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a b s t r a c t

Neospora caninum is an obligate intracellular parasite that causes abortion in ruminants. Different strains
produce differences in the severity of disease outcomes. These differences may cause physiological or
pathological changes in cells, modifying the intercellular interactions and intracellular transport path-
ways that could be evidenced by identifying the terminal sugars. This study aimed to characterize the
oligosaccharide pattern in the bovine placenta and uterus after infection with tachyzoites of three
different strains of N. caninum (Nc-1, Nc-6 Argentina and Nc Spain-7) during early gestation. Fourteen
heifers were inoculated intravenously on day 70 of gestation with 2 � 108 N. caninum tachyzoites and
samples of placentae and uteri were analysed by histology and lectin histochemistry. In the infected
groups, severe placentitis was associated with changes in lectin binding in the vascular endothelium by
Lens culinaris agglutinin (LCA), Pisum sativum agglutinin (PSA) and Ricinus communis I (RCA-I) lectins, in
the epithelial cells of the endometrial glands by RCA-I, Dolichos biflorus agglutinin (DBA), succinylated
wheat germ agglutinin, peanut agglutinin (PNA), concanavalin-A (CON-A), LCA, PSA and Phaseolus vul-
garis erythroagglutinin (PHA-e), and in the trophoblast layer by PNA, CON-A, LCA, PSA, PHA-e, soybean
agglutinin, RCA-I, DBA and Bandieraea simplicifolia agglutinin (BSA-I). The results suggest that N. caninum
causes changes in the glycosylation pattern in the maternofetal interface tissues and might cause
abortions in early gestation due to changes in the cellular structure of the placenta.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Bovine neosporosis is a reproductive disease that causes eco-
nomic losses in cattleworldwide. This disease is caused by infection
with the intracellular protozoan parasite Neospora caninum.
Transplacental infection is the primary route of transmission [1,2].
Transplacental passage may cause lesions [3], resulting in various
pregnancy outcomes including abortion, birth of calves with
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neurological signs or apparently healthy congenitally infected
calves [4].

Genetic and phenotypical differences have been observed be-
tween N. caninum strains [5e12]. This genetic diversity may cause
differences in protein expression, which could be the reason for the
variability in the biological characterization, pathogenicity and in-
vitro growth characteristics of these organisms [6,9,11,13e16].
Some of these proteins are related to adhesion and cell invasion of
the parasite [11,17,18] and strain variability may result in variable
severity in the placental lesions and pregnancy outcomes.

Lectin histochemistry (LHC) is a technique that uses lectins to
recognize and bind specific carbohydrates, including glycosidic
linkages of polysaccharides, glycoproteins and glycolipids [19,20].
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Name, acronym, source and major binding specificities of the 12 lectins used in the
study

Lectin Acronym Source Binding specificity

Concanavalin-A CON-A Jack-bean a-D-Man > a-D-Glc
Lens culinaris agglutinin LCA Lentil a-Man
Pisum sativum

agglutinin
PSA Peas a-Man, a-Glc

Succinylated wheat
germ agglutinin

SWGA Wheat b1-4-D- GlcNac

Phaseolus vulgaris
erythroagglutinin

PHA-e Common
bean

Bisected complex
N-linked sequences

Soybean agglutinin SBA Soybean a-D-GalNAc and a/b-
Gal

Ulex europaeus-I UEA-I Common
gorse

a-L-Fuc

Wheat germ agglutinin WGA Wheat a-D-GlcNAc > Neu- Nac
Peanut agglutinin PNA Peanut Galb1,3GalNAcb1 >

Galb1,4GalNAcb1
Dolichos biflorus

agglutinin
DBA Horse gram a-D-GalNAc

Ricinus communis-I RCA-I Castor bean a/b-D-Gal
Gliffonia (Bandeiraea)

simplicifolia
agglutinin-I

BSA-I African bean a1-D-Gal
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This specific binding facilitates identification of complex structures,
revealing physiological or pathological changes in cells, intercel-
lular interactions and intracellular transport pathways by identi-
fying the terminal sugars [21,22]. This technique has been
successfully used for identifying pathological changes in the
reproductive tract caused by infectious agents [23e29]. The aim of
this study was to use LHC to characterize changes in the pattern of
carbohydrate expression in bovine placentae and uteri after infec-
tion with tachyzoites of three different strains of N. caninum during
early gestation.

2. Materials and methods

2.1. Study design

Fourteen2-year-old cyclingAngusheifers fromaPremiumHealth
Scheme (www.argentina.gob.ar/senasa/programas-sanitarios/
cadenaanimal/bovinos-y-bubalinos/bovinos-y-bubalinos-
produccion-primaria/enfermedades-y-estrategias-sanitarias)-
accredited brucellosis, tuberculosis, campylobacteriosis and
trichomonosis-free herd were used. The heifers were seronegative
for N. caninum and Toxoplasma gondii by immunofluorescence anti-
body test (<1:25). The animals were randomly assigned to four
groups: A (n ¼ 2; control group), B, C and D (n ¼ 3; for each chal-
lenged group). Animals fromgroups B, C andDwere inoculated at 65
days of gestation (dg) with 108 tachyzoites of N. caninum (Nc-1, Nc-6
Argentina or Nc Spain-7, respectively) in 2ml of phosphate-buffered
saline solution (PBS; pH 7.4) by intravenous jugular inoculation.
Group A received 2 ml of PBS as a placebo.

All the heifers were synchronized using sodium cloprostenol
(Cicladase DL; Syntex, www.syntexar.com) and natural mating with
two bulls for 24 h. Pregnancies were confirmed by transrectal ul-
trasonography 35 days post breeding. Animals were observed daily
and pregnancy was monitored twice weekly throughout the exper-
imental period. Forty-eight days after inoculation the heifers were
slaughtered and placenta and uterus samples were collected and
processed by standard histological methods. Fresh placenta samples
were also taken for polymerase chain reaction (PCR) analysis.

2.2. Gross, histological and immunohistochemical examinations

Gross andhistological examinations of tissueswere performed as
described [30]. Samples of placentae and uteri were collected,
examinedgrossly,fixed in10%buffered formalin, paraffinembedded,
sectioned (5 mm), mounted on glass slides (Superfrost Plus; Fisher
Scientific, www.fishersci.com) and stained with haematoxylin and
eosin (HE). The histopathological changes were classified on a sub-
jective scale from 0 to 3 based on the number and severity of in-
flammatory lesions as described [10]. Tissues having microscopic
lesions compatible with N. caninum infection were selected and
analysed by immunohistochemistry (IHC) using an avidinebiotin
complex procedure (Vectastain-Elite ABC Kit; Vector Laboratories,
www.vectorlabs.com) as described [30,31]. Tissues from the unin-
fected control group and tissues from known positive field cases of
N. caninum infection were included in each batch of sections.

2.3. Lectin histochemistry

LHC was performed as described [32]. Briefly, formalin-fixed
samples of placentae and uteri were sectioned at 5 mm, mounted
on adhesive glass slides (Superfrost Plus; Fisher Scientific) and
labelled with 12 lectins using a commercial kit (Lectin Kit 1 Bio-
tinylated [BK-1000]; Vector Laboratories). The lectins used were:
concanavalin-A (CON-A), Lens culinaris agglutinin (LCA), Pisum
sativum agglutinin (PSA), succinylated wheat germ agglutinin
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(SWGA), Phaseolus vulgaris erythroagglutinin (PHA-e), soybean
agglutinin (SBA), Ulex europaeus agglutinin I (UEA-I), wheat germ
agglutinin (WGA), peanut agglutinin (PNA), Dolichos biflorus
agglutinin (DBA), Ricinus communis I (RCA I) and Bandieraea sim-
plicifolia agglutinin (BSA-I) with different specificities (Table 1).

Briefly, after dewaxing and rehydrating using a slide stainer
(Shandon Varistain; Fisher Scientific), sections were treated with
hydrogen peroxide 3% (Merck Life Sciences Ltd., www.merckgroup.
com) (v/v) in methanol at room temperature (RT) for 30 min to
inactivate endogenous peroxidase activity. After rinsing three times
in PBS (pH 7.2), non-specific binding was blocked with 20% normal
goat serum (Fisher Scientific) in PBS at RT for 30 min. The sections
were then incubated for 1 h at RT with biotinylated lectins. The
optimal lectin concentration was 30 mg/ml in PBS for all lectins,
except PNA, which was used at a concentration of 10 mg/ml. The
slides were incubated with an avidinebiotineperoxidase complex
(Vectastain ABC Kit; Vector Laboratories) for 45 min and the
horseradish peroxidase was activated by incubation for 1e2 min
with 3,30-diaminobenzidine (DAB Kit; Dako, www.agilent.com).
Specimens were rinsed in distilled water, dehydrated with graded
ethanol solutions, cleared in xylene and mounted in Fisher Per-
mount Mounting Medium (Fisher Scientific). Placentae from group
A were used as technique controls. The intensity of lectin binding
was scored from 0 (none) to 3 (very intense) as described [26].

The same formalin-fixed paraffin-wax tissue blocks were
sectioned at 5 mm, mounted on Superfrost slides (Fisher Scientific)
and labelled with an anti-N. caninum hyperimmune polyclonal
rabbit antiserum (kindly provided by Dr. M. Anderson, University of
California, Davis, USA) diluted 1:200 as described [30,31]. IHC was
performed as described [31]. Briefly, a second set of paraffin sec-
tions were mounted on positively charged glass slides (Superfrost
Plus) and dehydrated, enzymatically treated with 0.4% pepsin
(Sigma-Aldrich, www.sigmaaldridge.com) for antigen retrieval,
treated using a freshly made solution of 3% hydrogen peroxide
(Perhydrol; Merck Life Science UK Ltd., www.merckmillipore.com)
in methanol (v/v) for 30 min to inactivate endogenous peroxidase
activity, washed three time with PBS and incubated with 20%
normal goat serum (Sigma-Aldrich) to block non-specific immu-
noglobulin binding. After washing twice with PBS, a goat anti-
rabbit IgG conjugate (Envision™ þ System Horseradish
Peroxidase-labelled Polymer; Dako), diluted 1:20 (v/v) was applied
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Table 2
Histopathological lesions and PCR and immunohistochemistry results in uterus and
placenta

Group Animal ID Inoculum HE PCRa IHCa

A 1 PBS e - (0/5) - (0/5)
2 PBS e - (0/5) - (0/5)

B 1 108 Nc-1 tachyzoites þþ þ (4/5) þ (1/5)
2 108 Nc-1 tachyzoites þ þ (4/5) - (0/5)
3 108 Nc-1 tachyzoites þþ þ (5/5) þ (2/5)

C 1 108 Nc-6 Argentina tachyzoites þþþ þ (5/5) þ (2/5)
2 108 Nc-6 Argentina tachyzoites þþþ þ (5/5) þ (3/5)
3 108 Nc-6 Argentina tachyzoites þþþ þ (5/5) þ (3/5)

D 1 108 Nc Spain-7 tachyzoites þþþ þ (5/5) þ (2/5)
2 108 Nc Spain-7 tachyzoites þþþ þ (5/5) þ (3/5)
3 108 Nc Spain-7 tachyzoites þþþ þ (5/5) þ (4/5)

HE, haematoxylin and eosin; PCR, polymerase chain reaction; IHC, immunohisto-
chemistry, PBS, phosphate-buffered saline.
Severity of histopathological lesions: -, absent;þ, mild,þþ, moderate;þþþ, severe.

a Five samples taken from each animal; þ, positive; -, negative; no. of positive
animals in parentheses.

S.G. Caspe, J.L. Konrad, D.P. Moore et al. Journal of Comparative Pathology 210 (2024) 29e37
for 30 min according to the manufacturer's instructions. After
washing again with PBS, the slides were incubated with an
aminoethyl-carbazole substrate (Dako North America Inc., www.
agilent.com) before washing in tap water, counterstaining with
haematoxylin (Haematoxylin Solution, Mayer's; Merck Life Science
UK Ltd.) and mounting with Histomount (Fisher Scientific).
Placental sections from group A were included as negative control
tissues in each batch of sections. Positive control tissue consisted of
formalin-fixed brain tissue from mice experimentally inoculated
with the NC-1 strain of N. caninum.
Fig. 1. Neospora caninum infection, uteri, cattle. PSA labelling in endometrial glands from N. c
supranuclear cytoplasm of acinar cells of uterine glands (arrow). (B) Nc-1 N. caninum strain-
glands (arrow) and secretion. (C) Nc-6 Argentina N. caninum strain-inoculated heifer. Absen
intense labelling of secretion. (D) Nc Spain-7 N. caninum strain-inoculated heifer. Absence of
labelling of secretion.

31
2.4. Statistical analysis

Differences in intensity of labelling for each lectin in the
treatment group were assessed using an analysis of variance with
post-hoc comparisons calculated using Tukey's HSD method with
a 95% confidence interval. All analyses were performed on the R
system for statistical computing [33] using the lme4 [34] and
glmmTMB packages for model fitting [35], the car and emmeans
packages for significance testing and comparisons [36,37] and the
performance and DHARMa packages for model diagnostics
[38,39].

Fresh tissue samples were analysed using a nested-PCR tech-
nique for the internal transcribed spacer I (ITS1) region of
N. caninum as described [40]. Briefly, DNA was obtained from the
tissue samples by extraction with a commercial kit (DNeasy Blood
and Tissue Kit; Qiagen, www.qiagen.com) according to the manu-
facturer's recommendations. The reaction was performed on 50 ml
volume, containing reaction buffer (GoTaq Reaction Buffer; Prom-
ega, www.promega.com), 0.2 mM of each dNTP, 0.25 ml of Taq po-
lymerase (GoTaq G2 DNA Polymerase; Promega) and Nuclease-Free
Water to 50 ml. The primers were used at 0.2 mM for both the pri-
mary (NN1 forward: 50-TCAACCTTTGAATCCCAA -30 and NN2
reverse: 50- CGAGCCAAGACATCCATT -30) and secondary amplifica-
tion primers (NP1 forward: 50- TACTACTCCCTGTGAGTTG -30 and
NP2 reverse: 50- TCTCTTCCCTCAAACGCT -30). Aliquots of the
amplification product obtained in the PCR assay were analysed by
agarose gel (2%) electrophoresis and the products were stained
with ethidium bromide and visualized under ultraviolet light. DNA
equivalent to 103 tachyzoites was employed in each amplification
as a positive control.
aninum-infected and uninfected control heifers. (A) Uninfected heifer. Mild labelling in
inoculated heifer. Intense labelling in supranuclear cytoplasm of acinar cells of uterine
ce of labelling in supranuclear cytoplasm of acinar cells of uterine glands (arrow) and
labelling in supranuclear cytoplasm of acinar cells of uterine glands (arrow) and intense
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Fig. 2. Neospora caninum infection, placentae, cattle. PNA labelling in trophoblast layer from N. caninum-infected and uninfected control heifers. (A) Uninfected heifer. Intense
labelling in mononuclear trophoblast cells (MNCs; red arrows) but no labelling in binucleated trophoblast cells (BNCs; black arrows) or glycocalyx. (B) Nc-1 N. caninum strain-
inoculated heifer. Very intense labelling in MNCs (red arrows) but no labelling in BNCs (black arrows) or glycocalyx. (C) Nc-6 Argentina N. caninum-strain inoculated heifer.
Intense labelling in glycocalyx but no labelling in BNCs (black arrows) or MNCs (red arrows). (D) Nc Spain-7 N. caninum strain-inoculated heifer. Very intense labelling in glycocalyx
but no labelling in BNCs (black arrows) or MNCs (red arrows).

Fig. 3. Neospora caninum infection, placentae, cattle. PSA labelling in endothelium from N. caninum-infected and uninfected control heifers. (A) Uninfected heifer. Intense labelling
in endothelial cells (arrow). (B) Nc-1 N. caninum-strain inoculated heifer. Mild labelling in endothelial cells (arrow). (C) Nc-6 Argentina N. caninum-strain inoculated heifer. Weak
labelling in endothelial cells (arrow). (D) Nc Spain-7 N. caninum-strain inoculated heifer. No labelling in endothelial cells (arrow).

S.G. Caspe, J.L. Konrad, D.P. Moore et al. Journal of Comparative Pathology 210 (2024) 29e37
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Fig. 4. Neospora caninum infection, placentae, cattle. RCA-I labelling in trophoblast layer from N. caninum-infected and uninfected heifers. (A) Uninfected heifer. Mild labelling in
glycocalyx and weak labelling in mononuclear trophoblast cells (MNCs; red arrows) but no labelling in binucleated trophoblast cells (BNCs; black arrows), (B) Nc-1 N. caninum
strain-inoculated heifer. Mild labelling in BNCs (black arrows) and glycocalyx and weak labelling in MNCs (red arrows). (C) Nc-6 Argentina N. caninum-strain inoculated heifer.
Intense labelling in BNCs (black arrows) and mild labelling in glycocalyx and MNCs (red arrows). (D) Nc Spain-7 N. caninum strain-inoculated heifer. Intense labelling in BNCs (black
arrows) and mild labelling in glycocalyx and MNCs (red arrows).
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3. Results

3.1. Histopathological analysis

There were differences in the severity of histopathological le-
sions among groups (Table 2). Placentae from group B heifers had
multifocal, necrotizing placentitis, while placental lesions in heifers
from groups C and D were more severe and characterized by a
diffuse, necrotizing placentitis with mineralization. Although
maternal uterine crypt architecture remained largely intact, fetal
trophoblast cells and villi had a variety of changes, ranging from
acute degeneration to coagulative necrosis. These lesions consisted
of serum leakage between the maternal and fetal tissues and
diffuse necrosis with abundant necrotic cellular debris. Foci of
mineralizationwere occasionally associatedwith severe and diffuse
inflammatory cell infiltration chiefly comprising macrophages with
fewer lymphocytes and polymorphonuclear neutrophils (PMNs). At
the base of the maternal septa there were focal inflammatory le-
sions characterized by lymphocyte and macrophage infiltration
that extended into the deeper connective tissue, and focal in-
filtrations of lymphocytes and macrophages surrounding uterine
glands. In group A (negative control group) lesions were not
observed. N. caninum DNA and antigen was detected in the
placentae from heifers of groups B, C and D. All group A samples
were negative for N. caninum (Table 2).
3.2. Lectin histochemistry

There were differences in intensity of labelling between the
control and infected groups (P < 0.05). The intensity of lectin
33
labelling was higher in group A in the gland secretion by CON-A
and DBA and in endothelium by LCA. It was lower in the cyto-
plasm of epithelial uterine glands by SBA, mononucleate tropho-
blast cells (MNCs) by PSA and PHA-e, and binucleate trophoblast
cells (BNCs) by PHA-e. Statistically significant differences between
groups (P < 0.05) were also identified in the supranuclear cyto-
plasm of epithelial uterine glands by SWGA, WGA, PNA, CON-A,
LCA, PSA, RCA-I, SBA, DBA and BSA-I, in the apical cytoplasm by
PNA, CON-A, LCA, PSA, SBA, DBA, PHA-e and RCA-I, and in uterine
gland secretion by LCA and CON-A (Fig. 1). Similar differences
were found in chorioallantoic mesenchyme by LCA and CON-A,
endothelium by LCA, PSA and SBA, BNCs by SWGA, LCA, RCA-I
and BSA-I, glycocalyx by PNA, LCA, PSA, PHA-e, RCA-I and DBA,
and MNCs by WGA, PNA, CON-A, LCA, SBA, RCA-I, DBA and BSA-I
(Figs. 2e4). The results are summarized in Tables 3e5.
4. Discussion

In previous studies, LHC has proven to be a valuable tool for
investigating differences in the glycoconjugate pattern resulting
from challenge with agents that affect the reproductive system
[23,26,41,42]. Changes in the pattern of LHC in bovine female
genital tissues have been described for campylobacteriosis [43],
trichomoniasis [23] and N. caninum infection [42]. Furthermore,
variations in the pathogenicity of different strains of Tritrichomonas
foetus were observed in a murine model [32]. However, this is the
first study in which LHC has been used to analyse the intraspecies
variation among three strains of N. caninum in bovine genital tract
tissues.



Table 3
Estimated mean ± SEM of the intensity of lectin labelling in placentae and uteri of N. caninum-infected and uninfected heifers for succinylated wheat germ agglutinin (SWGA), wheat germ agglutinin (WGA), peanut agglutinin
(PNA) and concanavalin-A (CON-A)

Site SWGA WGA PNA CON-A

A B C D A B C D A B C D A B C D

Uterine glands
Supranuclear

cytoplasm
0.63a ± 0.09 0.61a ± 0.09 0.34a,b ± 0.09 0.13b ± 0.06 1.60a ± 0.11 1.16b ± 0.13 0.22c ± 0.08 0.66d ± 0.14 0.30a ± 0.09 0.74b ± 0.23 0.00a ± 0.00 0.00a ± 0.00 1.77a± 0.08 1.45b ± 0.09 1.88a± 0.06 0.21c± 0.08

Apical cytoplasm 0.70a± 0.09 0.65a± 0.09 0.78a± 0.08 0.91a± 0.15 2.27a± 0.08 2.54a± 0.09 2.37a± 0.09 2.34a± 0.09 3.00a± 0.00 3.00a± 0.00 0.00b ± 0.00 1.00b ± 0.00 2.40a± 0.09 3.00b ± 0.00 3.00b ± 0.00 2.21a± 0.08
Secretion 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 2.73a± 0.08 2.01b ± 0.05 2.00b ± 0.00 2.00b ± 0.00

Chorion
Mesenchyme 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 2.73a± 0.12 1.87b ± 0.18 2.72a± 0.12 1.28c± 0.12
Connective tissue 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00
Endothelium 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00
Binucleated cells 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.19b ± 0.14 0.10a± 0.06 0.25a± 0.08 0.34a± 0.14 0.16a± 0.07 0.00a± 0.00 0.00a± 0.00 0.18a± 0.14 0.38a± 0.18 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00
Glycocalyx 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 0.00a± 0.00 0.00a± 0.00 2.00b ± 0.18 3.00c± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00
Mononuclear cells 0.00a± 0.00 0.00a± 0.00 0.38a± 0.18 0.38a± 0.18 0.60a± 0.16 0.10a,b± 0.05 0.00b ± 0.00 0.66a± 0.02 2.00a± 0.26 2.23a± 0.24 0.38b ± 0.18 0.00b ± 0.00 2.10a± 0.06 2.35a± 0.09 2.06a± 0.05 2.66b ± 0.09

A, negative control; B, inoculated with Nc-1 strain: C, inoculated with Nc-6 Argentina strain; D, inoculated with Nc Spain-7 strain.
Statistically significant differences between the groups within each tissue are shown by letters (same letter denotes no statistically significant difference between the groups).

Table 4
Estimated mean ± SEM of the intensity of lectin labelling in placentae and uteri of N. caninum-infected and uninfected heifers for Lens culinaris agglutinin (LCA), Phaseolus vulgaris erythroagglutinin (PHA-e) and Ulex europaeus-I
(UEA-I)

Site LCA PSA PHA-e UEA-I

A B C D A B C D A B C D A B C D

Uterine glands
Supranuclear

cytoplasm
1.87a± 0.97 2.03a± 0.95 2.09a± 0.82 0.72b± 0.63 1.00a± 0.00 3.00b± 0.00 0.00c± 0.00 0.00c± 0.00 0.16a± 0.08 0.52a± 0.16 0.25a± 0.08 0.41a± 0.09 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00

Apical cytoplasm 0.97a± 0.81 2.03b± 0.80 1.00a± 0.80 2.09b± 0.89 1.00a± 0.00 1.52b± 0.09 0.50c± 0.09 0.00d± 0.00 0.00a± 0.00 0.58b± 0.17 1.00c± 0.00 0.75b,c± 0.08 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00
Secretion 3.00a± 0.00 3.00a± 0.00 2.06b± 0.44 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.07 2.35a± 0.00 2.34a± 0.14 3.00a± 0.06 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00

Chorion
Mesenchyme 3.00a± 0.00 2.00b± 0.00 1.00c± 0.00 2.00b± 0.00 2.87a± 0.10 2.74a± 0.07 2.75a± 0.05 2.88a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00
Connective tissue 1.00a± 0.00 2.00b ± 0.09 1.00a± 0.12 2.00b± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00
Endothelium 3.00a± 0.00 1.48b± 0.51 1.22b ± 0.68 1.50b± 0.84 2.00a± 0.15 1.77a± 0.12 0.47b± 0.09 0.28b± 0.08 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 3.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00
Binucleated

trophoblast cells
2.00a± 0.00 0.00b± 0.00 1.50a± 1.43 1.96a± 1.03 0.23a± 0.10 0.26a± 0.09 0.09a± 0.05 0.06a± 0.06 2.23a± 0.14 3.00b ± 0.00 3.00b ± 0.00 3.00b ± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00

Glycocalyx 1.00a± 0.00 3.00b± 0.00 2.53c± 0.50 3.00b± 0.00 0.30a± 0.10 0.06ab± 0.07 0.09ab± 0.05 0.00b± 0.00 3.00a± 0.00 2.35b ± 0.20 2.34b ± 0.22 3.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00
Mononuclear

trophoblast cells
1.00a± 0.00 0.00b± 0.00 1.31a± 0.28 1.50a± 0.28 2.47a± 0.15 2.84b± 0.09 2.91b± 0.05 2.91b± 0.05 1.17a± 0.14 3.00b ± 0.00 3.00b ± 0.00 3.00b ± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00 0.00a± 0.00

A, negative control; B, inoculated with Nc-1 strain: C, inoculated with Nc-6 Argentina strain; D, inoculated with Nc Spain-7 strain.
Statistically significant differences between the groups within each tissue are shown by letters (same letter denotes no statistically significant difference between the groups).
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Variations in the lectin binding pattern for the samemammalian
species have been reported by various investigators. These may be
related to different stages of gestation, making it essential to define
a standard pattern to determine pathological changes in tissues of
the reproductive tract [23,44]. This study was designed to ensure
that any differences in the lectin binding patterns between groups
were related to the strains of N. caninum used Therefore, all heifers,
including the control animals, were of similar age, came from the
same herd and were raised under similar sanitary conditions.
Furthermore, all heifers were mated within a 24-h period, thereby
facilitating precise determination of the stage of pregnancy and
elimination of the possibility of variation in the pattern of lectin
binding due to the stage of pregnancy. Additionally, randomly
assigning heifers to each group reduced the scope for potential
idiosyncratic variation between animals.

Experimental infection with N. caninum in early gestation was
associated with cellular damage and inflammatory infiltration in
both the maternal and fetal components of the placentome, with a
predilection for blood vessels of the placental septum and plates
and the fetal villus [8,10,45,46]. Typically, the lesions associated
with this agent comprise multifocal to diffuse severe non-
suppurative and necrotizing placentitis [10,40,45,47,48]. In this
study, the groups infected with the Nc-6 Argentina and Nc Spain-7
strains had more severe placental lesions than the Nc-1 inoculated
groups and the control group. The more severe placentitis in these
groups was associated with lower lectin binding to a-Man (bound
by LCA and PSA) on vascular endothelium and to a1-D-Gal (bound
by BSA-I). A lower level of a-Man (bound by LCA, CON-A and PSA)
has been related to intrauterine infection and preterm birth in
humans [49,50], which suggests that there may also be an associ-
ation between these glycoside changes in blood vessels and
N. caninum infection (Fig. 2).

Some adhesin proteins with Gal/GalNAc residues (bound by
SBA, DBA and PNA) play an essential role in adhesion, invasion
and intracellular stages in sporozoites of other protozoa such as
Cryptosporidium parvum and Entamoeba histolytica [51,52]. Those
galectins bind b-galactose (b-Gal) and are associated with inter-
action with host membrane glycans to form a cellesurface
network for optimal endocytosis [53,54]. Differences in lectin
labelling of endothelium (by SBA), apical cytoplasm of epithelial
cells of endometrial glands (by DBA) and glycocalyx and mono-
nuclear cells (by PNA) were observed among groups and may be
related to the passage of the parasite through the different tissues
from maternal blood to trophoblast cells (Fig. 3). This could also be
associated with the more severe necrosis observed in MNCs than
in BNCs, which may indicate the preference of N. caninum for
those cells during placental infection. Furthermore, the difference
in the a-D-GlcNAc binding (by WGA) in the MNCs suggests
interaction between those cells and the parasite. a-D-GlcNAc has a
role in complement activation and as an opsonin and phagocyte
receptor in humans and mice [55e57]. The differences in MNCs
observed among groups may indicate an intracellular function of
the parasite for modulating immune activation and opsonization
by reducing the superficial expression of this molecule to avoid
the immune response.

BNCs expressed N-acetyl-galactosamine residues recognized by
SBA and DBA and a-D-man bound by CON-A, as reported
[20,44,58], with no differences between groups. Although differ-
ences in CON-A binding have been reported in heifers infected with
N. caninum at mid-gestation (150 ± 7 days of gestation) [42], no
differences were found between any of the strains evaluated when
they were inoculated at early gestation (70 days of gestation). On
the contrary, differences in the expression of bisected complex N-
Linked sequences identified by PHA-e and RCA-I in BNCs were
found between control and infected groups (Fig. 4).
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The significant changes in the lectin labelling patterns in the
placentae of the inoculated heifers in this study suggest that infec-
tion of heifers with N. caninum during early pregnancy produces
carbohydrate expression modifications, demonstrable by LHC.
These changes may induce alterations in placental function, which
could be incompatible with gestation. Furthermore, the differences
observed in this study between infected groups may also indicate
that infection with different strains of N. caninum can produce le-
sions of different severity,which are also associatedwith a change in
the expression of carbohydrates in the tissues. The histopathological
lesions produced in the trophoblast cells in the group inoculated
with strains Nc Spain-7 and Nc-6 Argentina were more severe than
those in the group inoculated with the reference strain Nc-1. In
addition to these differences, a lectin binding patternwas also found
in the trophoblast cells, which may indicate strain differences in
pathogenesis. These differences in lectin binding patterns could be
due to intraspecific differences among isolates and may be associ-
ated with different pregnancy outcomes and the severity of the
fetopathy between strains of N. caninum, as reported [9,10,15,59].

5. Conclusion

The differences in pathogenesis and lectin binding pattern in the
placentae suggest that abortion resulting from N. caninum infection
in early gestation may be associated with changes in the cell
structure of the placenta, resulting in variable severity of lesions
and, consequently, different pregnancy outcomes in N. caninum-
infected heifers.
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