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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 Th1 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 γδ 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-γ and TNF-α 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 Th1 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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Chapter 1: General introduction 

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., 2003b).  

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 (Bjerkås et al., 1984).  Later, some ultrastructural differences between the 

identified parasite and T. gondii were described (Bjerkås and Presthus, 1988) 

allowing classification of this new protozoal parasite as N. caninum (Dubey et al., 

1988a; Bjerkås 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-

Martínez et al., 2004) and sheep (Ovis aries) (Dubey et al., 1990b; Hässig 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., 1997a; 

Lindsay et al., 2001; Wolfe et al., 2001; Vitaliano et al., 2004; Cañón-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; Ibrahim 

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; McIntosh 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-Martínez 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 (Bjerkås 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 (Björkman 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 naïve 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 

(Björkman 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 (Modrý et al., 2001). 

Venereal transmission of N. caninum through contaminated semen has not be proven 

(Serrano-Martínez 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-Martínez 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; González et al., 1999; Guy et al., 2001; Buxton et al., 2002b; 

López-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; 

Björkman 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 



Immunopathogenesis of bovine neosporosis throughout gestation 

35 

Chapter 1: General introduction 

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 



Immunopathogenesis of bovine neosporosis throughout gestation 

36 

Chapter 1: General introduction 

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-Fernández 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; González 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; López-Gatius et al., 2007b; Gibney et al., 2008; Almería 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; Cantón et al., 2013b).  However, this 

immune response can also invoke cytokines that may be harmful to pregnancy 

(classified as proinflammatory or Th1) such as interferon-γ (IFN-γ), IL-2, IL-12 and 

tumor necrosis factor-α (TNF-α) (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; Almería et al., 2003; 

Boysen et al., 2006; López-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 Th1-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 Th1 cytokines with production of IFN-γ, 

IL-2 and TNF-α, 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., 2006c; Armengol et al., 2007; Woodbine et al., 

2008; Razmi et al., 2010; Yániz 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 (Hernández et al., 2002; Bartels et al., 

2006a; Yániz 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; Frössling 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; Almería 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; Frössling 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) (Guimarães 

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 (López-

Gatius et al., 2005a; López-Gatius et al., 2005b; Almería et al., 2009; Yániz 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 (AI) on N. caninum seropositive cows 

(Almería 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; Hernández et al., 2002; 

Hässig and Gottstein, 2002; Schares et al., 2004; García-Vázquez 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; López-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 (López-Gatius et al., 2005a; Yániz 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; Björkman 

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; Björkman et al., 

2000; Hässig 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; McInnes 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-Fernández et al., 

2006b; Aguado-Martínez 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 García-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-Martínez 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-Fernández 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; González 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 (López-Gatius et al., 2004b; Collantes-Fernández et al., 2006c).  Foetal 

infections occurring early in the gestation of naïve 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; Almería 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; Almería 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; González et al., 

1999; Andrianarivo et al., 2001; Innes et al., 2002; Almería 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-Fernández 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-γ 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-γ 

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; Almería 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; Häsler et al., 

2006a; Bartels et al., 2006b; Häsler 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; Almería and López-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; Häsler et al., 2006a; Häsler 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; Yániz et al., 2010; Almería and López-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., 2006c).  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; López-Gatius 

et al., 2004a; Haddad et al., 2005; Pabón 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; López-

Gatius et al., 2004a; Haddad et al., 2005; Frössling et al., 2005; Reichel and Ellis, 

2006; Häsler 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 (Frössling 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; 

Frössling et al., 2005; Dubey et al., 2007; Bartels et al., 2007a; Regidor-Cerrillo et 

al., 2010; Almería and López-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 



Immunopathogenesis of bovine neosporosis throughout gestation 

51 

Chapter 1: General introduction 

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 Neospora seroprevalence have demonstrated 

that artificial insemination with beef bull semen reduces N. caninum prevalence and 

the risk of abortion, probably due to the favourable effect of crossbreed pregnancies 

on placental function.  Furthermore, cross-breed calves are not usually retained as 
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replacements, so the ongoing cycle of transplacental transmission is also reduced 

(López-Gatius et al., 2005a; López-Gatius et al., 2005b; Pabón et al., 2007; Almería 

et al., 2009; Yániz et al., 2010; Almería and López-Gatius, 2013).  This approach 

may be an alternative to breeding only from seronegative cattle since it reduces the 

prevalence of N. caninum, results in lower abortion rates, increases the number of 

complete lactations in seropositive cows and provides an economic return from 

selling crossbred offspring (French et al., 1999). 

 

Treatment and Vaccination 

Canine neosporosis has been treated successfully with some chemotherapeutics, such 

as trimethoprim-sulfadiazine, pyrimethamine and clindamycin hydrochloride (Dubey 

et al., 1995; Lyon, 2010).  Although several drugs have been tested in vitro (Lindsay 

and Dubey, 1989a; Lindsay et al., 1994; Lindsay et al., 1996; Dubey and Lindsay, 

1996; Lindsay et al., 1997; Kim et al., 2002; Darius et al., 2004) or in vivo (Lindsay 

and Dubey, 1990a; Gottstein et al., 2001; Kritzner et al., 2002; Gottstein et al., 2005; 

Haerdi et al., 2006), currently there is no known drug that can be used to clear the 

infection in ruminants (Hoar et al., 1996; Anderson et al., 2000; Dalton and 

Mulcahy, 2001; Dubey, 2003b; Haddad et al., 2005; Williams et al., 2009; 

Goodswen et al., 2013). 

There is accumulating evidence that some N. caninum-infected cows can develop a 

degree of protective immunity against abortion and/or congenital transmission, 

indicating that immunoprophylaxis, at least to prevent abortion or congenital 

transmission, is a feasible goal (Innes et al., 2001; Innes et al., 2002; Innes et al., 

2011; Weber et al., 2013).  However, the situation seems to be different in naturally, 

chronically infected cattle since these animals were protected against abortion 

following exogenous exposure (McAllister et al., 2000; Williams et al., 2003; Dubey 

et al., 2007), but not against vertical transmission of the parasite (Anderson et al., 

1995; McAllister et al., 2000; Innes et al., 2002).  Therefore, development of an 

effective N. caninum vaccine for prevention of congenital infection might be difficult 

to achieve (Atkinson et al., 1999). 
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Ideally, any vaccine developed against bovine neosporosis should protect against 

foetal loss and avoid transplacental transmission.  Additionally, this vaccine should 

allow discrimination between infected and vaccinated animals with serological tools 

in an integrated control approach (Dubey et al., 2007). 

The advantages and drawbacks of live and dead vaccines have been reviewed 

extensively (Innes et al., 2002; Williams and Trees, 2006; Innes et al., 2011).  

Different approaches have been followed in vaccine development for bovine 

neosporosis, and several groups have shown that it is possible to induce at least 

partial protection in cattle (Innes et al., 2001; Innes and Vermeulen, 2006; Innes et 

al., 2007; Williams et al., 2007; Innes et al., 2011; Weber et al., 2013). 

A Neospora killed vaccine, licensed for cattle and based on crude parasite extract, is 

available on the market in several countries.  Some evaluations have suggested that it 

is able to induce protection against abortion, although this protection may only be 

measurable on farms with on-going risks of abortion (Choromanski and Block, 2000; 

Williams et al., 2003; Romero et al., 2004).  However, there are still concerns about 

the use of this vaccine due to its interference with serological diagnosis (Innes et al., 

2002) and the possibility of early embryonic death induced by the immune response 

to the vaccine and its subsequent effects on placental attachment in early gestation 

(Purtle, 2001; Heuer et al., 2003).  There is still no scientific evidence to indicate that 

the vaccine can prevent foetal infection in commercial herds, therefore the use of this 

vaccine as it is currently recommended according to license is controversial and 

requires further evaluation (Haddad et al., 2005). 

 

Experimental Neosporosis throughout gestation 

As stated before, one of the key factors affecting the clinical outcome of Neospora 

infection during bovine gestation is the stage of gestation when infection occurs.  

The effects of experimental inoculation with the Nc-1 strain of N. caninum in 

pregnant cattle in early, mid and late gestation have been reported by several authors 

at Moredun Research Institute (Maley et al., 2003; Bartley et al., 2004; Macaldowie 
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et al., 2004; Maley et al., 2006; Bartley et al., 2012; Benavides et al., 2012).  The 

samples used in this thesis were generated from these studies and a summary of their 

experimental designs is outlined in Figure 2. 

In early gestation, an inoculum of 5 x 10
8
 live tachyzoites of the Nc-1 strain was 

intravenously (IV) (n=8) or subcutaneously (SC) (n=8) injected in pregnant Holstein-

Friesian cows at day 70 of gestation (N. caninum-inoculated group).  Simultaneously, 

negative control animals (n=8) were inoculated with the same number of Vero cells 

without N. caninum (negative control group).  Pairs of animals from IV, SC N. 

caninum-inoculated and negative control groups were culled at 14, 28, 42 and 56 dpi, 

and samples were subjected to post-mortem examination (Macaldowie et al., 2004). 

Data concerning the animals, inocula and experimental design of the inoculation at 

mid gestation have been described by Maley et al. (2003).  Two different inocula 

doses were used (1 x 10
7
 and 5 x 10

8
 tachyzoites) and therefore, for the purposes of 

the current analysis, only the animals experimentally inoculated with the same N. 

caninum dose used at early and late gestation were included for the future 

comparison.  Briefly, an inoculum of 5 x 10
8
 live tachyzoites of the Nc-1 strain was 

SC injected at day 140 of gestation in 6 Holstein-Friesian dams (N. caninum-

inoculated group).  A suspension of 5 x 10
8
 Vero cells was SC injected in 3 negative 

control dams (negative control group).  Two N. caninum inoculated and 1 negative 

control dam were then culled and further analysed at 14, 28 and 42 dpi (Maley et al., 

2003). 

Similarly to the previous trials, 11 pregnant Aberdeen Angus cross or Belgian Blue 

cross cattle were SC inoculated with 5 x 10
8
 live tachyzoites of the Nc-1 strain of N. 

caninum at late gestation (day 210 of gestation) (N. caninum-inoculated group).  

Four dams were inoculated with Vero cells at the same time, acting as negative 

control.  As previously, animals from both groups were culled at 14, 28, 42 and 56 

dpi, as described by Benavides et al. (2012) and Cantón et al. (2013b). 

During the experiments at early, mid and late gestation, experimentally inoculated 

dams were subjected to clinical monitoring, and blood and tissue samples were 
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collected during post-mortem examination.  Immediately after euthanasia, the uterus 

was removed from each dam and foetus checked for viability.  Maternal, placental 

and foetal tissue samples were taken for routine histopathology and IHC and PCR 

(Maley et al., 2003; Macaldowie et al., 2004; Benavides et al., 2012). 

Clinical outcome after the experiments at early (Macaldowie et al., 2004), mid 

(Maley et al., 2003) and late gestation (Benavides et al., 2012) were previously 

published.  Briefly after inoculation at early gestation, the 4 foetuses recovered from 

the cows culled at 14 dpi were alive (from IV and SC Neospora inoculated cows).  

Nevertheless, foetuses were found to be dead when the pair of IV inoculated animals 

was culled at 28 dpi.  From the pair of SC-N. caninum-inoculated dams culled at the 

same time-point, one foetus was alive and the other was dead.  When the pair of IV-

N. caninum-inoculated animals was culled at 42 and 56 dpi their uteri were empty.  

In the meantime, 1 live and 1 dead foetus were recovered from the SC-N. caninum-

inoculated cows at 42 and 56 dpi (Macaldowie et al., 2004). 

Following Neospora inoculation at mid gestation (day 140) no abortion or foetal 

death was observed in all the N. caninum-inoculated animals although congenital 

transmission was confirmed by IHC and PCR in half of the recovered foetuses 

(Maley et al., 2003). 

No abortions were registered in N. caninum-inoculated dams at late gestation since 

on the day of euthanasia, all dams carried a viable foetus (Benavides et al., 2012). 
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Figure 2: Schematic representation of the experimental design (Maley et al., 2003; Macaldowie et al., 2004; Benavides et al., 2012).  Figure 
produced by GJC. 
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Following experimental IV inoculation with N. caninum at early gestation, placental 

lesions were described in both dams culled at 14 dpi.  At 28 dpi and onwards, 

pregnancy had ended in all the IV inoculated dams and extensive autolysis and 

necrosis were registered.  In the same experiment, placental tissues collected from 

the SC N. caninum inoculated dams also showed lesions at 14 dpi although changes 

were less severe than those identified in IV inoculated dams.  At 28 dpi, no 

significant lesions could be identified in placentomes from the animal carrying a live 

foetus.  By contrast, severe lesions were identified in all placentomes from the 

animal containing the foetus that had died.  Each animal carrying dead foetuses at 42 

and 56 dpi presented also placentome lesions and signs of regeneration.  N. caninum 

antigen was detected by IHC in placental samples collected from all the IV and SC 

inoculated animals culled at 14 and 28 dpi.  Labelled antigen was associated with 

lesions and resembled the morphological appearance of N. caninum tachyzoites or of 

particulate antigen in the form of fine to coarse granular deposits.  N. caninum 

appeared to be restricted to the interstitium, necrotic fetal trophoblast and 

mesenchyme cells.  No antigen was observed in the caruncular remains collected 

from IV inoculated animals culled at 42 and 56 dpi.  However, placentomes collected 

from the SC inoculated animals carrying dead foetuses were N. caninum positive at 

42 and 56 dpi.  Neospora antigen was not detected in placentome samples from 

animals carrying live foetuses at 28, 42 and 56 dpi.  Nc-1 immunolabelling was 

invariably absent in the placentomes collected from negative control animals 

(Macaldowie et al., 2004). 

During the mid gestation infection experiment, placentomes collected from the 2 

dams experimentally N. caninum inoculated culled at 14 dpi, focal lesions were 

observed only in a small percentage of cows (2 out of 20 placentomes).  At 28 dpi, 

focal lesions were present in both examined animals (9 out of 20 placentomes).  At 

42 dpi, focal lesions were only observed in one of the two dams (5 out of 10 

placentomes) but none in the other.  N. caninum was detected either with PCR or 

IHC in placentomes collected from N. caninum inoculated dams culled at 14, 28 and 

42 dpi which also presented pathological findings (Maley et al., 2003). 
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During the histopathological analysis of the placentas collected from the inoculated 

dams during late gestation, lesions were present in the samples collected from the N. 

caninum-inoculated dams since 28 dpi.  Placental lesions were characterised by focal 

to coalescence coagulative necrosis areas of foetal villi, accompanied by necrotic 

debris and serum leakage between foetal villi and caruncular septa.  Accumulation of 

mononuclear inflammatory cells were infiltrating the surrounded necrotic areas in the 

placentome.  Neospora-antigen was labelled by IHC resembling tachyzoite-like 

structures located in the necrotic areas at the caruncular septa (Benavides et al., 

2012). 

Since some of the uteri of the dams experimentally inoculated during early gestation 

with N. caninum were empty at the moment of the post mortem examination, not 

many foetal tissues could be analysed histologically.  Focal lesions with clusters of 

protozoal organisms were identified in the CNS from foetuses collected at 14 dpi 

from the IV inoculated dam.  Foetuses collected from the IV inoculated dams at 28 

dpi were in an advanced state of autolysis and at 42 and 56 dpi no foetal tissues were 

present.  In dead foetuses collected from the SC inoculated dams at early gestation 

after 28, 42 and 56 dpi, advanced autolysis did not allowed a correct 

histopathological evaluation, but in the corresponding live foetuses no significant 

histopathological changes were seen.  N. caninum antigen was detected in the 

foetuses recovered from the IV inoculated dams culled at 14 dpi.  However, antigen 

could not be detected in the foetuses recovered from the IV-inoculated animals 

culled at 28 dpi due to the autolytic process that was previously described during the 

histopathology.  Nevertheless, Neospora antigen was observed in the foetus 

recovered from the SC-inoculated dam at 28 dpi, but not in the live foetus recovered 

simultaneously.  At 42 dpi, Neospora IHC was positive in the autolysed foetus 

recovered from the SC inoculated dam.  All other foetal samples collected in the rest 

of the foetuses (Neospora inoculated or negative control) were IHC negative.  

Positive samples were characterised by an intense labelling observed within the 

neuropil in the same area of the mesencephalon where lesions and protozoal 

structures were seen during the histopathological analysis, but also in 

prosencephalon, thoracic and cervical spinal cord and in myocardial cells 

(Macaldowie et al., 2004). 
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During the mid gestation experiment, the main pathological changes were observed 

in the foetal CNS from 14, 28 and 42 dpi.  Liver and skeletal muscular 

(semitendinosus) lesions were also observed in foetuses collected after 28 dpi.  

Neither Neospora DNA nor antigen were detected using PCR or IHC in the foetal 

samples collected at 14 dpi.  However, foetal tissues sampled at 28 dpi tested N. 

caninum positive by PCR and IHC.  At 42 dpi, parasite DNA was detected in the 

spinal cord, lung and skeletal muscle from one foetus.  All other foetal samples 

collected from N. caninum inoculated and negative control animals were negative 

(Maley et al., 2003). 

Similarly to previous descriptions in the placental samples, lesions were described in 

foetal tissues recovered from N. caninum-inoculated animals during late gestation, 

and then culled at 28 and 42 dpi only.  Lesions consisted of focal coagulative 

necrosis surrounded by a mild mononuclear infiltration of the neuropil of the frontal 

cortex, midbrain and lumbar spinal cord.  Liver, lung, kidney and muscular lesions 

were also described in some foetuses.  N. caninum positive labelling was found using 

IHC in the placental samples collected from some dams at 28, 42 and 56 dpi and in 

the CNS of foetuses collected at 28 dpi.  Similarly, no Neospora DNA was detected 

in any of the foetuses from 14 dpi, while at 28, 42 and 56 dpi parasite DNA was 

detected in tissue samples collected in lumbar spinal cord, heart, lung or lymph 

nodes.  No lesions, Neospora antigen or DNA were described in the foetuses 

collected from the negative control dams (Benavides et al., 2012). 

Comparing the results of the experiments following experimental inoculation with N. 

caninum at early, mid and late gestation, one of the most remarkable findings is that 

although a high rate of Neospora congenital infection was registered in the foetuses 

recovered in the 3 trials, foetal death and abortion was only observed at early 

gestation.  Different pathological findings were also described for each time-point 

making further analysis of samples generated during these studies an interesting and 

necessary step forward. 
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Aims of studies and Thesis outline 

After reviewing the available literature on bovine neosporosis, it is apparent that, so 

far, there is no treatment available to control Neospora infection in cattle, and the 

proposed control measures are unable to eradicate the disease.  Furthermore, there 

are several knowledge gaps and some aspects of the host-pathogen interaction that 

are not fully understood.  One of these interesting aspects is the reported differences 

in clinical outcome after transplacental transmission of the parasite at different 

periods of gestation in cattle.  An interesting hypothesis in the pathogenesis of 

bovine neosporosis is the suggestion that an exacerbated response of the maternal 

immune system triggered by N. caninum, could be detrimental to placental 

wellbeing, and therefore could lead to a reduced foetal vascular supply and 

contribute ultimately to foetal pathology. 

Therefore, one of the initial objectives for this PhD work was to evaluate and 

characterise the cellular immune population in the placenta of dams experimentally 

inoculated with N. caninum during late gestation (day 210 of gestation) (Benavides et 

al., 2012).  To achieve this objective a previously described methodology was used 

to characterise the phenotype of immune cells in fixed placental tissues following 

Neospora inoculation in early gestation (day 70 of gestation) (Maley et al., 2006).  

The results of this first analysis were recently published (Cantón et al., 2013b) and 

are presented in Chapter 2. 

Afterwards the immune cell populations observed in the placentas following 

experimental N. caninum infection in early (day 70) (Macaldowie et al., 2004; Maley 

et al., 2006) and mid-gestation (day 140) (Maley et al., 2003) were also analyzed and 

compared using the same scoring system applied in the characterisation of the 

placental samples in late gestation (Cantón et al., 2013b).  These results are 

presented in Chapter 3. 

Another objective of this Thesis was to further characterise the immune response 

against N. caninum infection, not only by describing the phenotypes of immune cells 

infiltrating the placenta, but also by evaluating the cytokine expression of these cells 

in placental samples from the same three experiments (experimental inoculation at 
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days 70, 140 and 210 of gestation).  For this purpose characteristic cytokines usually 

expressed during a Th1-biased response were evaluated.  TNF-α probe was already 

available in the immunological toolbox at Moredun Research Institute, and therefore 

was applied to the placental tissues.  Completely new IL-12 (Cantón et al., 2013a) 

and IFN-γ probes were designed, produced and tested in different ruminant tissues.  

Cytokine expression in the placentas from Neospora-inoculated dams is presented in 

Chapter 4. 

Hopefully, the information provided in this Thesis will increase knowledge of bovine 

Neosporosis, and will help in future research into the development of control 

strategies, and ultimately in the inception of successful vaccines aimed at attenuating 

the disastrous effects of N. caninum. 
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Chapter 2: 

Characterisation of placental cellular immune 

infiltrates following inoculation with Neospora 

caninum in late gestation 

 

 

 

 

Adapted from:  

Benavides, J., Katzer, F., Maley, S.W., Bartley, P.M., Cantón, G., Palarea, J., 

Pang, Y., Rocchi, M., Chianini, F., Innes, E.A.  (2012)  High rate of 

transplacental transmission and infection following experimental inoculation 

of Neospora caninum at late gestation.  Veterinary Research 43:83. 

Cantón, G., Katzer, F., Benavides-Silván, J., Maley, S., Palarea-Albaladejo, 

J., Pang, Y., Bartley, P., Rocchi, M., Innes, E., Chianini, F.  2013b. 

Phenotypic characterisation of the cellular immune infiltrate in placentas of 

cattle following experimental challenge with Neospora caninum on day 210 

of gestation.  Veterinary Research 44, 60. 

 

 

In this chapter I was responsible for reviewing the literature, performing the IHC on 

tissue from the late gestation experiment, scoring the infiltrates, photographing the 

slides, analysing the results and writing the manuscript. 
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Introduction 

As stated in Chapter 1, Neospora infection may occur postnatally following ingestion 

of oocysts shed in the faeces of infected canids (horizontal transmission), potentially 

leading to exogenous transplacental transmission (vertical transmission) (McAllister 

et al., 1998b; de Marez et al., 1999) or through recrudescence of a previous infection 

leading to endogenous transplacental transmission of the parasite from mother to 

foetus via the placenta (Paré et al., 1996; Davison et al., 1999b; Williams et al., 

2009).  Regardless of transmission route, the consequences of infection may include 

foetal death in utero, the birth of live but clinically affected calves, or the birth of 

clinically normal but persistently infected calves (Dubey and Lindsay, 1996; Dubey, 

1999). 

The pathogenesis of bovine neosporosis is complex and not completely understood.  

Neospora is a primary abortifacient in cattle since the brain and heart lesions usually 

observed in infected foetuses may be severe enough to cause mortality (Barr et al., 

1990; Dubey et al., 1990d; Dubey et al., 2006) and the infection-associated placental 

damage can disrupt the vascular supply of nutrients leading to foetal death (Maley et 

al., 2003; Macaldowie et al., 2004).  Additionally, there is evidence that N. caninum, 

like other intracellular pathogens, stimulates a cell-mediated immune response, 

characterised by a Th1 type response (Innes et al., 2005), with cytokines, such as 

IFN-γ playing a critical role in limiting multiplication of the organism (Innes et al., 

1995a).  Th1 responses may inhibit parasite multiplication; however, pro-

inflammatory immune responses may also cause placental damage and lead to 

abortion (Innes et al., 2002).  Thus, in some instances, relatively small numbers of 

parasites, whilst producing mild lesions, may cause a shift from a beneficial Th2 

response towards a more harmful Th1 response during pregnancy, thereby inducing 

abortion (Entrican, 2002; Innes et al., 2005).  Although infection with N. caninum is 

common and transplacental transmission of tachyzoites is highly efficient, only a 

relatively small proportion of infected cattle abort.  Some of the pathological 

processes that transform an apparently harmless infection into a fatal disease are still 

unclear (Dubey et al., 2006). 
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The clinical outcome of bovine neosporosis during pregnancy is influenced by 

several factors further described in the Chapter 1.  In summary, these include the 

timing and duration of parasitaemia after a primary infection or the recrudescence of 

a persistent infection.  In persistently infected cows, N. caninum does not appear to 

affect the embryonic and early foetal period (López-Gatius et al., 2004b), whereas de 

novo infections in naïve pregnant cattle during early gestation are likely to be fatal, 

partially due to the immature foetal immune response (Björkman et al., 1996; 

Williams et al., 2000; Macaldowie et al., 2004; Bartley et al., 2012).  During the 

second trimester of pregnancy Neospora infections can result in abortions or the birth 

of congenitally infected calves, depending in the severity of lesions (Dubey et al., 

1992b; Barr et al., 1994b; Williams et al., 2000; Guy et al., 2001; Maley et al., 2003; 

Rosbottom et al., 2011).  Finally, after experimental inoculation in the final trimester 

of pregnancy, when foetuses are more immunologically mature and able to control 

the infection, congenitally infected live foetuses are recovered (Williams et al., 2000; 

Gibney et al., 2008; Benavides et al., 2012). 

It is known that, early in gestation, the mother is able to mount a strong Th1 response 

to parasite antigens (Andrianarivo et al., 2001; Almería et al., 2003; Innes et al., 

2005; Bartley et al., 2012).  Therefore, it is possible that the abortion may be caused 

by this response at the maternal-foetal interface while the immune system fights the 

infection.  Significant immunomodulation of this maternal Th1 response occurs in 

mid gestation (Williams et al., 2000; Innes et al., 2001), which might be a trigger for 

recrudescence of persistent N. caninum infections due to immune modulation leading 

to excystation of parasites contained within tissue cysts.  At this stage of gestation, 

the consequences of infection might be the death of the foetus, or the calf may be 

born congenitally infected, with some clinical signs at birth (Innes et al., 2001). 

The severity of placental damage is a determining factor in the occurrence of 

abortion and also important in permitting invasion of the foetus (Maley et al., 2003; 

Dubey et al., 2006).  Improving our understanding of the host-pathogen interaction in 

pregnant cattle infected with N. caninum will help to determine the critical factors 

involved in disease pathogenesis and host protective immune responses.  This in turn 

will help in the development of effective control strategies, especially for vaccines. 
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Investigating the host immune response at the materno–foetal interface may improve 

our understanding as to why some infected cattle abort and some do not (Innes et al., 

2005).  The aim of the present study was to characterise the phenotype of the cellular 

immune infiltrate in the placenta of cattle experimentally inoculated with live N. 

caninum (Nc-1 strain) tachyzoites on day 210 of gestation. 

 

Materials and methods 

Animals and experimental design 

A full description of the animals and experimental design has been published by 

Benavides et al. (2012).  Briefly, 15 pregnant Aberdeen Angus cross or Belgian Blue 

cross cattle aged 20 to 23 months, seronegative for N. caninum, T. gondii, BVDV, 

BHV and Leptospira hardjo were oestrus synchronised and artificially inseminated 

with a mixture of semen from different bulls as previously described (Maley et al., 

2003).  Pregnancy and foetal viability were confirmed by ultrasound scanning on day 

35 after AI and again before challenge.  Animals were observed twice daily 

throughout the experiment and rectal temperatures were recorded 2 days before 

inoculation and then daily until 14 dpi.  Animals were considered to be febrile when 

the temperature was over 39.5ºC.  All animals were housed together until the end of 

the study (Benavides et al., 2012). 

Before the beginning of the experiment, the animals were divided into 2 groups: N. 

caninum-inoculated (n = 11) and negative control (n = 4), but were housed together 

until the end of the study.  At day 210 of gestation animals (at 27 to 30 month of age) 

were either subcutaneously inoculated with N. caninum tachyzoites (N. caninum-

inoculated group) or with uninfected Vero cells (negative control group), over the 

left pre-femoral lymph node (see comments in Chapter 1).  Three N. caninum-

inoculated cows and 1 negative control cow were culled at 14, 28 and at 42 dpi by 

intravenous barbiturate overdose, following which dams and foetuses were examined 

post mortem.  At 56 dpi, the remaining animals were culled and examined 

(Benavides et al., 2012). 
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All animal procedures complied with the Animals (Scientific Procedures) Act 1986 

and were approved by the MRI ethics committee. 

 

Experimental inocula 

Animals from the N. caninum-inoculated group were subcutaneously inoculated over 

the left prefemoral lymph node with 2ml of PBS containing 5 x 10
8
 live tachyzoites 

of the Nc-1 strain (Dubey et al., 1988b) of N. caninum at day 210 of gestation.  

Tachyzoites were cultured in Vero cells and the inoculum was prepared from the 

same low-passage (p-36) stabilate, which had been cryopreserved at -180°C in 

vapour phase liquid nitrogen storage since the early and mid gestation experiments in 

pregnant cattle (Maley et al., 2003; Macaldowie et al., 2004).  Four dams from the 

negative control group were inoculated with Vero cells (5 x 10
7
 Vero cells), 

equivalent to that in the parasite inocula, in 2ml PBS (see in Chapter 1) (Benavides et 

al., 2012). 

 

Collection of tissue samples 

Immediately after euthanasia and post mortem examination of the dams and foetuses, 

10 randomly selected placentomes were sampled from each dam and fixed in non 

aldehyde fixative containing zinc salts (zinc salt fixative; ZSF) (see Appendix 1) 

(Beckstead, 1994; González et al., 2001; Maley et al., 2006) for IHC examination.  

After 3 days of fixation, tissues were processed in an automated processor (Shandon 

Pathcentre
®
 Tissue Processor) then embedded in paraffin wax.  One section was 

trimmed from each placentome and then IHC analysed with each of the monoclonal 

antibodies (mAb). 
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Phenotypic analysis of inflammatory cells in placental tissue 

To investigate the immunopathology following inoculation with N. caninum, the 

phenotypes of the cells present in the inflammatory infiltrate were characterised 

using a technique similar to that described by Maley et al. (2006).  For each 

placentome sample, 5µm sections were cut and were mounted on glass microscope 

slides (Superfrost® Plus, Thermo Scientific, Braunschweig, Germany), dewaxed in 

xylene and hydrated through graded ethanol solutions using an automated slide 

stainer (Shandon Varistain
®
 24-4).  Endogenous peroxidase was blocked by 

incubating with 3% hydrogen peroxide in methanol for 30 minutes at room 

temperature (RT).  Non-specific labelling was reduced by incubating the slides in 

25% normal goat serum (NGS) in Tris-buffered saline (TBS) (see Appendix 1) at 

RT.  Immunohistochemistry was performed using an EnVision + kit (Dako North 

America Inc, Carpinteria, USA).  Briefly, previously reported mAbs that specifically 

recognise different markers in immune cells [macrophages, total T cells, T helper 

cells, cytotoxic T cells, γδ-T cells, natural killer (NK) cells and B cells] were used at 

different dilutions in TBS (described in Table 1).  Sections were then incubated 

overnight at 4ºC with each mAb.  The following day, slides were incubated with a 

peroxidase labelled polymer conjugated to goat anti-mouse immunoglobulins 

(secondary antibody provided in the commercial kit) for 30 min at RT.  After this 

incubation, the staining process was completed by 8 minute incubation with 3, 3’-

diaminobenzidine (DAB) and substrate-chromogen (provided in the EnVision + kit) 

at RT.  Slides were counterstained with Mayer’s haematoxylin for 2 minutes 

followed by immersion in Scott’s tap water substitute (STWS) (see Appendix 1).  

Slides were washed in tap water and then dehydrated through graded alcohols, 

cleared in xylene and mounted with coverslides.  Sections of bovine lymph nodes 

fixed in ZSF were used as positive control tissues. 

Selected placentome sections were also labelled using a mAb raised against human 

cytokeratin (clone AE1/AE3, Dako Cytomation, Glostrup, Denmark) (as a primary 

antibody) using the same technique as described above, in order to identify the 

population of trophoblastic cells, as previously described by Zeiler et al. (2005) and 

Koshi et al. (2012). 
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Scoring of the immunolabelling of the tissues 

Similarly to the technique described by Tekin and Hansen (2004), slides were blind-

coded and examined for each inflammatory cell marker (listed above).  To eliminate 

inter-operator error all slides were read by a single investigator (GJC).  The whole 

tissue section was examined and scored for the presence and distribution of 

immunolabelled cells by optical microscopy using various magnifications (10x, 20x 

and 40x).  The scores were defined according to the extent of cellular infiltration of 

the placentomes and whether there were associated pathological changes.  The 

following scoring system was established (see Figures 3a-d).  Score 0: no infiltration 

of labelled cells or diffuse/minimal infiltration of labelled cells that are not 

associated with pathological changes (see Figure 3a); Score 1: minimal/diffuse 

infiltration of labelled cells (in some cases forming small foci) associated with small 

necrotic areas (see Figure 3b); Score 2: mild infiltration and focal aggregation of 

labelled cells surrounding necrotic foci (see Figure 3c); Score 3: moderate 

infiltration and focal aggregation of labelled cells surrounding areas of necrosis (see 

Figure 3d); and Score 4: severe and large aggregations of positive cells surrounding 

areas of necrosis and/or mineralization.  The individual scores from 10 sampled 

placentomes were used to calculate a single mean score for each animal, similar to 

previous descriptions (Buxton et al., 2001; Oliveira and Hansen, 2008) and then were 

statistically analysed (see below). 
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Table 1: Specific mAb used to label different immune cell type in the bovine placentas from animals experimentally inoculated with N. 
caninum at early, mid- and late gestation 
 

Cluster of 
differentiation 

mAb clone Targeted immune cell Dilution References 

CD68 EBM11
(1) (a, b, c)

 Monocytes/macrophages 1:100 

(Kelly et al., 1988; Ackermann et al., 1994; Gutierrez et al., 1999; Schlafer et 
al., 2000; Tekin and Hansen, 2004; Oliveira and Hansen, 2008; Orozco et al., 

2013) 

CD3 MM1A
(2) (a, b, c)

 Total T cells 1:2000 
(Naessens et al., 1997; Van Kampen and Mallard, 1997; Kimura et al., 1999; 

Davis et al., 2001; Maley et al., 2006; Cantón et al., 2013c) 

CD4 

CC30
(3) (c)

 

T helper cells 

1:50 
(Bensaid and Hadam, 1991; Naessens, 1991; Anonymous, 1991; Gutierrez et 

al., 1999; Sopp and Howard, 2001; Summers et al., 2012; Cantón et al., 
2013c) 

ILA-12
(4) (a, b)

 1:1000 
(Baldwin et al., 1986; Teale et al., 1987; Morrison et al., 1987; Baldwin et al., 

1987; Bensaid and Hadam, 1991; Anonymous, 1991; Maley et al., 2006) 

CD8 

CC58
(3) (c)

 

Cytotoxic T cells 

1:200 
(Keech and Brandon, 1991; MacHugh and Sopp, 1991; Anonymous, 1991; 

Naessens, 1991; Davis et al., 2001; Cantón et al., 2013c) 

ILA-105
(4) (a, b)

 1:200 
(Van Kampen and Mallard, 1997; Naessens et al., 1997; Maley et al., 2006; 

Kessy and Matovelo, 2011) 

γδTCR IL-A29
(2) (a, b, c)

 γδ-T cells 1:4000 
(Morrison and Davis, 1991; Anonymous, 1991; Naessens, 1991; Naessens et 
al., 1997; Van Kampen and Mallard, 1997; Maley et al., 2006; Cantón et al., 

2013c) 

CD335 NKp46
(3) (a, b, c)

 Natural killer cells 1:250 
(Storset et al., 2004; Maley et al., 2006; Boysen et al., 2006; Entrican and 

Wheelhouse, 2006; Connelley et al., 2011; Cantón et al., 2013c) 

CD79αcy HM57
(1) (a, b, c)

 Total B cells 1:100 
(Pilozzi et al., 1998; Maley et al., 2006; Polledo et al., 2011; Cantón et al., 

2013c) 
(1)

 Dako Cytomation, Glostrup, Denmark 
(2)

 VMRD Inc, Washington, USA 
(3)

 AbD Serotec, Oxford, UK 
(4)

 ILRI, International Livestock Research Institute, Nairobi, Kenya 

 

(a)
 Early gestation 

(b)
 Mid gestation 

(c)
 Late gestation 
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Figures 3a-d: Examples of different scores of CD3
+
 cell infiltrates in placentomes from 

N. caninum-inoculated animals.  (a) Score 0: no infiltration of CD3
+
 cells in a 

placentome of a negative control cow.  (b) Score 1: rare CD3
+
 cells in the caruncles 

surrounding some necrotic foetal villi (fv) in the placentome of a N. caninum-
inoculated cow culled 14 dpi.  (c) Score 2: mild infiltrate of CD3

+
 cells surrounding 

area of detachment of foetal trophoblast and mesenchyme of the caruncle of the 
placentome of an inoculated cow culled 14 dpi.  (d) Score 3: focal aggregation of CD3

+
 

cells surrounding focal necrotic area in the caruncle of the placentome of an 
inoculated cow culled 14 dpi.  All of them counterstained with haematoxylin.  IHC 
slides produced and photographed by GJC. 

 

Statistical analysis 

Given the limited sample sizes and the lack of replication in the negative control 

group at each time point, the time factor was omitted and it was assumed that the 

data originated from the same population in order to gain statistical power.  This was 

supported by results from robust Fligner and Kruskal-Wallis tests on homogeneity, 

variability and location parameters among N. caninum-inoculated animals over time.  

Then, non-parametric two-tailed Mann-Whitney tests allowing for ties were 

conducted on the pooled data to investigate statistically significant differences in the 
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distribution of scores between N. caninum-inoculated and negative control animals 

for each cell type.  Statistical significance was assessed at the 95% confidence 

interval. 

 

Results 

Clinical and post mortem examination findings from dams and foetuses were 

outlined in Chapter 1 and published by Benavides et al. (2012).  Briefly, no abortions 

were recorded in N. caninum-inoculated or negative control animals since, on the day 

of euthanasia, all dams carried a viable foetus.  Although the negative control dam 

culled at 14 dpi was later found to be Neospora PCR positive in different tissues, 

microsatellite markers indicated that the genotype of the parasite was different from 

the Nc-1 genotype used in the experimental inocula (Benavides et al., 2012). 

 

Phenotypic analysis of inflammatory cells in placental tissue 

Examples of positive control tissues stained with each mAb are illustrated below, 

Figures 4a-h). 
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Figures 4a-h: Positive control tissues (retropharyngeal lymph node of a negative 
control dam) stained with the different mAbs used to phenotypically characterise the 
placental tissues.  (a) CD68

+
 (macrophages); (b and c) CD3

+
 (T cells); (d) CD4

+
 (T 
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helper cells); (e) CD8
+
 (cytotoxic T cells); (f) γδTCR

+
 (γδ-T cells); (g) CD335

+
 (NK cells) 

and (h) CD79αcy
+
 cells.  All of them counterstained with haematoxylin.  IHC slides 

produced and photographed by GJC. 

 

CD68+ cells 

Macrophages were observed in the placentas of all the N. caninum-inoculated 

animals throughout the period of study.  The infiltrate of macrophages was more 

evident in the N. caninum-inoculated animals culled at 14 dpi.  It ranged from mild to 

severe and was concentrated at the base of the caruncles and between the endometrial 

glands (see Figure 5a).  Large labelled cells in the connective tissue of the caruncle 

(not always associated with pathological changes) (see Figure 5b) were also 

observed.  In some cases, macrophages infiltrating necrotic foetal villi were seen.  

The placentas of N. caninum-inoculated animals culled at 28 dpi contained a milder 

infiltrate of macrophages compared to those sampled at 14 dpi.  This was 

characterised by a minimal diffuse infiltrate at the caruncle base, with some large 

labelled cells in the caruncle stalk connective tissue or in some foetal villi (see Figure 

5c).  These were generally not associated with any other lesions.  At 42 and 56 dpi 

the infiltrate of macrophages was heavier than at 28 dpi, but still not as pronounced 

as in the placentas sampled at 14 dpi.  At 42 and 56 dpi, the macrophages mainly 

surrounded small areas of necrosis in the caruncle and in necrotic foetal villi.  They 

also infiltrated the base of caruncles but were not associated with any lesions there 

(see Figures 5d and 5e, respectively).  Rare non-aggregated CD68
+
 cells were 

observed in placentas of negative control animals (see Figure 5f).  The observed 

differences in the scores of macrophage infiltration between N. caninum-inoculated 

and negative control groups (see Figure 6) were not statistically significant (p = 

0.099). 
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Figures 5 a-f: Examples of macrophage infiltrates in placentomes from N. caninum-
inoculated (a-e) and negative control (f) animals.  (a) Severe infiltration (score 4) of 
macrophages in the base of a caruncle of a N. caninum inoculated dam culled at 14 
dpi. (b) Infiltrates of large macrophages in the connective tissue of the caruncle stalk 
(score 2) of a N. caninum inoculated dam culled at 14 dpi.  (c) Minimal infiltrate (score 
1) of macrophages in some foetal villi of the placentome from a N. caninum inoculated 
dam culled at 28 dpi.  (d) Mild infiltration (score 2) of macrophages in the connective 
tissue in a caruncular stalk of a placentome from a N. caninum inoculated dam culled 
at 42 dpi.  (e) Moderate infiltrate (score 3) of large macrophages in the connective 
tissue in the caruncle of a placentome from a N. caninum inoculated dam culled at 56 
dpi.  (f) Minimal infiltrate (score 1) of macrophages in the caruncle in a placentome 
from the negative control dam culled at 14 dpi.  All of them counterstained with 
haematoxylin.  IHC slides produced and photographed by GJC. 
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Figure 6: Mean CD68
+
 cell scores in placentomes collected from N. caninum 

inoculated (black bars) and negative control (white bars) dams.  Error bars indicate 
standard error of the means (SEM).  Modified from Cantón et al. (2013b) 

 

CD3+ cells 

In 10 to 70% of the sampled placentomes of the N. caninum-inoculated dams culled 

at 14 dpi there was a minimal to mild infiltrate of CD3
+
 cells in areas of necrosis in 

the caruncle and sporadically surrounding necrotic foetal villi, occasionally forming 

little aggregates (see Figure 7a).  Scattered perivascular CD3
+
 cells were observed in 

the caruncle, though not associated with pathological changes.  Minimal diffuse 

infiltrates of CD3
+ 

cells were also observed in the base of the caruncles of the N. 

caninum-inoculated animals.  In 40 to 90% of the placentomes of the N. caninum-

inoculated animals culled at 28 dpi there was a minimal to mild infiltrate of CD3
+
 

cells forming multifocal aggregates (see Figures 7b and 7c) in areas surrounding 

necrotic foetal villi, necrotic foci and in connective tissue in caruncle.  Some of these 

aggregates were also located in perivascular areas.  Rare CD3
+
 cells were also 
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observed in areas of the caruncle where no pathological lesions were present.  In 90 

to 100% of the collected placentomes from the N. caninum-inoculated dams culled at 

42 dpi, mild multifocal infiltrates of CD3
+
 cells were located in large areas of 

necrosis in caruncles (see Figure 7d), in the caruncular stalk surrounding cryptal 

epithelium, and in necrotic foetal villi.  Some of these infiltrates were also in the 

perivascular regions of the caruncle.  Finally, in 10 and 60% of the placentomes of 

the N. caninum-inoculated dams culled at 56 dpi, mild aggregates of CD3
+
 cells were 

surrounded necrotic foci (see Figure 7e) in perivascular areas of the caruncles and in 

necrotic foetal villi.  Single rare CD3
+
 cells were observed in the caruncle of negative 

control animals, not associated with any pathological changes in the negative control 

animals (see Figure 7f).  The mean scores of total T cells in negative control and N. 

caninum-inoculated animals over time are shown in Figure 8.  Statistically 

significant differences in cellular infiltrate scores between N. caninum-inoculated 

and negative control animals were found overall for CD3
+
 cells (p < 0.05). 
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Figures 7 a-f: Examples of T cell (CD3
+
) infiltrates of placentomes from N. caninum-

inoculated (a-e) and negative control (f) animals.  (a) Mild aggregate of CD3
+
 cells in 

the caruncle of a N. caninum inoculated dam culled at 14 dpi.  (b) Small foci of CD3
+
 

cell infiltration in the base of the placentome from a N. caninum inoculated dam culled 
at 28 dpi.  (c) Moderate infiltration of CD3

+
 cell infiltration in caruncle stalk of the 

placentome from a N. caninum inoculated dam culled at 28 dpi.  (d) Mild infiltration of 
CD3

+
 cells surrounding in the caruncle of a placentome from a N. caninum inoculated 

dam culled at 42 dpi.  (e) Moderate infiltration of CD3
+
 cells surrounding a necrotic 

focus (n) in the caruncle of a placentome from a N. caninum inoculated dam culled at 
56 dpi.  (f) Minimal infiltration of CD3

+
 cells in the caruncle of a placentome from the 

negative control dam culled at 28 dpi.  All of them counterstained with haematoxylin.  
IHC slides produced and photographed by GJC. 
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Figure 8: Mean CD3
+
 cell scores in placentomes collected from N. caninum inoculated 

(black bars) and negative control (white bars) dams.  Error bars indicate SEM.  
Modified from Cantón et al. (2013b). 

 

CD4+ cells 

CD4
+
 cells were only observed in 10% of the placentomes of one out of three N. 

caninum-inoculated dams culled at 14 dpi, forming small aggregates in necrotic foci 

in the caruncles and surrounding necrotic foetal villi.  Some CD4
+
 cells were also 

observed in areas of the caruncle not associated with any pathological features (see 

Figure 9a).  In the samples taken at 28 dpi, between 10 to 70% of the placentomes 

from N. caninum-inoculated dams had scattered single or small aggregates of CD4
+
 

T cells associated with necrotic foci in the caruncles (see Figure 9c) and, in some 

cases, in the periphery of blood vessels.  They were also present focally in caruncles, 

though not associated with pathological changes (see Figure 9b).  In the N. caninum-

inoculated cows culled at 42 dpi, 40 to 80% of the placentomes had small aggregates 

of CD4
+
 cells in the caruncle, surrounding necrotic and mineralised foci and in 

necrotic foetal villi (see Figure 9d).  Minimal infiltrates of CD4
+
 cells were also 

observed at the base of caruncles not associated with any pathological changes.  In 
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the placentomes of the two N. caninum-inoculated animals culled at 56 dpi, a similar 

pattern of CD4
+
 cell infiltration was observed, but only in 10 to 40% of the sampled 

tissues, surrounding necrotic areas in caruncles in a perivascular location not 

associated with lesions (see Figure 9e).  Single CD4
+
 cells were observed in caruncle 

of negative control animals, with no associated pathological changes (see Figure 9f).  

The mean scores of CD4
+
 T cells in negative control and N. caninum-inoculated 

dams over time are shown in Figure 10.  No statistically significant differences in the 

distribution of CD4
+
 infiltration scores between the N. caninum-inoculated and 

control animals were detected (p = 0.168). 
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Figures 9 a-f: Examples of T helper cell (CD4
+
) infiltrates in placentomes from N. 

caninum-inoculated (a-e) and negative control (f) animals.  (a) Mild infiltration of CD4
+
 

cells in the base of the placentome caruncle of a N. caninum inoculated dam culled at 
14 dpi.  (b) Moderate aggregate of CD4

+
 cells in the caruncle of a placentome collected 

from a N. caninum inoculated dam culled at 28 dpi.  (c) Moderate aggregate of CD4
+
 

cells surrounding a necrotic foetal villus (n) in the placentome from a N. caninum 
inoculated dam culled at 28 dpi.  (d) Mild infiltration of CD4

+
 cells surrounding a 

necrotic foetal villus (n) and mineralisation (m) from a placentome from a N. caninum 
inoculated dam culled at 42 dpi.  (e) Mild aggregates of CD4

+ 
cells in the base of a 

placentome from a N. caninum inoculated dam culled at 56 dpi.  (f) Rare CD4
+
 cells in 

the caruncle of a placentome from a negative control dam culled at 14 dpi.  All of them 
counterstained with haematoxylin.  IHC slides produced and photographed by GJC. 
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Figure 10: Mean CD4
+
 cell scores in placentomes collected from N. caninum 

inoculated (black bars) and negative control (white bars) dams.  Error bars indicate 
SEM.  Modified from Cantón et al. (2013b). 

 

CD8+ cells 

In the three N. caninum-inoculated dams culled at 14 dpi, there were rare CD8
+
 T 

cells surrounding small necrotic foci in the caruncles of 10% of placentomes (see 

Figure 11a).  In all N. caninum-inoculated dams culled at 28 dpi, there were rare to 

moderate numbers of CD8
+
 T cells around necrotic foci in the caruncles of between 

10 and 30% of placentomes (see Figure 11b).  In the N. caninum-inoculated animals 

culled on 42 dpi, rare CD8
+
 cells were observed near foci of necrosis in the caruncle 

in 10 to 50% of the placentomes (see Figures 11c and 11d).  Rare CD8
+
 cells were 

associated with small necrotic foci in the caruncle in 10% of the placentomes in one 

of the two N. caninum-inoculated animals culled at 56 dpi (see Figure 11e).  Rare 

and diffusely distributed CD8
+
 cells were also observed in caruncles of some 

placentomes of N. caninum-inoculated and negative control animals, though not 

associated with pathological changes (see Figure 11f).  In Figure 12, the mean CD8
+
 

T cell scores are summarised.  Similarly to the CD4
+ 

cells, the differences in the 
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distribution of CD8
+
 scores between N. caninum-inoculated and negative control 

groups were not statistically significant (p = 0.255). 

 

Figures 11 a-f: Examples of cytotoxic T cell (CD8
+
) infiltrates in placentomes from N. 

caninum-inoculated (a-e) and negative control (f) animals.  (a) Mild infiltration of CD8
+
 

cells in the caruncle surrounding some areas of necrosis (n) in a placentome from a 
N. caninum inoculated dam culled at 14 dpi.  (b) Mild infiltration of CD8

+
 cells in the 

caruncle in a placentome from a N. caninum inoculated dam culled at 28 dpi.  (c) Mild 
infiltration of CD8

+
 cells in the caruncle of a placentome from a N. caninum inoculated 

dam culled at 42 dpi.  (d) Minimal infiltration of CD8
+
 cells in the caruncle of a 

placentome from a N. caninum inoculated dam culled at 42 dpi.  (e) Minimal infiltration 
of CD8

+
 cells in the placentome from a N. caninum inoculated dam culled at 56 dpi.  (f) 

Single CD8
+
 cells in the caruncle of a placentome of the negative control dam culled at 
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28 dpi.  All of them counterstained with haematoxylin.  IHC slides produced and 
photographed by GJC. 

 

 

Figure 12: Mean CD8
+
 cell scores in placentomes collected from N. caninum 

inoculated (black bars) and negative control (white bars) dams.  Error bars indicate 
SEM.  Modified from Cantón et al. (2013b). 

 

γδTCR+ cells 

In 10 to 70% of the selected placentomes from the N. caninum-inoculated animals 

culled at 14 dpi, there was a minimal to mild γδ-T
 
cell infiltrate in necrotic foci in the 

caruncles or in necrotic and mineralised foetal villi.  Gamma delta T
 
cells also 

surrounded blood vessels and infiltrated areas with no pathological changes (see 

Figures 13a and 13b).  In 80 to 90% of the placentomes from three of the N. 

caninum-inoculated animals culled at 28 dpi there was a minimal to mild infiltrate of 

γδ-T cells in necrotic and mineralised areas of the caruncle, in necrotic and 

mineralised foci at the base of the caruncles (see Figure 13c) and in necrotic foetal 

villi.  In 60 to 100% of the placentomes from the N. caninum-inoculated animals 
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culled at 42 dpi, there was a minimal to mild focal infiltrate of γδTCR
+
 cells 

surrounding necrotic and mineralised foci at the base of the caruncles (see Figure 

13d).  In the two N. caninum-inoculated animals culled at 56 dpi, 70 and 90% of the 

placentomes, respectively, contained a minimal to mild focal infiltrate of γδ-T cells 

in necrotic foetal villi, in the connective tissue of the foetal-maternal junction and at 

the base of the caruncles, associated with necrosis (see Figure 13e).  Gamma delta T 

cells were also diffusely observed at the base of the caruncles, generally not 

associated with pathological changes in negative control and N. caninum-inoculated 

animals at 14, 28, 42 and 56 dpi (see Figure 13f).  The γδ-T cell score for negative 

control and N. caninum-inoculated animals are plotted against time and illustrated in 

Figure 14.  Statistically significant differences were found overall in the distribution 

of γδ-T cell scores between N. caninum-inoculated and negative control animals (p < 

0.05). 
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Figures 13 a-f: Examples of γδ-T cell infiltrates in placentomes from N. caninum-
inoculated and negative control animals.  (a) Moderate infiltrate of γδTCR

+
 cells in the 

caruncle of a placentome from a N. caninum inoculated dam culled at 14 dpi.  (b) Mild 
perivascular infiltrate of γδTCR

+
 cells in the caruncle of a placentome from a N. 

caninum inoculated dam culled at 14 dpi.  (c) Mild aggregates of γδTCR
+
 cells in the 

caruncle of a placentome collected from a N. caninum inoculated dam culled at 28 dpi.  
(d) Moderate aggregate of γδTCR

+
 cells in the caruncle surrounding some necrotic 

foetal villi, observed in a placentome from a N. caninum inoculated dam culled at 42 
dpi.  (e) Rare γδTCR

+
 cell infiltration in the caruncle of a placentome of a N. caninum 

inoculated dam culled at 56 dpi.  (f) Rare individualised γδTCR
+
 cells in the caruncle of 

a placentome collected from a negative control dam culled at 14 dpi.  All of them 
counterstained with haematoxylin.  IHC slides produced and photographed by GJC. 
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Figure 14: Mean γδTCR
+
 cell scores in placentomes collected from N. caninum 

inoculated (black bars) and negative control (white bars) dams.  Error bars indicate 
SEM.  Modified from Cantón et al. (2013b). 

 

NKp46+ cells 

Single NKp46
+
 cells were observed throughout the caruncle in the placentomes of all 

the N. caninum-inoculated animals culled at 14, 28, 42 and 56 dpi.  In two out of 

three and in one out of three N. caninum-inoculated animals culled at 28 and 42 dpi, 

respectively, aggregates of NKp46
+
 cells were detected in caruncles surrounding foci 

of necrosis and mineralisation (see Figure 15a).  Minimal infiltrates of NKp46
+
 cells 

were also observed in the base of the caruncle of all the N. caninum-inoculated and 

negative control animals, though not associated with pathological changes (see 

Figure 15b).  The NKp46 scores are plotted against time and highlighted in Figure 

16.  Statistically significant differences in the distribution of NKp46
+
 infiltration 

scores were observed between N. caninum-inoculated and negative control groups (p 

< 0.01). 
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Figures 15 a-b: Examples of NK cell infiltrates in placentomes from N. caninum-
inoculated and negative control animals.  (a) Mild infiltrates of NK cells in the base of 
a placentome surrounding an area of mineralisation from a N. caninum inoculated 
dam culled at 14 dpi.  (b) Rare NK cells in the caruncle of a negative control dam 
culled at 28 dpi.  Both counterstained with haematoxylin.  IHC slides produced and 
photographed by GJC. 

 

 

Figure 16: Mean NKp46
+
 cell scores in placentomes collected from N. caninum 

inoculated (black bars) and negative control (white bars) dams.  Error bars indicate 
SEM.  Modified from Cantón et al. (2013b). 
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CD79αcy
+ cells and cytokeratin 

Rare individualised CD79αcy positive cells were observed in all animals from both 

the N. caninum-inoculated and negative control groups on 14, 28, 42 and 56 dpi (see 

Figures 17a-f, respectively).  These cells were diffusely distributed, mainly aligned 

with the endometrial epithelium in the caruncles and in some foetal villi, but not 

associated with pathological changes.  The time pattern of this infiltration is shown 

in Figure 18.  No statistically significant differences in scores were found for 

CD79αcy
+
 cells between the N. caninum-inoculated and negative control groups (p = 

0.890).  When HM57 (anti CD79αcy antibody) was incubated overnight with non 

bovine ruminant placental tissues (ovine and water buffalo) it stained cells which 

were morphologically and histologically similar to those that reacted positively in the 

bovine tissues (see Figures 19a, 19b and 19c, respectively). 

When selected placental tissues from N. caninum-inoculated and negative control 

dams were incubated with the mAb against cytokeratin, the trophoblast layer of 

mononuclear cuboidal cells and occasional binucleated cells were labelled (see 

Figures 19d), with the same localisation of the CD79αcy
+
 cells, confirming that HM57 

mAb is indeed identifying trophoblast cells instead of B cells in the placentas. 
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Figures 17 a-f: Examples of CD79αcy
+
 cell infiltrates in placentomes from N. caninum-

inoculated (a-e) and negative control (f) animals.  (a) Diffuse distribution of CD79αcy
+ 

cells in the caruncles of a N. caninum inoculated dam culled at 14 dpi.  (b) Diffuse 
distribution of CD79αcy

+ 
cells in the caruncles of a N. caninum inoculated dam culled at 

14 dpi.  (c, d and e) Diffuse distribution of CD79αcy
+ 

cells in the caruncles of a N. 
caninum inoculated dam culled at 28, 42 and 56 dpi, respectively.  (f) Diffuse 
distribution of CD79αcy

+ 
cells in the caruncles of a negative control dam culled at 14 

dpi.  All of them counterstained with haematoxylin. IHC slides produced and 
photographed by GJC. 
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Figure 18: Mean CD79αcy
+
 scores in placentomes collected from N. caninum inoculated 

(black bars) and negative control (white bars) dams.  Error bars indicate SEM.  
Modified from Cantón et al. (2013b). 
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Figures 19 a-d: Examples of CD79αcy
+
 cell infiltrates in the ovine (a) and buffalo (b and 

c) placenta, and cytokeratin labelling in the bovine placenta (d).  All of them 
counterstained with haematoxylin.  IHC slides produced and photographed by GJC. 
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Discussion 

After inoculation with live tachyzoites of Nc-1 isolate at day 210 of gestation, all 

dams showed evidence of infection although no abortions occurred and only minimal 

to mild necrotic and inflammatory lesions were observed in placental and foetal 

tissues (Benavides et al., 2012).  These findings are similar to previous studies where 

dams intravenously inoculated with Nc-Liv at the same gestational age gave birth to 

asymptomatic congenitally infected calves (Williams et al., 2000; Gibney et al., 

2008).  In comparison, the outcome of infection in early gestation is often fatal with 

extensive lesions (Barr et al., 1994b; Williams et al., 2000; Macaldowie et al., 2004; 

Gibney et al., 2008) while infection in mid-gestation may result in abortion or the 

birth of persistently infected calves with mild lesions (Dubey et al., 1992b; Barr et 

al., 1994b; Williams et al., 2000; Maley et al., 2003; Williams et al., 2003; 

Rosbottom et al., 2008; Rosbottom et al., 2011). 

During the analysis of these placental samples a novel scoring methodology was 

developed, similar to that described by Tekin and Hansen (2004).  Although 

comparable approaches have been used in different pathological studies, this 

methodology has allowed a clear characterisation of the infiltrating immune cells in 

fixed tissues, particularly with regard to their location and organisation, and 

culminating in the generation of objective data that can be statistically analysed.  

This methodology could be standardised because the same IHC protocols were used 

in all the samples and the scoring was undertaken by the same observer (GJC).  

Furthermore, this technique could be modified and applied to other studies with the 

aim of characterising and comparing cellular immune responses in fixed tissue 

samples.  In fact, later the same methodology was applied to the placental samples 

collected during the previous studies following experimental inoculation with Nc-1 

in early (Macaldowie et al., 2004) and mid gestation (Maley et al., 2003), allowing a 

better comparison and proving to be effective (see Chapter 3).  Whereas with a single 

assessor the investigation error was negligible, more than one evaluator may have 

reduced the subjectivity and tested the repeatability of the system.  For this reason, to 

give strength to the method and reduce error to a minimum, a randomised system 

was put in place by blind-coding the slides. 
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The results of the phenotypic analysis of the immune cell infiltrate in the placentas of 

the present study have shown that, although differential infiltration was observed 

between N. caninum-inoculated and negative control animals at each time point (14, 

28, 42 and 56 dpi), no statistically significant differences were found for 

macrophages.  Initially, macrophages were observed in large numbers in the 

placentas of N. caninum-inoculated dams culled at 14 dpi.  Although Neospora was 

not detected by PCR or IHC in the placentas of these animals (Benavides et al., 

2012) the macrophage infiltration could have been involved in the initiation of an 

immune response to the parasite challenge in these N. caninum-inoculated animals.  

Monocytes/macrophages are one of the principal cellular components of innate 

immunity, acting as antigen presenting cells and consequently influencing the 

functional direction of the subsequent adaptive immune response (Raghupathy, 1997; 

Nishikawa et al., 2001c).  Indeed Rosbottom et al. (2008) demonstrated that 

endometrial macrophage populations were increased in pregnant cows after 

experimental infection with N. caninum.  Macrophages have a crucial role in 

protective immunity, inhibiting intracellular multiplication of tachyzoites and 

exhibiting cytotoxic activity against the intracellular parasite in murine models of 

neosporosis (Tanaka et al., 2000a). 

At 28 dpi, macrophage infiltration was minimal to mild and an increased number of 

positive cells was observed at 42 and 56 dpi, associated with the presence of more 

severe pathological changes in the placenta (Benavides et al., 2012).  Macrophages 

are not only involved in anti-parasitic activity but also play a key role in the tissue 

repair process, since they are the principal cell type responsible for wound 

debridement (Leibovich and Ross, 1975).  This may help to explain their presence 

after the appearance of tissue damage. 

Statistical differences between the N. caninum-inoculated and the negative control 

animals were observed for the infiltration of CD3
+ 

T cells over time and a similar 

phenomenon was observed for γδ-T cells.  A positive correlation was observed 

between these cellular infiltrates and the presence of pathological changes.  The mild 

inflammatory infiltrates observed in the analysed placentomes of N. caninum-

inoculated dams primarily expressed CD4
+
 and γδ-T cell markers, indicating a 
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predominant Th1 response.  Mean CD8
+
 T cell scores were lower than those for γδ T 

cells and T helper cells (see Figure 20).  The time pattern for the appearance of 

inflammatory cells in the placenta was related to the presence of Neospora (PCR and 

IHC) in the placental samples (Benavides et al., 2012).  Orozco et al. (2013) found 

scattered and fewer CD4
+
 and CD8

+
 T cells in the uteri and placentas of pregnant 

cows naturally infected with N. caninum and found no differences when compared 

with seronegative cattle.  However, it has been established that Neospora is largely 

controlled by cell-mediated immune mechanisms and, specifically, CD4
+
 T 

lymphocytes have a significant protective role, demonstrable by the direct lysis of N. 

caninum-infected cells and production of IFN-γ which can significantly inhibit 

multiplication of the parasite (Marks et al., 1998; Innes et al., 2000; Staska et al., 

2003; Bartley et al., 2004; Tuo et al., 2004).  Following infection with N. caninum in 

cattle, CD4
+
 T lymphocytes are principal components of the Th1 response and 

produce pro-inflammatory Th1 type cytokines including IFN-γ, TNF-α and IL-12, 

which have an essential role in protective immunity against the parasite (Innes et al., 

1995a; Khan et al., 1997; Marks et al., 1998; Baszler et al., 1999; Williams et al., 

2000; Tuo et al., 2004; López-Gatius et al., 2007a).  Mice depleted of IL-12 or IFN-

γ, as well as IFN-γ-knockout mice, are unable to survive infection with N. caninum 

(Khan et al., 1997; Baszler et al., 1999).  On the other hand, this Th1 response can be 

detrimental to pregnancy and can compromise foetal survival (Raghupathy, 1997; 

Quinn et al., 2002a; Innes et al., 2005).  In vitro studies have shown that treatment of 

ruminant cells with IFN-γ significantly inhibited intracellular multiplication of N. 

caninum (Innes et al., 1995a).  The lower levels of Th1 cellular responses observed 

in this current study [when compared with studies conducted on placental tissue in 

early (Maley et al., 2006) and mid-gestation (Rosbottom et al., 2011) (see Chapter 

3)], may help to explain the milder clinical outcome observed in this study. 

In humans and ruminants, γδ-T cells are one of the immune cells associated with 

mucosal surfaces and in the placenta they may be part of the first line of defence 

against pathogens (Haas et al., 1993; Entrican, 2002; Maley et al., 2006).  In the 

peripheral blood and lymphoid organs of young ruminants, they represent up to 50% 

of all T cells (Hein and Mackay, 1991), but their role in combating N. caninum 

infections is not yet known (Maley et al., 2006).  In murine models, γδ-T cells may 
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also have the capacity to trigger foetal losses by reacting against the foetal 

trophoblast (Arck et al., 1999).  After N. caninum infection in early gestation, 

placentas contain moderate numbers of γδ-T cells which can increase to large 

numbers if dams are carrying dead foetuses (Maley et al., 2006).  The mild γδ-T cell 

infiltration that was detected in the present trial supports the hypothesis that, during 

pregnancy, an anti-Neospora maternal immune response at a later stage is less 

harmful than one that occurs in early gestation. 

Natural killer (NK) cells play an important role in the early response to a wide 

variety of pathogens, including N. caninum, and also direct the adaptive immune 

response towards a Th1 response.  Natural killer cells act as an important source of 

IFN-γ during early infection in the placenta and there is evidence of direct 

interactions between protozoa, or protozoan-infected cells, with NK cell receptors 

(Korbel et al., 2004; Boysen et al., 2006; Klevar et al., 2007; Rosbottom et al., 

2008).  Furthermore, after N. caninum infection during early gestation, dams carrying 

live foetuses show a lower number of NK cells in their placentas when compared 

with dams with dead foetuses, suggesting a role for these cells in the 

immunopathogenesis of neosporosis (Maley et al., 2006) (see Chapter 3).  During the 

present trial, mean scores of NK infiltration were relatively constant throughout the 

period of study (see Figure 16), unlike that observed with T cells (CD3
+
, CD4

+
, 

CD8
+ 

and
 
γδ-T cells).  The degree of infiltration of NK cells was similar when 

compared with the observations in the early gestational studies in dams carrying live 

foetuses (Maley et al., 2006). 

In previously reported work, B-cell-deficient mice were shown to be increasingly 

susceptible to N. caninum cerebral infection or acute disease model, suggesting an 

important role for B cells in host immunity against N. caninum (Eperon et al., 1999).  

In the present study, rare and single CD79αcy
+
 cells were observed with no 

differences between negative control and N. caninum-inoculated dams, similarly to 

infection in early gestation (Maley et al., 2006) and after recrudescence of infection 

in mid and late-gestation (Rosbottom et al., 2011) suggesting that these cell types are 

probably not involved in protection against this protozoan or in the 

immunopathogenesis of neosporosis.  However, further analysis will be required in 
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order to elucidate the true identity of the CD79αcy
+
 cells, because labelled cells 

morphologically and histologically resembled trophoblast cells instead of B cells.  In 

fact the CD79αcy
+
 cells were also cytokeratin positive which supports epithelial origin 

since cytokeratin has been established as a very sensitive and reliable marker for all 

types of trophoblastic tissues (Daya and Sabet, 1991).  CD79αcy
+
 cells were located in 

the trophoblast layer and, even though the majority were mononuclear cuboidal cells, 

occasional binucleated cells were also labelled.  When the HM57 mAb (against 

CD79αcy) was applied to other ruminant species placentas (sheep and water buffalo) 

similar results were observed (see Figures 19a-c).  More studies using other mAbs 

are required to establish the presence or absence of B cells in these placentas, and to 

clarify the genuine identity of these placental CD79αcy
+
 cells. 

The observed differences in the pattern of cellular responses at different stages of 

gestation may be attributable to differences in the immunological environment which 

allow or hamper the multiplication of the parasite within the placenta.  This is further 

reflected in the clinical outcome of infection at different stages of pregnancy.  

Previous studies have reported N. caninum specific cellular proliferation responses 

and a corresponding production of IFN-γ early in gestation while, in mid-gestation, 

these immune responses are not as powerful, allowing Neospora transmission.  This 

suggests that biological changes associated with pregnancy may allow reactivation of 

tissue cysts of N. caninum leading to the release of bradyzoites (Innes et al., 2001; 

Rosbottom et al., 2011).  The host immune response may also be influenced by 

hormones produced during pregnancy.  Progesterone and prostaglandin E2 are 

known to bias a T-cell response towards a Th2 phenotype during human pregnancy 

(Piccinni et al., 1995; Kalinski et al., 1997).  Steadily increasing levels of 

progesterone in the plasma of pregnant cattle have been documented from early to 

mid-gestation then these values significantly declined in the last few weeks of 

gestation (Pope et al., 1969).  Collectively, these observations tend to favour a bias 

towards a more regulatory Th2-type cytokine milieu during normal pregnancy, 

especially in mid-gestation (Innes et al., 2002).  In accordance with previous work 

(Innes et al., 2005; Rosbottom et al., 2011), a stronger Th1 response was expected in 

this study.  However, a milder Th1-type cellular balance was observed when 

compared with responses to infection during early and mid stages of pregnancy 
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(Maley et al., 2006) (see Chapter 3), possibly resulting in the minor clinical 

consequences of the disease in late gestation.  However, it is important to consider 

that the immunological maturity of the foetus may also play an important role in 

influencing the pathogenesis of Neospora infection. 

No differences were observed for each of the immune cell markers between the 

negative control animals culled at 28, 42 and 56 dpi when compared with the one 

negative control animal culled at 14 dpi, which tested N. caninum positive by PCR 

(Benavides et al., 2012).  This was an unexpected observation, especially in light of 

the other immunological findings, since this animal was serologically negative 

(Benavides et al., 2012) and no response to Neospora tachyzoites in the 

lymphoproliferation assays was confirmed (Bartley et al., 2013a).  Microsatellite 

markers showed that the Neospora genotype identified was different from the Nc-1 

strain used in the inoculum, ruling out any accidental infection or laboratory 

contamination (Benavides et al., 2012).  This technique allows the identification of 

genetic diversity among isolates of N. caninum (Atkinson et al., 1999; Schock et al., 

2001; Gondim et al. 2004a; Regidor-Cerrillo et al., 2006). Therefore, it was 

concluded that this negative control dam culled at 14 dpi was infected before the 

experimental Nc-1 inoculation and that the serological analysis was not able to detect 

the infection.  Further serological analysis confirmed the presence of antibodies 

against NcSAG4, a bradyzoite stage-specific protein associated with chronic 

infections.  Antibodies against NcGRA7, a marker of acute primary infection, 

recrudescence or reinfection were not detected.  In addition, there was no vertical 

transmission of the parasite to this dam’s foetus (Benavides et al., 2012).  

Fluctuations in the serological responses of infected cattle against N. caninum 

tachyzoite antigens have been previously reported (Conrad et al., 1993b; Waldner et 

al., 1998) in association with the age of the animal and the gestational stage 

[reviewed by Dubey and Schares (2006)].  All these findings raise concerns over the 

effectiveness of the currently available serological techniques that are widely used to 

identify infected dams.  Further research is indicated to improve the available 

serological tests. 
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In conclusion, following infection of pregnant cattle at day 210 of gestation, the 

immune cell infiltrate in placental tissues was milder than that observed in similar 

studies that investigated infection at earlier gestational stages and can partially 

explain the milder clinical outcome, i.e. congenital transmission but no abortions. 

Previous reports on neosporosis show an association between production of 

inflammatory cytokines, such as IFN-γ, TNF-α and IL-12 and disease pathogenesis 

(Innes et al., 1995a; Khan et al., 1997; Marks et al., 1998; Baszler et al., 1999; Innes 

et al., 2000; Innes et al., 2001; Staska et al., 2003; Bartley et al., 2004; Rosbottom et 

al., 2011).  However, it remains unclear which cells are responsible for the 

production of these cytokines and how the cells and cytokines relate to pathogenesis, 

particularly at different stages of gestation.  In order to investigate this aspect of 

bovine neosporosis immunopathogenesis, cytokine expression by placental tissues 

following experimental inoculation during early, mid and late gestation was 

evaluated and this work is described in Chapter 4 of this Thesis. 
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Chapter 3: 

Characterisation of bovine placental immune cell 

infiltrate after experimental inoculation with N. 

caninum throughout gestation 

 

 

 

 

Adapted from: 

Cantón, G.J., Katzer, F., Maley, S.W., Bartley, P., Benavides-Silván, J., 

Palarea-Albaladejo, J., Burrells, A., Pang, Y., Rocchi, M., Smith, S., Innes, 

E.A., Chianini, F.  Degree of immune cell infiltration into placentas of 

Neospora caninum challenged cattle correlates with clinical outcome of 

pregnancy.  Article submitted for publication in Veterinary Research. 

 

 

In this chapter I was responsible for reviewing the literature, performing IHC on 

tissue from early and mid gestational experiments using mAb against macrophages, 

scoring the inflammatory infiltrate in samples from early, mid and late gestational 

experiments, photographing the IHC slides including the ones previously 

immunolabelled by Stephen Maley and Yvonne Pang (MRI), analysing the generated 

scores and writing the manuscript. 
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Introduction 

As explained in previous chapters, the pathogenesis of bovine neosporosis is only 

partially understood, and the reasons for the diverse clinical outcomes observed at 

different times of gestation remain unclear.  There is some evidence that infection 

with N. caninum triggers a Th1-type immune-response at the maternal–foetal 

interface (Khan et al., 1997; Long et al., 1998; Lundén et al., 1998; Marks et al., 

1998; Baszler et al., 1999; Eperon et al., 1999; Tanaka et al., 2000a; Tanaka et al., 

2000b; Quinn et al., 2002a) and this type of immune response could be detrimental 

for pregnancy since it can damage the maternal placenta, disrupting the foetal 

vascular supply of nutrients (Maley et al., 2003; Macaldowie et al., 2004; Innes et 

al., 2005). 

The main aim of this study was to characterise and compare the cellular immune 

responses in pregnant cattle experimentally inoculated with N. caninum in early, mid 

and late gestation, in order to explain the different clinical outcomes observed in 

different periods of pregnancy. 

 

Materials and methods 

Collection of samples at the three time points 

The placental samples from the present study were generated from previous 

Neospora experimental inoculations carried out at MRI.  Samples were collected as 

follows: uterus was removed during post-mortem examination immediately after 

euthanasia and 5, 3 or 10 randomly selected placentomes were sampled from each 

placenta in early (Macaldowie et al., 2004), mid (Maley et al., 2003) and late 

gestation (Benavides et al., 2012), respectively.  They were placed in ZSF for 3 days, 

and then embedded in paraffin-wax as previously published (Maley et al., 2006; 

Cantón et al., 2013b) and described in Chapter 2. 
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Placental tissues and immunohistochemistry 

The samples of placentas reported in this study were generated during three different 

experiments partially published and also reported in previous chapters.  A full list of 

mAbs used in this study can be found in Table 1 in Chapter 2. 

 

Early gestation 

Macaldowie et al. (2004) reported the study carried out in early gestation wherein 

pregnant cows were inoculated IV and SC with N. caninum (Figure 2 in Chapter 1). 

Later, Maley et al. (2006) published the IHC results on immune cell infiltrates in 

placentas from this experiment. However, to ensure consistency, the slides from this 

earlier experiment were re-assessed using the recently published scoring system 

already described in Chapter 2 (Cantón et al., 2013b).  Furthermore, IHC using 

EBM11 (mAb raised against CD68 antigen present in monocytes / macrophages) had 

to be carried out on placental samples from early gestation in order to compare the 

infiltrates at that later stage with the other stages of gestation. 

The inflammatory cell infiltrate following infection with Neospora in early gestation 

has already been well described and published by Maley et al. (2006), so it will be 

limited to a brief summary in the Results section here. 

 

Mid gestation 

Experimental Neospora inoculation in mid gestation (140 days of gestation) was 

carried out at MRI (Figure 2 in Chapter 1) and part of this study, including 

experimental design, histopathology, serology and molecular results, was published 

by Maley et al. (2003).  Immunohistochemistry had been performed on the placentas 

collected in ZSF using the same mAbs as those used by Macaldowie et al. (2004) but 

the results were never assessed.  To complete this study, all the IHC slides were 

assessed using the same recently published scoring system already described in 

Chapter 2 (Cantón et al., 2013b).  IHC using EBM11 (monocytes / macrophages) 
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was also performed on the placental samples collected from the mid gestation 

experiment, in order to complete the immune cell characterisation and maintain 

consistency across all three experiments. 

 

Late gestation 

Placental material for late gestation has already been published (Cantón et al., 

2013b) and is described in Chapter 2. 

 

Scoring methodology 

As described in Chapter 2 and as recently published by Cantón et al. (2013b), the 

slides were blind-coded and examined for each inflammatory cell marker as outlined 

before (Table 1 in Chapter 2); for each slide, the entire section was examined by 

optical microscopy at various magnifications and categorised, similar to previous 

descriptions (Buxton et al., 2001; Oliveira and Hansen, 2008). 

 

Statistical analysis 

Given the limited sample sizes, the time factor for each experiment (early, mid and 

late gestation) was omitted and the average scores originated from the same 

distribution was assumed in order to gain statistical power.  This was supported by 

results from Fligner and Kruskal-Wallis tests on homogeneity of variances and 

medians among inoculated animals over time.  Non-parametric Mann-Whitney tests 

were then conducted to determine any significant differences in scores among N. 

caninum-inoculated and negative control animals for each cell type in each 

experiment.  Statistical significance was set at p < 0.05. 

In the early gestation experiment, non-parametric Mann-Whitney tests were applied 

to pair-wise comparison of scores from IV-, SC-N. caninum-inoculated and negative 
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control groups for each cell type.  The resulting p-values were adjusted for 

multiplicity by the false discovery rate (FDR) method. 

Among all the N. caninum-inoculated animals in the early gestation experiment 

(regardless of the time point), a distinction was made between samples from dams 

carrying a dead foetus or empty uterus at the post mortem examination (from now on 

termed “non-viable”) and those carrying a live foetus (from now on termed “viable”).  

The scores for each cell type were compared between these two groups (7 animals 

each) using non-parametric Mann-Whitney tests. 

In order to compare N. caninum-inoculated, and separately, negative control animals 

over the various gestation stages (early, mid and late gestation), Kruskal-Wallis tests 

were applied, and then pair-wise Mann-Whitney tests (with FDR adjusted p-values) 

were performed. 

 

Results 

CD68+ cells during early gestation 

All placental samples collected from the IV and SC N. caninum inoculated dams 

culled at 14 dpi were mildly to heavily infiltrated by CD68
+
 cells in the base of the 

caruncle (see Figure 21a), and positive cells formed large aggregates surrounding 

some endometrial glands and blood vessels.  Furthermore, moderate to severe 

infiltrates of macrophages were observed in the caruncle stalk, though generally not 

associated with any other pathological findings.  Most of the placentomes collected 

from animals inoculated IV and culled at 28 dpi were mildly to moderately infiltrated 

by CD68
+
 cells, while only a few of the placentomes collected from the SC 

inoculated animals were moderately infiltrated with macrophages (see Figure 21b).  

This infiltrate was also observed in the base of the caruncle or the caruncle stalks 

(though was not associated with any other pathological findings in the latter).  In 

dams experimentally inoculated IV with N. caninum and culled at 42 dpi, there was a 

severe infiltrate of macrophages in the caruncle base of all the placentomes (see 
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Figure 21c).  In those samples, a severe infiltrate was observed in areas of the 

caruncle associated with large areas of necrosis.  However, macrophage infiltrate was 

only mild to moderate in the samples collected from the dams inoculated SC (see see 

Figure 21d), mainly in the base of the placentome and/or in areas of necrosis in some 

caruncle stalks.  All the placental samples collected from the animals inoculated IV 

and culled at 56 dpi contained a mild to moderate infiltrate of macrophages, which 

formed large aggregates in the base of the caruncle or around areas of necrosis (see 

Figure 21e).  Some of the placental samples collected from the negative control 

animals also contained a mild to moderate infiltrate of macrophages in the base of 

the caruncle (see Figure 21f). 

Mean scores for CD68
+
 cell infiltrates in animals inoculated with N. caninum (IV 

and SC) during early gestation (culled at 14, 28, 42 and 56 dpi) and in negative 

control animals are shown in Figure 23.  A higher CD68
+
 score was observed overall 

in N. caninum-inoculated animals compared with negative controls (p < 0.05).  

However, no significant differences were apparent with pair-wise analysis: 

inoculated IV vs. negative control (p = 0.068), inoculated SC vs. negative control (p 

= 0.096) and inoculated IV vs. inoculated SC (p = 0.431).  There were no significant 

differences in macrophage scores between placentas from N. caninum-inoculated (IV 

or SC) dams carrying viable foetuses and those carrying non-viable foetuses (p = 

0.193). 
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Figures 21 a-f: Examples of macrophage infiltrates in placentomes from dams 
inoculated with N. caninum (a-e) and negative control (f) during early gestation.  (a) 
Severe macrophage infiltrates in the base of a caruncle from a dam N. caninum-
inoculated SC and culled at 14 dpi.  (b) Moderate macrophage infiltrates in the base of 
a placentome from a dam N. caninum-inoculated SC and culled at 28 dpi.  (c) Moderate 
macrophage infiltrates in a caruncle from a dam N. caninum-inoculated IV and culled 
at 42 dpi.  (d) Low number of macrophages in a caruncle surrounding blood vessel in 
the placentome from a dam N. caninum-inoculated SC and culled at 42 dpi.  (e) 
Moderate infiltrate of macrophages in connective tissue of a caruncle stalk from a 
dam N. caninum-inoculated SC and culled at 56 dpi.  (f) Mild macrophage infiltrate in 
the base of a caruncle from a negative control dam culled at 42 dpi.  Counterstained 
with haematoxylin.  IHC slides produced and photographed by GJC. 
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CD68+ cells during mid gestation 

A low number of diffusely distributed CD68
+
 cells infiltrated the placentomes of N. 

caninum-inoculated animals, with the number of macrophages increasing with the 

time interval between infection and culling.  At 14 dpi a minimal to mild infiltrate of 

macrophages was observed in the base of the caruncle in some cases, though not 

associated with any other pathological changes.  Occasionally, small aggregates 

surrounded small necrotic areas in the caruncle (see Figure 22a).  The placentomes of 

one of the animals culled at 28 dpi were more severely infiltrated with macrophages, 

in some cases forming large aggregates around necrotic foci and areas of serum 

leakage.  A moderate diffuse infiltrate was observed in the base of the caruncles, 

though generally not associated with any other lesions (see Figure 22b).  At 42 dpi 

macrophage infiltrates in the placentomes of the two N. caninum-inoculated animals 

were more severe than at 28 dpi, forming large aggregates of cells around necrotic 

foci and foetal villi (see Figure 22c), as well as areas of serum leakage and 

detachment of the foetal cotyledons from the caruncles.  Furthermore, macrophages 

infiltrated the base of the caruncles, though were not associated with any other 

pathological findings.  Rare labelled cells also infiltrated the caruncle stalks and the 

base of the caruncles (see Figure 22d) in negative control animals. 

Mean scores for CD68
+
 cell infiltration in the N. caninum inoculated animals during 

mid gestation (culled at 14, 28 and 42 dpi) are plotted in Figure 23 below.  Although 

there was some evidence for higher CD68
+
 scores in N. caninum-inoculated animals 

for the mid gestational experiment, these scores were not statistically significant (p = 

0.091). 
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Figures 22 a-d: Examples of macrophage infiltrates in placentomes from N. caninum-
inoculated (a-c) and negative control (d) dams during mid gestation.  (a) Aggregates 
of macrophages in a caruncle of a N. caninum inoculated dam culled at 14 dpi.  (b) 
Severe macrophage infiltrate in the base of a placentome collected from a N. caninum 
inoculated dam culled at 28 dpi.  (c) Aggregates of macrophages in necrotic foetal villi 
of a placentome from a N. caninum inoculated dam culled at 42 dpi.  (d) Low number 
of macrophages in the base of a placentome from a negative control dam culled at 14 
dpi.  Counterstained with haematoxylin.  IHC slides produced and photographed by 
GJC. 

 

CD68+ score comparison at the three stages of gestation 

Overall inter-experiment placental scores were compared for the animals inoculated 

with N. caninum and significant differences were established for macrophage 

infiltrates between early, mid- and late pregnancy (p < 0.05).  When pair-wise 

comparisons were made, significant differences were only detected between early 

and late gestation samples (p < 0.05) but not between early and mid-gestation, or 

mid- and late gestation (p = 0.203 and 0.647, respectively). 
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Likewise, no significant overall differences were observed for the macrophage 

infiltrates in the placentomes collected from the negative control dams in early, mid 

and late gestation (p = 0.104). When pair-wise comparison was carried out in the 

same negative control animals, no significant differences were observed between 

early vs. mid, early vs. late, and mid vs. late gestation (p = 0.493; 0.121 and 0.236, 

respectively). 

Tables summarising mean infiltration scores for CD68
+
 cells in early, mid and late 

gestation are shown below in Tables 2, 3 and 4.  Tables summarising p-values of the 

different statistical analyses and a comparison figure of the different immune cell 

scores are shown in Appendix II. 



Immunopathogenesis of bovine neosporosis throughout gestation 

114 
 

Chapter 3: Immune cells in placentas following Neospora infection throughout gestation 

 

F
ig

u
re

 2
3
: 

M
e
a
n

 C
D

6
8
+

 c
e
ll
 (

m
a
c
ro

p
h

a
g

e
s
) 

s
c
o

re
s

 i
n

 t
h

e
 p

la
c
e
n

ta
s
 c

o
ll
e
c
te

d
 f

ro
m

 n
e
g

a
ti

v
e
 c

o
n

tr
o

l 
(w

h
it

e
 b

a
rs

),
 S

C
 (

b
la

c
k
 b

a
rs

) 
a
n

d
 I

V
 N

. 

c
a
n

in
u

m
-i

n
o

c
u

la
te

d
 d

a
m

s
 (

g
ra

y
 b

a
rs

) 
a
t 

e
a

rl
y
, 

m
id

 a
n

d
 l
a
te

 g
e

s
ta

ti
o

n
. 
 E

rr
o

r 
b

a
rs

 i
n

d
ic

a
te

 S
E

M
 



Immunopathogenesis of bovine neosporosis throughout gestation 

115 
 

Chapter 3: Immune cells in placentas following Neospora infection throughout gestation 

CD3+ cells during early gestation 

Moderate number of CD3
+
 cells infiltrated the caruncular septa from animals 

inoculated with N. caninum IV and culled at 14 dpi (see Figure 24a).  Small 

aggregates of CD3
+
 cells infiltrated the base of the caruncles from culled animals 

inoculated with N. caninum SC and culled at 14 dpi.  At 28 dpi, there were large 

numbers of CD3
+
 cells in placental samples from the SC inoculated dam carrying the 

dead foetus and in placental samples from the IV inoculated dams.  These CD3
+
 cells 

infiltrated the stalk (Figure 24b) and the base (Figure 24c) of the caruncle, and 

surrounded necrotic foetal villi.  A heavy infiltrate of CD3
+
 cells was also present in 

the placentomes from both IV inoculated dams culled at 42 dpi (see Figure 24d), and 

in the SC inoculated dams carrying a dead foetus at the time of post mortem 

examination at 42 and 56 dpi (see Figure 24e).  In contrast, a lower number of CD3
+
 

cells was observed in the placentomes collected from the SC inoculated dams 

carrying live foetuses at 28, 42 and 56 dpi.  These were characterised by a minimal 

and single cell infiltrate in the base of the caruncle and caruncle stalks (see Figure 

24f). 

Mean CD3
+
 infiltrate scores in N. caninum (IV and SC) inoculated and negative 

control animals during early gestation (culled at 14, 28, 42 and 56 dpi) are plotted in 

Figure 26 below.  CD3
+
 scores in early gestation were higher in Neospora-inoculated 

dams when compared with negative control animals (p < 0.05).  When the scores 

from N. caninum-inoculated animals were pair-wise analysed, significantly higher 

scores were observed in the Neospora-inoculated dams (IV and SC) compared to the 

negative controls (p < 0.05), but there were no differences between dams inoculated 

IV and SC (p = 0.299).  T lymphocyte scores were also higher in the placentas from 

dams carrying non-viable foetuses, when compared to those carrying viable foetuses 

(p < 0.05). 
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Figures 24 a-f: Examples of CD3
+
 infiltrates in placentomes from N. caninum-

inoculated (a-e) and control negative (f) dams during early gestation.  (a) Small 
aggregate of CD3

+
 cells in a caruncle of a N. caninum inoculated dam (IV) culled at 14 

dpi.  (b) Severe CD3
+
 cell infiltrate in a caruncle of a N. caninum inoculated dam (IV) 

culled at 28 dpi.  (c) Severe infiltrate of CD3
+
 cells in the base of a placentome from a 

N. caninum inoculated dam (SC) culled at 28 dpi.  (d) Moderate CD3
+
 cell infiltrate 

surrounding a necrotic focus (n) in the base of a placentome of a N. caninum 
inoculated dam (SC) culled at 42 dpi.  (e) Large CD3

+
 cell aggregate in a caruncle of a 

N. caninum inoculated dam (SC) culled at 56 dpi.  (f) Rare single CD3
+
 cells sparsely 

distributed in the connective tissue of a caruncle base from a negative control dam 
culled at 14 dpi.  Counterstained with haematoxylin.  IHC slides produced by Stephen 
Maley (Maley et al., 2006), scored and photographed by GJC. 
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CD3+ cells during mid gestation 

A minimal to mild diffuse infiltrate of CD3
+
 cells was observed in the placentomes 

of N. caninum-inoculated dams culled at 14 dpi, in some cases forming small 

aggregates (see Figure 25a) surrounding small necrotic areas in caruncle stalks.  The 

cells were also sporadically observed in the caruncle, though not associated with any 

other pathological changes.  In some samples CD3
+
 cells also infiltrated the base of 

the caruncle.  In the two animals culled at 28 dpi, there was an increased number of 

CD3
+
 cells in the placentomes, sometimes forming large aggregates around necrotic 

foetal villi and necrotic areas of the caruncle (see Figure 25b).  Particularly in one of 

the animals culled at 42 dpi, the placentomes were multifocally infiltrated by a heavy 

(severe) CD3
+
 infiltrate which formed large aggregates (see Figure 25c) around large 

necrotic foci in the caruncle.  Single and rare CD3
+
 cells were also observed in the 

caruncles of negative control dams, not associated with any other pathological 

changes (see Figure 25d). 

Mean CD3
+
 cell scores in the Neospora-inoculated animals during mid gestation 

(culled at 14, 28 and 42 dpi) are plotted in Figure 26 below.  CD3
+
 scores in mid 

gestation were higher in N. caninum-inoculated dams compared with the negative 

control animals (p < 0.05). 
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Figures 25 a-d: Examples of CD3
+
 infiltrates in placentomes from N. caninum-

inoculated (a-c) and negative control (d) animals during mid gestation.  (a) Small CD3
+
 

cell aggregate in a caruncle stalk of a N. caninum inoculated dam culled at 14 dpi.  (b) 
Moderate CD3

+
 cell infiltrate in a caruncle stalks of a N. caninum inoculated dam 

culled at 28 dpi.  (c) Large CD3
+
 cell infiltrate in an area of a caruncle of a N. caninum 

inoculated dam culled at 42 dpi.  (d) Single CD3
+
 cells in a caruncle of a negative 

control dam culled at 28 dpi.  Counterstained with haematoxylin.  IHC slides produced 
by Stephen Maley and Yvonne Pang (MRI, data not published), scored and 
photographed by GJC. 

 

CD3+ score comparison at the three stages of gestation 

Overall inter-experiment scores were compared for the animals inoculated with N. 

caninum and significant differences were established for total T cell infiltrates 

between early, mid- and late gestation (p < 0.001).  When they were pair-wise 

compared, CD3
+
 scores were significantly higher in early (p < 0.001) and mid-

gestation (p < 0.05) compared with the late gestation scores. However, no significant 

differences were found between the early and mid-gestation scores (p = 0.090). 
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Significant overall differences were found for the CD3
+
 scores in the placentomes 

from negative control dams in early, mid and late gestation (p < 0.05).  When pair-

wise compared, significant differences were established between early and mid and 

between early and late gestation (p < 0.05), but not between mid and late gestation 

scores (p = 0.105). 

Tables summarising mean infiltration scores for CD3
+
 cells in early, mid and late 

gestation are shown below in Tables 2, 3 and 4.  Tables summarising p-values of the 

different statistical analyses and a comparison figure of the different immune cell 

scores are shown in Appendix II.  
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CD4+ cells during early gestation 

Placental samples collected from most of the IV and SC inoculated dams presented a 

similar pattern of CD4
+
 infiltration when compared with the CD3

+
 infiltrates in the 

same samples.  Similarly to the previously described pattern for CD3
+
 cells, more 

severe T helper infiltrates were observed in the SC inoculated dams carrying a dead 

foetus at 28, 42 and 56 dpi compared with the CD4
+
 infiltrate in those carrying live 

foetuses (see Figures 27a-d).  Negative control placentomes were also infiltrated with 

rare CD4
+
 cells in the base of the caruncle (see Figure 27f). 

Mean scores for CD4
+
 cell infiltrates in the N. caninum (IV and SC) inoculated 

animals during early gestation (culled at 14, 28, 42 and 56 dpi) were plotted in Figure 

29 below.  CD4
+
 scores were significantly higher in the placentas of N. caninum-

inoculated animals of this experiment when compared with the negative control dams 

(p < 0.001).  Like the CD3
+
 T cell scores, the T helper scores were higher in dams 

inoculated with Neospora IV and SC when compared with negative control placentas 

using pair-wise analysis (p < 0.05).  However, no differences were established when 

both N. caninum-inoculated groups were compared with each other (i.e. IV vs. SC) 

(p = 0.261).  When CD4
+
 scores in the dams carrying non-viable and viable foetuses 

in the N. caninum-inoculated (IV and SC) group were compared, they were higher in 

the former (p < 0.05). 
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Figures 27 a-f: Examples of CD4
+
 infiltrates in placentomes from N. caninum-

inoculated (a-e) and negative control dams (f) during early gestation.  (a) Mild CD4
+
 

cell infiltrate in a caruncle of a dam inoculated with N. caninum IV and culled at 14 dpi.  
(b) Severe CD4

+
 cell infiltrate in a caruncle of a dam inoculated with N. caninum IV and 

culled at 28 dpi.  (c) Moderate CD4
+
 cell infiltrate in the base of a caruncle of a dam 

inoculated with N. caninum SC and culled at 28 dpi.  (d) Moderate CD4
+
 cell aggregate 

in a caruncle of a dam inoculated with N. caninum IV and culled at 42 dpi.  (e) CD4
+
 

cell aggregates in a caruncle of a dam inoculated with N. caninum SC and culled at 56 
dpi.  (f) Rare single CD4

+
 cells diffusely distributed in a caruncle stalk from a negative 

control dam culled at 14 dpi.  Counterstained with haematoxylin.  IHC slides produced 
by Stephen Maley (Maley et al., 2006), scored and photographed by GJC. 
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CD4+ cells during mid gestation 

During the mid gestation experiment, a similar finding previously reported for CD3
+
 

cells was recorded: The CD4
+
 cell infiltrate increased with the length of time since 

inoculation.  Only a minimal diffuse infiltrate was observed in some of the 

placentomes from the N. caninum-inoculated animals culled at 14 dpi (see Figure 

28a).  In all the placental samples from N. caninum-inoculated dams collected at 28 

dpi, scattered single or moderate CD4
+
 infiltrates forming aggregates of labelled cells 

(see Figure 28b) were associated with necrotic foci in caruncles and necrotic foetal 

villi.  In the group of N. caninum-inoculated cows culled at 42 dpi, all the collected 

placentomes had a mild to severe infiltrate of CD4
+
 cells which formed large 

aggregates in the caruncles (see Figure 28c), around necrotic foci and in necrotic 

foetal villi.  A moderate CD4
+
 infiltrate was also observed in the base of the 

caruncles not associated with any pathological changes.  Single CD4
+
 cells were also 

observed in the caruncles of negative control animals, not associated with any other 

pathological changes (see Figure 28d). 

Mean CD4
+
 scores in the N. caninum inoculated animals during mid gestation (culled 

at 14, 28 and 42 dpi) are plotted in Figure 29 below.  No statistical differences were 

established between the placental scores for the negative control animals and those 

for the N. caninum-inoculated animals in mid gestation (p=0.434). 
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Figures 28 a-d: Examples of CD4
+
 infiltrates in placentomes from N. caninum-

inoculated dams (a-c) and negative controls (d) during mid gestation.  (a) Mild CD4
+
 

cell infiltrate in a caruncle stalk of a dam inoculated with N. caninum and culled at 14 
dpi.  (b) Moderate CD4

+
 cell infiltrate in a caruncle stalk of a dam inoculated with N. 

caninum and culled at 28 dpi.  (c) Severe CD4
+
 cell infiltrate in an area of a caruncle of 

a dam inoculated with N. caninum and culled at 42 dpi.  (d) Single rare CD4
+
 cells in 

the base of a caruncle of a negative control dam culled at 14 dpi.  Counterstained with 
haematoxylin.  IHC slides produced by Stephen Maley and Yvonne Pang (MRI, data 
not published), scored and photographed by GJC. 

 

CD4+ score comparison at the three stages of gestation 

Overall inter-experiment scores were compared for the animals inoculated with N. 

caninum and significant differences were established for T helper cell infiltrates 

between early, mid- and late gestation (p < 0.001).  When pair-wise analysed, higher 

CD4
+
 scores were found in early gestation compared with the experiment in late 

gestation (p < 0.001), but no clear differences were established when comparing 

placentas from N. caninum-inoculated animals in early vs. mid-gestation, or mid- vs. 

late gestation (p = 0.145 and 0.065, respectively). 
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In the negative control animals, CD4
+
 scores were significantly different in early, 

mid and late gestation (p < 0.01).  When pair-wise compared (early vs. mid, early vs. 

late, and mid vs. late gestation), significant differences were observed in the three 

analyses (p <0.05). 

Tables summarising mean infiltration score values for CD4
+
 cells at early, mid and 

late gestation are showed below in Tables 2, 3 and 4.  Also, tables summarising p-

values of the different statistical analyses carried out and a comparison figure of the 

different immune cell scores are showed in Appendix II. 
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CD8+ cells during early gestation 

Low numbers of CD8
+
 cells infiltrated placentomes collected during the early 

gestation experiment.  These were located in the caruncular septa surrounding 

necrotic foetal villi.  CD8
+
 cells were found in greater numbers in dams inoculated 

with N. caninum SC, culled at 28 dpi and carrying a dead foetus compared to the 

same group at 14 dpi (see Figures 30a-c).  In the dams inoculated IV and culled at 28 

dpi, CD8
+
 cells formed small aggregates.  Low numbers of CD8

+
 cells infiltrated 

placentomes collected from dams inoculated IV and culled at 42 dpi and from dams 

inoculated SC, culled at 56 dpi and carrying a dead foetus (see Figures 30d-e).  Rare 

CD8
+
 cells infiltrated placental tissues of dams inoculated SC, culled at 28, 42 and 

56 dpi and carrying live foetuses at the time of euthanasia.  They were also seen in 

the negative control dams (see Figure 30f). 

Mean CD8
+
scores in the animals inoculated with Neospora (IV and SC) during early 

gestation (culled at 14, 28, 42 and 56 dpi) are plotted in Figure 32.  Significantly 

higher CD8
+
 scores were found in the placentas from animals inoculated with N. 

caninum in early gestation compared to the negative controls (p < 0.01).  When pair-

wise compared, significantly higher cytotoxic T cell scores were observed when 

dams inoculated with Neospora IV and SC were compared with negative control 

animals (p < 0.05); however, no differences were seen when IV and SC scores were 

compared to each other (p = 0.686).  Placentas from animals inoculated with N. 

caninum and carrying non-viable foetuses had higher CD8
+
 scores when compared 

with those carrying viable foetuses (p < 0.01). 
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Figures 30 a-f: Examples of CD8
+
 cellular infiltrates in placentomes from dams 

inoculated with N. caninum (a-e) and negative controls (f) during early gestation.  (a) 
Rare CD8

+
 cells in a caruncle of a dam inoculated with N. caninum SC and culled at 14 

dpi.  (b) Rare CD8
+
 cells in a caruncle of a dam inoculated with N. caninum IV and 

culled at 28 dpi.  (c) Mild CD8
+
 cell infiltrate in a caruncle stalk of a dam inoculated 

with N. caninum SC and culled at 28 dpi, surrounding necrotic foetal villi (n).  (d) CD8
+
 

cells infiltrating a caruncle of a dam inoculated with N. caninum IV and culled at 42 
dpi, surrounding a large area of coagulative necrosis (n).  (e) CD8

+
 cells surround a 

lymphocytic aggregate (i) in a caruncle of a dam inoculated with N. caninum SC and 
culled at 56 dpi.  (f) Rare single CD8

+
 cells diffusely distributed in a caruncle stalk 

from a negative control dam culled at 14 dpi.  Counterstained with haematoxylin.  IHC 
slides produced by Stephen Maley (Maley et al., 2006), scored and photographed by 
GJC. 
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CD8+ cells during mid gestation 

In the two dams inoculated with Neospora and culled at 14 dpi, the caruncles of only 

a few placentomes were infiltrated with a few CD8
+
 cells, similarly to the negative 

control animals (see Figure 31a).  Minimal to mild CD8
+
 infiltrates were observed in 

some placentomes of the N. caninum-inoculated dams of the 28 dpi group (see 

Figure 31b), mainly surrounding necrotic foci in the caruncles.  In the animals 

inoculated with N. caninum and culled at 42 dpi, only rare CD8
+
 cells were observed 

diffusely distributed in the caruncles.  Rare CD8
+
 cells also surrounded small 

necrotic foci in the caruncles.  Minimally and diffusely distributed CD8
+
 cells were 

noted in some placentomes of negative control animals, not associated with any other 

pathological changes. 

Mean CD8
+
 scores in the animals inoculated with N. caninum during mid gestation 

(culled at 14, 28 and 42 dpi) are plotted in Figure 32.  No significant differences 

were observed in the CD8
+
 scores between dams inoculated with N. caninum and 

negative controls in the mid gestation experiment (p = 0.113). 

 

Figures 31 a-b: Examples of CD8
+
 infiltrates in placentomes from dams inoculated 

with N. caninum during mid gestation.  (a) Mild CD8
+
 cell infiltrate in a caruncle stalk 

of a dam inoculated with N. caninum and culled at 14 dpi.  (b) CD8
+
 cells infiltrating a 

caruncle of a dam inoculated with N. caninum and culled at 28 dpi.  Counterstained 
with haematoxylin.  IHC slides produced by Stephen Maley and Yvonne Pang (MRI, 
data not published), scored and photographed by GJC. 
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CD8+ score comparison at the three stages of gestation 

Overall inter-experiment scores were compared for the animals inoculated with N. 

caninum and significant differences were established for cytotoxic T cell infiltrates 

between early, mid- and late gestation (p < 0.001).  When this difference was pair-

wise analysed, scores were significantly different in the animals inoculated with N. 

caninum in early gestation, compared with late gestation (p < 0.001), and also 

between mid and late gestation (p < 0.05).  No differences could be determined 

between placentas recovered from animals inoculated with N. caninum in early and 

mid-gestation (p = 0.147). 

No significant overall differences were observed in the CD8
+
 T cell scores in the 

placentomes from negative control dams in early, mid and late gestation (p = 0.267).  

Furthermore, pair-wise comparisons between early vs. mid, early vs. late, and mid 

vs. late gestation were also analysed and no significant differences were observed 

(early vs. mid and early vs. late: p = 0.357; 0.534 and 0.531, respectively). 

Tables summarising mean infiltration score values for CD8
+
 cells in early, mid and 

late gestation are shown below in Tables 2, 3 and 4.  Also, tables summarising p-

values of the different statistical analyses carried out and a comparison figure of the 

different immune cell scores are shown in Appendix II. 
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γδTCR+ cells during early gestation 

Although γδTCR
+ 

infiltration was considered minor in the dams inoculated with 

Neospora IV and SC and culled at 14 dpi (see Figure 33a), in the only dam 

inoculated SC, culled at 28 dpi and carrying a dead foetus this infiltration was 

moderate in the base of the caruncle, forming lymphoid aggregations (see Figure 

33c).  In the dams inoculated IV and culled at 28 and 42 dpi (see Figures 33b and d), 

and in the SC inoculated dams culled at 42 and 56 dpi (only in the animals carrying 

non-viable foetuses) γδTCR
+ 

infiltration was moderate within lymphoid aggregations 

in the base of the caruncles (see Figure 33e).  In negative control dams at all time 

points (see Figure 33f), and in the SC inoculated dams culled at 28, 42 and 56 dpi 

(only in the ones carrying viable foetuses), low numbers of γδTCR
+ 

cells were 

observed scattered in the caruncular base and septa. 

Mean scores for γδTCR
+
 cells in the animals inoculated with N. caninum (IV and 

SC) and negative controls during early gestation (culled at 14, 28, 42 and 56 dpi) are 

plotted in Figure 35.  During this experiment, higher γδTCR
+
 scores were found in 

the placentas of cows inoculated with N. caninum when compared with the negative 

control animals (p < 0.05).  When intra-trial pair-wise analysis was carried out, 

significantly higher γδ-T cell placental scores were detected in dams inoculated with 

N. caninum IV and SC, compared with negative control dams (p < 0.05); however, 

no differences were observed when dams inoculated with N. caninum IV and SC 

were compared with each other (p = 0.348).  Furthermore, after inoculation at day 70 

of gestation, higher γδ T-cell scores were observed in the placentas from animals 

inoculated with N. caninum and carrying non-viable foetuses at the time of 

euthanasia, compared with those carrying viable foetuses (p < 0.01). 
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Figures 33 a-f: Examples of γδTCR
+
 infiltrates in placentomes from dams inoculated 

with N. caninum (a-e) and negative controls (f) during early gestation.  (a) Rare γδTCR
+
 

cells in a caruncle of a dam inoculated with N. caninum SC and culled at 14 dpi.  (b) 
Large numbers of γδTCR

+
 cells in a caruncle of a dam inoculated with N. caninum IV 

and culled at 28 dpi.  (c) Mild γδTCR
+
 cell infiltrates in a caruncle of a dam inoculated 

with N. caninum SC and culled at 28 dpi.  (d) Mild γδTCR
+
 cell infiltrates in a caruncle 

of a dam inoculated with N. caninum IV and culled at 42 dpi.  (e) γδTCR
+
 cell infiltrates 

surrounding a small necrotic focus and inflammation (i) in a caruncle of a dam 
inoculated with N. caninum SC and culled at 56 dpi.  (f) Rare single γδTCR

+
 cells 

diffusely distributed in a caruncle from a negative control dam culled at 42 dpi.  
Counterstained with haematoxylin.  IHC slides produced by Stephen Maley (Maley et 
al., 2006), scored and photographed by GJC. 

 



Immunopathogenesis of bovine neosporosis throughout gestation 

134 
 

Chapter 3: Immune cells in placentas following Neospora infection throughout gestation 

γδTCR+ cells during mid gestation 

The analysed samples collected at 14 dpi from the animals inoculated with N. 

caninum were minimally infiltrated with γδTCR
+ 

cells in necrotic areas of the 

caruncles.  At 28 dpi, a similar infiltrate was observed, characterised by single 

labelled cells (see Figure 34a) or minimal aggregations in necrotic foci of the 

caruncles, or in the base of the caruncles.  Lastly, at 42 dpi, minimal to mild 

infiltrates of γδTCR
+ 

cells were noted in the base of the caruncles (see Figure 34b) 

surrounding necrotic foci.  Labelled cells were also diffusely distributed in the base 

of the caruncles, generally not associated with any other pathological changes in 

negative control animals. 

Mean scores for γδTCR
+
 cell infiltration in animals inoculated with N. caninum and 

in negative controls during mid gestation (culled at 14, 28 and 56 dpi) are plotted in 

Figure 35.  After inoculation of N. caninum in mid gestation, higher γδTCR
+
 scores 

were found in the placentas from cows inoculated with N. caninum when compared 

with the negative control animals (p < 0.05). 

 

Figures 34 a-b: Examples of γδTCR
+
 infiltrates in placentomes from N. caninum-

inoculated animals during mid gestation.  (a) γδTCR
+
 cells in a caruncle stalk of a dam 

inoculated with N. caninum and culled at 28 dpi.  (b) γδTCR
+
 cells in a caruncle of a 

dam inoculated with N. caninum and culled at 42 dpi.  Counterstained with 
haematoxylin.  IHC slides produced by Stephen Maley and Yvonne Pang (MRI, data 
not published), scored and photographed by GJC. 
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γδTCR+ score comparison at the three stages of gestation 

Overall inter-experiment scores were compared for the animals inoculated with N. 

caninum and significant differences were established for γδTCR
+
 cell infiltrates 

between early, mid- and late gestation (p < 0.001).  Moreover, pair wise analysis 

indicated significantly higher scores during Neospora infection at early gestation 

compared with late stages (p < 0.001) and also higher during mid gestation compared 

with the scores at late gestation (p < 0.01) from animals inoculated with N. caninum.  

No differences were found between early and mid-gestation placentas (p = 0.184). 

Overall, inter-experiment γδTCR
+
 scores were significantly different in the 

placentomes from the negative control dams in early, mid and late gestation (p < 

0.01).  When pair-wise compared, significant higher γδTCR
+
 scores were observed at 

early gestation compared with the ones at mid and late stages (p < 0.05) but no 

differences were observed between mid and late gestation (p = 0.354). 

Tables summarising mean infiltration score values for γδTCR
+
 cells in early, mid and 

late gestation are shown below in Tables 2, 3 and 4.  Also, tables summarising p-

values of the different statistical analyses and a comparison figure of the different 

immune cell scores are shown in Appendix II. 
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NKp46+ cells during early gestation 

At 14 dpi in both dams inoculated with N. caninum SC, and in one animal inoculated 

IV, infiltrates of low numbers of NKp46
+
 cells were observed throughout the 

caruncle (see Figure 36a).  In the dam inoculated SC, culled at 28 dpi and carrying a 

dead foetus at the moment of the post mortem examination, moderate numbers of 

NKp46
+
 cells were noted within areas of lymphoid infiltration in the caruncle septa 

(see Figure 36b).  In both dams inoculated with Neospora IV and culled at 28 dpi, 

moderate NKp46
+
 cell infiltrates were observed in the base of the caruncles.  In dams 

inoculated with N. caninum SC and culled at 28, 42, and 56 dpi (carrying live 

foetuses) (see Figure 36c) and in negative control dams (see Figure 36d) low 

numbers of NKp46
+
 cells were observed. 

Mean NKp46
+
 scores in the animals inoculated with N. caninum IV and SC during 

early gestation (culled at 14, 28, 42 and 56 dpi) are plotted in Figure 38.  NKp46
+
 

scores were significantly higher in the placentas of dams inoculated with N. caninum 

at day 70 of gestation, when compared with the negative controls (p < 0.01).  

However, when the placental NK cell scores were analysed separately in a pair-wise 

fashion, no significant differences were found between dams inoculated with 

Neospora IV and negative controls (p = 0.051), between dams inoculated SC and 

controls (p = 0.095) and between dams inoculated IV and those inoculated SC (p = 

0.141).  At the same period, higher NK scores were found in the animals inoculated 

with N. caninum and carrying non-viable foetuses compared with those carrying 

viable foetuses (p < 0.01). 
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Figures 36 a-d: Examples of NKp46
+
 infiltrates in placentomes from dams inoculated 

with N. caninum (a-c) and negative controls (d) during early gestation.  (a) Single rare 
NKp46

+
 cells in a caruncle of a dam inoculated with N. caninum IV and culled at 14 

dpi.  (b) Mild NKp46
+
 cell infiltrates in a caruncle of a dam inoculated with N. caninum 

IV and culled at 28 dpi.  (c) Rare NKp46
+
 cells in an inflammatory focus in a caruncle 

of a dam inoculated with N. caninum SC and culled at 56 dpi.  (d) Single NKp46
+
 cells 

in the placentome of a negative control dam culled at 28 dpi.  Counterstained with 
haematoxylin.  IHC slides produced by Stephen Maley (Maley et al., 2006), scored and 
photographed by GJC. 

 

NKp46+ cells during mid gestation 

Rare single labelled NK cells infiltrated the caruncles of most of the animals culled 

at 14, 28 and 42 dpi, these infiltrates were easier to see in animals inoculated with N. 

caninum when compared to negative controls, in most cases associated with necrotic 

areas (see Figures 37a and b). 

Mean scores for NKp46
+
 cell infiltration in dams inoculated with N. caninum and 

negative controls during mid gestation (culled at 14, 28 and 42 dpi) are plotted in 
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Figure 38.  NKp46
+
 scores were significantly higher in the placentas of dams 

inoculated with N. caninum when compared with negative controls (p < 0.05). 

 

Figures 37 a-b: Examples of NKp46
+
 infiltrates in placentomes from dams inoculated 

with N. caninum (a) and negative controls (b) during mid gestation.  (a) Single rare 
NKp46

+
 cells in the caruncle surrounding a necrotic area (n) of a dam inoculated with 

N. caninum and culled at 28 dpi.  (b) Single rare NKp46
+
 cells in a caruncle stalk of a 

negative control dam culled at 14 dpi.  Counterstained with haematoxylin.  IHC slides 
produced by Stephen Maley and Yvonne Pang (MRI, data not published), scored and 
photographed by GJC. 

 

NKp46+ score comparison at the three stages of gestation 

When overall NK scores contrasted in dams inoculated with N. caninum in early, mid 

and late gestation, significant differences were found (p < 0.05).  Nevertheless, when 

they were pair-wise compared, higher NK scores were only established between 

early and late gestation (p < 0.05) and not between early and mid gestation (p = 

0.054) or between mid- and late gestation samples (p = 0.917). 

Significant overall differences were also observed in the NK scores found in 

placentomes from negative control dams in early, mid and late gestation (p < 0.01).  

When pair-wise compared, significant differences were observed only between early 

and mid and between early and late gestation (p < 0.05).  No differences were 

observed in these scores between mid and late gestation (p = 0.079). 

Tables summarising mean infiltration score values for NKp46
+
 cells in early, mid 

and late gestation are shown below in Tables 2, 3 and 4.  Also, tables summarising p-
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values of the different statistical analyses and a comparison figure of the different 

immune cell scores are shown in Appendix II. 
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CD79αcy
+ cells during early gestation 

The number of CD79αcy
+
 cells in the placentomes collected from dams inoculated 

with N. caninum IV and SC at day 70 of gestation was low (see Figure 39a), 

although there was an apparent increase in the dams inoculated IV and culled at 28 

dpi, with no differences between animals carrying live or dead foetuses.  Single 

CD79αcy
+
 cells were also present in the negative control dams (see Figure 39b). The 

location of these CD79αcy
+
 cells was similar to that described in the late gestation 

experiment, the cells morphologically and histologically resembling trophoblast 

cells. 

Mean CD79αcy
+
 scores in the dams inoculated with N. caninum IV and SC during 

early gestation (culled at 14, 28, 42 and 56 dpi) are plotted in Figure 40.  No 

significant differences were observed in the CD79αcy
+ 

scores between dams 

inoculated with N. caninum and the negative controls (p = 0.432).  Likewise, no 

significant differences were observed for pair-wise analysis between those inoculated 

IV and negative controls (p = 0.199), between those inoculated SC and negative 

controls (p = 0.945) and between those inoculated IV and SC (p = 0.199).  CD79
+
 

scores were lower in the dams inoculated with N. caninum and carrying non-viable 

foetuses, compared with those carrying viable foetuses (p < 0.01). 

 

CD79αcy
+ cells during mid gestation 

Rare single CD79αcy
+
 cells were particularly observed in dams inoculated with N. 

caninum and culled at 14 and 28 dpi.  These were diffusely distributed in the 

caruncles but there were not associated pathological changes in the placentomes, 

similar to the negative controls (see Figures 39c and d).  In the animals inoculated 

with N. caninum and culled at 42 dpi, the infiltration was more evident. 

Mean CD79αcy
+
 scores in the animals inoculated with N. caninum and negative 

controls during mid gestation (culled at 14, 28 and 42 dpi) are plotted in Figure 40.  

At mid gestation no significant differences were observed in the CD79αcy
+ 

scores 

between dams inoculated with N. caninum and negative controls (p = 0.386). 
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Figures 39 a-d: Examples of CD79αcy
+
 cells in placentomes from dams inoculated with 

N. caninum (a and c) and negative controls (b and d) during early and mid gestation.  
(a) CD79αcy

+
 cells in a caruncle of a dam inoculated with N. caninum SC at day 70 of 

gestation, and then culled at 28 dpi.  (b) CD79αcy
+
 cells in a caruncle of a negative 

control dam inoculated with N. caninum at day 70 of gestation, and then culled at 42 
dpi.  (c) CD79αcy

+
 cells in a caruncle of a dam inoculated with N. caninum at day 140 of 

gestation, and then culled at 14 dpi.  (d) CD79αcy
+
 cells in a caruncle of a negative 

control dam at day 140 of gestation, culled at 42 dpi.  Counterstained with 
haematoxylin.  IHC slides from the early gestation experiment were produced by 
Stephen Maley (Maley et al., 2006), scored and photographed by GJC.  IHC slides from 
the mid gestation experiment were produced by Stephen Maley and Yvonne Pang 
(MRI, data not published), scored and photographed by GJC. 

 

CD79αcy
+ score comparison at the three stages of gestation 

Overall there were significant differences in the CD79αcy
+
 score comparison between 

animals inoculated with N. caninum in early, mid and late gestation (p < 0.05).  

However, when they were pair-wise contrasted, significant differences in the 

CD79αcy
+
 scores were only detected between dams inoculated with Neospora in early 

and mid-gestation, and between mid- and late gestation (p < 0.05) but not between 

early and late gestation (p = 0.908). 
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No significant overall differences were observed in the CD79αcy
+ 

scores in the 

placentomes collected from negative control dams in early, mid and late gestation ( p 

= 0.143).  When pair-wise compared, no significant differences were observed 

between early vs. mid (p = 0.265), early vs. late (p = 0.195), and mid vs. late 

gestation (p = 0.195) in negative control animals. 

Tables summarising mean infiltration score values for CD79αcy
+
 cells in early, mid 

and late gestation are shown below in Tables 2, 3 and 4.  Also, tables summarising p-

values of the different statistical analyses carried out and a comparison figure of the 

different immune cell scores are shown in Appendix II. 
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Table 2: Mean (±SEM) of different immune cell infiltrate scores on placentomes collected from dams inoculated with N. caninum and 
negative control dams during early, mid and late gestation. 

 

Cell type 

 Early gestation  Mid gestation  Late gestation 

 
Control 

Inoculated 

(SC+IV) 

 
Control Inoculated 

 
Control Inoculated 

CD68  1.79 (±0.17)b 2.83 (±0.16)aA  0.87 (±0.13)a 2.07 (±0.20)aAB  1.25 (±0.07)a 1.80 (±0.08)aB 

CD3  1.15 (±0.06)b 2.94 (±0.12)aA  0.43 (±0.12)b 2.12 (±0.21)aAB  0.25 (±0.07)b 0.87 (±0.08)aB 

CD4  0.96 (±0.09)b 2.49 (±0.15)aA  0.37 (±0.11)a 1.70 (±0.25)aAB  0.15 (±0.06)a 0.44 (±0.06)aB 

CD8  0.46 (±0.09)b 1.13 (±0.07)aA  0.20 (±0.11)a 0.77 (±0.10)aAB  0.08 (±0.04)a 0.20 (±0.04)aB 

γδTCR  0.83 (±0.07)b 1.39 (±0.06)aA  0.17 (±0.06)b 1.17 (±0.08)aA  0.25 (±0.07)b 0.63 (±0.05)aB 

NKp46  0.83 (±0.07)b 1.12 (±0.06)aA  0.20 (±0.10)b 0.87 (±0.06)aAB  0.35 (±0.09)b 0.88 (±0.04)aB 

CD79αcy  0.96 (±0.04)a 0.92 (±0.05)aB  1.07 (±0.07)a 1.20 (±0.07)aA  0.96 (±0.02)a 0.96 (±0.02)aB 
a, b

 Different lower case superscript letters indicate significant different scores between negative control and N. caninum inoculated dams in 
each experiment (early, mid and late gestation) 
A, B

 Different uppercase superscript letters indicate significant different overall scores for each cell marker between N. caninum inoculated dams 
in early, mid and late gestation (Kruskal-Wallis test) 
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Table 3: Mean (±SEM) of different immune cell scores in placentomes collected from 
dams inoculated with N. caninum IV and SC and negative controls during early 
gestation. 
 

Cell type Control IV inoculated SC inoculated 

CD68 1.79 (±0.17)a 3.06 (±0.17)a 2.67 (±0.21)a 

CD3 1.15 (±0.06)b 3.22 (±0.15)a 2.73 (±0.17)a 

CD4 0.96 (±0.09)b 2.83 (±0.19)a 2.23 (±0.21)a 

CD8 0.46 (±0.09)b 1.03 (±0.08)a 1.21 (±0.10)a 

γδTCR 0.83 (±0.07)b 1.50 (±0.09)a 1.31 (±0.08)a 

NKp46 0.83 (±0.07)a 1.19 (±0.09)a 1.06 (±0.08)a 

CD79αcy 0.96 (±0.04)a 0.75 (±0.07)a 1.04 (±0.07)a 

a, b
 Different letters indicate significantly different scores between negative controls, and 

dams inoculated with N. caninum SC and IV in early gestation 

 

Table 4: Mean (±SEM) of different immune cell scores on placentomes collected from 
dams inoculated with N. caninum carrying non-viable and viable foetuses during early 
gestation. 
 

Cell type Non-viable Viable 

CD68+ 2.55 (±0.25)a 3.09 (±0.19)a 

CD3+ 3.43 (±0.10)a 2.50 (±0.17)b 

CD4+ 2.90 (±0.21)a 2.11 (±0.20)b 

CD8+ 1.40 (±0.09)a 0.89 (±0.07)b 

γδTCR+ 1.73 (±0.06)a 1.09 (±0.05)b 

NKp46+ 1.30 (±0.08)a 0.95 (±0.07)b 

CD79αcy
+ 0.75 (±0.07)a 1.07 (±0.07)b 

a, b
 Different letters indicate significant different scores between placentas from dams 

carrying non-viable and viable foetuses in the dams inoculated with N. caninum in early 
gestation  
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Discussion 

This chapter describes for the first time the characterisation of the cellular immune 

response in pregnant cows after inoculation with N. caninum at day 140 of gestation.  

The data generated in this chapter allowed a comparison with similar data in early 

(Maley et al. 2006) and late gestational experiments (Chapter 2 and Cantón et al., 

2013b) using the same dose and strain of N. caninum. 

Previous studies have hypothesised about the influence of a differential cellular 

immune response in the pathogenesis of bovine neosporosis (Rosbottom et al., 2008; 

Rosbottom et al., 2011).  Maley et al. (2006) described a severe infiltrate of immune 

cells in the placentas of cattle experimentally inoculated with Nc-1 in early gestation.  

After comparing the infiltrate of immune cells in the placentomes of Neospora 

inoculated animals at different stages of gestation, the existence of such changes was 

confirmed. 

Studies clarifying the cellular immune response in placental tissues were previously 

published after experimental inoculation of pregnant cattle in early (Maley et al., 

2006) and late gestation (Cantón et al., 2013b).  The main aim of this chapter was to 

characterise the cellular immune response in pregnant cows after inoculation with the 

same dose and strain of N. caninum at day 140 of gestation.  The infiltration pattern 

of T-cells (CD3
+
, CD4

+
, CD8

+
 and γδTCR

+
), CD79αcy

+
 cells and NK cells in the 

placentomes was similar for the three time points (Maley et al., 2006; Cantón et al., 

2013b).  However, macrophage scores in mid-gestation were different, with scores 

increasing from 14 to 28 and 42 dpi, when they were more severe. 

Using the same scoring methodology allows a more objective comparison between 

placental samples collected in each trimester of gestation.  After infection at days 70 

and 210 of gestation, similar macrophage infiltrates were initially observed at 14 dpi.  

At this stage of the early gestation experiment, N. caninum was already identified in 

placental and foetal samples (Macaldowie et al., 2004).  Although later in gestation 

no significant differences were established in the macrophage scores between 

Neospora inoculated and control animals, some slight differences were observed.  
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Interestingly, while the parasite was present in the blood stream, it was not present in 

either the placental or the foetal samples collected at 14 dpi (Benavides et al., 2012).  

It may be that the macrophages in early and late gestation are involved in initiating 

an immune response.  Monocytes / macrophages are one of the principal cellular 

components of innate immunity, acting as antigen presenting cells; consequently, 

they can influence the functional deviation of the subsequent adaptive immune 

response (Raghupathy, 1997; Nishikawa et al., 2001c).  Similar results were 

previously described for endometrial macrophages which increased after Neospora 

infection in pregnant cattle (Rosbottom et al., 2008), seemingly playing a crucial role 

in the inhibition of intracellular tachyzoite multiplication (Tanaka et al., 2000a).  

However, after inoculation in mid-gestation, the macrophage score was lower at 14 

dpi.  This could be related to the significant immunomodulation which occurs during 

this stage of pregnancy (Williams et al., 2000; Innes et al., 2001), which is 

influenced by hormones (Piccinni et al., 1995; Kalinski et al., 1997).  Later on, after 

28 dpi in each experiment (inoculation at days 70, 140 and 210 of gestation) there 

were reduced macrophage scores, but after 42 (mid gestation) and 42 and 56 dpi 

(early and late gestation) CD68
+
 cells were increased.  This may be due to the 

presence of more severe pathological changes in the placenta (Maley et al., 2003; 

Macaldowie et al., 2004; Benavides et al., 2012) because these cells also play a key 

role in the tissue repair process, being the principal cell type responsible for wound 

debridement (Leibovich and Ross, 1975).  The increase in the placental macrophage 

population in late gestation could also be related with the role of this cell population 

near parturition (Oliveira and Hansen, 2009).  The involvement of macrophages in 

the immunopathogenesis of Neospora abortion in early gestation could not be 

established because no differences were observed between the CD68
+
 score in 

animals carrying non-viable and viable foetuses.  However, significantly higher 

macrophage scores were observed in the Neospora inoculated animals in early 

gestation, when compared with placental samples in late gestation, when no 

abortions were produced.  This last finding is interesting, since the important 

macrophage infiltration in the placenta in early gestation could be responsible for 

appropriate initial presentation of the parasite to the immune system, although it 
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could also be the initial trigger for an intense adaptive immune response that could 

injure the maternal-placental junction and later endanger the foetus. 

In the current study higher T lymphocyte (CD3
+
) scores were found in the placentas 

from N. caninum-inoculated animals in early, mid- and late gestation when compared 

to the negative controls.  In early gestation, higher T lymphocyte scores were 

observed in animals inoculated with N. caninum IV and SV compared to negative 

controls; no significant differences were observed between IV- and SC-N. caninum-

inoculated animals, although more non-viable foetuses were found in the IV-

inoculated animals, in accordance with Maley et al. (2006) who used a different 

scoring method in the same placental samples.  As previously stated, higher T 

lymphocyte scores were found in placentas from dams that carried non-viable 

foetuses or were empty at culling.  When the statistical analysis was carried out on 

the scores at early, mid and late gestation, significantly higher scores were observed 

in early gestation. Similarly, previous work reported significantly higher lymphocyte 

infiltrates in uterine and placental tissues collected from pregnant N. caninum-

seropositive dams compared with seronegative ones (Orozco et al., 2013).  

Collectively, these results support a positive association between the infiltration of T 

lymphocytes and Neospora abortion. 

Most of the lymphocytes infiltrating the placentas of experimentally inoculated 

animals during gestation were T helper cells (CD4
+
) although only in early gestation 

were significant differences observed between Neospora inoculated dams and control 

animals.  Similar to the differences between total T lymphocyte infiltrates, higher T 

helper cell scores were recorded in placentas from cows inoculated with Neospora in 

early gestation compared with those inoculated in mid- and late gestation, and also 

compared with dams inoculated with N. caninum and carrying dead foetuses or 

empty.  Similar results were reported previously after experimental inoculation with 

N. caninum in early, mid- and late gestation (Rosbottom et al., 2007; Rosbottom et 

al., 2008; Rosbottom et al., 2011).  CD4
+
 T-cell infiltration is a characteristic of a 

Th1 response (Khan et al., 1997; Baszler et al., 1999; Williams et al., 2000; López-

Gatius et al., 2007a) and was commonly reported after experimental infection of 
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cattle with N. caninum tachyzoites, with corresponding production of IFN-γ (Innes et 

al., 1995a; Innes et al., 1995b; Innes et al., 1997; Marks et al., 1998; Tanaka et al., 

2000a; Staska et al., 2003; Bartley et al., 2004; Staska et al., 2005).  Besides that, it 

has already been established that this Th1 response can be harmful to pregnancy and 

could affect foetal survival (Innes et al., 1995a; Raghupathy, 1997; Quinn et al., 

2002a). 

In contrast, a minimal infiltrate of cytotoxic T cells (CD8
+
) was observed in the Nc-1 

inoculated animals during the three experiments compared with the T helper cell 

infiltrates.  Nevertheless, similarly to the T helper cell infiltrate, significantly higher 

cytotoxic T cell scores were observed in animals inoculated with N. caninum in early 

gestation compared with negative controls.  Also in early gestation, higher cytotoxic 

T cell scores were observed in the placentas from dams carrying a dead foetus 

compared with those from Neospora inoculated animals carrying live foetuses.  

However, no differences were observed between control and Neospora-inoculated 

animals in the mid- and late gestation experiment.  When the three time-point 

experiments were compared, higher cytotoxic T cell scores were observed in the 

placentas from animals inoculated with Nc-1 in early and mid-gestation compared 

with the placentas of animals inoculated at day 210 of gestation.  Similar results were 

reported by another research group, when minimal infiltrate of cytotoxic T cells were 

found in placentas after recrudescence of Neospora infection at mid and late 

gestation (Rosbottom et al., 2011) and after experimental inoculation at late gestation 

(Rosbottom et al., 2007; Rosbottom et al., 2008).  The role of cytotoxic T cells in 

immunity against N. caninum is still unclear (Rosbottom et al., 2007) but it has been 

shown that cytotoxic lymphocytes from cattle could kill N. caninum-infected 

autologous target cells in vitro (Staska et al., 2003).  However, studies in mice have 

demonstrated that cytotoxic T cells have a minimal role in the protection against this 

parasite (Tanaka et al., 2000a). 

The role of γδ T-cells in combating N. caninum infection is not known, but some 

studies have demonstrated that their presence in the placenta may be the first line of 

defence against pathogens (Entrican, 2002; Maley et al., 2006).  In the three 
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experiments (after experimental inoculation with N. caninum at days 70, 140 and 210 

of gestation), significantly higher γδ T-cell scores were observed in Neospora-

inoculated animals compared with non-inoculated controls.  In the early gestation 

experiment, higher γδ T-cell
 

infiltrates were also recognised in the placentas 

collected from dams carrying dead foetuses compared with those carrying viable 

foetuses.  Similarly to T lymphocytes and cytotoxic T cells, higher numbers of γδ T-

cells were observed in the placentas of Nc-1-inoculated animals in early and mid-

gestation, compared with late gestation placentas.  Gamma delta T-cells are 

described as producers of Th1 cytokines, such as IFN-γ (Raghupathy, 1997; Sopp 

and Howard, 2001; Amills et al., 2002), which may help provide protective 

immunity against the early stage of N. caninum infection (Tanaka et al., 2000a).  

Nevertheless, as cited previously, γδ T cells may also have the capacity to trigger 

foetal losses in murine models (Arck et al., 1999).  These results support the 

hypothesis that an anti-Neospora immune response during late gestation is less 

harmful than during early pregnancy. 

Like γδ T-cells, NK cells act as a first line of defence against infections, especially 

against protozoa (Trinchieri, 1989; Korbel et al., 2004).  It is well established that 

NK cell cytotoxicity and IL-12 and IFN-γ production play a crucial role in the 

resolution of viral and protozoan infections (Korbel et al., 2004).  In the three 

experiments described here, higher NK cell placental infiltrates were observed in 

Neospora-inoculated animals compared with non-inoculated control animals; in the 

early gestation experiment, higher NK scores were also observed in placentas from 

dams carrying non-viable foetuses compared with those carrying life foetuses.  

Similarly to T lymphocytes (CD3
+
, CD4

+
, CD8

+
 and γδ T-cell), significant 

differences were observed between the Nc-1-inoculated animals in early and mid-

gestation compared with late gestation.  Interaction of N. caninum tachyzoites with 

bovine NK cells has been demonstrated, whereby NK cells were able to kill N. 

caninum infected cells (Boysen et al., 2006).  Klevar et al. (2007; 2009) also 

described an initial induction of NK cells during early experimental infection of 

calves with N. caninum. These previous reports, in conjunction with the findings in 

this Thesis, enforce the hypothesis of the key role that this immune cell may play in 
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influencing the cytokine microenvironment during induction of the adaptive immune 

response. 

In previous studies, B-cells were thought to play an important role in host immunity 

against N. caninum (Eperon et al., 1999).  Nevertheless, other researchers suggested 

that this cell type is not involved in protection against N. caninum and the 

immunopathogenesis of neosporosis (Rosbottom et al., 2011).  Further analysis 

needs to be carried out in order to elucidate the true identity of the CD79αcy
+
 cells [as 

previously stated by Cantón et al. (2013b) and described in Chapter 2]. 

Morphologically and histologically these labelled cells resemble trophoblasts, which 

could explain the results of the current study where no differences were observed in 

the CD79αcy
+
 cell infiltrates between animals inoculated with N. caninum and 

negative controls.  Furthermore, CD79αcy
+
 cell infiltrates were lower in inoculated 

dams carrying non-viable foetuses than in those carrying viable foetuses.  These 

differences could be attributed to the large areas of necrosis in the placentomes 

which could have destroyed the trophoblasts. 

Significant differences were also observed in the overall T lymphocyte (CD3
+
, CD4

+
, 

γδTCR
+
 and NKp46

+
) scores between negative control animals in early, mid and late 

gestation.  After pair-wise analysis was concluded that the differences are mainly due 

to the scores in early gestation being significantly different to those in the later 

stages.  It has been shown before that ruminant pregnancy is characterised by an 

increase in the macrophage, γδ-T and NK cells populations within the uterus 

(Entrican and Wheelhouse, 2006; Oliveira and Hansen, 2008).  Pregnancy-associated 

changes in immune cell populations are likely to be important for protection of the 

conceptus from maternal immune attack or for removal of cellular debris and 

microorganisms from the uterus following parturition (Oliveira and Hansen, 2008).  

The periparturient dairy cow is immunosuppressed, with a decline in the number of T 

helper, cytotoxic T and γδ-T cells in peripheral blood (Van Kampen and Mallard, 

1997; Kimura et al., 1999; Kimura et al., 2002); however, other authors have not 

observed immunosuppression at this stage (Oliveira and Hansen, 2008).  

Unfortunately, characterisation of the resident immune cell population in a transient 
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tissue like the placenta is rare, especially in ruminants.  This study found significant 

differences in some of the immune cells analysed; however, further studies with a 

larger number of animals would be necessary to clarify this. 

Summarising the placental infiltrates of all the immune cell types analysed during 

these experiments, decreased cell infiltrate scores were observed as pregnancy 

advanced.  The infiltrate was basically composed of total T lymphocytes, and most of 

these T lymphocytes were T-helper cells.  As stated above, significantly higher 

scores were observed for most of these cells when comparison was made between 

Nc-1-inoculated animals in early and mid- gestation (versus late gestation).  

Additionally, significantly higher scores of T lymphocytes, T helper cells, cytotoxic 

T cells, γδ-T cells, NK cells and CD79αcy
+
 cells were observed in the placentomes 

collected from dams carrying dead foetuses compared with those carrying live 

foetuses before culling.  These results could partially explain the clinical finding of 

abortion and the severity of lesions in the placentomes during the experiment in early 

gestation, and could also support the hypothesis that immune-mediated abortion is 

more likely when an exacerbated Th1 response is present, producing damage of the 

maternal placenta and interruption of the nutrient supply of the foetus (Maley et al., 

2003; Macaldowie et al., 2004; Innes et al., 2005). 

Another important hypothesis which could explain the different clinical outcomes of 

Neospora infection during gestation is the immunological maturity of the foetus.  

Such a contributory role has been previously described for the foetus (Ogino et al., 

1992; Dubey et al., 1996a; Buxton et al., 2002b).  The foetal calf is capable of 

mitogenic blastogenesis at around day 80 of gestation (Osburn et al., 1982; Entrican, 

2002) and it has been shown that, around day 100 to 150 of gestation, the foetus is 

able to mount an immune response (Osburn, 1986; Nettleton and Entrican, 1995; 

Bartley et al., 2012).  This could explain why N. caninum was less widely 

disseminated in late gestation compared with the trials carried out in early and mid-

gestation (Maley et al., 2003; Macaldowie et al., 2004; Benavides et al., 2012). 
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Some studies provide evidence that some routes of experimental infection of cattle 

do not entirely mimic natural infection (Innes et al., 2002).  Intravenous inoculation 

tries to mimic the natural occurrence of haematogenous spread of the parasite after 

either exogenous or endogenous infection (Williams et al., 2000; Gibney et al., 

2008).  However, in the study carried out by Macaldowie et al. (2004), comparison 

of cattle inoculated IV or SC found differences in clinical, serological and 

pathological responses, indicating that the number of parasites reaching the placenta 

in early gestation may be critical in determining whether foetal death occurs or not 

(Macaldowie et al., 2004).  While the intravenous route immediately creates a 

parasitaemia, subcutaneous inoculation arguably more closely models a natural 

primary infection, as the parasite is ‘‘processed’’ through a draining lymph node 

before circulating in the blood (Macaldowie et al., 2004).  Nevertheless, after re-

analysing the samples collected from all three experiments, using a different scoring 

method to that used by Maley et al. (2006), no significant differences were observed 

in the immune cell subtypes when the two routes of inoculation were compared. 

In conclusion, a distinctive immune cell infiltrate in placentomes collected from 

pregnant cows inoculated with N. caninum in early, mid- and late gestation can 

partially explain the less severe clinical outcome later in gestation.  These results 

may help to improve the understanding of the immune pathogenesis of bovine 

neosporosis and the contribution of the maternal immune response to disease 

progression.  More studies aimed at the further characterisation of this immune 

response and the evaluation of the production of pro-inflammatory (Th1) cytokines 

were carried out and are presented in the next Chapter. 
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Chapter 4: 

Cytokine expression in the bovine placenta after 

inoculation with Neospora caninum throughout 

gestation 
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Production of a bovine IL-12p40 probe and application using in situ 

hybridization on ruminant fixed tissues.  Veterinary Immunology and 
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In this chapter I was responsible for reviewing the literature, producing new RNA 

probes, applying ISH on the placental tissues, scoring and photographing the slides, 

analysing these results and writing the manuscript. 
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Introduction 

Cytokines are soluble mediators of the immune system, acting as a communication 

network between cells of both lymphoid and non-lymphoid origin (Kelso, 1998; 

Entrican, 2002).  Virtually every nucleated cell type is able to produce cytokines, 

although the cells of the immune system are the main producers (Lim et al., 1998; 

Kelso, 1998).  Most of the cytokines are produced by, and act on, antigen presenting 

cells (such as monocytes / macrophages), lymphocytes and local inflammatory cells 

within sites of infection and associated lymphoid tissues (Kelso, 1998), creating 

particular microenvironments (Druckmann and Druckmann, 2005). 

Cytokines play the most critical role in T helper cell polarization, with IL-12 and IL-

4 being vital controls of Th1 and Th2 differentiation, respectively (Glimcher and 

Murphy, 2000).  Distinct sets of cytokines are optimally protective against different 

types of pathogens (Seder and Paul, 1994; Anderson et al., 2001), and there is 

sufficient evidence that an infection with N. caninum is able to trigger the release of 

Th1 cytokines at the materno–foetal interface to control the parasite (Khan et al., 

1997; Long et al., 1998; Lundén et al., 1998; Marks et al., 1998; Baszler et al., 1999; 

Eperon et al., 1999; Tanaka et al., 2000a; Tanaka et al., 2000b; Quinn et al., 2002a). 

However, depending on cytokine concentration and the stage of pregnancy, some 

cytokines may also have detrimental effects (Entrican, 2002).  The cytokine 

microenvironment during pregnancy is generally physiologically characterised as 

favouring a Th2 immune response, therefore a shift towards a Th1-type immune 

response during Neospora infections in gestating cows could be harmful to placental 

wellbeing and stability of the pregnancy (Raghupathy, 1997; Innes et al., 2002; Innes 

et al., 2005; Dubey et al., 2006; Innes and Vermeulen, 2006).  Furthermore, in 

humans, IL-12 significantly augments the cytolytic activity of lymphocytes in vitro 

against trophoblast cells (Hayakawa et al., 1999) and elevated serological IL-12 

levels have been detected in pregnant women with recurrent abortion (Wilson et al., 

1997).  IL-12p40 has been implicated as a potential abortifacient in a murine model 
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(Zenclussen et al., 2002) and administration of IL-12 (along with IL-18) to pregnant 

mice has also been shown to result in pregnancy loss (Muranaka et al., 1998). 

Interferon-γ is produced by several immune cells (CD4
+
, CD8

+
, γδ T cells and NK 

cells) (Lederer et al., 1996; Scharton-Kersten and Sher, 1997; Marks et al., 1998) 

and has been described as the hallmark cytokine of the Th1 response in different 

species (Glimcher and Murphy, 2000; Robertson, 2000).  IFN-γ plays a major role in 

activating other cells, such as macrophages, to kill both intracellular and extracellular 

microorganisms (Scharton-Kersten and Sher, 1997; Entrican, 2002).  It has been 

previously shown that, although IFN-γ is expressed in the placenta in normal 

pregnancy (Yui et al., 1994), it can also be cytotoxic for trophoblasts if it is 

overproduced and may result in reproductive failure in humans (Meegdes et al., 

1988; Yui et al., 1994; Raghupathy, 1997; Raghupathy et al., 1999; Kwak-Kim et 

al., 2010) or murine models (Hill et al., 1987; Kinsky et al., 1990; Haimovici et al., 

1991; Tangri and Raghupathy, 1993; Krishnan et al., 1996b; Kim et al., 2005).  

Furthermore, it has been hypothesised that IFN-γ may up-regulate expression of 

MHC class I and class II molecules on trophoblast cells, promoting T-cell 

recognition of foetal alloantigens and generating a harmful response (Athanassakis et 

al., 2000; Entrican, 2002).  Finally, it has been suggested that IFN-γ may activate NK 

cells that can damage the trophoblast (Drake and Head, 1989) or down-regulate the 

production of trophoblast growth-promoting CSF and granulocyte-macrophage 

colony-stimulating factor (GM-CSF) by the uterine epithelium (Robertson et al., 

1992; Robertson et al., 1994), all mechanisms that are associated with a negative 

impact on human pregnancy. 

Interferon-γ is one of the Th1 cytokines that has been most frequently associated 

with N. caninum infections, and it has been hypothesised that its presence may be 

beneficial or harmful to the host depending on the concentration and tissue location. 

This may have important implications in the design of vaccines to control bovine 

neosporosis (Innes et al., 2011).  IFN-γ is known to inhibit intracellular 

multiplication of Neospora tachyzoites in vitro (Innes et al., 1995a; Yamane et al., 

2000; Nishikawa et al., 2001a) and in vivo (Khan et al., 1997; Baszler et al., 1999).  
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Also, IFN-γ knock-out mice or mice treated with mAb against IFN-γ (Dubey and 

Lindsay, 1996; Khan et al., 1997; Dubey et al., 1998b; Baszler et al., 1999; Tanaka 

et al., 2000a; Nishikawa et al., 2001c; Ritter et al., 2002) are extremely susceptible 

to neosporosis, suggesting that IFN-γ may have a crucial role during the parasite 

infection (Nishikawa et al., 2001b).  Further support for this lies in studies that found 

significant quantities of IFN-γ mRNA following Neospora experimental infection in 

mice (Khan et al., 1997; Eperon et al., 1999; Quinn et al., 2004; López-Pérez et al., 

2011) and cattle (Lundén et al., 1998; Guy et al., 2001; Ferre et al., 2005; Serrano-

Martínez et al., 2007a; Rosbottom et al., 2008; Caspe et al., 2012).  In addition, IFN-

γ expression was shown to be increased in the placenta after recrudescence of N. 

caninum infection at mid and late gestation (Rosbottom et al., 2011). 

Tumour necrosis factor-α is another Th1 cytokine known to be produced by different 

phenotypes of immune cells, especially macrophages, lymphocytes and NK cells 

during inflammatory or reparative responses (Carswell et al., 1975; Chaouat et al., 

1990; Hunt et al., 1992; Scharton-Kersten and Sher, 1997; Kwak-Kim et al., 2010).  

Depending on the stimulus and the cellular target, TNF-α has cytotoxic, cytostatic, 

immunomodulatory, growth promoting, and many other activities (Sidhu and Bollon, 

1993).  TNF-α is also released by endometrial cells and endothelium paracrinally to 

control hormonal synthesis by the endometrium in cattle (Miyamoto et al., 2000; 

Okuda et al., 2010). 

All of these Th1 cytokines usually act in a synergistic fashion and such “cytokine 

collaboration” has been previously suggested in neosporosis.  For instance, TNF-α 

enhances antimicrobial activity by triggering IFN-γ-primed macrophages to inhibit 

intracellular multiplication (Chao et al., 1994) and also stimulates the production of 

IFN-γ by different cells (Langermans et al., 1992; Hunter et al., 1994).  Moreover, 

TNF-α is able to stimulate apoptosis of human trophoblast cells while IFN-γ 

augments TNF-α-mediated killing of trophoblasts (Yui et al., 1994). 

Consequently, it has been hypothesised that the foetus is not only directly affected by 

Neospora-associated lesions observed in foetal and placental tissues, but also by 
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enhanced Th1 cytokine expression (such as IL-12, IFN-γ and TNF-α) in the placenta 

during gestation (Raghupathy, 1997; Innes et al., 2002; Innes et al., 2005; Dubey et 

al., 2006; Innes and Vermeulen, 2006). 

In situ hybridization (ISH) is a technique that aims to localise specific nucleic acid 

sequences within individual cells in tissue sections based on the complementary 

binding of a single-stranded nucleotide probe to a specific target sequence (McNicol 

and Farquharson, 1997; Hougaard et al., 1997; Brown, 1998).  Therefore, ISH can be 

used for the detection of gene expression by the detection of mRNA (McNicol and 

Farquharson, 1997), representing a perfect synergy between fundamental molecular 

biology techniques (e.g. Southern/Northern blotting, PCR), and traditional 

histopathologic interpretation and thus, ideally suited to veterinary pathologists 

(Brown, 1998).  This technique has the further advantage of allowing the assessment 

of nucleic acid localization in association with histological changes, which is 

completely lost with other traditional procedures (Brown, 1998).  In situ 

hybridisation offers an improvement over IHC as it can detect the very early stages 

of an infection or disease process, since mRNA production precedes that of the 

corresponding protein (Brown, 1998).  However, a drawback of the technique is that 

mRNA expression does not necessarily equate with the downstream production of 

the biologically active protein (Hougaard et al., 1997; Entrican, 2002). 

With regards to the immune-mediated theory of abortion due to neosporosis, data 

previously published and detailed in Chapters 2 and 3 describes the phenotype and 

extent of infiltration of the immune cell population in the placenta after experimental 

infection with N. caninum in early, mid and late gestation (Maley et al., 2006; 

Cantón et al., 2013b). 

The main aim of the work described in this chapter was to characterise and compare 

the expression of different cytokines in pregnant cattle experimentally inoculated 

with N. caninum in early, mid and late gestation, in order to explain the different 

clinical outcomes observed in the different stages of pregnancy. 
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Materials and methods 

Placental sampling for ISH 

In order to characterise the expression of cytokines in placentas, samples were 

collected from cattle experimentally inoculated with N. caninum in early 

(Macaldowie et al., 2004), mid (Maley et al., 2003) and late gestation (Benavides et 

al., 2012). A summary of the experimental designs is shown in Chapter 1, Figure 2. 

Immediately following euthanasia, randomly selected placentomes were sampled 

from the animals inoculated at days 70, 140 and 210 of gestation and fixed in 4% 

paraformaldehyde solution (Sigma-Aldrich, Dorset, England) (see Appendix I) 

overnight at 4ºC, as previously described by (Maley et al., 2003).  After trimming, 

tissue samples were processed through graded alcohols and xylene, before paraffin 

wax embedding.  Paraffin blocks were maintained at 4ºC.  Placentomes with severe 

inflammatory infiltrates in the previous studies (Maley et al., 2006; Cantón et al., 

2013b), as reported in Chapter 2 and 3, were selected and 4 μm thick sections were 

cut and mounted on Superfrost Plus slides (Merck, Leicester, England). 

 

Cytokine mRNA probes 

Digoxigenin-labelled riboprobes (both sense and antisense) to detect IL-12p40, IFN-

γ and TNF-α mRNA-expressing cells were prepared. 

A brand new BoIL-12p40 probe was designed for these purposes; a description of 

this process is already published (Cantón et al., 2013a).  In order to select which 

portion of the BoIL-12p40 gene sequence to use as a specific probe, the complete 

coding regions of the IL-12p40 subunit were aligned from different ruminant species 

Bos taurus - U11815, Ovis aries - AF209435, Capra hircus - AF007576, Cervus 

elaphus - U57752 and Bubalus bubalis - EF424254.  This sequence alignment 

revealed a large central region with high homology for the selected ruminant species.  
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One forward and two reverse primers were designed to flank the region of sequence 

homology, as follows:  

Forward 1 (F1): TTCCCTGGTTTTGCTGGCATC 

Reverse 1 (R1): GCAGCAGGAGGAGTGAACGACTCAG 

Reverse 2 (R2): ACGCTGCTCCGCACGTCACCCCTCG 

This allowed the amplification of two fragments of the BoIL-12p40 gene, measuring 

280bp (probe #1 - F1-R1) and 447bp (probe #2 – F1-R2), respectively.  RNA was 

extracted from bovine lymphoid tissues previously shown to express BoIL-12p40 

using an IL-12 specific antigen capture ELISA (Bartley et al., 2012).  RNA was 

reverse transcribed using a high capacity cDNA reverse transcription kit (Applied 

Biosystems, Foster City, USA) following the manufacturer’s instructions.  The 

resulting cDNA was amplified in a PCR using primer combinations F1-R1 and F1-

R2 under the following PCR reaction conditions (95ºC for 5 minutes followed by 40 

cycles of 95ºC for 1 minute, 56ºC for 1 minute and 72ºC for 1 minute and a final 

extension of at 72ºC for 5 minutes).  PCR products were purified using the isolate 

PCR and gel kit (Bioline, London, UK) and cloned into the pGEM-T easy Vector 

system (Promega, Madison, USA) as per the manufacturer’s instructions.  The 

validity and orientation of the cloned products within the plasmids were confirmed 

by sequencing, performed by Eurofins MWG Operon (Ebersberg, Germany).  Both 

plasmids contained inserts in the same orientation in frame from the T7 promoter and 

complementary from the SP6 promoter. 

The QIAPrep Spin Maxiprep Kit (Qiagen, Manchester, UK) was used according to 

the manufacturer’s instructions to generate plasmid DNA for probe production.  Both 

sense and antisense RNA probes were prepared by in vitro transcription from the T7 

and SP6 promoter incorporating digoxigenin UTP, as previously described 

(Anderson et al., 2001), linearising the plasmid with restriction enzymes SalI (New 

England BioLabs, Inc., Hertz, UK) and NcoI (New England BioLabs) in conjunction 

with the T7 and SP6 promoters, respectively.  The concentration of each labelled 
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probe was determined by dot blot analysis, as described in the DIG RNA Labelling 

Kit (SP6/T7) (Roche Applied Science, Penzberg, Germany). 

 

Figure 41: Schematic representation of the BoIL-12p40 probe production.  (a) RNA 
was extracted from lymph nodes, and then reverse transcribed.  Resulting cDNA was 
amplified using PCR and primer combinations F1-R1 and F1-R2.  (b) PCR products 
were cloned into pGEM-T easy Vector.  (c) Plasmid was linearised using SalI and NcoI 
in conjunction with T7 and SP6 promoters, respectively.  (d) Both sense and antisense 
RNA probes were obtained.  Figure produced by GJC. 

 

Similarly, a bovine sequence (accession number EU276066) homologous to a 

previous OvIFN-γ probe already produced and tested in MRI (Anderson et al., 2001), 

was selected to produce a new BoIFN-γ probe (96.2% homology between bovine and 

ovine sequence).  PCR was carried out on cDNA from bovine tissues that had been 

previously confirmed to produce BoIFN-γ by ELISA (Bartley et al., 2012).  Based 

on the BoIFN-γ sequence, one forward and one reverse primer were designed: 

Forward: CCTAACTCTCTCCTAAACAATG 
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Reverse: CATCCACCGGAATTTGAATCAG 

PCR was applied using the same protocol described for the production of the BoIL-

12p40 probe, and a product of 392bp was obtained and cloned into the transcription 

pGEM
®
-T Easy Vector system (Promega).  The BoIFN-γ probe was later produced 

as described previously for the BoIL-12p40 probe. 

An OvTNF-α riboprobe was already available in the immune toolkit at MRI, as 

previously described (Anderson et al., 2001).  Briefly, restriction enzyme fragments 

of OvTNF-α cDNA were cloned into the transcription vector pSPT 18/19 (Roche 

Diagnostics, Lewes, England).  This probe (504bp) shares 95.8% homology with 

bovine TNF-α (accession number NM_173966) at the nucleic acid level. 

BoIFN-γ plasmid DNA was linearised using NcoI and SalI to generate single 

stranded probes using the T7 and SP6 promoters, respectively, as described for the 

BoIL-12p40.  Similarly, OvTNF-α plasmid DNA was linearised using BamHI 

(Promega) and HindIII (Promega) to generate single stranded probes using T7 and 

SP6 promoters.  Both sense and antisense RNA probes for BoIL-12p40 (probe #1), 

BoIFN-γ and OvTNF-α were prepared by in vitro transcription from the T7 and SP6 

promoter incorporating digoxigenin UTP (Roche).  The concentration of each 

labelled probe was determined by dot blot.  The whole sequence of each probe is 

detailed below.  The alignments of these probes with the RNA sequences of their 

respective cytokines in different ruminant species are shown in Appendix III. 

 

BoIL-12p40 probe: 

TTCCCTGGTTTTGCTGGCATCTCCCATCGTGGCCATGTGGGAACTGG

AGAAAAATGTTTATGTTGTAGAATTGGATTGGTATCCTGATGCTCCT

GGAGAAACAGTGGTCCTCACATGTGACACTCCTGAAGAAGATGGCA

TCACCTGGACCTCAGACCAGAGCAGTGAGGTCTTGGGCTCTGGCAA

AACCTTGACCATCCAAGTCAAAGAGTTTGGAGATGCTGGGCAGTAC

ACCTGTCACAAAGGAGGCGAGGCTCTGAGTCGTTCACTCCTCCTGCT

GCACAAAAAGGAAGATGGAATTTGGTCCACTGATATTTTAAAGGAT

CAGAAAGAACCCAAAGCTAAGAGTTTTTTAAAATGTGAGGCAAAGG

ATTATTCTGGAC 
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BoIFN-γ probe: 

CCTAACTCTCTCCTAAACAATGAAATATACAAGCTATTTCTTAGCTT

TACTGCTCTGTGGGCTTTTGGGTTTTTCTGGTTCTTATGGCCAGGGCC

AATTTTTTAGAGAAATAGAAAACTTAAAGGAGTATTTTAATGCAAG

TAGCCCAGATGTAGCTAAGGGTGGGCCTCTCTTCTCAGAAATTTTGA

AGAATTGGAAAGATGAAAGTGACAAAAAAATCATTCAGAGCCAAA

TTGTCTCCTTCTACTTCAAACTCTTTGAAAACCTCAAAGATAACCAG

GTCATTCAAAGGAGCATGGATATCATCAAGCAAGACATGTTTCAGA

AGTTCTTGAATGGCAGCTCTGAGAAACTGGAGGACTTCAAAAAGCT

GATTCAAATTCCGGTGGATG 

 

OvTNF-α probe: 

ATGAGCACCAAAAGCATGATCCGGGATGTGGAGCTGGCGGAGGAG

GTGCTCTCCAACAAAGCAGGGGGCCCCCAGGGCTCCAGAAGTTGCT

GGTGCCTCAGCCTCTTCTCCTTCCTCCTGGTTGCAGGAGCCACCACG

CTCTTCTGCCTGCTGCACTTCGGGGTAATCGGCCCCCAGAGGGAAG

AGCAGTCCCCAGCTGGCCCCTCCTTCAACAGGCCTCTGGTTCAGACA

CTCAGGTCATCTTCTCAAGCCTCAAATAACAAGCCGGTAGCCCACG

TTGTAGCCAACATCAGCGCTCCGGGGCAGCTCCGATGGGGGGACTC

GTATGCCAATGCCCTCATGGCCAACGGCGTGGAGCTGAAAGACAAC

CAGCTGGTGGTGCCCACTGACGGGCTTTACCTCATCTACTCGCAGGT

CCTCTTCAGGGGCCACGGCTGCCCTTCCACCCCCTTGTTCCTCACCC

ACACCATCAGCCGCATTGCAGTCTCCTACCAGACCAAGGTC 

 

 

Production of positive controls 

Ovine IL-12p40 (OvIL-12p40) cDNA-transfected Chinese hamster ovary cells (CHO 

cells) that were expressing OvIL-12 (Hope et al., 2002) (kindly provided by G. 

Entrican, MRI) were pelleted and fixed using paraformaldehyde.  The obtained 

“pseudotissue” was used to test the new BoIL-12p40 probe.  Similarly, archived 

ruminant tissue paraffin-blocks, from previous experiments carried out at MRI, were 

used to test the newly manufactured bovine IL-12p40 (BoIL-12p40) probe.  

Placentomes and lymph nodes collected from pregnant cows (Macaldowie et al., 

2004; Hecker et al., 2013) and water buffaloes (Konrad et al., 2012) experimentally 

inoculated with N. caninum and from pregnant sheep experimentally inoculated with 

Chlamydia abortus (C. abortus) (Maley et al., 2009), as well as jejunal samples 
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collected from goats experimentally challenged with Teladorsagia circumcincta (T. 

circumcincta) (Macaldowie et al., 2003) were used for this purpose.  Some of the 

placental samples collected from N. caninum inoculated cows and all the bubaline 

tissue samples were fixed in buffer formalin solution (Cantón et al., 2013a). 

A “pseudotissue” produced with ovine OvIFN-γ cDNA-transfected Chinese hamster 

ovary cells (CHO cells) expressing ovine IFN-γ (kindly provided by G. Entrican, 

MRI) and fixed with paraformaldehyde was used to test the new BovIFN-γ probe. 

 

In situ hybridisation 

In situ hybridisation was performed using an Omnislide thermal cycler and wash 

module (Hybaid, Ashford, UK) as previously described (Anderson et al., 2001; 

Maley et al., 2006).  Tissue sections on slides were de-waxed and rehydrated using 

xylene, graded absolute ethanol, autoclaved distilled water and PBS.  Then slides 

were treated with 200 mM HCl for 20 min and with 15–25 μg/ml proteinase K 

(Roche, Mannheim, Germany) for 15 min at 37ºC in order to permeabilise cell 

membranes (see Appendix I).  After post-fixation with 4% paraformaldehyde in PBS 

for 4 min, sections were treated with an acetylation solution (to decrease background 

staining and to inactivate RNAses) for 10 min (see Appendix I).  Slides were then 

pre-hybridised for 1 hour at 52ºC in pre-hybridisation solution.  The pre-

hybridisation solution was replaced with a hybridisation solution (see Appendix I) 

containing digoxigenin labelled probes (sense and antisense) at concentrations 

ranging from 0.1 to 0.5 ng/μl. 

Hybridization reactions were performed overnight at 52ºC.  Evaporation during 

hybridization was prevented using Hybaid EasiSeal frames (Thermo Scientific, 

Reading, UK).  Unbound probe was removed by washing with 6x Saline-sodium 

citrate (SSC) buffer containing 45% formamide (Fisher Scientific) and by RNAse 

treatment (see Appendix I).  Sections were washed twice for 5 min with 2x SSC at 

RT and twice with 0.2x SSC for 15 min at 50ºC. 
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Bound probe was detected using anti-digoxigenin antibody Fab fragments conjugated 

to alkaline phosphatase (Roche) (see Conjugate solution in Appendix I).  Colour 

reaction was performed overnight in the dark at 4ºC with a colour solution, and then 

washed with DIG Buffer 4 (see Appendix I).  Sections were counterstained with 

Mayer’s haematoxylin and mounted under coverslips with water-based mounting 

medium. 

Cytokine cDNA-transfected CHO cells expressing ovine IL-12 (Hope et al., 2002), 

IFN-γ and TNF-α (Wheelhouse et al., 2009) mRNA that had been pelleted, 

paraformaldehyde fixed and processed to paraffin wax were used as positive controls 

for the ISH.  Sections treated with the sense RNA probe were used as specificity 

controls. 

 

Figure 42: In situ hybridisation.  (a) Schematic representation of the technique, 
including permeabilisation, hybridisation, conjugation and colour reaction steps.  (b)  
Example of positive reaction (in black) of cells expressing BoIL-12p40 in the placenta 
of a dam experimentally infected with N. caninum in early gestation.  Figure produced 
by GJC. 
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Scoring the positive infiltration 

A scoring system was applied similar to that used to characterise the cellular immune 

response after experimental inoculation with N. caninum during gestation (Cantón et 

al., 2013b).  Slides were blind-coded and the entire section was examined by optical 

microscope at various magnifications.  To eliminate inter-operator error all slides 

were read by a single investigator.  Each section was then categorised as: 0: no 

infiltration of labelled cells or diffuse/minimal infiltration of labelled cells not 

associated with pathological changes; 1: minimal/diffuse infiltration of labelled cells 

associated with pathological changes; 2: mild infiltration and focal aggregation of 

labelled cells surrounding necrotic foci; 3: moderate infiltration and focal 

aggregation of labelled cells surrounding areas of necrosis, and 4: severe infiltration 

of positive cells surrounding areas with other pathological changes.  The individual 

scores from randomly sampled placentomes were averaged into a single score value 

for each animal, similarly to previous descriptions (Buxton et al., 2001; Oliveira and 

Hansen, 2008; Cantón et al., 2013b). 

 

Statistical analysis 

As for the statistical analysis in Chapter 3, and due to the limited sample number, the 

time factor was omitted for each experiment (i.e. early, mid and late gestation) and it 

was assumed that the averaged scores originated from the same distribution in order 

to gain statistical power.  This was supported by results from Fligner and Kruskal-

Wallis tests on homogeneity of variances and medians among Neospora-inoculated 

animals over time.  Then, non-parametric Mann-Whitney tests were conducted to 

determine any significant differences in scores among inoculated and control animals 

for each cell type in each experiment.  Statistical significance was set at p < 0.05. 

Furthermore, for the early gestation experiment results, non-parametric Mann-

Whitney tests (with ties) were applied to pair-wise comparison of scores from IV-, 
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SC-inoculated and control groups for each cell type.  The resulting p-values were 

adjusted for multiplicity by the FDR method. 

Among all the Neospora inoculated animals in this experiment (regardless of the 

time point), a distinction was made between placentas collected from dams carrying 

a dead foetus or an empty uterus (from now on both referred to as “carrying a non-

viable foetus”) and placentas from dams carrying a live foetus (referred to as 

“carrying viable foetuses”) at the time of culling.  Then the scores were compared for 

each cell type using non-parametric Mann-Whitney tests. 

In order to compare placentas from animals inoculated at different stages of gestation 

(early, mid and late gestation), Kruskal-Wallis tests were applied followed by pair-

wise Mann-Whitney tests (with FDR adjusted p-values). 

 

Results 

Clinical findings 

Clinical findings observed after experimental inoculation with N. caninum in early, 

mid and late gestation have been previously published (Maley et al., 2003; 

Macaldowie et al., 2004; Benavides et al., 2012) and are described in Chapters 1, 2 

and 3. 

 

Standardisation of the BoIL-12p40 probe 

Both BoIL-12p40 probes (#1 and #2) were shown to be efficient in identifying IL-

12p40 expressing cells in fixed tissues from several different ruminant species 

(bovine, ovine, caprine and bubaline tissues).  Both probes achieved distinctive and 

specific labelling; however, probe #2 allowed a better distinction of positive cells 

when compared to probe #1, due to very weak background staining (see Figures 43a 

and b). 



Immunopathogenesis of bovine neosporosis throughout gestation 

172 

Chapter 4: Cytokine expression in the placentas following Neospora infection 

 

Figures 43 a-b: Labelling of bovine placentas using BoIL-12p40 probes by ISH.  (a) 
Labelled cells (black) for IL-12p40 mRNA were present in the caruncle in the placenta 
of N. caninum infected cows, surrounding some areas of necrosis (n) and blood 
vessels (v).  ISH using probe #1, showing intense background staining.  (b) Labelled 
cells for IL-12p40 mRNA in the placentome of another cow experimentally inoculated 
with N. caninum, surrounding some areas of necrosis (n).  ISH using probe #2, 
showing very weak background staining.  Both counterstained with haematoxylin.  
ISH slides produced and photographed by GJC. 

 

Performing ISH on paraformaldehyde fixed tissues produced better labelling and less 

non specific background staining than ISH on formalin fixed tissues. 

With in situ hybridisation performed on the “pseudotissue” produced with 

transfected CHO cells expressing OvIL-12p40, there was specific labelling with both 

antisense probes, while the sense probes did not bind (see Figures 44a and b, 

respectively). 
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Figures 44 a-b: OvIL-12p40 CHO transfected cells used as positive controls.  (a) 
Labelled transfected CHO cells (black) expressing OvIL-12p40 using the antisense 
(SP6) probe in the “pseudotissue”.  ISH using probe #2.  (b) Negative-labelled OvIL-
12p40 transfected CHO cells (counterstained in blue) using the sense (T7) probe.  ISH 
using probe #2.  Both counterstained with haematoxylin.  ISH slides produced and 
photographed by GJC. 

 

There was a moderate and minimal infiltration of IL-12p40 labelled cells observed in 

the jejunal submucosa of goat kids experimentally inoculated with T. circumcincta 

(see Figure 45a) and in lymph node and placentome samples collected from pregnant 

sheep after experimental C. abortus infection (see Figure 45b), respectively (Cantón 

et al., 2013a). 
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Figures 45 a-b: Examples of IL-12p40 expressing cell infiltrates in ovine and caprine 
tissues.  (a) Labelled cells (black) in the jejunal submucosa of a goat kid 
experimentally challenged with T. circumcincta.  Blood vessels (V).  ISH using probe 
#2.  (b) Rare labelled cells (black) in the medulla of a uterine lymph node from a C. 
abortus-infected sheep.  ISH using probe #2.  Both counterstained with haematoxylin.  
ISH slides produced and photographed by GJC. 

 

Standardisation of the BoIFN-γ probe 

Similarly to the standardisation of the BoIL-12p40 probes, the new BoIFN-γ probe 

was tested on OvIFN-γ transfected CHO cells.  There was a positive reaction using 

ISH with the antisense probe (see Figure 46a) and a negative result with the sense 

probe (see Figure 46b). 
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Figures 46 a-b: OvIFN-γ CHO transfected cells used as positive controls.  (a) Labelled 
transfected CHO cells (black) expressing OvIFN-γ using the antisense (T7) probe in 
the “pseudotissue”.  ISH using BoIFN-γ probe.  (b) Negative-labelled OvIFN-γ 
transfected CHO cells (counterstained in blue) using the sense (SP6) probe.  ISH 
using BoIFN-γ probe.  Both counterstained with haematoxylin.  ISH slides produced 
and photographed by GJC. 

 

IL-12 mRNA expression in the placentas 

Early gestation.  In the placental samples collected from the dams inoculated with 

N. caninum at day 70 of pregnancy and culled at 14 dpi, IL-12p40 mRNA positive 

cytoplasmic labelling was observed with minimal to mild infiltrate of mononuclear 

cells at the base of the caruncles and surrounding some blood vessels.  Minimal to 

mild infiltrates of large mononuclear cells, morphologically resembling 

macrophages, surrounded small areas of necrosis of the caruncle and it extended into 

some necrotic foetal villi.  Rare trophoblast cells were also positive for IL-12p40 

mRNA.  There were similar labelling scores in the placental samples collected from 

dams inoculated with Neospora IV and SC.  In the samples collected from dams 

inoculated with N. caninum at day 70 of pregnancy and culled at 28 and 42 dpi, a 

moderate to severe infiltrate of IL-12 expressing cells was detected around blood 
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vessels and around large areas of necrosis in the placentomes, as well as in areas of 

serum leakage (see Figures 47a and b).  Tissues collected from the negative control 

dams in early gestation contained only a few IL-12 mRNA positive cells in the base 

of the placentome, not associated with any other pathological lesions. 

Independent Mann-Whitney tests (allowing for ties) were conducted for the overall 

results obtained from the placental samples collected during the early gestation 

experiment (as previously described, discarding the time post-infection factor and 

assuming the averaged scores).  Significantly higher IL-12 mRNA expressing cell 

infiltration scores were detected in the N. caninum inoculated dams compared with 

the infiltration score in the negative control placentas (p < 0.01) (see Table 6). 

IL-12 mRNA expression scores on placental samples collected from dams carrying 

non-viable foetuses were higher when compared with those assessed in the placentas 

from dams carrying viable foetuses (p < 0.001) (see Table 5). 

Mid-gestation.  In the placental samples collected from the dams inoculated with 

Nc-1 at day 140 of gestation and then culled 14 dpi, there was a minimal to mild 

infiltrate of large positive macrophage-like cells surrounding small necrotic foci in 

the caruncles and in the base of the placentomes (see Figure 47c).  A similar infiltrate 

was observed in the samples collected from the N. caninum-inoculated animals 

culled at 28 dpi and 42 dpi, characterised by a minimal to moderate infiltrate of cells 

in the base of the caruncle, as well as around some blood vessels and small areas of 

necrosis (see Figure 47d).  There were also rare positive cells, including some 

trophoblast cells surrounding large areas of necrosis.  A minimal infiltrate of IL-12 

mRNA positive cells was observed in the base of the placentomes from the negative 

control animals.  Higher IL-12 mRNA scores were found in the N. caninum 

inoculated dams in mid gestation compared with the negative control dams (p < 

0.05). 

Late gestation.  Minimal infiltrates of IL-12p40 mRNA expressing cells 

surrounded small necrotic foci in the caruncles, some necrotic foetal villi and 

perivascular areas at the base of placentomes from dams inoculated with N. caninum 
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at 210 days of gestation and culled at 14, 28, 42 and 56 dpi (see Figures 47e and f).  

There were no or only rare IL-12 mRNA positive cells in the base of the placentomes 

and in the caruncles from the negative control dams culled at 14, 28, 42 and 56 dpi.  

No significant differences were found between the IL-12p40 mRNA infiltration 

scores for the dams inoculated with N. caninum and the negative control dams during 

the late gestation study (p = 0.176). 

Comparison over gestation stages.  Overall inter-experiment IL-12p40 

mRNA scores were compared for the animals inoculated with N. caninum and 

significant differences were established between early, mid- and late pregnancy (p < 

0.001).  Pair-wise analysis also revealed significant differences between the IL-

12p40 mRNA scores in the placentas from dams inoculated with Neospora.  Early 

gestation scores were higher than those observed in mid gestation (p < 0.05) and 

higher scores were detected in early gestation compared with those in late gestation, 

and also in the mid gestation study compared with the late gestation study (p < 0.01).  

No significant differences were found amongst the controls at different stages of 

gestation (p= 0.291).  Mean scores and SEM of the infiltration scores observed in N. 

caninum inoculated and negative control dams for each experiment are outlined in 

Figure 48.  Summarising data with mean IL-12p40 scores in early, mid and late 

gestation are shown below in Tables 5 and 6.  Tables summarising p-values of the 

different statistical analyses are shown in Appendix II. 
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Figures 47 a-f: Examples of IL-12p40 mRNA expressing cellular infiltrates (in black) 
detected in the placentomes from N. caninum-inoculated animals.  (a) Severe 
aggregates of positive cells in a caruncle of a N. caninum inoculated dam (IV) at day 
70 of gestation, culled 28 dpi and carrying a non-viable foetus at the time of culling.  
(b) Severe infiltration of positive cells in a caruncle of a N. caninum inoculated dam 
(IV) at day 70 of gestation, culled at 42 dpi and in which the uterus was empty at the 
time of culling.  (c) Mild infiltrate of positive cells in the caruncle surrounding some 
foetal villi collected from a N. caninum inoculated dam at day 140 of gestation and 
culled 14 dpi.  (d) Mild infiltrate of positive cells in a caruncle and foetal villi from a N. 
caninum inoculated dam at day 140 of gestation, culled 28 dpi.  (e) Rare cells in some 
foetal villi in a placentome collected from a N. caninum inoculated dam at day 210 of 
gestation and culled 14 dpi.  (f) Placentome collected from a N. caninum inoculated 
dam at day 210 of gestation and culled 28 dpi with no IL-12p40 expressing cells 
apparent.  All counterstained with haematoxylin.  ISH slides produced and 
photographed by GJC. 
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Figure 48: Mean IL-12p40 expressing cell infiltrate scores in the placentas collected 
from negative control (white bars) and N. caninum-inoculated (black bars) dams in 
early, mid and late gestation.  Error bars indicate SEM. 

 

IFN-γ mRNA expression 

Early gestation.  Placental samples collected from animals inoculated with N. 

caninum at 140 days of gestation and later culled at 14 dpi were infiltrated by a 

minimal to mild infiltrate of IFN-γ mRNA expressing cells which surrounded small 

areas of necrosis.  There was also IFN-γ mRNA expressing lymphocytic infiltrate in 

the caruncles and in some necrotic foetal villi.  No clear differences were observed 

between the IV and SC inoculated animals culled at this time point.  At 28 dpi, the 

infiltration of positive cells was moderate to severe in most of the placental samples 

collected from dams inoculated with N. caninum.  This infiltrate surrounded large 

areas of necrosis in the caruncle and some necrotic foetal villi (Figure 49a).  Severe 

infiltrates of IFN-γ mRNA expressing cells were also observed in the samples from 

inoculated dams culled at 42 dpi (Figure 49b), surrounding large areas of necrosis 

and serum leakage in the caruncle and some endometrial glands in the base of the 

placentomes.  Negative control placentas were infiltrated by rare positive cells, 
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which mainly infiltrated the caruncles.  A few individual trophoblast cells in the 

caruncle and foetal villi were also positive for IFN-γ mRNA. 

Significantly higher IFN-γ mRNA expression scores were found in the placental 

samples collected from N. caninum-inoculated dams compared with the negative 

controls (p < 0.001).  When the IFN-γ scores of dams inoculated IV and SC were 

compared during the early gestation experiment, no significant differences were 

detected (p = 0.525).  IFN-γ mRNA expression scores from dams carrying non-

viable and viable foetuses were compared and higher scores were found in the “non-

viable” group (p < 0.01). 

Mid gestation.  When placental samples collected from the N. caninum inoculated 

animals at day 140 of gestation and culled at 14 and 28 dpi were analysed, a minimal 

to mild infiltrate of IFN-γ mRNA expressing cells were detected in the caruncle, 

generally surrounding small necrotic foci or not associated with any pathological 

changes (Figure 49c).  At 42 dpi, this infiltrate was mild in all the samples analysed 

(Figure 49d).  The placentas collected from negative control dams at 14, 28 and 42 

dpi contained very few or no cells expressing IFN-γ mRNA. 

Overall IFN-γ mRNA scores were analysed and a significantly higher number of 

positive cells was detected in the samples collected from animals inoculated with N. 

caninum compared with the negative control dams (p < 0.01). 

Late gestation.  A few placental samples collected from dams inoculated with N. 

caninum at day 210 of gestation and culled at 14, 28, 42 and 56 dpi were minimally 

infiltrated with IFN-γ mRNA expressing cells in the caruncle and in some foetal villi 

(some morphologically resembling trophoblast cells, see Figures 49e and f).  The 

placental samples from the correlating negative control dams were similarly 

infiltrated and there were no significant differences between their scores (p = 0.736). 

Comparison over gestation stages.  Overall inter-experiment IFN-γ mRNA 

scores were compared for the animals inoculated with N. caninum and significant 

differences were established between early, mid- and late pregnancy (p = 0.001).  
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Pair-wise analysis carried out using Mann-Whitney tests revealed significant 

differences between the IFN-γ mRNA scores of early and mid gestation (p < 0.01) 

and also between mid and late gestation (p < 0.01), but no differences were 

established between early and mid gestation (p = 0.314).  No significant differences 

were found in the inter-experiment scores for the controls (p=0.513).  Mean scores 

and SEM of the infiltration scores observed in N. caninum inoculated and negative 

control dams for each experiment are summarised in Figure 50.  Tables summarising 

mean IFN-γ mRNA scores in early, mid and late gestation are shown below in Tables 

5 and 6.  Summary tables with p-values of the different statistical analyses are shown 

in Appendix II. 
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Figures 49 a-f: Examples of IFN-γ mRNA expressing cells (staining black) detected in 
the placentomes from N. caninum-inoculated animals.  (a) Aggregate of positive cells 
in a caruncle stalk surrounding some necrotic foetal villi (n) of a dam inoculated with 
N. caninum SC at day 70 of gestation, culled 28 dpi and carrying a dead foetus at the 
time of culling.  (b) Severe infiltration of positive cells in a caruncle of a dam 
inoculated with IV at day 70 of gestation and culled at 42 dpi, in which the uterus was 
empty at the time of culling.  (c) Mild infiltration of positive cells in a caruncle from a 
dam inoculated with N. caninum at day 140 of gestation and culled 28 dpi.  (d) Mild 
infiltration of positive cells in a caruncle collected from a dam inoculated with N. 
caninum at day 140 of gestation and culled 42 dpi.  (e) IFN-γ mRNA expressing cells 
(morphologically compatible with trophoblast cells) in some foetal villi from a 
placentome collected from a dam inoculated with N. caninum at day 210 of gestation 
and culled 56 dpi.  (f) Placentome with a small lymphoid aggregate (i) but containing 
no IFN-γ mRNA expressing cells collected from a dam inoculated with N. caninum at 
day 210 of gestation and culled 28 dpi. All counterstained with haematoxylin.  ISH 
slides produced and photographed by GJC. 
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Figure 50: Mean scores for cells expressing IFN-γ mRNA in placentas collected from 
negative control (white bars) and N. caninum-infected (black bars) dams at early, mid 
and late gestation.  Error bars indicate SEM. 

 

TNF-α mRNA expression 

Early gestation.  Cells expressing TNF-α mRNA were observed in placentomes 

collected from dams experimentally inoculated with N. caninum at day 70 of 

gestation and culled at 14 dpi.  A mild to moderate infiltrate of TNF-α mRNA 

positive cells (small round cells, morphologically resembling lymphocytes) were 

mainly observed in the caruncle surrounding some areas of necrosis.  Similar positive 

cells also infiltrated the base of the placentome, surrounding some blood vessels.  

Placentomes collected from dams infected at day 70 of gestation and culled at 28 and 

42 dpi were similarly infiltrated with TNF-α mRNA expressing cells.  These were 

mainly in the caruncles surrounding areas of necrosis and serum leakage and also in 

the base of the placentomes surrounding blood vessels (see Figures 51a and b).  A 

minimal infiltrate of positive cells was observed in the placentomes collected from 

the negative control animals, though generally not associated with any pathological 

changes.  No infiltration, or the presence of single rare TNF-α mRNA expressing 

cells were observed in the base of some of the placentomes collected from the 
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negative control animals culled at 14, 28 and 42 dpi.  Some trophoblast cells were 

also positive in a few placentomes from negative control animals. 

Overall TNF-α mRNA expression scores were significantly higher in the samples 

collected from animals infected with N. caninum when compared with the negative 

control dams during early gestation (p < 0.01).  In contrast to what was observed 

using the IL-12 and IFN-γ probe, no significant differences were detected in TNF-α 

mRNA expression when a comparison was made between placentomes from dams 

carrying non-viable and those carrying viable foetuses (p = 0.386). 

Mid gestation.  After experimental inoculation at day 140 of gestation with N. 

caninum, placentomes collected from dams culled 14 dpi were infiltrated by a mild 

to moderate number of TNF-α mRNA expressing cells.  These were around small 

areas of necrosis and in the base of the placentomes.  Similar to the observations 

during the early gestation experiment, some TNF-α mRNA positive trophoblast cells 

(some binucleated) were also observed.  Similar infiltrates were observed in the 

placental samples collected after 28 dpi, consisting of rare to moderate numbers of 

TNF-α mRNA positive cells in the caruncle surrounding small areas of necrosis and 

serum leakage, as well as infiltrating the base of the placentomes (see Figures 51c 

and d).  A few positive round cells (morphologically resembling lymphocytes) were 

also observed in some foetal villi, but with no associated lesions. 

Overall averaged results of the TNF-α mRNA scores showed a significantly higher 

number of positive cells in the samples collected from animals infected with N. 

caninum compared to the negative control dams at mid gestation (p < 0.01). 

Late gestation.  Placentomes collected from dams inoculated with N. caninum at 

day 210 of gestation and culled at 14, 28, 42 and 56 dpi were infiltrated with rare to 

moderate numbers of TNF-α mRNA expressing cells, most of which formed small 

aggregates in the caruncle or around some blood vessels (see Figures 51e and f), 

though not associated with any other pathological changes.  Placentomes collected 

from negative control dams were either infiltrated with rare positive cells or 

contained no positive cells at all; when present, these cells were diffusely distributed 
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in the caruncle.  Overall averaged results of the TNF-α mRNA scores were 

significantly higher in the samples collected from dams infected with N. caninum 

compared with the negative control dams (p < 0.01). 

Comparison over gestation stages.  When overall TNF-α mRNA scores were 

compared in dams inoculated with N. caninum in early, mid and late gestation, 

significant differences were found (p < 0.01).  From these results those differences 

were mainly due to differences between scores at early gestation and all other stages.  

Pair-wise Mann-Whitney tests support this, since significant differences were only 

detected between early vs. mid (p < 0.05) and early vs. late gestation (p < 0.01) but 

not between mid and late gestation (p = 0.205).  Using Kruskal-Wallis tests, no 

significant differences were found between different gestational stages in the 

negative control animals (p = 0.277).  Mean scores and SEM of the infiltration scores 

observed in N. caninum infected and negative control dams for each experiment can 

be observed in Figure 52.  Tables summarising mean TNF-α mRNA scores in early, 

mid and late gestation are shown below in Tables 5 and 6.  Summary tables with p-

values of the different statistical analyses are shown in Appendix II. 
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Figures 51 a-f: Examples of TNF-α mRNA expressing cells (staining black) detected in 
the placentomes from N. caninum-inoculated animals.  (a) Aggregate of positive cells, 
some resembling trophoblasts, in a caruncle stalk of a dam inoculated with N. 
caninum IV at day 70 of gestation, culled 28 dpi and carrying a non-viable foetus at the 
time of culling.  (b) Severe infiltration of positive cells in the base of a placentome of a 
dam inoculated with N. caninum IV at day 70 of gestation and culled at 42 dpi, in 
which the uterus was empty at the time of culling.  (c) Infiltration of positive cells in a 
caruncle and foetal villi in a placentome from a dam inoculated with N. caninum at day 
140 of gestation and culled 42 dpi.  (d) Positive cells, some of them consistent with 
trophoblast cells in foetal villi and in the connective tissue of the caruncle stalk in a 
placentome collected from a dam inoculated with N. caninum at day 140 of gestation 
and culled 42 dpi.  (e) Infiltration of positive cells in a caruncle stalk from a 
placentome collected from a dam inoculated with N. caninum at day 210 of gestation 
and culled 14 dpi.  (f) TNF-α mRNA expressing cells in the caruncle of a placentome 
collected from a dam inoculated with N. caninum at day 210 of gestation and culled 42 
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dpi.  All counterstained with haematoxylin.  ISH slides produced and photographed by 
GJC. 

 

 

Figure 52: Mean scores for TNF-α mRNA positive cells in placentas collected from 
negative control (white bars) and N. caninum-infected (black bars) dams at early, mid 
and late gestation.  Error bars indicate SEM. 

 

Table 5: Mean scores (±SEM) for different cytokine mRNA expressing cells in 
placentomes collected from dams inoculated with N. caninum carrying non-viable or 
viable foetuses during early gestation. 
 

Cell type Non-viable Viable 

IL-12p40 3.67 (±0.14)a 1.50 (±0.19)b 

IFN-γ 2.60 (±0.29)a 1.36 (±0.20)b 

TNF-α 3.00 (±0.00)a 2.80 (±0.25)a 
a, b

 Different letters indicate significantly different scores 
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Table 6: Mean scores (±SEM) for different cytokine mRNA expressing cells in placentomes collected from N. caninum inoculated 
dams and negative controls during early, mid and late gestation. 

 

Cell type 
 Early gestation  Mid gestation  Late gestation 

 Control Inoculated  Control Inoculated  Control Inoculated 

IL-12p40  0.60 (±0.24)b 2.80 (±0.29)aA  1.00 (±0.00)b 1.73 (±0.19)aB  0.50 (±0.29)a 0.87 (±0.12)aC 

IFN-γ  1.00 (±0.24)b 2.08 (±0.22)aA  0.33 (±0.33)b 1.64 (±0.15)aA  0.25 (±0.25)a 0.54 (±0.16)aB 

TNF-α  1.17 (±0.17)b 2.86 (±0.14)aA  1.00 (±0.00)b 2.18 (±0.18)aB  0.80 (±0.20)b 1.78 (±0.15)asB 
a, b

 Different lower case superscript letters indicate significantly different scores between negative control and N. caninum inoculated dams in 
each experiment (early, mid and late gestation) 
A, B

 Different uppercase superscript letters indicate significantly different overall scores for each cell marker between N. caninum inoculated 
dams in early, mid and late gestation (Kruskal-Wallis test) 
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Discussion 

Previous studies have shown that in most cases there is a direct correlation between 

detectable levels of mRNA by ISH and the recognition of the corresponding protein 

by IHC (Gibbs et al., 1989; Larsson and Hougaard, 1991; Larsson and Hougaard, 

1992; Hougaard et al., 1997).  However, mRNA expression does not necessarily 

equate with production of biologically active protein (Entrican, 2002), and 

overinterpretation of results should be avoided (Cantón et al. 2013). 

Interleukin-12 is a heterodimeric cytokine and a potent inducer of the Th1 response 

(Kobayashi et al., 1989; Stern et al., 1990; Trinchieri, 1995).  It is recognised to play 

a major role in cell-mediated immunity directed against a broad class of infectious 

agents and tumours (Zarlenga et al., 1995).  IL-12 is comprised of two subunits; 

transcription of 40 kDa subunit (IL-12p40) mRNA is limited to lymphoid cells, 

whereas mRNA from the 35 kDa subunit (IL-12p35) has been found in both 

lymphoid and non haematopoietic tissues.  Nevertheless, co-expression of both 

subunits is required for the generation of a bioactive molecule (Trinchieri, 1995; 

Zarlenga et al., 1995).  For this reason, the IL-12p40 gene was selected for detection, 

since this mRNA encoding p40 seems to be restricted to cells that produce the 

biologically active heterodimer (Trinchieri, 2003).  Nevertheless, the p40 subunit is 

also a constituent of interleukin-23 (Gillessen et al., 1995; Brombacher et al., 2003) 

so care should be taken when interpreting the results generated by these probes. 

Both of the newly designed IL-12p40 probes (#1 and #2) tested in fixed tissues from 

cattle, sheep, goat (Cantón et al., 2013a) and water buffalos (Cantón et al., in 

preparation) produced positive results.  However, probe #2 (447bp), with its low 

background, allowed better distinction of positive cells when compared to probe #1 

and, for this reason, it was selected to test the tissues collected from the Neospora 

inoculated dams.  Since this was a shorter probe, which is thought to penetrate 

tissues more efficiently (Hougaard et al., 1997; Mathey et al., 2003), it may have 

increased the chances of detecting undamaged target sequence.  Nevertheless, longer 

probes can carry higher numbers of labelled molecules, allowing better visibility and 
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the formation of stable hybrids even if only parts of the target sequence are available 

(Hougaard et al., 1997). 

Numerous IL-12p40 expressing cells were detected for the first time, using ISH, in 

placentas collected from pregnant cows experimentally infected with N. caninum.  

This concurs with previous studies that reported up-regulation in the expression of 

the IL-12 protein and increased transcription of the IL-12p40 gene in N. caninum-

infected animals (Baszler et al., 1999; Rosbottom et al., 2008; Almería et al., 2012; 

Bartley et al., 2012). 

Although the probes were designed using the bovine sequence of IL-12p40 they also 

worked in ovine, caprine and bubaline tissues.  This is not surprising as the gene 

sequence used to generate the probes for this cytokine is highly conserved in these 

species of ruminant (de Rose et al., 2000; Premraj et al., 2006). 

The modified scoring system previously used to score the different immune cells, as 

described in Chapters 2 and 3 (Cantón et al., 2013b), was used to measure expression 

of mRNA for several cytokines, allowing more objective analysis and statistical 

comparison of the average expression scores following Neospora infection at 

different stages of pregnancy in cattle. 

Overall, higher numbers of cells expressing IL-12 mRNA infiltrated the bovine 

placentas from N. caninum infected dams when compared with their respective 

negative control group.  This infiltrate was more severe in placentomes collected 

from Neospora infected dams during early gestation, compared with those infected in 

mid and late gestation and, interestingly, higher infiltrates were identified in the 

dams carrying non-viable foetuses when compared with those carrying a viable 

foetus at the time of culling, supporting an association between the Th1 response and 

the occurrence of abortion.  Cells expressing this cytokine in some placentomes 

resembled macrophages, and in fact it has already been proven that antigen 

presenting cells (macrophages and dendritic cells) are able to produce IL-12 after N. 

caninum infections (Dion et al., 2011).  Previous studies reported that IL-12p40 

mRNA expression was significantly up-regulated in the caruncles from dams 
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infected with a different N. caninum strain (Nc-Liv) at early stages of pregnancy 

when compared with those infected at late stages (detected by PCR) (Rosbottom et 

al., 2008).  These experiments were carried out using a different strain; however, 

infiltrates of cells specifically expressing IL-12p40 mRNA were identified for the 

first time, mainly around areas of necrosis in the placentomes, not only supporting 

previous studies but also the hypothesis of immune-mediated abortion. 

Peripheral blood mononuclear cells (PBMC) and lymphoid tissues collected during 

the current work in early gestation were also analysed using ELISA by Bartley et al. 

(2012), and IL-12 levels were increased in the dams inoculated with Neospora.  

Nevertheless, in this work, higher IL-12 ELISA results were detected in the PBMC 

samples of dams carrying viable foetuses, compared with those carrying non-viable 

foetuses or those with an empty uterus at the time of culling (Bartley et al., 2012), 

indicating a general immune response, not specifically localised at placental level.  

Similarly, Almería et al. (2012) demonstrated up-regulation of IL-12p40 expression 

in PBMC of Neospora seropositive non-aborting animals compared with seropositive 

aborting animals.  Its expression was also increased in placentas after Neospora 

infection recrudescence in pregnant cattle (Rosbottom et al., 2011) and has been 

involved in the protection against Neospora infection (Khan et al., 1997; Eperon et 

al., 1999; Baszler et al., 1999; Ritter et al., 2002; Hemphill et al., 2006).  These 

results differ from the current study but it may be that there is a 

compartmentalisation of the immune response, with a particular increased Th1 

response at the placental level that could influence the final clinical outcome of 

Neospora infection.  More studies would be required to investigate this hypothesis. 

While some authors suggest that IFN-γ expression during natural infection decreases 

the risk of abortion, others clearly question the abortifacient effects of IFN-γ in cows 

chronically infected with Neospora (Williams et al., 2007; López-Gatius et al., 

2007a).  In our experiments, cells expressing IFN-γ mRNA were significantly more 

numerous in the placentomes collected from infected animals compared to negative 

control dams.  Moreover, there were clear differences in IFN-γ mRNA expression 

between animals inoculated with Neospora in early, mid and late gestation.  Cells 
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expressing IFN-γ mRNA in early gestation were previously reported in the same 

samples used in this study, but using a different probe (Maley et al., 2006).  When 

the samples were re-analysed using a BoIFN-γ probe, similar results were obtained.  

There was infiltration following infection in early gestation, with labelled cells 

observed at 14, 28 and 42 dpi.  There was also a distinct difference in the number of 

labelled cells in placentomes collected from dams carrying a non-viable foetus, or 

already aborted, compared to placentomes from non-aborting dams.  These cells 

tended to surround large areas of necrosis and serum leakage, similar to previous 

descriptions (Rosbottom et al., 2008).  During the previous experiment in which 

cows were infected with N. caninum in early gestation, a rise in serological IFN-γ 

and antigen specific-IFN-γ following the stimulation of splenic and lymph node cells 

was also confirmed when compared with control animals (Bartley et al., 2012).  

Similarly, Rosbottom et al. (2008) identified increasing expression of IFN-γ in the 

placentomes of pregnant cattle experimentally inoculated with Nc-Liv at day 70 of 

gestation (up to 785-fold up-regulation when compared with uninfected animals). 

Following experimental Neospora infection in mid gestation, a milder infiltrate of 

IFN-γ mRNA expressing cells were observed in the placentomes  compared with 

those observed after inoculation at day 70 of gestation, but differences were still 

observed between control and inoculated dams.  Analysing samples collected 

simultaneously, Bartley et al. (2004) found an increased activity of IFN-γ in 

lymphocytes from uterine lymph nodes from experimentally inoculated dams.  These 

results could be explained by the transitory immunosuppression usually observed 

around mid gestation in cattle (Stenlund et al., 1999; Innes et al., 2001).  Also, the 

foetal immunological maturity reached at mid gestation (Osburn et al., 1982; Osburn, 

1986) could be enough to control parasite growth in foetal tissues, therefore 

diminishing placental re-invasion and any further immune response (Gibney et al., 

2008). 

In late gestation, IFN-γ expression following experimental inoculation with Nc-1 was 

rare compared with the findings after inoculation at day 70 of gestation.  Similar 

results have been previously described after infection in late gestation where, despite 



Immunopathogenesis of bovine neosporosis throughout gestation 

193 

Chapter 4: Cytokine expression in the placentas following Neospora infection 

Im
m

u
n

o
p

a
th

o
g

e
n

e
s
is

 o
f b

o
v
in

e
 n

e
o

s
p

o
ro

s
is

 th
ro

u
g

h
o

u
t g

e
s

ta
tio

n
 

up-regulation of IFN-γ mRNA in infected dams compared to negative controls, it 

was much lower than in early gestation (Rosbottom et al., 2007; Rosbottom et al., 

2008).  However, other studies have previously shown that an IFN-γ response in 

supernatants from N. caninum stimulated PBMC was similar following inoculation 

of cattle with Nc-Liv in early and late gestation (Williams et al., 2000).  In humans, a 

reduction in the generation of IFN-γ was observed in the third trimester of gestation 

compared with the first two trimesters (Marzi et al., 1996) similar to what was 

observed in cattle during these three experiments. 

During the experiments following Nc-1 infection in cattle throughout gestation, 

TNF-α was expressed by cells in the placentas, with a higher expression in the 

animals infected with Neospora compared to negative control dams overall.  It has 

been previously shown that TNF-α is able to inhibit N. caninum tachyzoite growth in 

bovine cell cultures (Innes et al., 1995a; Yamane et al., 2000).  TNF-α mRNA 

expression was increased in the placenta following N. caninum recrudescence in 

chronically infected cattle (Rosbottom et al., 2011) and in seropositive (aborting and 

non-aborting) cattle during gestation (Almería et al., 2012).  TNF-α mRNA was also 

significantly higher in the placentas of mice experimentally inoculated with N. 

caninum in mid gestation (López-Pérez et al., 2010).  However, Ritter et al. (2002) 

reported that TNF-α does not appear to be an important factor in protecting the host 

against N. caninum using a murine model. 

During the current experiments, some of the cells expressing TNF-α mRNA 

morphologically resembled lymphocytes and macrophages, although several 

trophoblast cells (even in the negative control groups) were also labelled.  It is likely 

that bovine trophoblast cells can produce TNF-α, as happens in humans (King et al., 

1995). 

Higher expression of TNF-α and other Th1 cytokines has been recorded in placentas 

from mice prone to foetal losses (Hill et al., 1987; Chaouat et al., 1990; Kinsky et 

al., 1990; Gendron et al., 1990; Haimovici et al., 1991; Tangri and Raghupathy, 

1993; Gazzinelli et al., 1996; Haddad et al., 1997; Clark et al., 1998).  It is also 
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incompatible with successful human pregnancy in a dose-dependent manner 

(Meegdes et al., 1988; Hill, 1991; Yui et al., 1994; Raghupathy et al., 2000).  Other 

intracellular pathogens have been reported to stimulate the production of TNF-α by 

different host immune cells.  For instance, high levels of TNF-α have been observed 

after infection with T. gondii and have been suggested to be harmful to the 

maintenance of gestation in mice (Gazzinelli et al., 1993; Gazzinelli et al., 1996).  A 

number of foetal resorptions have been associated with IFN-γ and TNF-α production 

following infection with Leishmania in mice (Krishnan et al., 1996a).  Furthermore, 

after C. abortus abortions in sheep, TNF-α was expressed in the placentas by 

macrophages (Buxton et al., 2002a) and trophoblast cells (Wheelhouse et al., 2009).  

However, no significant difference was identified in placental TNF-α mRNA 

expression in placental TNF-α mRNA expression in Neospora infected dams that 

were empty or carrying a non-viable foetus compared with those carrying a live 

foetus at time of culling in the early gestation experiment.  Similar findings have 

been described in women suffering recurrent spontaneous abortion, where the TNF-α 

levels were not significantly different compared with normal women (Raghupathy et 

al., 1999). 

However, significant differences were observed when the infiltrate of cells 

expressing TNF-α mRNA following Nc-1 infection was compared in different stages 

of pregnancy, with the higher scores detected during early gestation.  Similar results 

were reported after experimental infection with Nc-Liverpool tachyzoites in cattle in 

early and late gestation (Rosbottom et al., 2008).  In contrast, Williams et al. (2000) 

found no differences in systemic TNF-α levels (plasma or culture of PBMC) from 

cattle infected experimentally with Nc-Liverpool prior to gestation, or at 70 and 210 

days after gestation.  Differences in TNF-α mRNA expression throughout gestation 

could be associated with variations in the hormonal environment during pregnancy.  

It has been proven that increasing levels of oestrogen and/or progesterone can 

modulate or decrease the synthesis of TNF-α in the murine model (Miller and Hunt, 

1998) and it has been proposed that such changes could influence the outcome of 

pregnancy during protozoal infections (Roberts et al., 2001). 
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The results obtained during these three experiments clearly identified significant 

differences in the pro-inflammatory Th1 cytokine expression in the placental samples 

collected following N. caninum infection throughout gestation.  This expression was 

higher in the placentas at day 70 of gestation and, in particular, in the placentomes 

from cattle carrying non-viable foetuses. 

It is very difficult to confirm that the higher infiltration in early gestation is totally 

responsible to the occurrence of abortion, since it was shown that foetuses were not 

immunological mature until 28 dpi (Bartley et al., 2012).  It is well known that the 

foetal immune system is continuously developing and that the foetuses are able to 

mount a measurable cell-mediated and humoral immune response against different 

pathogens from day 100 of gestation (Swift and Kennedy, 1972; Rossi et al., 1978; 

Osburn et al., 1982; Osburn, 1986; Nettleton and Entrican, 1995; Tierney et al., 

1997; Tierney and Simpson-Morgan, 1997a; Hein et al., 1998).  Specifically, after N. 

caninum experimental infection,  foetal thymus and spleen cells were able to respond 

to T-cell mitogens from three months of gestation (Innes et al., 2005), whereas by 

four to seven months of gestation, N. caninum specific cell-mediated and antibody 

responses were detected in foetal blood and lymph nodes (Andrianarivo et al., 2001; 

Almería et al., 2003; Bartley et al., 2004), probably indicating that as pregnancy 

progresses the foetus is better able to protect itself against invading pathogens, 

leading to decreased disease severity (Innes et al., 2011). 

Based on the current results on the placental cellular immune response against 

experimental Neospora infection during gestation, it can be hypothesised that the 

high pro-inflammatory response observed in early gestation in the animals carrying 

non-viable foetuses could be pertinent to the pathogenesis of this disease and may 

collaborate in placental deterioration, reduced foetal blood supply of nutrients, and 

subsequent abortion. 
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Chapter 5: 

General discussion 

 

Discussion 

Neospora is one of the most frequently identified abortifacient infectious agents in 

cattle, and it is responsible for substantial economic losses in the livestock 

production industry as explained in Chapter 1 (Dubey, 2003a; Reichel et al., 2013).  

However, despite being reported worldwide for over 20 years, its pathogenesis is still 

not completely understood. 

Several factors, discussed in the literature review, could influence the occurrence of 

abortion following N. caninum infection in a cow either following de novo infection 

or recrudescence of a chronic parasitosis.  The stage of gestation when the infection 

takes place is a key factor.  The clinical outcome after infection during early 

pregnancy is usually abortion attributed to the immunological immaturity of the 

foetal immune system (Williams et al., 2000; Macaldowie et al., 2004; Caspe et al., 

2012).  In contrast, foetal infections during mid and late gestation are generally 

asymptomatic, with production of congenitally infected but otherwise healthy calves 

(Williams et al., 2000; Maley et al., 2003; Benavides et al., 2012). 

Although the lesions produced by the protozoan in foetal and placental tissues are 

usually severe enough to cause foetal death (Barr et al., 1991a; Barr et al., 1994b; 

Maley et al., 2003; Macaldowie et al., 2004), immune-mediated placental pathology 

has also been hypothesised as a potential cause of abortion in bovine Neospora 

infections (Raghupathy, 1997; Innes et al., 2002; Innes et al., 2005; Dubey et al., 

2006; Innes and Vermeulen, 2006). 
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The main objective of this Thesis was to investigate this last hypothesis.  Initially, 

the phenotypic characterisation of the inflammatory cells in the placentas of cattle 

experimentally inoculated in late gestation (day 210) was performed (Benavides et 

al., 2012).  The scoring methodology standardised during this first study allowed a 

measurable comparison of the different immune cell infiltrates. 

After obtaining these first results, the new scoring methodology was applied to 

placental samples collected from Nc-1 inoculated dams during early and mid 

gestation (day 70 and 140 of gestation, respectively).  These results have been 

previously reported (Maley et al., 2006) but only from a descriptive standpoint 

without any objective scoring or statistical assessment.  A new scoring system 

addressed this and the results are presented in detail in Chapter 3. 

Along similar lines, IHC slides produced after incubation with the same mAbs were 

available after Neospora inoculation using the same experimental design on cattle 

during mid pregnancy (day 140 of gestation) (Maley et al., 2003).  Since these IHC 

results had never been previously reported, the inflammatory cells in these placentas 

were immunophenotypically characterised and the results are presented in 

conjunction with those produced for the other stages of pregnancy in Chapter 3. 

The results of these three studies indicated that a similar immune cell population 

infiltrated the placentas of Neospora inoculated dams, regardless of stage of 

pregnancy and time of inoculation.  In particular, there was an increased number of T 

lymphocytes (CD3
+
), most of which were T helper (CD4

+
) and γδTCR

+
.  These cells 

mainly surrounded areas of necrosis in the placentomes.  The phenotypes of the 

placental immune cell population were similar to those previously reported by other 

authors working with experimental and natural Neospora infections (Maley et al., 

2006; Rosbottom et al., 2011; Orozco et al., 2013). 

These findings have also been previously corroborated in work quantifying immune 

cells in peripheral blood from experimentally inoculated cattle (Staska et al., 2003; 

Bartley et al., 2004; Rosbottom et al., 2007). 
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One of the innovative aspects of this Thesis was the creation of a more objective 

method of immune cell quantification which was then applied to samples from 

experiments using comparable study designs and inocula (Maley et al., 2003; 

Macaldowie et al., 2004; Benavides et al., 2012).  As discussed in Chapter 3, these 

immune cell infiltrates were more severe in the placental samples collected from 

dams inoculated with N. caninum in early gestation and, in particular, in dams 

carrying dead foetuses at the time of culling.  Together with the pattern of infiltration 

around areas of necrosis, this difference in infiltrate severity suggests an association 

with abortion. 

A second novel approach, aimed at further characterisation of the immune cell 

infiltrates, was to compare cytokine expression in the same series of placental 

samples.  Since Th1 cytokines were previously reported to be involved in the 

immunopathogenesis of bovine neosporosis (Khan et al., 1997; Long et al., 1998; 

Lundén et al., 1998; Marks et al., 1998; Baszler et al., 1999; Williams et al., 2000; 

Tanaka et al., 2000a; Tanaka et al., 2000b; Quinn et al., 2002a; Bartley et al., 2004; 

Rosbottom et al., 2007; Rosbottom et al., 2008; López-Pérez et al., 2010; Innes et 

al., 2011; Rosbottom et al., 2011; Almería et al., 2012; Bartley et al., 2012), the 

characterisation of the expression of IL-12, IFN-γ and TNF-α was performed.  For 

this purpose, new probes were designed and produced.  This work is described in 

Chapter 4 (Cantón et al., 2013a).  These cytokines were expressed by a large number 

of cells in the placentas from cattle experimentally inoculated with Neospora during 

gestation.  Cells expressing Th1 cytokines were more frequently observed in the 

placentas from cattle experimentally inoculated in early gestation, compared with 

mid- and late-gestation.  In cattle inoculated in early gestation, cells expressing Th1 

cytokines were more frequent in the placentas from dams carrying non-viable 

foetuses or from dams with an empty uterus.  Similar results have been described 

before, indicating that N. caninum is able to trigger the release of Th1 cytokines that 

control parasite infection.  Nevertheless, this expression may be harmful to the foetus 

(Raghupathy, 1997; Hayakawa et al., 1999; Innes et al., 2002; Innes et al., 2005; 

Dubey et al., 2006; Innes and Vermeulen, 2006) and this is in accordance with the 

clinical outcome of these three experiments. 
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The results presented in this Thesis show clear differences in the immune cell 

response and cytokine expression in cattle experimentally inoculated with N. 

caninum at different stages of gestation. The Th1 response was more severe in cattle 

infected with Neospora in early gestation and a distinct association was observed 

between the severity of this response in the placenta and the presence of a non-viable 

foetus or empty uterus (presumably aborted or reabsorbed) at the time of post 

mortem examination.  Although it is not possible to confirm that this association is 

completely responsible for the foetal pathogenicity of Neospora (as the Th2 response 

was not evaluated), the immune response may at least partially contribute to the 

placental damage, which could diminish the nutrient and oxygen supply to the foetus, 

compromising pregnancy. 

Further studies, including the expression of cytokines, are necessary in order to 

further progress our understanding of the immune response against Neospora 

infection during pregnancy in cattle, and to determine its involvement in the 

pathogenesis of bovine neosporosis. 

Interestingly, this immune mediated hypothesis of abortion has not been identified in 

Toxoplasma infections, a closely related intracellular protozoan parasite (Ellis et al., 

1998; Ellis et al., 1999; Howe and Sibley, 1999) that produces large economic losses, 

mainly in sheep, but also in other ruminant species (Dubey and Beattie, 1988; 

Dubey, 1990; Innes, 1997; Buxton, 1998).  Several aspects of both diseases, bovine 

neosporosis and ovine toxoplasmosis, are almost identical: Both belong to the 

phylum Apicomplexa; both share a similar heteroxenous life cycle; and both 

compromise pregnancy in ruminants (Quinn et al., 2002a; Innes and Mattsson, 

2007).  However, morphological, ultrastructural, metabolic and antigenic differences 

have been described between these parasites (Dubey, 1992; Dubey et al., 1988a; Ellis 

et al., 1998; Speer et al., 1999; Shanmugasundram et al., 2013).  These differences 

could be responsible for the different clinical outcomes of infection with N. caninum 

and T. gondii in cattle and sheep.  Unlike toxoplasmosis, which stimulates protective 

immunity following primary infection, in most instances cows that abort a Neospora-

infected foetus will either abort again in the future (Obendorf et al., 1995; Wouda et 
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al., 1995; Anderson et al., 1995; Dannatt et al., 1995; Moen et al., 1995; Dubey and 

Lindsay, 1996) or will produce infected foetuses in subsequent pregnancies (Barr et 

al., 1993; Dubey and Lindsay, 1996; Guy et al., 2001). 

Resistance to toxoplasmosis has been associated with a Th1 immune response, with 

an important role performed by CD4
+
 (Vollmer et al., 1987) and the production of 

pro-inflammatory cytokines, such as IFN-γ, IL-12 and IL-2 (Hauser, Jr. et al., 1983; 

Sharma et al., 1984; Sharma et al., 1985; Suzuki et al., 1988; Gazzinelli et al., 1991; 

Gazzinelli et al., 1994; Pfaff et al., 2007), which is very similar to the findings 

observed in the Neospora-infected cattle described in this Thesis.  However, after 

analysing the immune cells infiltrating the placentas of Neospora-infected cattle, the 

cytotoxic T cell population was scant, with CD8
+
 cells occurring only rarely in 

association with placental lesions.  This is one of the main apparent differences 

between Neospora and Toxoplasma infections, since CD8
+
 T cells have been shown 

to play a crucial role in resistance against acute T. gondii infections (Suzuki and 

Remington, 1988; Parker et al., 1991; Hakim et al., 1991; Subauste et al., 1991).  

Differences in the pathogenicity between very similar protozoan parasites, or 

differences in the immune response mounted by closely related ruminant species 

(cattle and sheep), may underpin different immunopathogenic mechanisms of both 

protozoa. 

Another important intracellular pathogen causing abortion in sheep is C. abortus 

(Buxton et al., 1990; Buxton et al., 1996; Aitken, 2000).  Characterisation of the 

placental immune infiltration was carried out in pregnant ewes following 

experimental Chlamydia infections (Buxton et al., 2002a).  During this 

characterisation, most of the inflammatory cells were identified as 

monocytes/macrophages, with rare CD4
+
, CD8

+
 and γδTCR

+
 lymphocytes.  

However, TNF-α mRNA was largely expressed by mononuclear cells in affected 

placentas, and low numbers of cells expressing IFN-γ mRNA were observed.  The 

authors, therefore, postulated that this production of TNF-α, aside from the placental 

damage produced by the bacteria during chlamydial infection, could partially 

contribute to the placental damage and later contribute to abortion (Buxton et al., 
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2002a; Kerr et al., 2005; Entrican et al., 2010).  These results are in alignment with 

the hypothesis of immune mediated abortion during Neospora infections in cattle. 

There were also intriguing differences in the T lymphocyte infiltrate as gestation 

progressed in the negative control animals, with a more severe infiltrate in early 

gestation compared to the later stages.  Previous reports have demonstrated that 

ruminant pregnancy is characterised by an increase in some types of immune cell 

within the uterus (Entrican and Wheelhouse, 2006; Oliveira and Hansen, 2008).  

Immunological changes have also been reported during pregnancy, where they 

seemingly play a critical function in the protection of the foetus and are involved in 

“housekeeping” of the placenta, which is a temporary tissue in constant flux (Van 

Kampen and Mallard, 1997; Kimura et al., 1999; Oliveira and Hansen, 2008).  

Further studies should be undertaken in order to expand our knowledge of 

physiological changes occurring during gestation, which could help in the 

understanding of other reproductive diseases. 

These studies should also take into account that the whole genome of the domestic 

cow (Bos taurus) has now been assembled and published (Zimin et al., 2009), 

allowing the application of new approaches such as microarray and transcriptomic 

techniques, to identify new molecules involved in the host response to the parasite. 

Another interesting finding was the presence of trophoblast cells that were 

recognised by the HM57 mAb that is generally used to label B cells (Pilozzi et al., 

1998; Maley et al., 2006; Polledo et al., 2011).  Furthermore, some trophoblast cells 

in the placentomes expressed IL-12, IFN-γ and TNF-α mRNA in both N. caninum 

and negative control dams during all stages of gestation.  In ruminant ungulates, 

trophoblasts are morphologically and functionally distinct cell types of the placental 

trophectoderm.  These cells can either be mononuclear or binucleated (Wimsatt, 

1951; Greenstein et al., 1958) and they assume specialised functions.  Mononuclear 

trophoblast cells form the majority of the maternal-foetal interface and are primarily 

involved in nutrient exchange.  In contrast, binucleated cells are endocrinologically 

active, producing different hormones (Duello et al., 1986; Myers and Reimers, 1988; 
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Matamoros et al., 1994; Schlafer et al., 2000; Igwebuike, 2006; Paulesu et al., 2012).  

Moreover, trophoblast cells are considered innate immune cells, able to undergo 

phagocytic activity (Schlafer et al., 2000; Igwebuike, 2006) and acting as ‘sensors’ 

of the surrounding environment, recognising various pathogens and secreting 

cytokines that, in turn, act upon the immune cells within the decidua in humans 

(King et al., 1995; Roth et al., 1996; Wilczynski, 2005; Koga et al., 2009). 

The immunological role of trophoblast cells has not been extensively studied in 

livestock species, therefore, caution should be taken when extrapolating results 

observed in human or murine models.  In order to clarify their role in these species, 

further studies are necessary.  Currently, a new line of research has begun in order to 

further characterise trophoblast cells which may shed some light on this aspect in the 

future and could further impact our understanding of the dam’s immune response 

during the delicate physiological time of pregnancy. 

 

Concluding remarks 

Currently there are no tools to effectively control neosporosis in affected herds.  The 

vaccine available in some countries has been shown to be inefficient in preventing 

transplacental transmission of the parasite although, in some instances, it has 

generated an immune response sufficient to prevent abortion (Choromanski and 

Block, 2000; Williams et al., 2003; Romero et al., 2004). 

The data collected for this Thesis clarified some aspects of the immune response to 

Neospora infection during bovine pregnancy and has allowed a more robust 

comparison of this response at different stages of pregnancy, as well as in dams 

carrying viable and non-viable foetuses.  This data may be useful for future 

development of appropriate tools, such as vaccines, to control parasite growth.  

These tools should aim to mimic some aspects of the immune response, but at a 

lower level, in order to avoid the undesirable effects of an exacerbated Th1 response. 
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Vaccinology have provided many adjuvants that have already been studied in the 

inception of experimental Neospora vaccines (Andrianarivo et al., 1999; 

Andrianarivo et al., 2000; Choromanski and Block, 2000; Moore et al., 2005; 

Williams et al., 2007; Innes et al., 2011).  New approaches have been developed in 

the last decade such as the use of immune stimulating complexes (i.e. ISCOMs) that 

have already been experimentally tested in protozoal infections in livestock with 

partial success (Garcia et al., 2005; Moore et al., 2011).  Such approaches or the use 

of more advanced technology like nanoparticules should be further investigated in 

order to facilitate a correct antigen presentation and the generation of an appropriate 

immune response (Elamanchili et al., 2007; Leleux and Roy, 2013). 

In the future, developers of Neospora vaccines and therapeutic compounds should 

take this information into account, in order to design more relevant tools, probably 

including immune modulators or adjuvants, which can generate the appropriate 

immune response able to control the parasite without injuring the placenta of an 

infected dam. 
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Appendix I 

Buffers and solutions 

 

Acetylation solution 

Purified water 600.0 ml 

Acetic anhydride [(CH3CO)2O] (Sigma-Aldrich
®
) 1.5 ml 

Triethanolamine (Fisher Scientific
®
) 9.0 ml 

 

Blocking tRNA solution 

Ribonucleic acid from baker's yeast (Sigma-Aldrich
®
) 100 mg 

RNAse free water (Sigma-Aldrich
®
) 10 ml 

 

Blocking solution 

10x DIG blocking buffer (see below) 250 µl 

10% Triton X-100 (Sigma-Aldrich
®
) 75 µl 

DIG buffer 1 2175 µl 

 

Colour solution 

Nitroblue tetrazolium (NBT) (Sigma-Aldrich
®

) 12.0 µl 

5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Sigma-Aldrich
®
) 9.6 µl 

Levamisole solution (see below) 30.0 µl 

DIG buffer 3 (see below) 2948.4 µl 



Immunopathogenesis of bovine neosporosis throughout gestation 

260 

Appendix I 

Im
m

u
n

o
p

a
th

o
g

e
n

e
s
is

 o
f b

o
v
in

e
 n

e
o

s
p

o
ro

s
is

 th
ro

u
g

h
o

u
t g

e
s

ta
tio

n
 

 

Conjugate solution 

10x DIG blocking buffer (see below) 250 µl 

10% Triton X-100 (Sigma-Aldrich
®
) 75 µl 

DIG buffer 1 (see below) 2170 µl 

Anti-Digoxigenin-AP, Fab fragments from sheep (Roche
®
) 5 µl 

 

Dextran sulphate solution (50%) 

Dextran sulphate (Sigma-Aldrich
®

) 5 g 

RNAse free water (Sigma-Aldrich
®
) (pre-heated) 5 ml 

Mix well, allow standing until dissolved and adjust volume to 10 ml with RNAse 

free water. 

 

DIG blocking buffer (10x) 

DIG buffer 1 (1x) (see below) 450 ml 

DIG blocking reagent (Roche
®

) 50 g 

Heat very gently to dissolve and make up to 500 ml with DIG buffer 1.  Autoclave at 

121ºC for 15 min. 
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DIG buffer 1 (5x) 

Maleic acid (Fisher Scientific
®
) 145.1 g 

NaCl (Fisher Scientific
®

) 110.0 g 

Purified water 2000.0 ml 

Dissolve and adjust pH to 7.5 with approximately 90-100g of sodium hydroxide 

(NaOH) (Fisher Scientific
®
).  Make up to 2500 ml with purified water.  Autoclave at 

121ºC for 15 min and store at RT. 

 

DIG buffer 3 (1x) 

1M Tri HCl (pH 9.5) 60 ml 

5M NaCl (Fisher Scientific
®
) 12 ml 

1M MgCl2 (Fisher Scientific
®
) 30 ml 

Purified water 498 ml 

Mix and use immediately. 

 

DIG buffer 4 (1x) 

1M Tri HCl (pH 8.0) 25 ml 

0.5M EDTA (pH 8.0) 5 ml 

Purified water 2470 ml 

Mix and autoclave at 121ºC for 15 min. 
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EDTA solution (0.5M) 

EDTA (Sigma-Aldrich
®
) 93.06 g 

Purified water 400 ml 

Mix and adjust pH to 8.0 with NaOH and make up to 500 ml with purified water. 

Autoclave at 121ºC for 15 min. 

 

Heparin solution 

50,000U of heparin (Sigma-Aldrich
®
) 50 ml 

Distilled water 2450 ml 

Autoclave at 121ºC for 15 min. 

 

Hybridisation salts 

5M NaCl 30 ml 

0.5M EDTA pH 8.0 (see above) 10 ml 

0.5M Pipes solution pH 7.0 (see below) 10 ml 

 

Hybridisation stock solution 

Deionised formamide (Sigma-Aldrich
®
) 16.0. ml 

Hybridisation salts (see above) 8.0 ml 

50x Denhardt’s solution (Sigma-Aldrich
®

) 3.2 ml 

5,000U/ml heparin (Sigma-Aldrich
®
) 320 µl 

10% Triton X-100 (Sigma-Aldrich
®
) 320 µl 
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Hybridisation solution 

Hybridisation stock solution (see above) 805 µl 

50% Dextran sulphate solution (see above) 144 µl 

Blocking tRNA solution (see above) 51 µl 

 

Hydrogen chloride solution (0.2M) 

Concentrated HCl (approximately 10M) (Fisher Scientific
®

) 20.4 ml 

Purified water 1,000.0 ml 

Autoclave at 121ºC for 15 min. 

 

Levamisole solution 

Levamisole (Sigma-Aldrich
®
) 150 mg 

RNAse free water (Sigma-Aldrich
®
) 5 ml 

 

Magnesium chloride solution (1M) 

Magnesium chloride (MgCl2 6H2O) (Fisher Scientific
®
) 10.1 g 

RNAse free water 40 ml 

Dissolve and make up to 50 ml with RNAse free water. 
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Mayer’s haematoxylin 

Mayer’s haematoxylin (CellPath Ltd., Powis, UK) 1.0 g 

Sodium iodate (NaIO3) (Fisher Scientific
®
) 0.2 g 

Potassium aluminium sulphate [KAl(SO4)2] (Fisher Scientific
®
) 50.0 g 

Chloral hydrate (C2H3Cl3O2) (Fisher Scientific
®
) 50.0 g 

Citric acid (C6H8O7) (Fisher Scientific
®
) 1.0 g 

Purified water 1,000 ml 

Dissolve the first three ingredients in purified water, mix and leave overnight at room 

temperature. Add the remaining ingredients, boil for 5 min, cool and filter. 

 

Paraformaldehyde fixative solution (4%) 

PBS 1,000 ml 

Paraformaldehyde (Sigma-Aldrich
®
) 40 g 

In a fume cupboard add the paraformaldehyde to pre-heated PBS. With continual 

stirring, heat until dissolved.  Filter solution through Whatman Nº1 filter paper and 

adjust volume to 1,000 ml with purified water. 

 

Pipes solution (0.5M) 

Pipes (Piperazine-1,4-Bis(2-ethanesulfonic acid) sesquisodium 

salt) (Fisher Scientific
®

) 

15.12 g 

RNAse free water 100 ml 

Mix to dissolve and adjust pH to 7.5 and make up to 100 ml with RNAse free water.  

Autoclave at 121ºC for 15 min. 
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Phosphate-buffered saline (PBS) 

NaCl 8.0 g 

Potassium chloride (KCl) (Fisher Scientific
®

) 0.2 g 

Sodium phosphate dibasic dihydrate (Na2HPO4 2H2O) (Fisher 

Scientific
®
) 

1.8 g 

Monopotassium phosphate (KH2PO4) (Fisher Scientific
®
) 0.3 g 

Purified water 1,000 ml 

Autoclave at 121ºC for 15 min. 

 

Prehybridisation stock solution 

20x Saline-sodium citrate (SSC) buffer (see below) 4.5 ml 

Deionised formamide (Sigma-Aldrich
®
) 6.75 ml 

50x Denharts solution (Sigma-Aldrich
®

) 1.5 ml 

RNAse free water 2.1 ml 

 

Prehybridisation solution 

Prehybridisation stock solution (see above) 974 µl 

Blocking tRNA solution (see above) 26 µl 
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Proteinase K solution 

1M Tris HCl (pH 8.0) (Sigma-Aldrich
®
) 146.0 µl 

1M Calcium chloride (CaCl2) (Fisher Scientific
®
) 14.6 µl 

Proteinase K (Roche
®

)
(*)

 8.3-13.9 µl 

RNAse free water (Sigma-Aldrich
®
) 8.5 ml 

(*)
 Proteinase K concentration of different batches may vary, therefore amount needs 

to be adjusted accordingly.  Likewise, different tissues may need different 

concentration.  Final solution is prepared immediately before use. 

 

RNAse solution 

3M NaCl 166.4 µl 

1M Tris HCl pH 8.0 (Sigma-Aldrich
®
) 10.0 µl 

0.5M EDTA pH 8.0 2.0 µl 

RNAse, DNAse-free (Roche
®

) 0.2 µl 

RNAse T1 from Aspergillus oryzae (Roche
®

) 0.2 µl 

RNAse free water (Sigma-Aldrich
®
) 821.2 µl 

 

Saline-sodium citrate (SSC) buffer (20x) 

NaCl 175.3 mg 

Tri-Sodium citrate (Na3C6H5O7) (Fisher Scientific
®
) 88.2 mg 

Purified water 1,000 ml 
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Scott’s tap water substitute (STWS) 

Sodium bicarbonate (NaHCO3) (Fisher Scientific
®
) 3.5 g 

Magnesium sulphate (MgSO4) (Fisher Scientific
®

) 20.0 g 

Tap water 1,000 ml 

 

Sodium chloride (5M) 

Sodium chloride (NaCl) (Fisher Scientific
®

) 292.2 g 

Purified water 800 ml 

Mix and make up to 1 litre with purified water.  Autoclave at 121ºC for 15 min. 

 

Tris-buffered saline wash buffer (TBS) 

Purified water 1500 ml 

1M Tris HCl solution (Sigma-Aldrich
®
) 100 ml 

5M NaCl 60 ml 

Mix and adjust pH to 7.6.  Add purified water to give a final volume of 1 litre. 
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Zinc salt fixative buffer (ZSF) 

Purified water 800 ml 

Tris base [(HOCH2)3CNH2] (0.1M) (Fisher Scientific
®
) 12.1 g 

Calcium acetate [Ca(C2H3O2)2] (0.05%) 0.5 g 

Mix and adjust pH to 7.0-7.4 with 1M hydrogen chloride (HCl).  After pH is adjusted 

add: 

Zinc chloride (ZnCl2) (Fisher Scientific
®
) 5.0 g 

Zinc acetate [Zn(O2CCH3)2] (Fisher Scientific
®

) 5.0 g 

Make up to 1 litre with purified water and store at RT.  This solution has to be used 

within 2 months of preparation. 
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Appendix II 

Tables and figure of statistical results 

 

Table 7: p-values for differences in cell scores between negative control and N. 
caninum-inoculated animals at each gestation stage. 

Cell type Early gestation Mid gestation Late gestation 

CD68+ 0.0151 0.0906 0.0987 

CD3+ 0.0001 0.0196 0.0424 

CD4+ 0.0005 0.4347 0.1677 

CD8+ 0.0032 0.1135 0.2548 

γδTCR+ 0.0156 0.0176 0.0216 

NKp46+ 0.0017 0.0176 0.0036 

CD79αcy
+ 0.4326 0.3865 0.8905 

IL-12p40+ 0.0020 0.0394 0.1757 

IFN-γ+ 0.0010 0.0040 0.7360 

TNF-α+ 0.0015 0.0048 0.0051 

 

Table 8: Adjusted p-values for differences in cell scores between N. caninum-
inoculated (SC and IV) and negative control animals in early gestation. 

Cell type IV vs. control SC vs. control IV vs. SC 

CD68+ 0.0679 0.0958 0.4309 

CD3+ 0.0026 0.0021 0.2990 

CD4+ 0.0043 0.0062 0.2612 

CD8+ 0.0251 0.0251 0.6865 

γδTCR+ 0.0113 0.0161 0.3486 

NKp46+ 0.0509 0.0947 0.1408 

CD79αcy
+ 0.1992 0.9449 0.1992 

IL-12p40+ ND ND ND 

IFN-γ+ ND ND 0.5251 

TNF-α+ ND ND ND 

ND: not determined 
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Table 9: p-values for differences in cell scores between dams inoculated with N. 
caninum carrying non-viable and viable foetuses in early gestation. 

 
Cell type Mann-Whitney test (ties) 

CD68+ 0.1938 

CD3+ 0.0084 

CD4+ 0.0426 

CD8+ 0.0063 

γδTCR+ 0.0054 

NKp46+ 0.0012 

CD79αcy
+ 0.0088 

IL-12p40+ 0.0001 

IFN-γ+ 0.0070 

TNF-α+ 0.3865 

 

Table 10: p-values for cell scores following overall and pair-wise comparisons of N. 
caninum inoculated animals at each gestation stage. 

Cell type Overall Early vs. Mid Early vs. Late Mid vs. Late 

CD68+ 0.0190 0.2029 0.0151 0.6466 

CD3+ 0.0001 0.0901 0.0001 0.0236 

CD4+ 0.0001 0.1454 0.0001 0.0653 

CD8+ 0.0001 0.1471 0.0001 0.0160 

γδTCR+ <0.0001 0.1844 0.0001 0.0051 

NKp46+ 0.0194 0.0538 0.0402 0.9166 

CD79αcy
+ 0.0190 0.0448 0.9085 0.0234 

IL-12p40+ 0.0003 0.0164 0.0013 0.0074 

IFN-γ+ 0.0010 0.3136 0.0013 0.0038 

TNF-α+ 0.0050 0.0286 0.0064 0.2055 
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Table 11: p-values for cell scores following overall and pair-wise comparisons of 
negative control animals at each gestation stage. 

Cell type Overall Early vs. Mid Early vs. Late Mid vs. Late 

CD68+ 0.1037 0.4931 0.1209 0.2359 

CD3+ 0.0035 0.0173 0.0183 0.1052 

CD4+ 0.0046 0.0143 0.0471 0.0477 

CD8+ 0.2675 0.3571 0.5337 0.5315 

γδTCR+ 0.0037 0.0143 0.0147 0.3543 

NKp46+ 0.0037 0.0180 0.0180 0.0792 

CD79αcy
+ 0.1429 0.2650 0.1951 0.1951 

IL-12p40+ 0.2913 ND ND ND 

IFN-γ+ 0.5130 ND ND ND 

TNF-α+ 0.2771 ND ND ND 

ND: not determined 
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Figure 53: Mean infiltration score for placentomes collected from negative control (black bars) and N. caninum inoculated (grey bars)  
cows during the early, mid and late gestation experiments. Error bars indicate standard error of the means.  Different lowercase letters 
indicate statistically significantly different infiltration scores between control negative and N. caninum-inoculated dams in each experiment 
(early, mid and late gestation).  Different uppercase letters indicate statistically significantly different overall infiltration scores for each cell 
marker between N. caninum-inoculated dams at early, mid and late gestation.  Adapted from Cantón et al. (submitted).  
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Appendix III 

Alignment of the cytokine probes 

 

IL-12p40 alignment: 
 
Key: Forward and reverse primer pairs; BoIL-12 probe#1; BoIL-12 probe#2 

 

                                         10        20        30        40        50        60 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IL-12p40 (U11815)    TTCCCTGGTTTTGCTGGCATCTCCCATCGTGGCCATGTGGGAACTGGAGAAAAATGTTTA 

Ovis aries IL-12p40 (AF209435)  ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IL-12p40 (EF424)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IL-12p40 (AF007576)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IL-12p40 (U57752)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#1              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#2              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                         70        80        90       100       110       120 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IL-12p40 (U11815)    TGTTGTAGAATTGGATTGGTATCCTGATGCTCCTGGAGAAACAGTGGTCCTCACATGTGA 

Ovis aries IL-12p40 (AF209435)  ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪ 

Bubalus bubalis IL-12p40 (EF424)▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪ 

Capra hircus IL-12p40 (AF007576)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪ 

Cervus elaphus IL-12p40 (U57752)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪GG▪▪▪▪▪ 

BoIL-12p40 probe#1              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#2              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        130       140       150       160       170       180 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IL-12p40 (U11815)    CACTCCTGAAGAAGATGGCATCACCTGGACCTCAGACCAGAGCAGTGAGGTCTTGGGCTC 

Ovis aries IL-12p40 (AF209435)  ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪ 

Bubalus bubalis IL-12p40 (EF424)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IL-12p40 (AF007576)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪ 

Cervus elaphus IL-12p40 (U57752)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#1              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#2              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        190       200       210       220       230       240 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IL-12p40 (U11815)    TGGCAAAACCTTGACCATCCAAGTCAAAGAGTTTGGAGATGCTGGGCAGTACACCTGTCA 

Ovis aries IL-12p40 (AF209435)  ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IL-12p40 (EF424)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IL-12p40 (AF007576)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IL-12p40 (U57752)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#1              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#2              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        250       260       270       280       290       300 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IL-12p40 (U11815)    CAAAGGAGGCGAGGCTCTGAGTCGTTCACTCCTCCTGCTGCACAAAAAGGAAGATGGAAT 

Ovis aries IL-12p40 (AF209435)  ▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IL-12p40 (EF424)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IL-12p40 (AF007576)▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IL-12p40 (U57752)▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#1              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪------------------- 

BoIL-12p40 probe#2              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        310       320       330       340       350       360 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IL-12p40 (U11815)    TTGGTCCACTGATATTTTAAAGGATCAGAAAGAACCCAAAGCTAAGAGTTTTTTAAAATG 

Ovis aries IL-12p40 (AF209435)  ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IL-12p40 (EF424)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IL-12p40 (AF007576)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IL-12p40 (U57752)▪▪▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#1              ------------------------------------------------------------ 

BoIL-12p40 probe#2              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 
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IL-12p40 alignment (continued): 
 

                                        370       380       390       400       410       420 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IL-12p40 (U11815)    TGAGGCAAAGGATTATTCTGGACACTTCACCTGCTGGTGGCTGACAGCAATCAGTACTGA 

Ovis aries IL-12p40 (AF209435)  ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪ 

Bubalus bubalis IL-12p40 (EF424)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IL-12p40 (AF007576)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪ 

Cervus elaphus IL-12p40 (U57752)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#1              ------------------------------------------------------------ 

BoIL-12p40 probe#2              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        430       440       450       460       470       480 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IL-12p40 (U11815)    TTTGAAATTCAGTGTCAAAAGCAGCAGAGGCTCCTCTGACCCCCGAGGGGTGACGTGCGG 

Ovis aries IL-12p40 (AF209435)  ▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IL-12p40 (EF424)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IL-12p40 (AF007576)▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IL-12p40 (U57752)▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#1              ------------------------------------------------------------ 

BoIL-12p40 probe#2              ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

 

                                ▪▪▪▪|▪▪▪ 

Bos taurus IL-12p40 (U11815)    AGCAGCGT 

Ovis aries IL-12p40 (AF209435)  ▪▪▪▪▪▪▪▪ 

Bubalus bubalis IL-12p40 (EF424)▪▪▪▪▪▪▪▪ 

Capra hircus IL-12p40 (AF007576)▪▪▪▪▪▪▪▪ 

Cervus elaphus IL-12p40 (U57752)▪▪▪▪▪▪▪▪ 

BoIL-12p40 probe#1              -------- 

BoIL-12p40 probe#2              ▪▪▪▪▪▪▪▪ 
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Appendix III 
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IFN-γ alignment: 
 

Key: Forward and reverse primer pairs; BoIFN-γ probe 
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                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IFN-γ (NM_174086.1)  CCTAACTCTCTCCTAAACAATGAAATATACAAGCTATTTCTTAGCTTTACTGCTCTGTGG 

Ovis aries IFN-γ (NM_001009803) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪CC▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪T 

Bubalus bubalis IFN-γ (EF42425  ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪C▪T 

Capra hircus IFN-γ (U34232.1)   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪CC▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪AA▪▪▪T 

Cervus elaphus IFN-γ (L07502.1) -------------------▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪C▪T 

BoIFN-γ probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                         70        80        90       100       110       120 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IFN-γ (NM_174086.1)  GCTTTTGGGTTTTTCTGGTTCTTATGGCCAGGGCCAATTTTTTAGAGAAATAGAAAACTT 

Ovis aries IFN-γ (NM_001009803) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IFN-γ (EF42425) ▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IFN-γ (U34232.1)   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IFN-γ (L07502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIFN-γ probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        130       140       150       160       170       180 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IFN-γ (NM_174086.1)  AAAGGAGTATTTTAATGCAAGTAGCCCAGATGTAGCTAAGGGTGGGCCTCTCTTCTCAGA 

Ovis aries IFN-γ (NM_001009803) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪ 

Bubalus bubalis IFN-γ (EF42425) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IFN-γ (U34232.1)   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪ 

Cervus elaphus IFN-γ (L07502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪AT▪▪▪ 

BoIFN-γ probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        190       200       210       220       230       240 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IFN-γ (NM_174086.1)  AATTTTGAAGAATTGGAAAGATGAAAGTGACAAAAAAATTATTCAGAGCCAAATTGTCTC 

Ovis aries IFN-γ (NM_001009803) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪G▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IFN-γ (EF42425) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IFN-γ (U34232.1)   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪G▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IFN-γ (L07502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪G▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIFN-γ probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        250       260       270       280       290       300 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IFN-γ (NM_174086.1)  CTTCTACTTCAAACTCTTTGAAAACCTCAAAGATAACCAGGTCATTCAAAGGAGCATGGA 

Ovis aries IFN-γ (NM_001009803) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IFN-γ (EF42425) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IFN-γ (U34232.1)   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IFN-γ (L07502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪G▪▪▪▪ 

BoIFN-γ probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        310       320       330       340       350       360 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus IFN-γ (NM_174086.1)  TATCATCAAGCAAGACATGTTTCAGAAGTTCTTGAATGGCAGCTCTGAGAAACTGGAGGA 

Ovis aries IFN-γ (NM_001009803) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IFN-γ (EF42425) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IFN-γ (U34232.1)   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IFN-γ (L07502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

BoIFN-γ probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        370       380       390 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪ 

Bos taurus IFN-γ (NM_174086.1)  CTTCAAAAAGCTGATTCAAATTCCGGTGGATG 

Ovis aries IFN-γ (NM_001009803) ▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis IFN-γ (EF42425) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus IFN-γ (U34232.1)   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus IFN-γ (L07502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪▪ 

BoIFN-γ probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 
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Appendix III 

Im
m

u
n

o
p

a
th

o
g

e
n

e
s
is

 o
f b

o
v
in

e
 n

e
o

s
p

o
ro

s
is

 th
ro

u
g

h
o

u
t g

e
s

ta
tio

n
 

TNF-α alignment: 
 

Key: OvTNF-α probe 
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                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus TNF-α (EU276079.1)   ATGAGCACCAAAAGCATGATCCGGGATGTGGAGCTGGCGGAGGAGGTGCTCTCCGAGAAA 

Ovis aries TNF-α (NM_001024860) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪C▪▪▪ 

Bubalus bubalis TNF-α (AY22112) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus TNF-α (AY304502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪ 

Cervus elaphus TNF-α (U14683.1) ---------------▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪A▪▪▪▪▪ 

OvTNF-α probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪C▪▪▪ 

 

                                         70        80        90       100       110       120 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus TNF-α (EU276079.1)   GCAGGGGGCCCCCAGGGCTCCAGAAGTTGCTTGTGCCTCAGCCTCTTCTCCTTCCTCCTG 

Ovis aries TNF-α (NM_001024860) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis TNF-α (AY22112) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus TNF-α (AY304502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus TNF-α (U14683.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

OvTNF-α probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        130       140       150       160       170       180 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus TNF-α (EU276079.1)   GTTGCAGGAGCCACCACGCTCTTCTGCCTGCTGCACTTCGGGGTAATCGGCCCCCAGAGG 

Ovis aries TNF-α (NM_001024860) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis TNF-α (AY22112) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus TNF-α (AY304502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus TNF-α (U14683.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪ 

OvTNF-α probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

 

                                        190       200       210       220       230       240 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus TNF-α (EU276079.1)   GAAGAG---TCCCCAGGTGGCCCCTCCATCAACAGCCCTCTGGTTCAGACACTCAGGTCC 

Ovis aries TNF-α (NM_001024860) ▪▪▪▪▪▪CAG▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A 

Bubalus bubalis TNF-α (AY22112) ▪▪▪▪▪▪---▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus TNF-α (AY304502.1) ▪▪▪▪▪▪CAG▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A 

Cervus elaphus TNF-α (U14683.1) ▪▪▪▪▪▪CAA▪▪▪▪▪▪AC▪▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪A 

OvTNF-α probe                   ▪▪▪▪▪▪CAG▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A 

 

                                        250       260       270       280       290       300 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus TNF-α (EU276079.1)   TCTTCTCAAGCCTCAAGTAACAAGCCGGTAGCCCACGTTGTAGCCGACATCAACTCTCCG 

Ovis aries TNF-α (NM_001024860) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪G▪G▪▪▪▪▪ 

Bubalus bubalis TNF-α (AY22112) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus TNF-α (AY304502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪G▪G▪▪▪▪▪ 

Cervus elaphus TNF-α (U14683.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪G▪▪▪A▪ 

OvTNF-α probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪G▪G▪▪▪▪▪ 

 

                                        310       320       330       340       350       360 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus TNF-α (EU276079.1)   GGGCAGCTCCGGTGGTGGGACTCGTATGCCAATGCCCTCATGGCCAACGGTGTGAAGCTG 

Ovis aries TNF-α (NM_001024860) ▪▪▪▪▪▪▪▪▪▪▪A▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪G▪▪▪▪▪ 

Bubalus bubalis TNF-α (AY22112( ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪A 

Capra hircus TNF-α (AY304502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪▪▪▪▪▪C▪▪▪G▪▪▪▪▪ 

Cervus elaphus TNF-α (U14683.1) ▪▪▪▪▪▪▪▪▪▪T▪▪▪▪▪T▪▪▪T▪▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪T▪▪ 

OvTNF-α probe                   ▪▪▪▪▪▪▪▪▪▪▪A▪▪▪G▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪G▪▪▪▪▪ 

 

                                        370       380       390       400       410       420 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus TNF-α (EU276079.1)   GAAGACAACCAGCTGGTGGTGCCTGCTGACGGGCTTTACCTCATCTACTCACAGGTCCTC 

Ovis aries TNF-α (NM_001024860) A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪CA▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis TNF-α (AY22112) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus TNF-α (AY304502.1) A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪CA▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪ 

Cervus elaphus TNF-α (U14683.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪A▪▪▪▪T▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪ 

OvTNF-α probe                   A▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪CA▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪G▪▪▪▪▪▪▪▪▪ 

 

                                        430       440       450       460       470       480 

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪| 

Bos taurus TNF-α (EU276079.1)   TTCAGGGGCCAAGGCTGCCCTTCCACCCCCTTGTTCCTCACCCACACCATCAGCCGCATT 

Ovis aries TNF-α (NM_001024860) ▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis TNF-α (AY22112) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus TNF-α (AY304502.1) ▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus TNF-α (U14683.1) ▪▪▪▪▪▪▪▪▪▪▪▪TC▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

OvTNF-α probe                   ▪▪▪▪▪▪▪▪▪▪▪C▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 
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TNF-α alignment (continued): 
 

                                        490       500  

                                ▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪|▪▪▪▪ 

Bos taurus TNF-α (EU276079.1)   GCAGTCTCCTACCAGACCAAGGTC 

Ovis aries TNF-α (NM_001024860) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Bubalus bubalis TNF-α (AY22112) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Capra hircus TNF-α (AY304502.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

Cervus elaphus TNF-α (U14683.1) ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 

OvTNF-α probe                   ▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪▪ 
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