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SUMMARY

We addressed the question whether diaplacental transmission of Neospora caninum can be controlled by metaphylactic

chemotherapy using toltrazuril or enrofloxacin. Female C57/BL6 mice, infected on day 10 of pregnancy, were medicated

for 6 consecutive days p.i. with 52.5 mg toltrazuril or – as an out-group control medication – 16.7 mg enrofloxacin per kg

body weight per day. Other control groups received either infection but no medication or vice versa. Toltrazuril treatment

significantly reduced pre- and perinatal losses (10 deliveries of healthy newborns, versus 1 abortion and 4 failures) when

compared to control-enrofloxacin (2 deliveries, versus 1 abortion, 7 failures and 2 pre-parturient deaths of dams) and non-

treated animals (3 deliveries, versus 6 abortions, 8 failures and 4 pre-parturient deaths). Simultaneously, PCR-based

parasite detection in the brain of mothers, histopathological findings as well as clinical fatality were significantly less

frequent in toltrazuril-treated dams. The overall toltrazuril treatment efficacy was determined as 87%, that of enrofloxacin-

treatment as 17%. The progenies of toltrazuril-treated dams also exhibited a very low rate of PCR-positivity in their brain

(3 out of 39), whereas untreated dams delivered litters with mostly PCR-positive brains (12 out of 14) and a relatively high

death rate post-partum (5 out of 19 newborns died). Mice subjected to a second mating delivered newborns all negative by

N. caninum-PCR, indicating that diaplacental tachyzoite passage does not occur in a later, repeated pregnancy. Overall, our

experiments showed that toltrazuril-treatment of an acuteN. caninum-infection – induced during pregnancy – results in a

clear reduction of fetal losses and a marked reduction of diaplacental passage of the parasite to the fetal brain, whereas

enrofloxacin, as an out-group control substance, failed to show the same effect.
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INTRODUCTION

The main problems associated with Neospora cani-

num infections in veterinary medicine are abortion

and perinatal death in cattle and a severe neuro-

muscular disease in dogs (Dubey, 2003). Vertical

transmission is the most important way to maintain

the infection in a bovine herd (Anderson et al. 1997;

Schares et al. 1998; Davison, Otter & Trees, 1999)

and may occur several times in one particular cow.

The need for the development of effective pro- or

metaphylactic measures against bovine neosporosis

has been widely addressed and discussed (Liddell

et al. 1999; Gottstein et al. 2001; Greif, Harder &

Haberkorn, 2001; Innes et al. 2002; Kritzner et al.

2002). Thus, effective vaccines to protect cattle from

abortion upon vertical parasite transmission are

currently not available (Andrianarivo et al. 2000;

Innes et al. 2002), although vaccination trials in

the mouse model appeared promising (Nishikawa

et al. 2001). With regard to chemotherapeutical ap-

proaches, quite a wide range of compounds has been

tested against N. caninum. Some pharmacologically

active drugs are known to kill the parasite on cell

culture-based assays (Lindsay et al. 1994; Dubey,

2003). Recently, artemisinin and depudecin were

also found to have an anti-parasitic activity against

N. caninum in vitro (Kim et al. 2002; Kwon et al.

2003). In the mouse model (Lindsay et al. 1995), oral

drug treatment with sulfadiazine and amproliumwas

ineffective (Lindsay & Dubey, 1990). In contrast, we

could show that toltrazuril and ponazuril (triazinone

derivatives; Greif, 2000) exhibit a good efficacy

against neosporosis in experimentally infected

immunocompetent mice and calves (Gottstein et al.

2001; Kritzner et al. 2002). Furthermore, we showed

that toltrazuril appears to require a supportive cell-

mediated immune response to achieve its full efficacy

in mice (Ammann et al. 2004). Various types of im-

munological deficiencies have been addressed to

assess the importance of specific components of the

immune system to control the infection. Interferon-c
knockout mice developed acute and lethal neo-

sporosis within two weeks (Baszler et al. 1999; Ritter

et al. 2002). Nude mice are very susceptible to
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N. caninum and develop acute neosporosis (Yamage,

Fletchner & Gottstein, 1996; Shibahara et al. 1999).

B-cell deficient C57BL/6 (mMT) mice are highly

susceptible to neosporosis (Eperon et al. 1999). The

role of immunity in parasite recrudescence during

pregnancy may be crucial for the occurrence of foetal

infection, especially in bovines. Thus the outcome of

neosporosis during bovine gestation – with an altered

host immune response – appears dependent on the

time of infection, among other features (Innes et al.

2000). In mice, the Th2 cytokine bias observed

in pregnant animals (Athanassakis & Iconomidou,

1996) may favour the potential of N. caninum to

become activated. Thus, Long & Baszler (2000)

demonstrated inN. caninum-infected mice that IL-4

neutralization before pregnancy, concomitant with

the inoculation of an avirulent strain of N. caninum,

decreased congenital transmission after a challenge

during pregnancy. Rettigner et al. (2004) studied the

immune response in mice chronically infected with

N. caninum during successive pregnancies and in

mice acutely infected during an ongoing pregnancy.

Vertical transmission was demonstrated in chroni-

cally infected mice after the first pregnancy but the

rate of foetal infection fell after further pregnancies.

The availability of toltrazuril prompted a more

detailed investigation, aimed to find out if a meta-

phylactic application during pregnancy and a con-

current acute N. caninum infection can affect the

course of infection in the dam and the diaplacental

transmission of the parasite to and dissemination

within the offspring. In parallel, we investigated

another antimicrobial compound (enrofloxacin) as

an out-group control on one hand, but also to

assess any potential anti-protozoal effect against

N. caninum.

MATERIALS AND METHODS

Experimental design: animals, infection

and treatment

Eight- to twelve-week-old female C57BL/6 mice,

as well as 8 corresponding male animals, were pur-

chased from Harlan Ltd (Horst, The Netherlands).

Special food mix for breeding mice and water were

provided ad libitum. For mating, the female mice

were housed together with males for 1–2 successive

nights (3–4 females and 1 male per cage) and

inspected twice daily for the presence of a vaginal

plug, which indicated a successful mating process.

Experimental infections were initiated 10 days upon

detection of a vaginal plug. For the treatment, 2

compounds were separately assessed: toltrazuril

(Baycox1), a symmetrical triazinone derivative well

known for its activity against coccidian parasites, and

enrofloxacin (Baytril1) as a standard large spectrum

fluoroquinolone antibiotic. (i) A group of 15 mice

was used for mating and subsequent infection plus

simultaneous toltrazuril medication (A). (ii) A group

of 12 mice was used for mating and subsequent in-

fection plus simultaneous enrofloxacin medication

(out-group treatment control, B). (iii) A group of 21

mice was used for mating and subsequent infection

without any medication (no treatment infection

control, C). (iv) A negative control group of 5 mice

was used for mating and subsequent toltrazuril-

treatment, but without N. caninum infection, to as-

sess a potential effect of medication on the course and

outcome of pregnancy (D). (v) A group of 6 mice was

used for mating and subsequent infection plus

simultaneous toltrazuril medication (E).

All 6 female animals showed the presence of a

vaginal plug following the firstmating, but pregnancy

was excluded by the absence of delivery of offspring.

As these mice were used for a subsequent mating, we

could technically not determine if the mice had not

become pregnant or had aborted after the first mating

process. Another group of 6 mice was used for mat-

ing and subsequent infection but without medication

(F). All 6 female animals showed the presence of a

vaginal plug following the first mating, but preg-

nancy was not confirmed by the absence of delivery

of offspring. The animals of group E and F were

mated 1 month later, received no additional infection

or medication, and delivered their offspring after the

(assumed) second pregnancy.

The inconsistency in the number of mice in the

above listed groups is due to the elimination of those

mice that had not shown the presence of a vaginal

plug following repeated mating with males.

The numbers of dams that had a litter or that

failed to have a litter are shown in Table 1. Finding

an enlarged uterus at necropsy was interpreted as

abortion, normal uteri indicated either failure of

conception or early resorption of the progeny. An

overview on the number of litter-mates delivered by

the respective dams is provided in Table 2.

For experimental infection, mice were inoculated

intraperitoneally (i.p.) each with 2r106 Nc-1

tachyzoites, suspended in 200 ml of PBS. Infections
were carried out as reported earlier (Gottstein et al.

2001; Ammann et al. 2004). The production of N.

caninum trophozoites used for infection is described

below.

Chemotherapy with toltrazuril against murine

neosporosis was basically applied in the drinking

water as described previously (Gottstein et al. 2001;

Ammann et al. 2004). For the present experiments,

toltrazuril was applied at a concentration of 31.5 mg

toltrazuril per 100 ml of water (the average daily

water consumption was 5 ml for a 30 g pregnant

mouse). This resulted in an average daily uptake of

52.5 mg toltrazuril per kg body weight. For the out-

group control, enrofloxacin was given in the drinking

water at a concentration of 10 mg enrofloxacin per

100 ml of water. This resulted in an average daily

uptake of 16.7 mg enrofloxacin per kg body weight.
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Bothmedications were started at the time of infection

and were maintained for 6 consecutive days.

Tracking efficacy predominantly relied on (i) PCR-

based detection of parasite-DNA in the brain and

(ii) demonstration of parasite-induced brain lesions –

as detected by histopathology and immunohisto-

chemistry.

Adult and newborn mice were sacrificed by CO2-

euthanasia. Blood was taken by cardiac puncture for

serum isolation from adult mice. From the newborn

mice, some droplets of blood were directly collected

from the opened Arteria carotis communis. For all

animals, 1 brain hemisphere was aseptically removed

and natively stored at x20 xC for subsequent PCR

analysis. The other brain hemisphere was fixed in

PBS-buffered 4% paraformaldehyde, and sections

from paraffin-embedded material were used for

haematoxylin-eosin staining, or for immunohisto-

chemistry.

Parasites

N. caninum tachyzoites of the Nc-1 isolate (Dubey

et al. 1988) were maintained in Vero cells. The Vero

cells were cultivated in RPMI-1640medium (Gibco-

BRL) supplemented with 7% foetal calf serum

(FCS), 2 mM glutamine, 50 units of penicillin/ml,

and 50 mg of streptomycin/ml at 37 xC with 5% CO2

in tissue-culture flasks. The tachyzoites were har-

vested from the infected Vero cells by trypsination

followed by repeated passage through a 25-gauge

needle. Host cell debris was removed from the

parasites by separation on Sephadex-G25 columns

as described previously (Hemphill, Gottstein &

Kaufmann, 1996). The tachyzoites were counted

with a Neubauer chamber and diluted in PBS until

200 ml contained the above-mentioned number of

parasites required for infection of mice.

DNA-isolation and PCR

DNA was extracted from each sample using

the DNeasyTM kit (Quiagen, Basel, Switzerland)

according to the manufacturer’s recommendations.

Tissues were digested overnight, and DNA eluted

followed by denaturation at 95 xC. PCR was done

as previously described (Müller et al. 1996) with

N. caninum-specific primers Np21plus (5kCCCA-

GTGCGTCCAATCCTGTAAC3k) and Np6plus

(5kCTCGCCAGTCAACCTACGTCTTCT3k).

Serology

Sera from dams and litters were analysed for

the presence of antibodies against Nc-1 antigen

by enzyme-linked-immunosorbent-assay (ELISA)

using the same somatic antigen (SA-antigen) as

previously described (Gottstein et al. 2001; Ammann

et al. 2004). An alkaline phosphatase-conjugated goat

anti-mouse IgG(Fc) was used as second antibody.

Table 1. Assessment of treatment with toltrazuril or enrofloxacin on (a) the Neospora caninum-infection

outcome inmated females and their off-spring, and (b) the comparative pregnancy and birth performance upon

infection, treatment and control

Animal groups
Pregnancy
in dams*

No. of
dams
with
live
litters

Neo-ELISA-
positive
sera (dam)

PCR-pos.
brains
(dam)

Overall
treatment
efficacy#

Histology:
inflammatory
reactions/necrotic
foci present

Immunohisto-
chemistry:
N. caninum
tachyzoites
detectable

A, Nc-infected, 11+ 10/11 11/11 1/11 87% 1/15 1/15
toltrazuril-treated 4x 4/4 1/4

B, Nc-infected, 3+ 2/3 3/3 2/3 17% 5/12 3/12
enrofloxacin-treated 7x 7/7 6/7

2" 2/2 1/2

C, Nc-infected, 9+ 3/9 9/9 9/9 — 16/21 12/21
no treatment 8x 8/8 8/8

4" N.T. 2/4

D·, no inf.,
toltrazuril-treated

5+ 5/5 0/5 0/5 — — —

* All animals listed in this table showed initially vaginal plugs, and the pregnancy was subsequently confirmed by either
delivery of newborns or by the presence of an enlarged uterus at necropsy [+] ; failure to confirm pregnancy post mortem,
using the same criteria [x].
# Assessed upon abrogation of PCR-positivity of the brains or premature death.
· Dams pre-selected for a confirmed pregnancy, in order to assess a potentially harmful influence of toltrazuril-treatment
on the efficacy of pregnancy and delivery.
" Six mice died of neosporosis. In group B, the two mice started to show severe symptoms 20 days after infection and were
thus euthanized, no signs of pregnancy were visible at that time-point. In group C, four mice died unexpectedly overnight
between day 12 and day 17 p.i. ; sera could not be collected anymore, none of the deadmice appeared to have been pregnant.
N.T., Not tested (see ").
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Absorbances were read at 405 nm (reference filter

630 nm) using a Dynatech MR 7000 ELISA reader

and the corresponding Dynatech Biocalc software

(Dynatech, Embrach, Switzerland). Three standard

deviations were added to the mean of 10 negative

mouse controls (no infection, no treatment), and the

value obtained served as the cut-off to discriminate

between negative and positive reactions.

Histopathology and immunohistochemistry

Brain tissue samples were fixed in 4% neutrally

buffered paraformaldehyde and embedded in paraf-

fin. Haematoxylin and eosin (H&E)-stained sections

of various sites (cerebellum, pons, hipocampus,

thalamus, and basal ganglia) were histopathologically

assessed by light microscopy (LM) in adult mice.

For newborn mice, the selection of sites occurred

randomly. Lesions consisted from a few foci of

inflammatory cells and small perivascular cuffs up to

moderate to severe inflammation and multiple ne-

crotic zones. Final assessment as shown in Tables 1

and 2 discriminated between histopathological find-

ings at the level of ‘present’, or ‘not present ’.

For immunohistochemistry, paraffin sections of

brain tissue were deparaffinized in xylene and rehy-

drated in graded methanol (100%, 90%, 70%, 50%,

30%) for 5 min in each concentration. The rehydra-

tion was followed by a washing step with distilled

water and incubation in PBS. The tissues were pre-

digested with 0.1% pronase (protease type XXVIII,

Nagarse, Sigma) in Tris–HCl buffer 0.05 M for 5 min

at 37 xC. Blocking was done with PBS containing

1.5% BSA (bovine serum albumin) and 50 mM gly-

cine (blocking buffer) for 2 h at room temperature in

a humid chamber. The sections were washed 3 times

in PBS, each wash for 5 min. A polyclonal rabbit-

anti-N. caninum antibody (Gottstein et al. 2001) was

applied as primary antibody at a dilution of 1 : 250

in a blocking buffer (PBS with 1.5% BSA) for 1.5 h

at room temperature in a humid chamber. After 3

washings in PBS of 5 min each, goat anti-rabbit

FITC (Sigma) was applied as second antibody at a

dilution of 1 : 100 in blocking buffer (PBS with 1.5%

BSA) for 30 min. The slides were washed again 3

times in PBS for 5 min. The samples were incubated

in the fluorescent dye Hoechst 33258 (1 : 300 in PBS)

for 2 min, rinsed again in PBS and mounted in

Fluoroprep (BioMerieux, Geneva, Switzerland).

The slides were analysed on a Leitz Laborlux S

fluorescence microscope.

Sections stained with H&E were analysed by LM

(per mouse and brain) alternating to adjacent sec-

tions used for immunohistochemistry.

Table 2. Assessment of treatment with toltrazuril or enrofloxacin on (a) the Neospora caninum-infection

outcome in newborns delivered by experimentally infected dams 6 days after delivery

Animal groups

No. of
delivering
dams

Total
no. of
newborns*

Neo-ELISA-
positive
sera
(offspring)

PCR-pos.
brains
(offspring)

Histology:
inflammatory
reactions
present

Immuno-
histochemistry:
N. caninum
tachyzoites
detectable

A, Nc-infected,
toltrazuril-treated

10 39 19/39 3/39 2/39 0/39

B, Nc-infected,
enrofloxacin-treated

2 10 (3)# 10/10 3/10 3/10 0/10

C, Nc-infected,
no treatment

3 14 (5)# 14/14 12/14 6/14 0/14

D·, not infected,
toltrazuril-treated

5 16 0/16 0/16 — —

E, 2nd pregnancy,
Nc-infection and
toltrazuril-treatment
during assumed
1st pregmancy

6 23 20/23 0/23 — —

F, 2nd pregnancy,
Nc-infection but no
treatment during assumed
1st pregnancy

6 21 20/21 0/21 — —

* Numbers refer to apparently healthy newborn animals euthanized on day 6 after delivery.
# Numbers in parentheses refer to additional newborns delivered dead or having died within 2 days after birth. These
offspring could not be tested due to the lack of appropriate diagnostic specimen, as newborns had been (partially) eaten up
by dams. It could not be ruled out that additional newborns were lost in the same way from these litters, without being
recovered by the staff.
· Dams pre-selected for a confirmed pregnancy, in order to assess a potentially harmful influence of toltrazuril-treatment
on the efficacy of pregnancy and delivery.
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Statistical methods

Comparisons of serological data were performed

by the Student’s t-test using the Microsoft Excel

(MicrosoftOffice98) software. All other data were

compared with the Fisher’s exact test on NCSS

(Kaysville, Utah, USA). Significance was at a

P-value <0.05 unless otherwise stated.

RESULTS

Outcome of pregnancies

In toltrazuril-medicated mice that had been mated

with a male mouse (shown upon the presence of a

vaginal plug) and subsequently N. caninum-infected

10 days later, the failure rate to deliver healthy litters

was significantly lower (group A: 1 miscarriage and 4

pregnancy failures out of 15 mice) than found in

enrofloxacin-control-treated (group B: 1 miscarriage

and 9 pregnancy failures out of 12 animals) (P<0.05)

or non-treated, control-infected (group C: 6 mis-

carriages and 12 pregnancy failures out of 21 animals)

mice (P<0.01) (Table 1). Furthermore, whereas in

toltrazuril-treated dams no clinical signs became

apparent during the whole course of experiments for

the whole group, 2 out of 12 animals of group B and 4

out of 21 animals of group C either died prematurely

or had to be euthanized due to the occurrence of

severe symptoms (including shivering, a bent back,

neurological symptoms and lethargy). The average

number of offspring animals per full-term pregnancy

was not significantly different between all groups A,

B, C and D, although perinatal death occurred only

in groups B and C. All 5 uninfected but toltrazuril-

treated controls were successful in their pregnancy

and did not exhibit any specific clinical or other

problems.

An additional group of mice, which had been

mated, subsequently N. caninum infected and either

treated with toltrazuril (group E) or left untreated

(group F), was – as the first mating remained un-

successful – subjected to a second mating (Table 2).

This second mating was immediately initiated after

having notified the lack of delivering offspring at the

expected time-point. Both groups delivered similar

size litters matching also those of groups A, B, C and

D. For this part of the study we did not include those

mice that failed to become pregnant in the second

mating. Furthermore, none of these dams exhibited

enlarged uteri (indicating abortion) following

necropsy.

DNA detection by PCR

Toltrazuril-treatment of N. caninum-infected

pregnant mice significantly reduced the N. caninum-

DNA detectability by PCR in the brain of adult

animals when compared to both group B (P<0.05)

and group C (P<0.005). Based on this approach,

treatment efficacy was determined to be 87% for

toltrazuril. Enrofloxacin-treatment appeared to ex-

hibit at least a partial effect, in that an efficacy of 25%

was observed. In non-treated dams, parasite DNA

was detected in all the brains, with the exception of 2

out of 4 mice that had died prematurely upon infec-

tion (see Table 1).

When compared to group C, toltrazuril treatment

also significantly reduced (P<0.001) diaplacental

N. caninum infection as shown by a low rate of

DNA-detectability in newborns by PCR (Table 2),

as compared to newborns from non-treated dams,

where 12 out of 14 animals were PCR-positive.

Enrofloxacin-treatment seemed also to reduce

slightly the diaplacental transmission rate, and the

differences were significant when plotted against the

no-treatment group (P<0.05), while group A and

group B were not different (P=0.09).

In newborns delivered after the second pregnancy

trial (groups E and F), parasite DNA remained un-

detectable by PCR in all of the offspring, irrespective

of a previous treatment or not.

Histopathology and immunohistochemistry

Three H&E-stained coronary sections – taken at 3

different levels from each mouse brain (from all

groups) – were analysed by LM. Pathological find-

ings were recorded as listed in Table 1 for adult dams

and in Table 2 for respective newborns. For the

toltrazuril-treated adult mice, only 1 animal had in-

flammatory lesions, whereas 16 out of 21 non-treated

mice exhibited the presence of lesions ranging from

minor inflammatory infiltrates to more severe

necrosis. The differences between group A and

group C were statistically significant (P<0.001).

In the enrofloxacin-treated group, although patho-

logical and immunohistochemical findings were less

pronounced, the differences were statistically not

significant when compared to both the non-treated

group C (P=0.067) and the toltrazuril-treated group

A (P=0.06). Histological findings were significantly

less frequently found in newborns from toltrazuril-

treated dams when compared to group C (P<0.005),

whereas the enrofloxacin-treatment did not result in

significant differences when compared to both

groups A and C.

Immunohistochemically, parasites were (relatively

rarely) detected in 1 out of 15 toltrazuril-treated

(group A) and 3 out of 12 enrofloxacin-treated (group

B) dams, whereas 12 out of 21 non-treated mothers

(group C) exhibited some immunofluorescence

staining of N. caninum trophozoites. Differences

between group A and C were significant (P<0.005),

all others were not. Using immunohistochemistry,

N. caninum could not be detected in any of the

newborn brains.

All uninfected controls were free from parasites by

both histopathology and immunohistochemistry.
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Serology

All dams, independent of any treatment status,

became seropositive upon N. caninum infection as

shown by a N. caninum-ELISA (Table 1). New-

born mice delivered by non-treated (group C) or

enrofloxacin-treated (group B) dams were all sero-

positive at necropsy. Conversely, only 19 out of 30

newborns from toltrazuril-treated dams were sero-

positive at necropsy. The differences between

group A, when compared to groups B and C, were

significant (P<0.005).

DISCUSSION

N. caninum typically causes asymptomatic infections

in adult cattle and is associated with economic losses

due to abortion, decreased reproductive perform-

ance, reduced milk production and premature

culling (Dubey, 2003). The parasite is vertically

transmitted from an infected dam to her fetus. This

event can occur in multiple pregnancies and through

multiple generations of the bovine host. Prevention

of vertical transmission could be crucial for limiting

economic losses in cattle caused by neosporosis.

Therefore, we investigated the possibility of pre-

venting congenital neosporosis by chemotherapeutic

intervention. In previous work (Gottstein et al.

2001), we have shown that toltrazuril can be effective

against experimental neosporosis in the murine

model, and that an efficient metaphylaxis requires at

least a T-cell-mediated immunological support

(Ammann et al. 2004). This may be explained by a

rather parasitostatic than parasitocidal effect of the

compound. Toltrazuril is known to inhibit the

transfer of electrons along the mitochondrial respir-

atory chain. However, this is unlikely to be its only

specific mode of action (Harder & Haberkorn, 1989).

Various types of immunological deficiencies had

been addressed to assess the importance of specific

components of the immune system to control the

infection. Interferon-c knockout mice developed

acute and lethal neosporosis within 2 weeks (Baszler

et al. 1999; Ritter et al. 2002). Nude mice are very

susceptible to N. caninum and develop acute neo-

sporosis (Yamage et al. 1996; Shibahara et al. 1999).

B-cell deficient C57BL/6 (mMT) mice have been

proven to be highly susceptible to neosporosis as well

(Eperon et al. 1999). The role of immunity to control,

or to permit, parasite recrudescence during preg-

nancy may be crucial for the occurrence of fetal

infection especially in bovines. Thus the outcome of

neosporosis during bovine gestation – with an altered

immune response – appears dependent on the time of

infection, among other features (Innes et al. 2000). In

mice, the Th2 cytokine bias observed in pregnant

animals (Athanassakis & Iconomidou, 1996) may

favour the activation capacity of N. caninum. Thus,

Long & Baszler (2000) demonstrated in N. caninum

infected mice that IL-4 neutralization before preg-

nancy – concomitant with the inoculation of an

avirulent strain ofN. caninum – decreased congenital

transmission after a challenge during pregnancy.

Rettigner et al. (2004) studied the immune response

in mice chronically infected with N. caninum during

successive pregnancies and in mice acutely infected

during an ongoing pregnancy. Vertical transmission

was demonstrated in chronically infected mice after

the first pregnancy but the rate of fetal infection fell

after further pregnancies.

In the present study, we have shown that tol-

trazuril can contribute to the control of congenital

neosporosis in mouse dams. As a first finding,

toltrazuril-treatment significantly reduced pre- and

perinatal losses due to experimental N. caninum-

infection when compared to enrofloxacin or non-

treated dams in their first gestation. Furthermore,

the mothers themselves appeared to be protected

from potential clinical consequences of the infection,

as all dams remained clinically healthy throughout

the experimental period, while a few dams died of

the infection in the non-treated as well as in the

enrofloxacin-treated group. Therefore, the question

arises as to whether pregnant mice are basically more

susceptible to disease than non-pregnant animals.

In previous experiments, symptomatic disease in

immunocompetent, non-pregnant mice almost

exclusively resulted from much higher infection

doses as used in the present experiments (Gottstein

et al. 2001), whereas reduced immunocompetence

markedly increased susceptibility to disease (Yamage

et al. 1996; Eperon et al. 1999; Ammann et al. 2004).

Conversely, toltrazuril-treatment had no effect on

a repeated later pregnancy in mice subjected to the

same initial infection and treatment protocol. As

discussed above (Rettigner et al. 2004), vertical

transmission efficiency is markedly reduced under

a chronic infection status and increasing number

of pregnancies. We obtained similar results, as off-

springs born from even non-treated (but chronically

infected) had no detectable parasite DNA in their

brain, although these offspring animals had become

seropositive. However, seropositivity may have been

acquired diaplacentally through antibody transfer by

seropositive dam during fetal development. Our

respective findings are also in agreement with those

of Cole et al. (1995) who observed, inmice inoculated

during their first pregnancy, a transmission rate re-

duced to 25% after a second gestation and an absence

of transfer after a third or a fourth gestation.

Besides reducing abortion and infertility rates in

pregnant mice, toltrazuril-treatment also affected

directly the infection course in the fetuses, best

demonstrated by the lack of postnatal death in off-

spring of toltrazuril-treated mothers versus post-

natal death of some of the newborns of non-treated or

enrofloxacin-treated mothers. Furthermore, N. ca-

ninum-DNA-detection as well as histopathologically
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detected abnormalities in the brain were very rare

in toltrazuril-treated newborns. Conversely, most

of the non-treated newborns were PCR-positive

in their brain and half of them presented cerebral

histopathological features at necropsy. Interestingly,

enrofloxacin seemed to exert a partial effect on

the parasite transmission efficiency. There was a

reduction of both PCR-detectability and lesion

formation in the newborns, although it was not

statistically significant. Offspring obtained from

repeated later pregnancies (groups E and F) were,

however, not affected by parasite transmission.

Although infected dams may remain carriers of the

parasite, they seem not to act as sources of infection

for the fetus in later pregnancies, conversely to the

situation found in naturally infected cattle.

Serologically, all infected dams became seroposi-

tive within the expected time-period. Interestingly,

all newborns from the non-treated and from the

enrofloxacin-treated groups were seropositive at

necropsy, whereas half of the newborns from tol-

trazuril-treatedmothers had no detectable antibodies

at necropsy. This may be due to a low antibody

concentration in the toltrazuril-treated dams, as

already reported earlier in toltrazuril-treated non-

pregnant mice (Gottstein et al. 2001). This hypoth-

esis is born out by the fact that all dams were

seropositive and that in mice there is a transplacental

antibody transfer from the dam to the fetuses. As

serology was not a crucial aspect of the present study,

we did not carry out further efforts to elucidate

quantitatively the antibody profiles in the different

mouse groups. Similarly, offspring obtained from

repeated later pregnancies (groups E and F) were not

all seropositive. Here again wemay postulate that the

antibody concentration had dropped by this time

after infection in the dams, resulting in low antibody

concentrations transferred to the fetuses.

Whereas the present study confirmed the efficacy

of toltrazuril against N. caninum, enrofloxacin failed

to show the same effect. Enrofloxacin had been

selected as an out-group control substance for the

present study, as only scarce information on a puta-

tive activity against protozoan parasites has been

published so far (Romatowski, 2000; Sreter, Szell &

Varga, 2002).

Overall results of our experiments have shown

that toltrazuril-treatment of an acute N. caninum-

infection during pregnancy leads to a clear reduction

of fetal losses and a marked reduction of trans-

placental transmission of the parasite to the fetus or

fetal brain, respectively, as shown by N. caninum-

PCR and histopathological/immunohistochemical

analyses.
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