected lambs after 3 weeks. Hence, it is
possible that lymphocyte depletion represents a sequela to
damage to the FAE.

Normal FAE function is probably important for the main-
tenance of follicle lymphopoiesis (22, 27). The FAE is known
to be active in the transcytosis of macromolecular antigens.
However, it has been shown that lymphopoiesis in IPP follicles
is largely independent of external antigens (40). In fact, IPP
has been attributed a role as a central lymphoid organ rather
than as a secondary one (reviewed by Griebel and Hein [12]).
Landsverk (22) previously characterized an epithelial product
that is produced independently of luminal antigen in the ileal
FAE. This product consists of membrane-bound particles with
a diameter of about 50 nm. They are produced in the ileal FAE
and then secreted to lacunae located at the lateral cell wall.
Secreted particles are transported to the follicle centers, where

FIG. 5. 5�-Nucleotidase staining of IPP. (a) Reticular staining in
the ileal lymphoid follicles of a control lamb (no. 23). Bar, 440 �m. (b)
Lamb no. 18 infected with E. ovinoidalis. Moderate follicle atrophy is
present. The lymphoid follicles show reticular staining for 5�-nucleoti-
dase in the peripheral zone, whereas the central zone in many follicles
stains more intensely. Bar, 440 �m. (c) Coccidium-infected lamb (no.
16) with severe follicle atrophy. Even, intense staining due to conden-
sation of stromal cells and lymphocyte depletion is present in the
lymphoid follicles. Bar, 460 �m.

FIG. 6. Carbonic anhydrase staining of the IPP. (a) Lymphoid fol-
licles of a control lamb (no. 22). The FAE (arrows) shows reactivity
along the apical and lateral plasma cell membranes. Note the granular
staining of the follicle centers (F). Bar, 205 �m. (b) Coccidium-in-
fected lamb (no. 16) with severe atrophy. The FAE (arrows) shows
focal reactivity at the luminal cell membrane, whereas staining along
the lateral cell membrane is absent or weak. The follicle centers (F)
show diffuse, weak staining. Bar, 205 �m.
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they adhere to follicle lymphocytes and are incorporated into
their cytoplasm. A characteristic of the membrane-bound par-
ticles produced in the ileal FAE is their reactivity for carbonic
anhydrase. In healthy lambs, the ileal FAE shows strong car-
bonic anhydrase reactivity in the apical plasma cell membrane
and along the basolateral membrane, even though the baso-
lateral membrane itself is negative (25, 27). Carbonic anhy-
drase-positive material is also found in vesicles located in the
apical cytoplasm of epithelial cells. These findings indicate that
carbonic anhydrase-rich particles may contain components of
the apical cell membrane (27). The present study demonstrates
that infected lambs had reduced carbonic anhydrase reactivity
in the FAE 3 weeks after infection, and this result may imply
a reduced production of membrane-bound particles. Five of six
infected lambs also had reduced granular staining for carbonic
anhydrase in the follicle centers. Fusions between the epithe-
lium covering the domes and the adjacent villous epithelium
might cause changes in structure and impaired function of the
FAE. In addition, degeneration of cells and increased cell
turnover in the FAE might result in replacement by immature

cells. These factors could have contributed to the reduced
carbonic anhydrase staining of FAE found in infected lambs in
experiment 2. Thus, reduced production of membrane-bound
particles and the consequent decrease in a potential lympho-
proliferative stimulus may be of significance for lymphocyte
depletion.

Damage to the FAE seems to be a general feature of many
infectious diseases (2, 4, 15, 20, 23, 26, 29, 32, 48), and bacterial
and viral pathogens may in fact have an apparent predilection
for this epithelium. Localization of protozoan parasites to the
FAE has been reported for cryptosporidiosis in calves (23, 31),
coccidiosis in rabbits (38, 39), and Isospora sp. infection in
piglets (49). The effect of FAE lesions on follicle morphology
was not included in these studies, except for cryptosporidiosis
in calves, where follicles appeared to be normal (23). Lympho-
cyte depletion of Peyer’s patch follicles has been reported for
severe ovine coccidiosis (8), and increased migration of follicle
lymphocytes to the intestinal mucosa has been suggested as the
cause (11).

FIG. 7. Staining with the TUNEL method for apoptotic cells. (a)
IPP of a control lamb (no. 22). Numerous apoptotic cells are present
in the lymphoid follicles (F). Bar, 205 �m. (b) IPP of lamb no. 16
infected with E. ovinoidalis. Few apoptotic cells are present in the
follicles (F). Bar, 102 �m.

FIG. 8. IHC analysis for leukocyte common antigen (CD45). Avi-
din-biotin–peroxidase complex method. Hematoxylin counterstain. (a)
IPP of a control lamb (no. 23). The majority of cells in the follicles (F)
are CD45 positive. Bar, 480 �m. (b) IPP of lamb no. 16 infected with
E. ovinoidalis. The atrophic ileal follicles (F) contain scattered CD45-
positive cells. Bar, 490 �m.
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The increased reactivity for 5�-nucleotidase observed in the
IPP follicles of infected lambs in experiment 2 was probably
due to increased loss of lymphocytes and/or decreased prolif-
eration of lymphocytes. This conclusion was supported by im-
munocytochemical analysis for various leukocyte markers, such
as CD45 (leukocyte common antigen), and B-cell markers
(CD21 and BLA.36), which all showed decreased numbers of
positive cells in depleted follicles. Staining for the cell prolif-
eration antigen Ki-67 confirmed the reduced proliferation of B
cells in the IPP follicles of five of six lambs 3 weeks after
infection, whereas lambs examined 2 weeks after infection had
apparently normal staining for Ki-67. Follicles with severe lym-
phocyte depletion had moderately increased staining for the
macrophage marker CD68, a result that may reflect increased
numbers of macrophages in IPP follicles.

Various other factors in addition to FAE lesions may have
contributed to the reduced population of follicular B cells in
infected lambs 3 weeks after infection. Vigorous B-cell pro-
duction normally takes place in the IPP in lambs (42, 44), and
less than 5% of IPP B cells differentiate and emigrate (41).

Apoptosis of follicular lymphocytes is a normal event in the
IPP of healthy lambs, and the great majority of ileal B lym-
phocytes undergo apoptosis (34, 41). Numerous apoptotic cells
are present in normal ileal lymphoid follicles and were also
present in control lambs and infected lambs in experiment 1 in
the present study. In contrast, infected lambs in experiment 2
had decreased numbers of apoptotic cells in the follicles. The
present study does not provide direct evidence that apoptotic
events play a major role in the lymphocyte depletion of IPP
follicles in ovine coccidiosis. If apoptosis were important for
lymphocyte depletion in infected lambs, it most likely would
take place in an early phase of the disease. Cell death by
apoptosis can be quickly induced and was increased in the IPP
B-cell population as early as 16 h after a dexamethasone in-
jection in lambs (33). Apoptotic bodies are usually rapidly
removed and engulfed by phagocytes. The increased numbers
of macrophages in follicles with severe lymphocyte depletion
may suggest that apoptosis contributes to cell depletion.

Cell death may also be caused by necrosis, which usually is

FIG. 9. IHC analysis for B-cell marker CD21. Avidin-biotin–per-
oxidase complex method. Hematoxylin counterstain. (a) IPP of a con-
trol lamb (no. 20). Numerous positive cells are present in the follicles.
Bar, 175 �m. (b) IPP of an infected lamb (no. 16). B cells are scarce in
the lymphoid follicles. Bar, 175 �m.

FIG. 10. IHC analysis for proliferation marker Ki-67. Avidin-
biotin–peroxidase complex method. Hematoxylin counterstain. (a) IPP
of a control lamb (no. 20). Intense staining of follicle lymphocytes is
present. Bar, 480 �m. (b) IPP of an infected lamb (no. 16). Few cells
in the follicles (F) are positive. Prominent follicle atrophy is present.
Bar, 480 �m.
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accompanied by an inflammatory reaction. In the present
study, inflammation was not observed in the IPP follicles of
infected lambs 3 weeks after infection, except for lamb no. 18,
which had intrafollicular abscesses. We therefore believe it
unlikely that necrosis of IPP B cells is an important factor in
the lymphocyte depletion of follicles. If necrosis were an early
event in infection, acute changes would have been expected in
the IPP follicles of infected lambs in experiment 1.

In theory, increased emigration of B cells to the intestinal
mucosa could result in lymphocyte depletion of IPP follicles. In
sheep, emigration of IPP B cells to other sites occurs only to a
small extent, and these cells travel to all lymphoid tissues (43).
Our experiment did not show a distinct increase in the B-cell
population of the intestinal lamina propria or the mesenteric
lymph nodes (data not shown). On the basis of the present
findings, we suggest that lesions of the FAE may represent a
decrease in a lymphopoietic stimulus that may be of major
importance for the lymphocyte depletion observed in E. ovi-
noidalis infection.
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