Immunopathogenesis of bovine

neosporosis throughout gestation

German José Cantdon

Thesis submitted for the degree of Doctor of Philosophy to
The College of Medicine and Veterinary Medicine
University of Edinburgh

Research was carried out at Moredun Research Institute

2013



Abstract

Despite Neospora caninum being recognised as a major cause of bovine abortion, its
pathogenesis is only partially understood. Evidence of immune mediated placental
pathology has been reported as being responsible for compromising pregnancy
probably due to an exacerbated Thl immune response at the maternal-foetal
interface. Different clinical outcomes are known to follow experimental infections at
different stages of gestation, with foetal death being the most common finding during
early gestation infections, and the birth of live congenitally infected calves following
infection in mid or late gestation. The aim of the current study was to characterise
the placental cellular immune responses and cytokine expression following
experimental Neospora infection during pregnancy. Placentomes were collected
from cattle experimentally inoculated with the tachyzoites of the Nc-1 strain during

early, mid and late gestation.

Inflammation in early gestation was generally moderate to severe. Differently in mid
gestation, inflammation was mild to moderate and minimal to mild in late gestation.
Generally cellular infiltrates were mainly characterised by the presence of CD3",
CD4" and v§ T-cells; whereas CD8" and NK cells were less numerous. Macrophages
were detected in larger numbers during later time-points after infection. A moderate
to severe infiltration of IL-12, IFN-y and TNF-a expressing cells was observed in the
placentas collected in early gestation. This infiltration was more pronounced in the
samples of placentome collected from dams carrying a dead foetus or in those that

had aborted, compared with mothers carrying live foetuses at the time of sampling.

The distribution of the cellular subsets observed in the three studies was similar.
However, cellular infiltrates were more severe following infection during the first
trimester in comparison to the second and third trimester. Similarly, the infiltration
of Thl cytokine expressing-cells was more severe in early gestation compared with
the milder and more minimal infiltrations observed following N. caninum infection
in mid and late gestation, respectively. These results may explain the milder clinical

outcome observed when animals are infected in later stages of pregnancy.
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Immunopathogenesis of bovine neosporosis throughout gestation

Chapter 1:

General introduction

“Currently, we face a growing population, finite fossil energy
and water, and competition for land needed to produce
human food (...). In spite of recent growth in consumption,
many people are still deficient in the nutrients that can be
provided by animal source foods, which are complete,
nutrient-dense and important for the high quality protein and
bio-available micronutrients they contain (...). During the
past 40 years (1967-2007), global production of meat (...)
has grown steadily (...). While the global supply of livestock
products has more than kept up with the human population
expansion, the situation has not been the same in all regions
(...). Livestock make their most important contribution to
total food availability when they are produced in places
where crops cannot be grown easily, such as marginal areas,
or when they (...) use feed sources that cannot directly be
eaten by humans...”

(FAO, 2011)

In the coming decades the real challenge is to expand agricultural output massively
without significantly increasing the amount of land used (Nature, 2010). In dairy and
beef systems, herd efficiency is mainly determined by factors such as reproduction
rate of the cowherd, the survival rate of the calves and calf weaning weight (du
Plessis et al., 2006). Furthermore, in dairy production systems, the increase in milk
yield observed over the past 40 years has been accompanied by a decline in cow
fertility and reproductive losses (Diskin et al., 2006). Similarly, losses during
pregnancy due to reproductive diseases have impacted significantly in the economics
of beef systems. Most of these losses are due to reproductive infectious diseases
which are an important cause of low weaning rates in cattle (Campero et al., 2003Db).

A realistic target for weaning rates depending of the intensity and geographical
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conditions of each production system is a minimum of 80 calves weaned for each
100 cows mated. This may be as high as 90% in extremely good seasons with
excellent management; however, these parameters could be significantly diminished
when unfavourable conditions are present, reducing these numbers up to 65-70%, or
further in more extreme cases (Meat and Livestock Commission, 1994; Fordyce and
Cooper, 1999). Bovine abortion is an important problem in the dairy and beef
industry causing a negative economic input, due to direct and indirect costs
(Anderson et al., 1990; Campero et al., 2003b; Anderson, 2007; Reichel et al., 2013).

Although abortion is a major problem for livestock operations and welfare
worldwide, the identification of a specific cause is particularly difficult and
achievable in less than 50% of cases, even in well-established diagnostic
laboratories. Of this percentage, most of the losses are due to reproductive infectious
diseases (Anderson et al., 1990; Murray, 1990; Kirkbride, 1993; Agerholm et al.,
1997; Campero et al., 2003b; Anderson, 2007).

Herd management and intensity of different livestock production systems vary
greatly in different regions of the world; therefore the most commonly diagnosed
pathogens associated with abortion in cattle in different areas are also significantly
different. Management practice in Argentina and the UK serves as a good
comparison. Argentinean production systems tend to be more extensive with the use
of large grassland areas and exposure to different external factors, while the UK
system is more intensive with periods of indoor management. Accordingly,
differences have been reported in the causes of spontaneous bovine abortion. In a
study carried out in Argentina in beef and dairy herds, a definitive diagnosis was
accomplished in 45.5% of the cases, and in 34.4% an infectious agent was identified.
Between them, Brucella abortus (23.5%), Campylobacter spp. (21.9%), Neospora
caninum (21.1%), bovine viral diarrhoea virus (BVDV) (7.3%), Escherichia coli
(7.3%), bovine herpesvirus (BHV) (4.8%), Trueperella pyogenes (formerly
Arcanobacterium pyogenes) (4.0%) and others (9.7%) were diagnosed (Campero et
al., 2003b). Results from a study in the UK were a little different. The most
common causes of bovine abortion here were Bacillus licheniformis (15.8%), N.

caninum (15.5%), T. pyogenes (13.1%), Salmonella dublin (9.8%), Campylobacter
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spp. (4.6%) and BVDV (3.3%), with others not specified accounting for 37.8%
(VIDA, 2011). After observing the list of different pathogens, some differences can
be established. For instance, B. abortus is still an important pathogen in Argentina;
however, it is eradicated from the UK. On the other hand, N. caninum is one of the

leading causes of infectious abortion in both countries and around the world.

Bovine neosporosis is a recently diagnosed disease which is nowadays recognised as
a major cause of abortion and neonatal loss in cattle worldwide, resulting in
significant economic losses to the dairy and beef industries (Thilsted and Dubey,
1989; Barr et al., 1991a; Dubey and Lindsay, 1996; Trees et al., 1999; Dubey,
2003a; Goodswen et al., 2013). The causative agent, N. caninum is an intracellular,
heterogeneous cyst-forming, coccidian protozoal parasite (Ellis et al. 1994;
Holmdahl et al. 1994) which was first isolated from Norwegian dogs prior to 1960
and, at the time, was thought to be Toxoplasma gondii. These dogs were ataxic and
paretic and after post mortem examination encephalomyelitis and myositis were
observed (Bjerkas et al., 1984). Later, some ultrastructural differences between the
identified parasite and T. gondii were described (Bjerkas and Presthus, 1988)
allowing classification of this new protozoal parasite as N. caninum (Dubey et al.,
1988a; Bjerkas and Dubey, 1991; Dubey et al., 2002).

N. caninum is currently placed into the family Sarcocystidae and is established as a
sister group to Toxoplasma and Sarcocystis in the phylum Apicomplexa
(Apicomplexa : Eimeriina : Sarcocystidae) (Dubey, 1992; Ellis et al., 1994).
Neospora and Toxoplasma are very closely related sharing several biological
characteristics (Marsh et al., 1995). Due to their relatively recent evolutionary
divergence, several proteins are well conserved in these two Apicomplexan species.
At the same time, some unique antigens (i.e. surface antigens, secretory proteins)
have been identified in these parasites probably allowing them to occupy their
respective evolutionary niche (host). These unique antigenic determinants can be
utilised in the differentiation of both species using differential diagnostic tools.
These have been proven useful in the application as of experimental immunogens
[reviewed by Howe and Sibley (1999) and Innes et al. (2011)].
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Apicomplexan parasites share an apical organelle complex consisting of a polar ring,
micronemes, rhoptries and a conoid (Levine, 1970; Goodswen et al., 2013), which in
conjunction with surface antigens, are involved in host-cell adhesion and active
invasion (Hu et al., 2006). After initial attachment and reorientation, the conoid is
extruded and final attachment is mediated by adhesin proteins secreted from
micronemes leading to the entire introduction of the parasite into the parasitophorous
vacuole which will initially encase the parasite within the host cell [reviewed by
Buxton et al. (2002b)]. These key mechanisms are essential for the survival of
intracellular parasites such as N. caninum and T. gondii (Hemphill et al., 1999,
2004).

Until recently, N. caninum was the only member of the genus Neospora. However,
an apicomplexan parasite identified in the central nervous system of an adult equine
is ultrastructurally very similar to Neospora, although there are distinct differences to
the bovine and canine isolates, justifying its classification as a new species, named N.
hughesi (Marsh et al., 1998).

N. caninum has a facultative heteroxenous life cycle (involving more than one
obligatory host), including a definitive canid host and a range of intermediate hosts,
in which cattle are one of the most relevant (McAllister, 1999; Williams et al., 2009).
To date, domestic dogs (Canis lupus familiaris) (McAllister et al., 1998a; Lindsay et
al., 1999), coyotes (Canis latrans) (Gondim et al., 2004d), grey wolves (Canis lupus)
(Dubey et al., 2011) and dingoes (Canis lupus dingo) (King et al., 2010) are the only
identified definitive hosts; furthermore Neospora-like oocysts were also identified in
a low number of faeces of juvenile and adult foxes (Vulpes vulpes) (Wapenaar et al.,
2013). However, the evidence provided in the latter species is not sufficient to
confirm its role as definitive host involved in the introduction of new infections in a
herd.

A wide range of warm-blooded animals can act as intermediate hosts for N. caninum
and so far it has been identified in other livestock species: horses (Equus ferus
caballus) (Dubey and Porterfield, 1990), goats (Capra aegagrus hircus) (Barr et al.,
1992), deer [Cervus eldi siamensis (Dubey et al., 1996b), Dama dama (Soldati et al.,
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2004), Odocoileus hemionus columbianus (Woods et al., 1994; Dubey et al., 1996b)
and Odocoileus virginianus (Dubey et al., 2013)], water buffaloes (Bubalus bubalis)
(Guarino et al., 2000), llama (Lama glama), alpacas (Vicugna pacos) (Serrano-
Martinez et al., 2004) and sheep (Ovis aries) (Dubey et al., 1990b; Hassig et al.,
2003; Asadpour et al., 2013).

N. caninum infection in wildlife has also been reported and epidemiologic evidence
supports a sylvatic transmission cycle between wild species and domestic livestock
(Barling et al., 2000; Rosypal and Lindsay, 2005; Gondim, 2006; King et al., 2011,
Bartley et al., 2013b; Stuart et al., 2013; Dubey et al., 2013). Clinical cases of
neosporosis have been diagnosed in different deer species (Woods et al., 1994;
Dubey et al., 1996b; Soldati et al., 2004; Vianna et al., 2005; Bartley et al., 2013b)
and there is serological evidence of N. caninum in wild carnivores (foxes and
wolves), indicating exposure to the parasite, although it remains to be determined if
these animals can be a definitive host (Simpson et al., 1997; Buxton et al., 19973;
Lindsay et al., 2001; Wolfe et al., 2001; Vitaliano et al., 2004; Cafién-Franco et al.,
2004; Hamilton et al., 2005; Bartley et al., 2013b; Stuart et al., 2013). N. caninum
infection has also been confirmed in rodents (Huang et al., 2004; Jenkins et al.,
2007; Truppel et al., 2010; Meerburg et al., 2012; Medina-Esparza et al., 2013),
having considerable epidemiological importance, because some of these species can
reside in urban and/or rural areas and their infected tissues can potentially be
consumed by wild and domestic animals, and therefore be involved in sylvatic
transmission (Gondim, 2006). Although antibodies to N. caninum have been
reported in humans, the parasite has not been demonstrated in clinical cases,
therefore it has not been confirmed as a zoonotic pathogen (Tranas et al., 1999;
Graham et al., 1999; Petersen et al., 1999; Lobato et al., 2006; McCann et al., 2008).

The first report of bovine neosporosis described the presence of organisms in brain
tissue of aborted foetuses from a dairy herd in 1987 in USA (Thilsted and Dubey,
1989; Lindsay and Dubey, 1989b). Since then, N. caninum was identified as a
leading cause of abortion worldwide and it has been reported in Europe (Wouda et
al., 1992; Agerholm and Barr, 1994; McNamee and Jeffrey, 1994; Otter et al., 1995;
Holmdahl et al., 1995; Ferrari et al., 1995; Buxton et al., 1997b; Fondevila et al.,
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1998; Gottstein et al., 1998; Thompson et al., 2001; Pitel et al., 2001; Edelhofer et
al., 2003; Armengol et al., 2006), Africa (Wells, 1996; Ghalmi et al., 2011; lbrahim
et al., 2011; Njiro et al., 2011; Adu-Addai et al., 2012), Asia (Ogino et al., 1992;
Harmelin et al., 1995; Kim et al., 2000; Cheah et al., 2004; Sadrebazzaz et al., 2007;
Zhang et al., 2007; Konnai et al., 2008; Kul et al., 2009), Latin America (Campero et
al., 1998; Pérez et al., 1998; Morales et al., 1998; Corbellini et al., 2002) and North
America (Thilsted and Dubey, 1989; Barr et al., 1990; Anderson et al., 1991b;
Bildfell et al., 1994; Bryan et al., 1994; Mclintosh and Haines, 1994) and Oceania
(Thornton et al., 1991; Boulton et al., 1995; Obendorf et al., 1995).

Different stages and life cycle

Neospora undergoes a life cycle involving three principal infectious stages: oocysts,
tachyzoites and bradyzoites (Dubey et al., 2002) (see Figure 1). Morphological
features of these infectious stages have been reviewed by Speer et al. (1999).
Oocysts are generated through sexual reproduction in the intestinal epithelial cells of
definitive hosts (McAllister et al., 1998a; Lindsay et al., 1999; Williams et al., 2009)
and are excreted in their faeces after they ingest bradyzoites or tissue cysts
(McAllister et al., 1998a; Lindsay et al., 1999; Gondim et al., 2004d). Oocysts are
shed unsporulated but they can sporulate outside the host in 24 hours (Lindsay et al.,
1999). They then contain two sporocysts, each of which contains four sporozoites
(McAllister et al., 1998a; Williams et al., 2009). The prepatent period (period of
time between the ingestion of tissue cysts of experimentally or naturally infected
animals, and the excretion of oocysts) in the definitive host may vary from 5 to 17
days (McAllister et al., 1998a; Lindsay et al., 1999; Gondim et al., 2004d; Dubey et
al., 2007; King et al., 2010) and the total duration of oocyst shedding after primary
infection may vary from 1 to 30 days (Dubey et al., 2007; King et al., 2010).

The maximum number of oocysts an infected dog may excrete has been estimated to
be around 500,000 after feeding on tissues from an infected intermediate host. This
number of oocysts is potentially capable of infecting hundreds or thousands of cattle
(Gondim et al., 2002; Gondim et al., 2005; Schares et al., 2005). Nevertheless, only
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young animals are able to excrete higher number of oocysts (Gondim et al., 2005)
and adult canids tend to be low level shedders (McAllister et al., 1998a; Lindsay et
al., 1999; Dijkstra et al., 2001b; Schares et al., 2005; King et al., 2010).

N. caninum only forms asexual stages (tachyzoites and encysted bradyzoites) in all
its intermediate hosts, including cattle (Dijkstra et al., 2001a; Williams et al., 2009).
Acute and chronic N. caninum infections in cattle are represented by tachyzoite and
bradyzoite stages respectively, and the clinical consequences of these two stages
differ significantly (Aguado-Martinez et al., 2009). Tachyzoites are the rapidly
replicating stage, disseminating throughout host tissues and triggering lesion
development by multiplying in and rupturing cells. In the absence of an appropriate
host immune response, tachyzoites continue to multiply, causing progressively more
cell death until the host dies (Buxton et al., 2002b). In infected animals, tachyzoites
are mainly found in neurons and macrophages, but also in fibroblasts, vascular
endothelial cells, hepatocytes and other cells (Dubey and Lindsay, 1996). In
pregnant cattle, tachyzoites can also be identified in the placenta (Shivaprasad et al.,
1989). However, with the onset of the host immune response and the presence of
other physiological factors, tachyzoites differentiate into bradyzoites and a persistent
tissue cyst infection is established, generally in neural tissue, where most of the cysts
are found, with a similar mechanism as described for T. gondii infections (Lyons et
al., 2002).

Bradyzoites are the slowly dividing stage of N. caninum and they allow the parasite
to persist in the tissues of the intermediate host. Bradyzoites form tissue cysts
around themselves to protect them from the host’s immune system. They remain
latent commonly in the brain, spinal cord and retina or extraneural tissues (skeletal
muscles, heart and liver) until the immune system of the host is suppressed, allowing
them to recrudesce (Barr et al., 1991b; Lindsay et al., 1993; Wouda et al., 1997,
McAllister et al., 1998a; Sawada et al., 2000; Innes et al., 2002; Buxton et al.,
2002b; Dubey et al., 2004; Williams et al., 2009). Tissue cysts can persist within an
infected host for several years without causing any significant clinical

manifestations, thus acting as a reservoir for infection either for the foetus during
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pregnancy or for another intermediate host via the consumption of infected tissue
(Dubey and Lindsay, 1996).

Transmission from the definitive to the intermediate host has been confirmed
experimentally. N. caninum oocysts shed by dogs fed infected mouse tissues have
been shown to be infectious for cattle after oral ingestion (de Marez et al., 1999;
Trees et al., 2002; Gondim et al., 2004b; McCann et al., 2007). Infected bovine
placenta or other tissues containing infective stages of N. caninum also constitute a
source of infection for dogs, which in turn may spread the parasite, with subsequent
oocysts being shed into the environment (Fioretti et al., 2000; Dijkstra et al., 2001b;
Dubey et al., 2007).

When oocysts are ingested by the intermediate host, they excyst in the intestinal tract
and liberate infective sporozoites which penetrate cells to become tachyzoites
(Dubey and Lindsay, 1996). They then cross the epithelium, reach blood and
lymphatic vessels, and infect other nucleated cells, including macrophages and
lymphocytes. In the initial phases of the infection, parasites disseminate throughout
the body, and transform to the rapidly proliferating tachyzoite stage. Subsequently,
the stress caused by the host immune response is believed to be one of the factors
that trigger stage conversion to the slowly proliferating bradyzoites (Buxton et al.,
2002b). Intermediate hosts may also become infected following consumption of
tachyzoites and bradyzoites (Lindsay and Dubey, 1990b; Hemphill et al., 2006;
Dubey et al., 2006).

Neospora transmission can be vertical or horizontal. Vertical transmission has been
experimentally and naturally reported in canids (Bjerkas et al., 1984; Dubey and
Lindsay, 1989; Dubey et al., 1990c; Cole et al., 1995) and in ruminants (Dubey and
Lindsay, 1990; Dubey et al., 1992b; Barr et al., 1994b; McAllister et al., 1996b;
Buxton et al., 1997c; Chryssafidis et al., 2011; Altbuch et al., 2012; Konrad et al.,
2012; Dubey et al., 2013; Mesquita et al., 2013) after inoculation with tachyzoites
and oocysts (Trees and Williams, 2005; Dubey et al., 2007) and it can occur
repeatedly in cattle (Barr et al., 1993; Fioretti et al., 2003; Landmann et al., 2011).
In fact, one remarkable characteristic of N. caninum infection in cattle is the high
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efficiency of vertical transmission of the parasite from a persistently-infected dam to
her offspring (up to 95%) during pregnancy, which can contribute significantly to the
persistence of the infection in a herd by propagating the infection to successive
generations (Bjorkman et al., 1996; Anderson et al., 1997; Schares et al., 1998;
Davison et al., 1999b; Bergeron et al., 2000; Dijkstra et al., 2008; Moré et al., 2009;
Barbosa de Macedo et al., 2013).

Later, the terms “exogenous” and “endogenous” transplacental transmission were
introduced in order to differentiate two clearly different transmission scenarios and to
describe more precisely the origin of transplacental infection. If naive cattle are
infected during pregnancy by ingesting oocysts, the sporozoites differentiate to
tachyzoites which spread, probably via the circulation in cells of the mononuclear
phagocytic system, as “exogenous transplacental transmission” to the uterus and
finally across the placenta to the foetus. “Endogenous transplacental transmission”
occurs as the result of reactivation of an existing persistent infection of a cow during
pregnancy. In this case, bradyzoites differentiate into tachyzoites which spread
across the placenta and into the foetus (Trees and Williams, 2005). The mechanisms
of the reactivation of this chronic infection are not fully explained. Some
experiments have shown that if this trigger occurs in early pregnancy the foetus can
die, while if it occurs in late gestation it is possible that asymptomatic calves are born
alive but congenitally infected (Williams et al., 2000). Reactivation could possibly
be triggered by the “down regulation” of cell-mediated immunity that occurs around

mid-gestation in ruminants (Innes et al., 2001; Innes et al., 2002; Innes et al., 2005).

Whether the foetus is infected by endogenous or exogenous transplacental
transmission the potential outcomes are the same: the foetus may die or it may
survive but be born persistently infected (Paré et al., 1996; Anderson et al., 1997;
Moen et al., 1998; Guy et al., 2001; Williams et al., 2009). The majority of
Neospora congenitally infected calves will be born clinically normal but some may
be underweight or have signs of neurological disease (O'Toole and Jeffrey, 1987,
Parish et al., 1987; Dubey et al., 1990a; Dubey et al., 1992a; Barr et al., 1993;
Dubey and de Lahunta, 1993; Illanes et al., 1994; Bryan et al., 1994; Graham et al.,

1996; De Meerschman et al., 2005). If they survive they will remain infected for life
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with female progeny transmitting the parasite to their offspring during gestation in
several consecutive pregnancies (Anderson et al., 1995; Dubey and Lindsay, 1996;
Wouda et al., 1998; Fioretti et al., 2003) or intermittently (Boulton et al., 1995;
Wouda et al., 1998; Guy et al., 2001; Innes et al., 2001).

Although vertical transmission contributes significantly to the persistence and
perpetuation of Neospora infection in cattle herds, horizontal post-natal infections in
cattle have been documented, although at low levels. This mode of transmission is
necessary to introduce new infections into the herd (McAllister et al., 1996a; Hietala
and Thurmond, 1999; Davison et al., 1999b; Bergeron et al., 2000; Dijkstra et al.,
2001a). Postnatal transmission rates have been estimated at between 1 to 8.5
infections per 100 cow-years at risk (Davison et al., 1999b; Bartels et al., 2007a).
However, other serological studies indicate higher rates of horizontal transmission
(Bjorkman et al., 2003; Romero and Frankena, 2003; Hall et al., 2005; Moré et al.,
2009). Even low levels of horizontal transmission may be important in the
maintenance of the infection within herds, because transmission by endogenous
transplacental infection is below 100% and thus would lead to a continuous decrease

in infection prevalence in infected herds (French et al., 1999).

Horizontal transmission has been corroborated after ingestion of tissues infected with
tachyzoites or tissue cysts or by ingestion of food or drinking water contaminated by
sporulated oocysts (McAllister et al., 1998a; McAllister et al., 2000; Dubey et al.,
2007). Theoretically, N. caninum may be excreted in milk or uterine discharges of
infected cattle and therefore, gallactogenic transmission of N. caninum tachyzoites,
or ingestion of foetal membranes or uterine fluids containing tachyzoites, may
contribute to such infection. However, these routes are believed to be of little
importance (Uggla et al., 1998; Davison et al., 2001; Moskwa et al., 2003; Moskwa
et al., 2007). If colostrum and/or milk from naturally infected cows were infective,
they would also be an important source of horizontal transmission within herds due
to the common practice of feeding pooled colostrum and milk to neonatal calves
(Antony and Williamson, 2001; Corbellini et al., 2006b).
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Neospora infected placentas can also be a source of infection for definitive hosts
since successful transmission of N. caninum to dogs by feeding them naturally
infected bovine placenta (placentophagia) was confirmed (Dijkstra et al., 2001b;
Dijkstra et al., 2008). Therefore, placentophagia might represent another route of
horizontal transmission of neosporosis among cattle and could explain the high
prevalence of N. caninum in herds which are kept out of direct contact with
potentially infected dogs (Modry et al., 2001).

Venereal transmission of N. caninum through contaminated semen has not be proven
(Serrano-Martinez et al., 2007b; Osoro et al., 2009), although it has been possible to
detect very low copy numbers of parasite DNA in semen samples from the
seropositive bulls (Ortega-Mora et al., 2003; Caetano-da-Silva et al., 2004; Ferre et
al., 2005; Serrano-Martinez et al., 2007a; Jozani et al., 2012).

After either horizontal or vertical transmission, N. caninum infection usually occurs
as a symptomless persistent infection but, in some cases, a common outcome of
infection is foetal death and abortion from 3 months of gestation to term (Barr et al.,
1990; Yaeger et al., 1994; Anderson et al., 1995; Thurmond and Hietala, 1997a;
Moen et al., 1998; Gonzélez et al., 1999; Guy et al., 2001; Buxton et al., 2002b;
Lopez-Gatius et al., 2004a; Corbellini et al., 2006a; Goodswen et al., 2013).
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Figure 1: Transmission of bovine neosporosis. Image taken from Journal of
Comparative Pathology (Dubey et al., 2006) and reproduced with the permission of D.
Buxton and S. Hamilton.

Natural cases of Neospora abortion

N. caninum-associated abortions can occur as sporadic, endemic or epidemic-
abortions (Davison et al., 1999a; Dubey, 2003a; Goodswen et al., 2013). There are
reports that in the years after a Neospora epidemic abortion outbreak, the affected
herd may experience endemic abortions (Moen et al., 1998; Pfeiffer et al., 2002;
Bjorkman et al., 2003). In contrast, some herds that have experienced a prolonged
history of sporadic Neospora abortions, epidemic abortion outbreaks could be
observed occasionally (Anderson et al., 2000). Abortion storms can occur either in
herds with recently infected cows (horizontal transmission) (Thilsted and Dubey,
1989; Waldner et al., 1999) or in herds with moderate or high seroprevalence due to
previous N. caninum infection (Thornton et al., 1991; McAllister et al., 1996a; Moen
et al., 1998; Wouda et al., 1999a; Dijkstra et al., 2002a). Point-source epidemics
often producing abortion storms are caused by sufficient exposure of a large number
of susceptible animals to a causative agent during a brief period, usually through

ingestion of oocyst-contaminated feed or water (Yaeger et al., 1994; McAllister et
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al., 1996a; Wouda et al., 1997; Thurmond et al., 1997; Moen et al., 1998; McAllister
et al., 2000; Dijkstra et al., 2001a; Schares et al., 2002; Dijkstra et al., 2002b;
Crawshaw and Brocklehurst, 2003; Bartels et al., 2007a; Basso et al., 2010).

In contrast, an abortion problem is regarded as endemic if it persists in the herd for
several months or years and when more than 3% of at-risk cattle abort in one year
(Davison et al., 1999a; Trees and Williams, 2005). It is considered sporadic when a
single abortion or a number of abortions occur at irregular intervals (Thurmond et al.,
1997; Moen et al., 1998; Davison et al., 1999a). There is evidence that the major
route of transmission in herds experiencing endemic abortions is vertical, usually
associated with chronic Neospora infections (Thurmond et al., 1997; Davison et al.,
1999b; Pereira-Bueno et al., 2000; Dijkstra et al., 2001a; Schares et al., 2002).

Bovine neosporosis pathogenesis

The pathogenesis of bovine neosporosis is complex and only partially understood,
and the reasons why some animals abort and others do not remain unclear [reviewed
by Buxton et al. (2002b), Dubey et al. (2006) and Goodswen et al. (2013)].
Macroscopic changes are not pathognomonic and are usually similar to those
observed in other causes of abortion (Illanes et al., 1994; Barr et al., 1994b; De
Meerschman et al., 2005; Pescador et al., 2007). Hydrocephalus, scoliosis,
hypoplasia of the cerebellum and medulla, narrowing of the spinal cord and foetal
mummification have all been associated with neosporosis (Parish et al., 1987;
O'Toole and Jeffrey, 1987; Dubey et al., 1990a; Barr et al., 1991b; Barr et al., 1993;
Dubey and de Lahunta, 1993; Bryan et al., 1994; Dubey et al., 1998a; Guy et al.,
2001; Campero et al., 2003b; Ghanem et al., 2009).

Published studies indicate that N. caninum is a primary abortifacient in cattle as it is
capable of producing necrotic lesions after a few days in infected foetuses, and
causes cell death by the active multiplication of tachyzoites, especially in neural cells
(Barr et al., 1990; Anderson et al., 1991b; Dubey, 2003a; Dubey et al., 2006). The

most common findings in aborted foetuses are non-suppurative encephalitis and
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myocarditis, and they are considered sufficient to cause foetal death (Ogino et al.,
1992; Conrad et al., 1993a; Peters et al., 2001; Buxton et al., 2002b; Macaldowie et
al., 2004; Collantes-Ferndndez et al., 2006a). The most significant changes are
lymphocytic encephalomyelitis with multifocal microgliosis; lymphocytic cuffing;
meningitis; and necrosis in the brain and spinal cord. Occasionally, there is also
calcification of the necrotic foci in the central nervous system (CNS) (Boulton et al.,
1995; Gonzélez et al., 1999). While any part of the CNS may be affected, lesions
tend to occur more frequently in the cerebral grey matter than in the medulla and
cerebellum (Ogino et al., 1992; Helman et al., 1998; Nishimura et al., 2013). In
addition, lymphocytic myocarditis and myositis may be found, as well as
lymphocytic periportal hepatitis, with or without foci of hepatocellular necrosis.
Cysts are usually confined to the CNS, with clusters of tachyzoites in muscular
tissue, liver and the CNS (Barr et al., 1990; Anderson et al., 1990; Anderson et al.,
1991a; Barr et al., 1991b; Dubey and Lindsay, 1993; Lindsay et al., 1993; De
Meerschman et al., 2002). The number of N. caninum tachyzoites may be too few to
be seen in some histologic sections although the use of immunohistochemical
techniques allows easier detection of parasitic structures (tachyzoites, or tissue cysts
containing bradyzoites) (Thilsted and Dubey, 1989; Anderson et al., 1990; Dubey et
al., 1990d; Barr et al., 1991b; Dubey and de Lahunta, 1993; Wouda et al., 1997,
Morales et al., 2001).

In pregnant animals N. caninum tachyzoites reach the placenta via the bloodstream
and invade the caruncular septa in the placentome before infecting the trophoblast
cells in the chorionic villi and then spreading to the foetus (Barr et al., 1994b; Otter
et al., 1995; Maley et al., 2003; Bartley et al., 2004; Dubey et al., 2006). Placentitis
is one of the most common pathological findings in aborted livestock, and it has been
suggested that abortion could also occur as a direct result of parasite-induced
placental damage, as it was previously described in ovine toxoplasmosis (Buxton et
al., 1982) and in bovine neosporosis (Barr et al., 1991b; Barr et al., 1994b; Buxton et
al., 2002b; Maley et al., 2003; Macaldowie et al., 2004; Benavides et al., 2012).
Multifocal necrosis of either maternal (caruncles) or foetal (cotyledons) tissues in the
placentome has been reported, accompanied by non suppurative (eosinophils,

lymphocytes, monocytes and macrophages) inflammation (and sometimes
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mineralisation) of the chorioallantois (Shivaprasad et al., 1989; Thilsted and Dubey,
1989; Thornton et al., 1991; Barr et al., 1991a; Dubey et al., 1992b; Schock et al.,
2000; Macaldowie et al., 2004; Maley et al., 2006; Gibney et al., 2008; Rosbottom et
al., 2011; Benavides et al., 2012; Caspe et al., 2012). The severity of placental
lesions is a crucial factor in the occurrence of N. caninum-associated abortion since
its ability to sustain the foetus is likely to be impaired (Maley et al., 2003; Dubey et
al., 2006; Lopez-Gatius et al., 2007b; Gibney et al., 2008; Almeria et al., 2010).
Therefore, foetal damage may occur due to insufficient oxygen/nutrition supply
following placental insufficiency. Alternatively, placental injury during late
gestation may trigger foetal adrenocorticotropic hormone release and subsequent
premature foetal adrenal stimulation (Dubey et al., 2006).

Finally, it has been proposed that the maternal immune response recruited to control
Neospora-mediated cell damage in the placenta may be detrimental to foetal
survival, since the effect of an exacerbated pro-inflammatory response could be
incompatible with successful pregnancy (Khan et al., 1997; Lundén et al., 1998;
Marks et al., 1998; Innes et al., 2002; Quinn et al., 2002a; Innes et al., 2005; Innes,
2007).

Pregnancy in mammals presents an interesting situation for the immune system
because the mother carries what is essentially a foreign graft (the foetus) without
allorejection taking place. Pregnancy-associated hormones modify the cytokine
production pattern towards a Th2 phenotype, favouring a micro-environment
dominated by “beneficial” cytokines, allowing the dam to accept the foetus
(Wegmann et al., 1993; Lin et al., 1993; Robertson et al., 1994; Athanassakis and
Iconomidou, 1995; Piccinni et al., 1995; Szekeres-Bartho et al., 1996; Raghupathy,
1997; Kruse et al., 2000; Innes et al., 2002; Entrican, 2002; Sammin et al., 2009).
The regulatory Th2-type cytokines characteristic of this process include colony
stimulating factor-1 (CSF-1) (Arceci et al., 1989), granulocyte-macrophage CSF
(Gallo et al., 1991), transforming growth factor beta (Nagaeva et al., 2002), and
interleukin-3 (IL-3), IL-4, IL-5, and IL-10 (Wegmann et al., 1993; Lin et al., 1993;
Robertson et al., 1994; Athanassakis and Iconomidou, 1995; Piccinni et al., 1995;
Chaouat et al., 1996; Szekeres-Bartho et al., 1996; Krishnan et al., 1996a; Kalinski et
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al., 1997; Bennet et al., 1998; Kruse et al., 2000; Entrican, 2002). Significantly, this
shift to a Th2 response may favour the reactivation of the protozoan and the
recrudescence of infection often observed at mid gestation in chronically infected
dams (Khan et al., 1997; Eperon et al., 1999; Long and Baszler, 2000; Innes et al.,
2001).

Intracellular pathogens, such as N. caninum, stimulate cell-mediated immune
mechanisms where parasite-specific CD4" T lymphocyte host responses are likely to
have a significant protective role (Marks et al., 1998; Innes et al., 2000; Staska et al.,
2003; Bartley et al., 2004; Maley et al., 2006; Cantén et al., 2013b). However, this
immune response can also invoke cytokines that may be harmful to pregnancy
(classified as proinflammatory or Th1l) such as interferon-y (IFN-y), IL-2, IL-12 and
tumor necrosis factor-a (TNF-a) (Chaouat et al., 1990; King and Loke, 1990;
Raghupathy, 1997; Clark et al., 1998; Entrican, 2002; Buxton et al., 2002a). These
cytokines are likely to play a role in reducing the replication of N. caninum, hence
reducing parasitaemia (Khan et al., 1997; Lundén et al., 1998; de Marez et al., 1999;
Baszler et al., 1999; Williams et al., 2000; Innes et al., 2000; Andrianarivo et al.,
2001; Trees et al., 2002; Innes et al., 2002; Quinn et al., 2002a; Almeria et al., 2003;
Boysen et al., 2006; Lopez-Gatius et al., 2007a; Rosbottom et al., 2008; Bartley et
al., 2012). If the stimulus from N. caninum infection is sufficient, a shift from the
beneficial Th2-type response to an excessive Thl-type response could be triggered
during gestation, potentially endangering pregnancy (Innes et al., 2002; Quinn et al.,
2002a; Innes et al., 2005). In some instances, therefore, relatively small numbers of
parasites causing relatively little local damage may cause a considerable effect by
eliciting cytokines that jeopardise pregnancy. This mechanism will be fatal for the
foetus, but it will allow the mother to survive and breed again (Innes et al., 2005).

This immune-mediated cause of abortion has been previously suggested during
infections with other pathogens in different species. Severe infections lead to
increased risk of pregnancy loss, but this can be a programmed event that is useful
because the mother can devote all her energies to fighting the infection, and then re-
establish pregnancy after eliminating the pathogen (Brabin and Brabin, 1992;

Krishnan et al., 1996b). For instance, malaria infections due to Leishmania major in
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pregnant humans stimulate a bias towards Thl cytokines with production of IFN-y,
IL-2 and TNF-o, generating foetal death and resorption (Krishnan et al., 1996a;
Krishnan et al., 1996b; Fried et al., 1998; Moormann et al., 1999).

Factors influencing N. caninum infection

A wide range of putative risk and protective factors for bovine neosporosis have been
identified by various retrospective studies. Increasing our knowledge and
understanding of these factors is important in the development and implementation
of measures to control the disease (Dubey et al., 2007). However, caution should be
used when applying the results of a risk factor analysis obtained in a particular region
or management system to another (Bartels et al., 1999; Bartels et al., 2006a; Dubey
et al., 2007).

One of the factors associated with the risk of N. caninum infection is the age of the
cow. Most of the studies have demonstrated that the highest N. caninum
seroprevalence is registered in older females (Paré et al., 1996; Paré et al., 1997,
Thurmond and Hietala, 1997a; Thurmond and Hietala, 1997b; Jensen et al., 1999;
Wouda et al., 1999a; Sanderson et al., 2000; Dyer et al., 2000; Dijkstra et al., 2001a;
Rinaldi et al., 2005; Bartels et al., 2006¢; Armengol et al., 2007; Woodbine et al.,
2008; Razmi et al., 2010; Yaniz et al.,, 2010; Ghalmi et al., 2012), probably
influenced either by variations in the probability of horizontal transmission
(increased chances of acquiring infection), regional differences regarding
replacement rates or management practices (Hernandez et al., 2002; Bartels et al.,
20064a; Yaniz et al., 2010).

The presence and number of N. caninum-positive domestic and feral dogs on a farm
(Paré et al., 1998; Bartels et al., 1999; Mainar-Jaime et al., 1999; Wouda et al.,
1999b; Romero et al., 2002; Dijkstra et al., 2002a; Dijkstra et al., 2002b; Schares et
al., 2004; Rinaldi et al., 2005; Corbellini et al., 2006b; Nasir et al., 2010; Imre et al.,
2012; Ghalmi et al., 2012; Asmare et al., 2013), or the presence of wild canids in the

area where farms are located (Boulton et al., 1995; Barling et al., 2000; Stoessel et
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al., 2003; Gondim et al., 2004d; Hobson et al., 2005; Frossling et al., 2008; Asmare
et al., 2013), have been associated with an increased risk of Neospora seropositivity
and abortion. Oocyst-contaminated pastures, fodder and drinking water are regarded
as potential sources for postnatal infection and similarly, farmers of herds with
evidence of postnatal infection were more likely to have observed dogs feeding on
bovine placenta, uterine discharge, and colostrum or milk than farmers of control
herds (McAllister et al., 2000; Dijkstra et al., 2002a; Dubey et al., 2007).

The presence of other intermediate hosts (other than cattle) could also influence the
presence of N. caninum infection in a herd, since non bovine intermediate hosts can
be a source of infection for definitive hosts. Neospora infection has been found in
rodents, suggesting that these animals may be important sources of infection for
carnivore hosts (Dubey et al., 2007; Arunvipas et al., 2012). Along similar lines,
Hoar et al. (1996) described an increased number of mice on pastures the season
immediately prior to an episode of Neospora abortions. Finally, Hobson et al.
(2005) identified the presence of stray cats on premises as a putative protective
factor, which could presumably reduced the number of other intermediate hosts.

Several farm characteristics or management practices have been suggested as risk
factors for bovine neosporosis. For instance, larger farms with higher livestock
density have been associated with elevated N. caninum seroprevalences (Hattel et al.,
1998; Quintanilla-Gozalo et al., 1999; Bergeron et al., 2000; Otranto et al., 2003;
Schares et al., 2004; Corbellini et al., 2006b; Almeria et al., 2009; Arunvipas et al.,
2012). Different explanations have been proposed. For instance, farms with larger
herd sizes could have an increased chance of acquiring N. caninum infection via the
purchase of larger number of external replacement heifers (Mainar-Jaime et al.,
1999; Bartels et al., 1999; Schares et al., 2004; Corbellini et al., 2006b; Ghalmi et
al., 2011; Asmare et al., 2013).

Farm hygiene status seems to play a role as a risk factor for Neospora infection
(Yaeger et al., 1994; Bartels et al., 1999; Barling et al., 2001; Dubey et al., 2007;
Ghalmi et al., 2012). For example, measures to prevent dogs from feeding on

infected placentas or foetuses have been associated with lower seroprevalences
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(Schares et al., 2004; Corbellini et al., 2006b; Ghalmi et al., 2011). Use of
supplemental feeding may increase the risk of horizontal transmission through faecal
contamination of feed and water sources by a definitive host in regions with an
abundance of wild canids (Ould-Amrouche et al., 1999; Barling et al., 2000;
Sanderson et al., 2000; Barling et al., 2001; Dijkstra et al., 2002b; Frossling et al.,
2005; Klevar et al., 2010).

N. caninum DNA has been found in bovine milk (Moskwa et al., 2003; Moskwa et
al., 2007) so that neonatal calves may become infected by the ingestion of milk or
pooled colostrum containing tachyzoites (Uggla et al., 1998; Davison et al., 2001).
In fact, some studies suggest that feeding of pooled colostrum is a putative risk factor

for seropositivity (Corbellini et al., 2006b).

N. caninum affects both dairy (Dubey and Lindsay, 1996) and beef cattle (Barr et al.,
1994b; Hoar et al., 1996; Waldner et al., 1998; Waldner et al., 1999; McAllister et
al., 2000; Campero et al., 2003b). However, significantly higher Neospora
seroprevalences and abortion rates have been described in dairy herds worldwide
(Boulton et al., 1995; Quintanilla-Gozalo et al., 1999; Venturini et al., 1999; Koiwai
et al., 2005; Moore et al., 2009). These differences could mainly be attributable to
management differences, since beef cattle are commonly managed more extensively
on grasslands (Forar et al., 1996; Sanderson et al., 2000; Otranto et al., 2003).

Differences in susceptibility to N. caninum infection have been observed among
livestock breeds in some surveys. Bos taurus animals have a higher chance of
becoming infected than B. indicus or crossbreeds (B. taurus x B. indicus) (Guimaraes
et al., 2004; Escalona et al., 2010). Similarly, Bartels et al. (2006a) showed that
some cattle breeds were more likely to be N. caninum seropositive, while other
studies revealed different N. caninum seroprevalences in pure and cross-breed cattle
(Romero-Salas et al., 2010; Santolaria et al., 2011; Asmare et al., 2013). Other
reports also describe differences in the likelihood of abortion in cows chronically
infected with N. caninum, depending on the breed of bull used for semen (Lopez-
Gatius et al., 2005a; Lopez-Gatius et al., 2005b; Almeria et al., 2009; Yaniz et al.,

2010). Therefore, the use of semen of particular breeds which have a lower
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association with seroprevalence and abortion due to N. caninum has been
recommended for artificial insemination (Al) on N. caninum seropositive cows
(Almeria et al., 2009).

Several case control and cross-sectional studies have observed a high N. caninum
seroprevalence in herds or individuals associated with an increased risk of early
pregnancy losses. This is probably explained by the increased abortion risk in
chronically infected as well as in recently infected individual dams (Anderson et al.,
1995; Paré et al., 1997; Thurmond and Hietala, 1997a; Schares et al., 1998; Moen et
al., 1998; Bartels et al., 1999; Jensen et al., 1999; Mainar-Jaime et al., 1999; Wouda
et al.,, 1999a; Davison et al., 1999c; Sager et al., 2001; Hernandez et al., 2002;
Héssig and Gottstein, 2002; Schares et al., 2004; Garcia-Vazquez et al., 2005;
Hobson et al., 2005; Moore et al., 2009). Furthermore, cohort studies into the risk of
abortion in cows congenitally infected with Neospora have demonstrated that dams
that had previously aborted had higher abortion risk than those that had not
previously aborted, indicating that N. caninum-infected cows that aborted could not
develop adequate protective immunity (Thurmond and Hietala, 1997a; Corbellini et
al., 2006a).

Although Neospora-induced abortions may occur throughout the year in cattle
(Anderson et al., 1991b; Thurmond et al., 1995; Hemphill and Gottstein, 2000;
Schares et al., 2003; Rinaldi et al., 2005; Bartels et al., 2006a; O'Doherty et al.,
2013), some reports have recorded more abortions during a particular season,
probably associated with differences in livestock management during different
seasons in different locations (Anderson et al., 1991b; Thurmond et al., 1995;
Wouda et al., 1999a; Bergeron et al., 2000; Barling et al., 2000; Sanderson et al.,
2000; Barling et al., 2001; Dijkstra et al., 2002b; Nematollahi et al., 2011). These
observations could also be due to climatic conditions that are probably favourable for
the sporulation and survival of N. caninum oocysts (Lindsay et al., 1982; Bartels et
al., 1999; Schares et al., 2004; Rinaldi et al., 2005; Ldpez-Gatius et al., 2005a;
Ibrahim et al., 2011), or high levels of rainfall that could increase the probability of
contamination of water sources by oocysts (Romero et al., 2002) and could also pose

stress to cattle which could trigger N. caninum-associated abortion in latently
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infected cattle (Lopez-Gatius et al., 2005a; Yaniz et al., 2010). Furthermore, this
seasonality could be related to the presence of whelping season in wild canids in the
area (Andreotti et al., 2004; Dubey et al., 2007).

Geographical clustering of Neospora infection was previously reported by different
authors, probably also associated with climatic factors, and/or the resident domestic
and wild canine population (Quintanilla-Gozalo et al., 1999; Sanderson et al., 2000;
Romero et al., 2005; Balkaya et al., 2012; da Silva Andrade et al., 2012; Ghalmi et
al., 2012).

Other causes of stress in livestock systems which could influence the outcome of N.
caninum infections are concurrent infections with other pathogens, supporting the
theory that these pathogens may lead to immunosuppression and recrudescence of
chronic infections or postnatal transmission (Thurmond and Hietala, 1995; Bjérkman
et al., 2000; Hobson et al., 2005). Evidence for this includes seropositivity to
BVDV, Coxiella burnetii, Chlamydia psitacci and Leptospira species in herds with
N. caninum infection and associated abortions (Alves et al., 1996; Bjérkman et al.,
2000; Hassig and Gottstein, 2002; Romero et al., 2002; Rinaldi et al., 2007).

Factors influencing the clinical outcome of infection

Although Neospora infection is common and transplacental transmission is highly
efficient, only a proportion of infected cattle actually abort. The pathological
processes leading to abortion in these animals are still not completely explained
(Dubey et al., 2006). After experimental inoculation of N. caninum during gestation,
several factors could affect the clinical and infection outcome, including infections
with different N. caninum strains, magnitude of parasitaemia after different
inoculation doses, stage of gestation when inoculated, hereditary factors, and
immune status of the dam, amongst others. Some of these factors are discussed

further below.
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Determining the existence of genetic variation among different isolates of N.
caninum is important to understand its contribution to the heterogeneity of disease
manifestation as well as transmission patterns (Innes et al., 2000; Blackston et al.,
2001; Al-Qassab et al., 2009). Some studies show extensive genetic diversity and
polymorphism between isolated Neospora strains from different regions (Atkinson et
al., 1999; Schock et al., 2001; Miller et al., 2002; Okeoma et al., 2004; Gondim et
al., 2004a; Regidor-Cerrillo et al., 2006; Hemphill et al., 2006; Al-Qassab et al.,
2009) and these could have an impact on the pathogenesis of neosporosis (Lindsay
and Dubey, 1990b; Lindsay et al., 1995; Atkinson et al., 1999; Schock et al., 2001;
Quinn et al., 2002b; Regidor-Cerrillo et al., 2006; Mclnnes et al., 2006; Al-Qassab et
al., 2009). Studies carried out with different strains of N. caninum have had different
outcomes in murine and ruminant models (Quinn et al., 2002b; Dubey et al., 2006).
For instance, experimental infections with Nc-1 (the first isolated N. caninum strain),
Nc-2, Nc-Nowra, Nc-SweB1 and Nc-Liv using murine models showed different
clinical outcome, pathogenicity and mortality rates (McGuire et al., 1999; Atkinson
et al., 1999; Miller et al., 2002; Quinn et al., 2002b; Collantes-Fernandez et al.,
2006b; Aguado-Martinez et al., 2009). Different Spanish N. caninum strains induce
different clinical signs after inoculation in mice, with Nc-Spain 7 being the most
pathogenic (Pereira Garcia-Melo et al., 2010). The same Nc-Spain 7 strain was
experimentally inoculated in pregnant cattle during early gestation, and abortion was
registered although showing clinical and pathological differences in comparison with
experimental inoculation with Nc-1 at the same gestation stage (Caspe et al., 2012).
Similarly, N. caninum isolated from aborted bovine foetuses (Conrad et al., 1993a)
were used to experimentally inoculate pregnant cattle, resulting in foetal infection
and death (Barr et al., 1994b). All these studies demonstrate the crucial influence
that the pathogenicity of different Neospora strains has on the variation seen in

clinical outcome.

N. caninum infective dose is an important factor which can determine the clinical
outcome of infection after exogenous transplacental transmission. This has been
experimentally proven after inoculation with different doses of parasites (Long et al.,
1998; Gondim et al., 2004b; McCann et al., 2007; Serrano-Martinez et al., 2007b).

Different doses also ultimately influence the level of parasitaemia in inoculated
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animals (Innes et al., 2002). In a murine model, similar results were observed when
mice were inoculated with varying doses of N. caninum. The higher the dose, the
more severe were the lesions produced (Collantes-Fernandez et al., 2004). Likewise,
a higher parasite burden was detected in the brain of mice with more severe lesions
(Gottstein et al., 2001).

Several studies have established that the timing of placental/foetal Neospora
infection is crucial to the clinical outcome of N. caninum infection, regardless of
whether infection is de novo or recrudescence in chronically infected cattle (Dubey et
al., 1996a; Buxton et al., 1998; Gonzalez et al., 1999). Despite the fact that foetal
death usually occurs throughout the whole gestation period in chronically infected
dams, (Thornton et al., 1991; Barr et al., 1991a; Boulton et al., 1995; Dubey and
Lindsay, 1996; Guy et al., 2001), the mean gestation age when abortion occurs has

been established at mid- and late gestation (discussed below).

In natural N. caninum infections pregnancy losses during the first trimester are rare
but, since early abortions are not usually delivered to diagnostic laboratories, it is
difficult to know whether or not this apparently low early abortion rate is a real
phenomenon (Lépez-Gatius et al., 2004b; Collantes-Fernandez et al., 2006c). Foetal
infections occurring early in the gestation of naive pregnant cattle are likely to be
fatal for the foetus, due to its relative immunological immaturity, resulting in foetal
resorption or abortion (Dubey et al., 1992b; Barr et al., 1993; Barr et al., 1994b;
Buxton et al., 1997c; Buxton et al., 1998; Williams et al., 2000; Guy et al., 2001;
Andrianarivo et al., 2001; Trees et al., 2002; Almeria et al., 2003; Bartley et al.,
2004; Macaldowie et al., 2004; Gondim et al., 2004b; McCann et al., 2007; Gibney
et al., 2008; Rosbottom et al., 2008). The immunological maturity of the foetus
develops progressively throughout gestation and only after the middle trimester is the
foetus able to recognise and respond to microorganisms (Osburn et al., 1982;
Nettleton and Entrican, 1995; Tierney and Simpson-Morgan, 1997a; Tierney and
Simpson-Morgan, 1997b; Hein et al., 1998; Almeria et al., 2003; Bartley et al.,
2004). Thus, in the first trimester, the foetus is exceptionally vulnerable to N.
caninum infection and is unlikely to survive (Barr et al., 1994b; Gonzélez et al.,
1999; Andrianarivo et al., 2001; Innes et al., 2002; Almeria et al., 2003; Bartley et
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al., 2004; Innes et al., 2005). Further support for this hypothesis comes from various
studies collectively describing more protozoa in foetuses less than 5 months old and
a higher number of PCR-positive tissue samples in foetuses aborted due to N.
caninum in the first half of pregnancy (Barr et al., 1991a; Barr et al., 1994a; Otter et
al., 1995; Collantes-Fernandez et al., 2006c; Gibney et al., 2008). An alternative
explanation is based on the finding that, in early gestation, the mother is able to
mount a strong IFN-y response to parasite antigen (Williams et al., 2000; Innes et al.,
2001). Therefore, it is possible that the clinical outcome is partially aggravated by
the presence of pro-inflammatory type 1 cytokines at the maternal-foetal interface as
the maternal immune system fights the infection (Innes et al., 2001; Innes et al.,
2002).

Later in bovine gestation, N. caninum infections may result in abortion or the birth of
persistently infected calves (Hemphill and Gottstein, 2000; Williams et al., 2000;
Innes et al., 2001; Guy et al., 2001; Maley et al., 2003). During the second trimester,
down regulation of the cellular immune response (Innes et al., 2001), rather than the
already functional foetal immune response, appears to be critical for foetal survival
(Osburn et al., 1982; Paré et al.). Furthermore, in contrast to the stimulated maternal
immune response in early gestation, significant immunomodulation of the IFN-y
response occurs in mid gestation, which could imply dampening of inflammation,

less severe immunopathology and a later clinical outcome (Innes et al., 2001).

In late pregnancy, when the foetus is immunocompetent, the most likely outcome of
Neospora infection is the birth of a N. caninum congenitally infected calf which is
otherwise healthy and clinically normal, perpetuating infection within the herd
(Dubey and Lindsay, 1996; Wouda et al., 1997; Schares et al., 1999; Williams et al.,
2000; Hemphill and Gottstein, 2000; Innes et al., 2001; Andrianarivo et al., 2001;
Guy et al., 2001; Innes et al., 2002; Almeria et al., 2003; Williams et al., 2003;
Maley et al., 2003; Gibney et al., 2008; Rosbottom et al., 2008; Benavides et al.,
2012).
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Economic impact of bovine neosporosis

Neospora abortion has negative economic impacts in the livestock industry,
imposing large direct and indirect productivity losses on affected farms (Trees et al.,
1999; Chi et al., 2002; Larson et al., 2004; Reichel and Ellis, 2006; Hasler et al.,
2006a; Bartels et al., 2006b; Hasler et al., 2006b; Reichel et al., 2013). Direct losses
are due to premature culling and mortality, abortions or reduced reproductive
performance (Trees et al., 1999; Davison et al., 1999c; Antony and Williamson,
2001; Chi et al., 2002; Bartels et al., 2006b) and the result is major economic losses
in many countries (Dubey and Schares, 2006; Ortega-Mora et al., 2006).

In addition to the direct costs, there are also substantial indirect losses, arising from
the need for professional advice, the expense of establishing a diagnosis and
rebreeding (Dubey and Schares, 2006; Ortega-Mora et al., 2006), reduced milk yield
(Thurmond and Hietala, 1996; Thurmond and Hietala, 1997b; Trees et al., 1999;
Romero et al., 2005) and replacement costs if aborted cows are culled (Thurmond
and Hietala, 1996; Pfeiffer et al., 2002; Cramer et al., 2002; Dubey et al., 2007).

Control of bovine neosporosis

Due to the influence of several risk factors that can influence N. caninum infection
and abortion in cattle in different regions and under different management
conditions, there is currently no effective method for controlling this disease (Barr et
al., 1994b; Innes et al., 2002; Goodswen et al., 2013; Almeria and Lopez-Gatius,
2013). Diverse control strategies need to be adopted on the basis of an initial cost-
benefit calculation at farm level, comparing the expense of testing and control
measures with the benefit of reduced economic losses due to N. caninum (Larson et
al., 2004; Reichel and Ellis, 2006; Hasler et al., 2006a; Hasler et al., 2006b; Bartels
et al., 2006c). Other aspects to consider are herd type, management system, herd
seroprevalence, predominant route of transmission (if known), existing biosecurity
measures, and the calculated effects of infection on reproductive and productive

performance in each particular region (Antony and Williamson, 2001; Haddad et al.,
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2005; Hall et al., 2005; Ortega-Mora et al., 2006; Bartels et al., 2006a; Dubey et al.,
2007). For instance, modelling based on dairy herds with a low N. caninum
prevalence (<21%) indicated that ‘doing nothing’ is the optimal economic option;

however, this depends on other input parameters (Reichel and Ellis, 2006).

Initially, an accurate monitoring program to confirm that N. caninum is not present in
the target herd is recommended and estimation of the level of infection should be
carried out in order to develop strategies to control the disease (Thurmond and
Hietala, 1995; Haddad et al., 2005). This program should initially include the
serological testing of all aborting cows and their foetuses for antibodies against N.
caninum. A cow with a negative test in a herd with no history of N. caninum is
likely to be a true negative. On the contrary, a positive antibody test from a cow that
aborts should only implicate N. caninum as the cause of the abortion in the absence
of negative tests for other abortifacients, and/or when a positive IHC or PCR test on
foetal or placental tissue is confirmed (Haddad et al., 2005). In order to further
estimate the level of Neospora prevalence in the herd serological screening from a
randomly selected sample of the herd, using a well characterised test with high

specificity and sensibility, is recommended (Thurmond and Hietala, 1995).

In a confirmed N. caninum-free herd all measures should be directed at preventing
the introduction of infection through standard biosecurity measures (Haddad et al.,
2005). In contrast, control programs in N. caninum-infected herds should depend on
whether endogenous or exogenous transplacental transmission is predominant
(McAllister, 2001). Where endogenous transmission predominates, the target is to
reduce Neospora abortion rates and decrease vertical transmission by reducing the
number of seropositive (infected) cattle. If exogenous transplacental transmission is
predominant, the main objective is to decrease the risk of horizontal transmission by
controlling the definitive host population and thus the environmental oocyst burden
(Reichel and Ellis, 2002; Larson et al., 2004; Trees and Williams, 2005; Haddad et
al., 2005; Hall et al., 2005). It might also be preferable to retain infected animals
that will resist challenge, and a vaccine could prove beneficial (Trees and Williams,
2005).
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On farms where Neospora infection is confirmed, initial efforts might be
concentrated on identifying infected animals for culling or to allow more selective
breeding (Dubey, 1999; Trees and Williams, 2005; Hall et al., 2005; Dubey et al.,
2007; Yaniz et al., 2010; Almeria and Lopez-Gatius, 2013). In order to justify this
measure, farmers and practitioners need to consider a Neospora infected cow as a
reservoir for N. caninum that could be spread to the rest of the herd, either slowly
and insidiously through vertical transmission or rapidly and explosively through
horizontal transmission (Haddad et al., 2005). For these reasons, it is necessary to
standardise diagnostic tools in particular serological testing of bovine neosporosis

among official and private institutions (Ortega-Mora et al., 2007).

The use of regular bulk-milk testing in order to monitor within-herd N. caninum
prevalence has been proposed as a possible alternative in dairy herds (Dijkstra et al.,
2001a; Bartels et al., 2005; Bartels et al., 2006¢). However, in order to determine the
extent of N. caninum infection in a herd, systematic serological testing of old and
young stock (precolostrally or after 6 months of age to avoid maternal antibody false
positives) should be applied (Dijkstra et al., 2003; Larson et al., 2004; Lopez-Gatius
et al., 2004a; Haddad et al., 2005; Pabdn et al., 2007). Based on these serological
test results, selective rearing of seronegative young stock and culling of N. caninum
seropositive animals is the most straightforward approach for long-term prevalence
reduction and therefore transplacental transmission of the parasite (Thurmond and
Hietala, 1995; French et al., 1999; Innes et al., 2001; Sager et al., 2001; Lépez-
Gatius et al., 2004a; Haddad et al., 2005; Frossling et al., 2005; Reichel and Ellis,
2006; Hasler et al., 2006b; Bartels et al., 2007b; Altbuch et al., 2012).

Although it is one of the most effective options, it might not necessarily be the most
economically feasible (Reichel and Ellis, 2006) since in high prevalence herds, a
program of culling all seropositive animals may be economically impractical due to
the loss of animals with superior genetic merit and high commercial value
(Thurmond and Hietala, 1995; Dubey, 1999; Antony and Williamson, 2001,
Baillargeon et al., 2001).
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Another approach is to cull the offspring of seropositive dams to reduce a continued
cycle of transplacental parasite transmission (Frossling et al., 2005; Dubey et al.,
2007; Bartels et al., 2007b). However, in herds with a high seroprevalence, this
strategy could be similarly impractical (Antony and Williamson, 2001; Baillargeon et
al., 2001).

One of the most effective ways to maintain N. caninum-free status in a herd is to
purchase replacement cattle from Neospora-free herds or herds with records of
excellent reproductive performance and to test all potential replacements (Dubey et
al., 2007; Woodbine et al., 2008).

On farms with predominantly N. caninum exogenous transplacental transmission,
control efforts should be concentrated on reducing the risk of oral infection by
Neospora oocysts shed from a putative definitive host and by preventing the
contamination of feed or water (Ould-Amrouche et al., 1999; Dubey, 1999; Trees
and Williams, 2005; Haddad et al., 2005). It is essential to minimise the number of
dogs cohabiting with the herd and to deny wild dogs and domestic carnivores’ access
to calving areas and cattle accommodation. Preventing canine faecal contamination
of all feed and drinking water is necessary, in order to break the life cycle of the
parasite (Thurmond and Hietala, 1995; Bartels et al., 1999; Ould-Amrouche et al.,
1999; McAllister et al., 2000; Antony and Williamson, 2001; Gondim et al., 2004c;
Frossling et al., 2005; Dubey et al., 2007; Bartels et al., 2007a; Regidor-Cerrillo et
al., 2010; Almeria and L6pez-Gatius, 2013).

A specific strategy to control or reduce horizontal transmission is the prompt
removal of aborted bovine foetuses, foetal membranes, placentas or dead calves that
could serve as a source of infection for definitive hosts and rodents (Thurmond and
Hietala, 1995; Dubey, 1999; McAllister et al., 2000; Antony and Williamson, 2001;
Gondim et al., 2004c; Hall et al., 2005; Dubey et al., 2007). Cattle could also
theoretically become infected after licking or ingesting tissues infected with N.
caninum. Such transmission could take place when a non-infected cow or calf
ingests infected tissues or fluids expelled from an infected cow during calving or

abortion. It is conceivable that some abortion storms attributable to N. caninum
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could result from exposure to a foetus or placenta aborted from an infected dam.
Therefore, strategies to prevent this type of transmission would also include the use
of individual calving pens, and segregation of positive and negative cows before
calving when possible (Thurmond and Hietala, 1995; Paré et al., 1998; McAllister et
al., 1998a; Sager et al., 2001; Hall et al., 2005; Dubey et al., 2007).

Appropriate hygiene regarding dog faeces on pastures is also recommended.
However, in extensively managed farms, the presence of dogs could be of help in
reducing the number of other wild canids (Gondim et al., 2004c; Rosypal and
Lindsay, 2005). Since young dogs shed more oocysts after infection than older dogs
(Gondim et al., 2005), the presence of pregnant bitches or bitches carrying litters

should also be prevented (Dubey et al., 2007).

Calves should not be fed pooled milk unless it comes from known N. caninum-
negative cows (Hall et al., 2005). This policy was established in a Neospora infected
goat herd; new born kids were immediately removed from their dams and reared with
heat-treated colostrum and milk to reduce horizontal transmission (Altbuch et al.,
2012).

Herds applying embryo transfer technology should use only Neospora seronegative
recipients in order to prevent endogenous transplacental transmission of N. caninum
(Thurmond and Hietala, 1995; Bergeron et al., 2000; Baillargeon et al., 2001;
Landmann et al., 2002; Campero et al., 2003a; de Oliveira et al., 2010). However,
prior serological testing of recipient cows is of crucial importance, because embryo
transfer into seropositive recipients has resulted in vertical transmission of N.
caninum (Baillargeon et al., 2001; de Oliveira et al., 2010). This technique may be
used to recover uninfected calves from genetically valuable but N. caninum-infected
dams (Bielanski et al., 2002; Dubey et al., 2007).

Some studies in dairy farms with high Neo