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Ana Clécia dos Santos Silva1, Pilar Horcajo2, Andrea Alice da Fonseca Oliveira3, Ignacio Ferre2, 
Rinaldo Aparecido Mota3 and Luis Miguel Ortega‑Mora2*

Abstract 

Here, we assessed outcome of experimental infection by Neospora caninum in goats intravenously inoculated with 
106 tachyzoites of the Nc‑Spain7 isolate at 40 (G1), 90 (G2) and 120 (G3) days of gestation. Infected goats had fever 
between 5 and 9 days post inoculation (dpi); all were seropositive at the time of abortion/birth. Foetal death occurred 
in G1 from 10 to 21 dpi (n = 7) and in G2 from 27 to 35 dpi (n = 4). Goats in G2 also had seropositive stillbirth (n = 1) 
and healthy kids (n = 2). G3 goats (n = 7) had 3 seropositive and 3 seronegative weak kids, and 2 seronegative 
healthy kids. Parasite DNA detection in placentomes was 100% in G2, 85.7% in G3 and in G1 was detected only in 
placentomes from the goats with foetal losses from 17 dpi (100%). Parasites were detected in foetal/kid brain (>85.7%) 
and liver (≥50%) of G2 and G3, and in G1 after 17 dpi (100%). The highest parasite loads were detected in the pla‑
centomes of G1 from 17 dpi and G2, and in foetal tissues of G1 from 17 dpi and G3. Multifocal necrotic lesions were 
observed in the placentas of the three groups, but they were larger and more frequent in G1 and G2. Similar lesions 
were observed in foetal tissues, but they were more frequent in G3. These findings suggest that, as observed in cattle 
and sheep, the clinical consequences of N. caninum in pregnant goats are dependent in part on the time of gestation 
when animals were infected.

© 2016 Porto et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
Neosporosis is globally recognized as one of the main 
causes of abortion in cattle [1]. Cattle become infected 
during the postnatal period by ingesting oocysts shed by 
dogs and other canids, as well as transplacentally from 
the dam to the foetus after recrudescence of a chronic 
infection during pregnancy. After transplacental infec-
tion, foetuses may die in utero, or they may be born alive 
and healthy but have congenital infections or have clini-
cal neuromuscular signs [1, 2].

Recent studies also demonstrated that neosporosis 
may pose a higher risk of abortion in sheep and goats 

than previously thought [2–7]. Caprine abortion and 
neonatal mortality due to Neospora caninum infec-
tion were first described in pygmy goats in the USA [8, 
9]. Abortion and stillbirth due to neosporosis have been 
also reported in dairy goats in Costa Rica [10], Italy [11] 
and Brazil [6]. Congenital neosporosis in weak newborn 
goat kids manifests with neurologic signs, such as dif-
ficulty rising, ataxia, and opistothotonos, and has been 
observed in different farms in Brazil [12, 13]. Of note, the 
rate of congenital transmission of N. caninum in sero-
positive goats could be as high as the rate of transmission 
observed in cattle [6]. Strikingly, the clinical, epidemiol-
ogy and economic importance of N. caninum infection 
in goats remain poorly investigated [2]. Serologic surveys 
are limited and indicate a variable antibody prevalence in 
goats of 2–23% according to geographical area [2]. To our 
knowledge, N. caninum has not been isolated from goats.
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The pathogenesis of this disease in goats remains 
largely unknown as only a few experimental studies have 
been performed. The few studies conducted in caprine 
neosporosis have used pigmy goats [14]. This breed has 
proven to be very susceptible to experimental neosporo-
sis because pregnant pigmy goats inoculated in early- and 
mid-gestation with N. caninum aborted infected foetuses 
or delivered stillborn kids [14]. The results of these stud-
ies suggest similar pathogenesis and disease outcomes as 
reported for cattle, in which the time point of infection 
during gestation plays a key role [14]. A recent study of 
experimental infection in sheep also demonstrated the 
crucial role of the stage of gestation in the course of ovine 
neosporosis, where infections in early- and mid-gesta-
tion caused a 100% abortion rate, whereas infections in 
late-gestation resulted in the birth of weak or clinically 
healthy infected lambs [15].

The aim of the present study was to investigate the out-
come of experimental infection by N. caninum in goats 
in the early (40 day of gestation, dg), middle (90 dg) and 
late (120 dg) stages of pregnancy to better understand the 
pathogenesis of caprine neosporosis. Experimental con-
ditions that were previously established for experimental 
infection in sheep were employed in this study for fur-
ther comparisons between ovine and caprine neosporo-
sis [15]. Furthermore, in the absence of broadly accepted 
international guidelines on models for ruminant neospo-
rosis [16], goats were evaluated as a suitable pregnant 
model of neosporosis primo-infection in this study.

Materials and methods
Ethics committee
The procedures in this experiment were approved by the 
Ethics Committee for Animal Use (CEUA) of the Uni-
versidade Federal de Alagoas under protocol number 
59/2013 and were in accordance with the current legisla-
tion of the Brazilian College of Animal Experimentation 
(COBEA).

Animals and experimental design
Thirty pregnant primiparous goats included in this study 
came from a Boer breed flock located in the Federal 
University of Alagoas that was confirmed to be free of 
neosporosis. Goats at 12–14  months-old were selected 
after confirming the absence of N. caninum infection 
and other agents that could cause reproductive fail-
ure, including Toxoplasma gondii, Brucella spp., Chla-
mydophila abortus, and Coxiella burnetii. These animals 
were kept in stalls and fed twice daily with Tifton hay 
(Cynodon spp.) and a concentrate of balanced commer-
cial rations supplemented with mineral salts and protein.

The oestrus of the animals was synchronized by using 
intra-vaginal sponges impregnated with progesterone for 

12–14  days, after which the intra-vaginal sponges were 
removed and the goats were immediately intramuscularly 
inoculated with chorionic gonadotrophin (200 UI.). On 
the same day, two males negative for neosporosis were 
housed with females for the purpose of natural mating for 
7 days. Pregnancy and foetal viability were confirmed by 
transabdominal ultrasonography on day 21 after mating.

The experimental design is summarized in Table 1. Of 
the 30 selected animals, 21 were randomly distributed 
into three groups (G1–G3; each n = 7), which were intra-
venously inoculated in the jugular vein with 106 tachy-
zoites of the N. caninum Nc-Spain7 isolate at day 40 (G1), 
at day 90 (G2) and at day 120 (G3) of gestation (dg). All 
of the experimental infections were performed no more 
than 1 hour after the collection of tachyzoites from cell 
culture to ensure the viability of the parasite. The nine 
remaining animals were placed in a control group (G4; 
n = 9), and three were inoculated with PBS at each time 
point of tachyzoite inoculation for groups G1–G3. Three 
animals from G4 were culled at the average time points 
when abortion took place in the G1 and G2 groups or 
when kids were born in the G2 and G3 groups, providing 
a negative control for further analyses (Table 1).

Parasites
The isolate Nc-Spain7 of N. caninum was maintained in 
a MARC-145 cell culture, as previously described [17], 
and the inoculum was prepared using the methodology 
described by Arranz-Solís et al. [15]. Briefly, tachyzoites 
were recovered from culture flasks when they were still 
largely intracellular, and at least 80% of the parasito-
phorous vacuoles were undisrupted. Tachyzoite number 
was determined by Trypan blue exclusion counting in 
a Neubauer chamber and parasite suspension adjusted 
with PBS at the required dose for inoculation. The para-
sites used in the inoculations did not surpass 18 passages 
in cell culture.

Clinical examination and sample collection
Goats were observed daily before (−4 days post inocula-
tion, dpi) and after inoculation and throughout the exper-
imental period. Clinical examinations monitored foetal 
viability, rectal temperature and other parameters, such 
as appetite loss, weight loss and changes in the behaviour 
of the animals. Rectal temperature was recorded daily 
between −4 and 14 dpi and weekly from 14 dpi. Foetal 
viability was assessed by transabdominal ultrasonogra-
phy monitoring of foetal heartbeat and movements. All 
goats were monitored once weekly for the 2 first weeks 
post-infection (wpi) and then twice weekly until detec-
tion of foetal death. When foetal death was detected, the 
goats were immediately euthanized by an IV overdose 
of sodium thiopental, followed by potassium chloride. 
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Animals from G4 for each infected group were culled 
at the average time when foetal death/birth of kids was 
detected in groups G1, G2 and G3 (Table 1). After par-
turition, a clinical examination of all full-term kids was 
performed to determine if they had any of the following 
signs: weakness, neurologic signs such as difficulty rising 
and ataxia, and loss of the suction reflex. Three days after 
birth, all of the infected goats and kids were euthanized, 
as described above.

Blood samples were collected from the goats on the 
day of necropsy by jugular vein-puncture in Vacutainer 
tubes (Becton Dickinson and Company, Plymouth, UK) 
without anticoagulant and were allowed to clot. After the 
birth of the kids and prior to suckling colostrum, blood 
samples were also collected from the kids for serologi-
cal analysis. Serum samples were stored at −80  °C until 
analysis.

Post-mortem examinations of the goats and kids were 
performed immediately after euthanasia, and foetuses 
were immediately separated from the placenta. The col-
lection of samples for histological and molecular stud-
ies was as follows: three randomly selected placentomes 
were recovered from each placenta and were transver-
sally cut into slices of 2–3  mm thickness. Placentome 
sections were stored in 10% formalin for histopatho-
logical examinations and −80  °C for further parasite 
DNA detection by PCR. When macroscopic lesions 
were observed in placentomes, they were selected for 
sampling. Iliofemoral lymph nodes were also collected 
from the goats for PCR. Samples of the brain and liver 
were collected from the foetuses and kids and stored 
at −80  °C for DNA extraction and PCR, as well as in 
10% formalin for histological analysis. In addition, sec-
tions of the heart and semitendinosus skeletal muscle 
were also kept in 10% formalin for further histological 
processing.

Histopathology
All samples fixed in formalin were conventionally dehy-
drated, embedded in paraffin and stained with haematox-
ylin-eosin for histological examination.

Serological analysis (IFAT)
An indirect fluorescent antibody test (IFAT) was used to 
detect specific IgG anti-Neospora antibodies in goat sera 
collected at the moment of abortion/birth of kids and 
in precolostral sera from stillbirth to kids. A previously 
described IFAT analysis [18] with minor modifications 
was followed. Briefly, the goat sera was diluted at twofold 
serial dilutions, beginning at a 1:50 dilution in PBS (used 
as a cut-off) to the end point titre. The diluted serum 
in PBS was added to each well, incubated at 37  °C for 
30 min and washed twice in PBS for 10 min. Then, fluo-
rescein isothiocyanate (FITC) conjugate anti-sheep IgG 
(Sigma-Aldrich) at a 1:200 dilution in Evans Blue (Sigma-
Aldrich) was added to the slides, incubated at 37  °C for 
30  min, washed twice with PBS and once with distilled 
water, and then mounted with Fluoprep Solution for 
Immunofluorescence Technique (BioMérieux, France) 
for microscopic visualization. Samples were considered 
to be positive only if the total peripheral fluorescence 
was detected in more than 50% of tachyzoites in different 
zones of each well.

DNA extraction and PCR for parasite detection 
and quantification in tissues
DNA extraction, PCR for parasite detection and quanti-
tative real-time PCR (qPCR) for parasite quantification 
in tissues were performed as previously described [15]. 
Briefly, genomic DNA was extracted from 40 to 80  mg 
of maternal (uterine lymph nodes and placentome) and 
foetal/kid tissue samples (brain and liver) using the auto-
mated Maxwell® 16 System (Promega, Wisconsin, USA). 
Parasite detection was carried out with 250–500  ng of 
sample DNA by a nested-PCR adapted to a single tube 
in three different DNA extractions of maternal and foe-
tal/kid tissues using primers and conditions that were 
previously described [19]. Only one sample per tissue 
was analysed in foetuses from G1 due to the small size of 
recovered sample. In each round of DNA extraction and 
batch of PCR amplification, one sample from the unin-
fected control group G4 and one sample without DNA 
(water) were included as negative controls. The sensitivity 

Table 1 Experimental design.

IV: intravenous route.
a In G4, 3 goats correspond to each time-point of inoculation (40, 90 and 120) and were culled at the average day of abortion of each group (i.e., 10 (n = 2) and 20 
(n = 1) dpi for G1; 31 dpi for G2, n = 2) or parturition of kids (55 dpi for G2, n = 1 and 16–20 dpi for G3, n = 3).

Group Number of pregnant goats Number of foetuses/kids Days of gestation at the time of inoculation Inoculum (IV)

G1 7 10 40 Nc‑Spain7 106 tachyzoites

G2 7 8 90 Nc‑Spain7 106 tachyzoites

G3 7 8 120 Nc‑Spain7 106 tachyzoites

G4 3–3–3 3–3–3 40–90–120a PBS
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of nested PCR was also checked in each batch of ampli-
fication, including samples of genomic DNA equivalent 
to 10, 1 and 0.1 Nc-Spain7 tachyzoites in 100 ng of goat 
DNA.

Positive samples by nested-PCR from the placental, 
brain and liver tissues were adjusted to 20 ng/μL and the 
parasite burden was quantified using qPCR, as previously 
described [15]. Briefly, primer pairs of the N. caninum 
Nc-5 sequence and β-actin gene were used to quantify 
parasite and host DNA by interpolating the sample Ct 
values on two standard curves as follows: (1) equivalent 
to 5 ×  105 to 5 ×  10−1 tachyzoites with 10-fold serial 
dilutions in a solution of genomic goat DNA and (2) 
a curve of 320, 160, 80, 40, 20, 10, and 5 ng of genomic 
goat DNA. The quantity of parasites in the tissue sam-
ples (parasite burden) was expressed as parasite number/
mg goat tissue. Standard curves for N. caninum and goat 
DNA exhibited a mean slope of −3.79 and −3.47, respec-
tively, as well as an R2 > 0.99.

Statistical analysis
Rectal temperature values for each experimental group 
throughout the time course were analysed using a one-
way ANOVA (G1) and one-way ANOVA of repeated 
measures (G2, G3 and G4). When statistically significant 
differences were found, Tukey’s Multiple Range test was 
applied to examine all possible pair-wise comparisons 
at each sampling time. Differences in the PCR detection 
of parasite DNA were assessed using the χ2 or Fishers 
exact F-test. Differences in parasite burden were analysed 
using the non-parametric Kruskal–Wallis test, followed 
by Dunn’s test for comparisons between groups and the 
Mann–Whitney test. The statistical significance for all 
tests was set at P < 0.05. All statistical analyses were per-
formed using GraphPad Prism 5.0 software.

Results
Clinical findings
The goats in G1, G2 and G3 had a fever (rectal tempera-
ture ≥39.5  °C) from 5 to 9 dpi, with a maximum mean 
temperature at 6–7 dpi (ANOVA, P < 0.0001) (Figure 1). 
Fevers persisted in 2 of 7 animals in G2 until 13 dpi and 
1 of 7 animals in G3 until 11 dpi. Fever was accompanied 
in the infected animals by apathy, decreased appetite and 
bristly hair. Fever was not detected in the infected ani-
mals from 14 dpi or in the control animals (G4) through-
out the experiment.

Foetal death was detected by transabdominal ultra-
sonography in all goats (100%) from group G1. Four 
goats from G1 had foetal death during the second wpi, 
between 10 and 11 dpi, and the other three goats in 
this group exhibited foetal death during the third wpi, 

between 17 and 21 dpi (Table 2; Additional file 1). Revi-
sion of rectal temperatures in the G1 group showed that 
goats aborting during the second wpi had earlier fever, at 
4 dpi, and above 40 °C from 5 to 9 dpi, whereas in goats 
aborting during the third wpi, fever appeared at 5 dpi and 
exceeded 40  °C only from 6 to 8 dpi (Additional file 1). 
Nevertheless, a significant increase was found only at 4–5 
dpi in G1 aborted during the second wpi vs G1 aborted 
during the third wpi (P < 0.05).

In G2, the loss of foetal viability occurred later in four 
goats, between 27 and 35 dpi, whereas the other three 
infected goats of this group gave birth to a stillborn kid at 
143 days of gestation (53 dpi) and two healthy kids at 143 
and 145 dg (53–55 dpi) (Table 2; Additional file 1).

All goats from G3 gave birth to a total of eight kids 
between 132 and 142 dg (12–22 dpi), of which six dis-
played weakness and were unable to rise and suckle 
from their mother (Table 2; Additional file 1). Excluding 
abortion and stillbirth, additional clinical signs of illness 
associated with neosporosis were not observed in the 
inoculated goats.

Foetal death was not observed in the G4 control group 
prior to programmed culling at 10 and 20 dpi (corre-
sponding controls for G1), at 31 and 55 dpi (correspond-
ing controls for G2) and at 16–20 dpi (136–140 dg) 
(corresponding controls for G3).

Neospora‑specific IgG responses
Neospora-specific IgG responses were analysed by IFAT 
in goat sera (Additional file 1). All goats from G1, G2 and 
G3 showed a specific N. caninum IgG response in sera. 
The goats from G1 that aborted during the second wpi 
showed the lowest titres from 1:50 to 1:400, indicating 
recent seroconversion, which increased in G1 goats that 
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Figure 1 Rectal temperatures. Mean rectal temperatures (+SD) 
recorded from goats inoculated with 106 Nc‑Spain7 tachyzoites at 
day 40 of gestation (G1), at day 90 of gestation (G2), at day 120 of 
gestation (G3) and with PBS control group (G4) for 14 days post‑
inoculation (see legend).
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aborted later, from 1:800 to 1:3200. Titres in goat from 
G2 varied from 1:400 to 1:1600, whereas those in the 
goats from G3 ranged from 1:200 to 1:800.

Seropositive precolostral titres were also detected in 
the stillborn kid and two kids born from G2 goats, rang-
ing from 1:1600 to 1:3200. Most kids born from goats 
from G3 were seronegative, and seroconversion was 
detected only in three kids born at 18 and 22 dpi with 
titres of 1:100 and 1:200 (Additional file 1).

Specific IgG responses against parasite antigen were 
not detected in kids from the control group (G4).

Anatomical and histopathological findings
At the time of culling, most of the infected dams in which 
foetal death was detected by transabdominal ultrasonog-
raphy (all from G1 to 57% from G2) showed detach-
ment of the placental surface from the uterus. There was 
abundant turbid and yellowish liquid in the uterus, and 
the surface of the uterine caruncles was congestive and 
showed fibrin deposition. All foetuses from these dams 
were dead, and the foetal viscera were oedematous, con-
gestive and friable, suggesting an advanced degree of 
autolysis.

Microscopically, in the placentas from G1 goats 
aborted during the third wpi and one goat aborted dur-
ing the second wpi (identified by number 115), as well 
as those from G2, there was mild multifocal non puru-
lent necrotic placentitis characterized by randomly dis-
tributed foci of necrosis in the interdigitated area of the 
placentome (Figure  2). Lesions were similar between 
the two groups, both in the number and size of foci. The 
other placentas from G1 goats aborted in the second wpi 
showed patchy congestion of the interdigitated area. The 
placentas from G3 showed very mild lesions, usually only 

one or two small necrotic foci were found in the placen-
tomes (Figure 2).

Histological lesions in the liver and brain were char-
acterized by the presence of multiple foci of coagula-
tive necrosis that were randomly distributed in the 
parenchyma. Only one foetus from G1 goats aborted 
in the second wpi showed lesions, which were primar-
ily necrotic. In the rest foetuses aborted from this group 
there were no significant histological changes. Neverthe-
less, the portion of brain sample from G1 examined was 
substantially reduced due to foetal autolysis. All foetuses 
from G2 to G3 had lesions in these locations and they 
were characterized by a more conspicuous infiltration of 
inflammatory cells, especially in kids from G3.

Parasite distribution and burden in placental, foetal 
and maternal tissues
Maternal and placental tissues
Neospora caninum DNA was detected in uterine lymph 
nodes in a variable number of infected goats, depending 
on the group. Parasite DNA was detected in 5 out of 7 
goats from groups G2 and G3 and in 3 out of 7 in G1. 
Significant differences in the frequency of detection were 
found only between G2, which had the highest detection 
(13/21), and G1, which had the lowest detection (4/21) 
(P < 0.05) (Additional file 1).

Parasite DNA was detected in placentomes from four 
goats in G1, from all goats aborted during the third wpi 
(3/3) and from one goat that aborted during the sec-
ond wpi (identified by number 115) (1/4). In G2, para-
site DNA was detected in all animals (7/7) and almost 
all goats from G3 (6/7). The only goat from G3 in which 
parasite was not detected gave birth to a healthy kid at 
12 dpi (132 dg) (Additional file  1). With regards to the 

Table 2 Clinical outcome, histology findings and PCR detection and quantification of N. caninum in the placenta and foe-
tal liver and brain.

dpi: days post infection when abortion occurred.
a The G1 group was divided due to the differences found (histology, detection and burdens), depending on whether the animals aborted during the second or third 
wpi.
b Histopathological lesion severity: none detected (–), consistent with (+), and characteristic of (++) N. caninum infection.
c Fractions represent the number of positive animals/total number of animals assessed by nested-ITS1 PCR, and figures within brackets represent the median values 
of parasite burden (tachyzoites/mg tissue).
d Three goats kidded. One goat gave birth to a stillbirth at 143 days of gestation, and two gave birth to healthy kids at 143 and 145 days of gestation.
e All goats kidded between 132 and 142 days of gestation giving birth to 8 kids, of which 6 showed clinical signs of weakness.

Group Foetal death (dpi) Birth (dpi) Placenta Liver Brain

Histologyb PCRc Histologyb PCRc Histologyb PCRc

G1a 10–11 – – 1/4 (0.001) – 0/4 (0) – 0/4 (0)

17–21 – ++ 3/3 (30 802) ++ 3/3 (9828) + 3/3 (10 213)

G2 27–35 53–55d ++ 7/7 (31 455) + 3/6 (0.001) ++ 7/8 (11.5)

G3 – 12–22e + 6/7 (732.5) ++ 7/8 (345.4) ++ 7/8 (28.27)
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frequencies of detection, parasite DNA was widely 
detected in G2 (21/21), G3 (18/21) and in goats aborted 
during the third wpi (9/9) in G1; the goats aborted dur-
ing the second wpi in G1 showed a significantly lower 

frequency of detection (1/12) than the goats in the other 
infected groups (P < 0.0001). The highest mean parasite 
burden, which was measured as the number of tachy-
zoites per mg of tissue, was found in placentomes from 
the G1 animals that aborted during the third wpi and 
in G2 compared with the animals from G3 (P ≤  0.001) 
(Figure 3A).

No parasite was detected in the lymph nodes and pla-
cental tissues from the control goats (G4).

Foetal tissues
Parasite DNA was not detected in aborted foetuses dur-
ing the second wpi from G1, whereas all aborted foetuses 
during third wpi were PCR-positive, with the highest fre-
quency of detection in brain and liver samples (100% of 
samples). Parasite DNA was also detected in brain and/
or liver tissues from all foetuses and kids of G2, although 
it was not detected in tissues from the stillborn kid deliv-
ered at 53 dpi (143 dg; goat number 70) (Table 2; Addi-
tional file 1). Similarly, parasite DNA was amplified in the 
majority of kids from G3. PCR detection failed in tissues 
from the first kid born at 12 dpi (132 dg; number 67) and 
was poorly detected in the brain from the kid born at 15 
dpi (135 dg; number 66) who remained healthy after birth 
(Table  2; Additional file 1). The frequency of detection 
in brain samples was high and very similar between G2 
and G3 (79%, 19/24), but in liver samples, the frequency 
of detection in animals from G2 was significantly lower 
(39%, 7/18) than in G3 (88%, 21/24) (P < 0.005).

The highest parasite burden in the brain was found in 
foetuses from G1 that were aborted during the third wpi, 
which had significantly higher burdens than the other 
two groups G2 (P < 0.005) and G3 (P < 0.05) (Figure 3B). 
The parasite burdens in the brains of the aborted foetuses 
from G2 were significantly higher than those in the brains 
of delivered kids (P < 0.05) of the same group. In the liver, 
significant differences were found among the groups. 
The highest burdens were found in G1 aborted dur-
ing the third wpi and G3 compared with G2 (P < 0.005) 
(Figure 3C). Differences were not detected regarding the 
parasite burden in the livers between the aborted foe-
tuses and the kids from G2. However, the parasite burden 
in the livers of kids from G3 that showed clinical signs 
were significantly higher than the burdens detected in 
healthy kids (P < 0.001).

As expected, all foetal samples from G4 were negative.

Discussion
Although N. caninum is currently recognized as one of 
the most important infectious causes of abortion in cat-
tle worldwide [1, 2], its epidemiological, clinical and 
economic relevance for reproductive failure in small 
ruminants have remained poorly understood. Recently, 

Figure 2 Microscopic lesions found in the placenta. A G1. Mul‑
tifocal necrotic placentitis with very scant infiltration of inflammatory 
cells. B G2. Multifocal to coalescent severe necrotic placentitis. Note 
that inflammatory cells are found at the periphery of the necrotic 
foci. C G3. Isolated foci of necrosis, where the infiltration of inflamma‑
tory cells is more evident than in the placentas from G2 and G1. All 
pictures were taken at the same magnification. Bar 200 μm.
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an exhaustive study was carried out in sheep to charac-
terize the clinical consequences, dynamics of infection 
and lesion development after infection in the early (40 
dg), middle (90 dg) and late (120 dg) stages of gestation. 
The study demonstrated the influence of the stage of ges-
tation on the course of infection and the strong similari-
ties with natural ovine neosporosis [15]. Similar results 
have been previously shown in bovine neosporosis [20].

The aim of this study was to reproduce N. caninum 
infections in goats under analogous experimental condi-
tions used in sheep for proper comparison with experi-
mental neosporosis in sheep [15] and cattle [19, 21]. The 
crucial role played by time of pregnancy for infection in 
the outcome of neosporosis was also demonstrated in 
goats. The clinical outcome of infection resulted in foe-
tal death in all goats inoculated during the first term of 
gestation (G1). Foetal death was also recorded in goats 
inoculated during the second term of gestation (G2), 
although infection at day 90 also caused one stillborn kid 
and the birth of healthy but congenitally infected kids. In 
contrast, infection during the last term of gestation (G3) 
resulted in the birth of full-term congenitally infected 
kids, although most of them showed weakness and neu-
rologic signs that could compromise their future viability.

Infection during the first period of gestation (G1) had 
similar consequences (100% of foetal death) to previ-
ous experimental studies in cattle, where foetal death 
occurred approximately 4–5 wpi [19, 22, 23], and in 
sheep, where abortion was observed during the third wpi 
[15, 24]. The abortions occurred in the current study dur-
ing 17–21 dpi were similar to those reported in sheep 
during the same period [15]. They were characterized 
by vast parasite dissemination in the placenta and foetal 
tissues. They achieved high parasite burdens but mild 
lesions in the placenta [15, 24]. Although a high parasite 
burden has also been described in bovine neosporosis at 
this time of gestation, in this species, it is related to exten-
sive necrosis and inflammation in the placenta [19, 23, 
25]. These results suggest differences between cattle and 
small ruminants in the dynamics of N. caninum infection 
during early pregnancy, as denoted by the apparently lim-
ited time of parasite proliferation in the placenta of small 
ruminants, which limits the development of lesions. 
This fact may be caused by a shorter time of abortion 
occurrence (21 days in small ruminants vs 28 in cattle). 
However, the scarcity of lesions in the placenta does not 
impair its timely crossing of the placenta by the parasite, 
its rapid multiplication, or its vast spreading in foetal tis-
sues. A previous experimental infection in pigmy goats 
also showed a 100% abortion rate and reported mild, if 
any, lesions in the placenta [14]. These considerations 
support that abortion for early pregnancy in small rumi-
nants may be a direct consequence of damage caused by 
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Figure 3 Dot-plot graph of N. caninum burdens. Parasite 
burdens were quantified by real‑time PCR in the placenta (A), foetal 
brain (B) and liver (C) from animals inoculated with 106 Nc‑Spain7 
tachyzoites at days 40—G1, 90—G2 and 120—G3 of gestation. Data 
from G1 goats that aborted during the second wpi are excluded 
because they were mainly negative according to PCR detection (the 
only positive sample had a burden close to the detection limit by 
real‑time PCR, 0.1). Each dot represents individual values of parasite 
burden (number of parasites per mg of host tissue), and medians 
are represented as horizontal lines. Taking into account that the N. 
caninum detection limit by real‑time PCR is 0.1 parasites, negative 
samples (0 parasites) were represented on the log scale as <0.1 (i.e., 
10−2). (*) indicates P < 0.05, (**) P < 0.005, (***) P < 0.001 and (****) 
P < 0.0001.
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the multiplication of the parasite in tissues of the foetus 
that is immunologically immature [15], whereas placental 
lesions could also contribute to the occurrence of abor-
tion in cattle [19, 23].

The abortions that occurred in the G1 group during the 
second wpi deserve special attention. They were charac-
terized by the detection of parasite DNA, which was lim-
ited to only scant placentomes from one dam; none was 
found in foetal samples. These findings indicate a recent 
spread of the parasite to the placenta. Moreover, there 
were no lesions in placentomes. Nevertheless, a specific 
IgG response was detected by IFAT in all infected goats. 
Interestingly, similar findings have been described for 
abortions occurring during the acute phase of experi-
mental toxoplasmosis in sheep [26, 27] and in goats [28]. 
Likewise, limited or absent parasite dissemination was 
revealed in the placenta and foetal tissues, respectively. 
However, the infected sheep in those studies remained 
seronegative for T. gondii during the acute phase [26, 
27], and vascular lesions were found in the placenta [27]. 
It has been proposed that these early abortions may  be 
caused by pyrexia before tachyzoites reach placenta [29]. 
Analysis of the rectal temperatures in goats that aborted 
in the second week post infection had a prompter fever 
onset and a longer peak than those that aborted during 
the third week. This finding may suggest that this peak of 
hyperthermia could be related to, or at least participate 
in, the triggering of abortions and that this mechanism 
was different from that related to the abortions occurring 
one week later. Additional studies would be necessary to 
establish the particular pathogenesis of abortion during 
the acute phase of neosporosis in goats. Furthermore, 
goats may be more sensible to N. caninum infection since 
foetal death during the acute phase of the disease have 
not been described in sheep or cattle.

Infection during mid-gestation (G2) caused more het-
erogeneous results. Abortion occurred at 4–5 wpi in 
four out of seven goats; there was one stillborn kid, and 
two goats delivered congenitally infected healthy kids. 
Similar findings were reported in previous experimen-
tal infections in goats [14]. Abortions during the second 
and early-third terms, as well as stillbirths, have been 
reported in naturally infected goats [6, 8, 10, 11]. In com-
parison with sheep, under the same experimental condi-
tions, goats appear to be less susceptible to Nc-Spain7 
infection during this period of gestation because foetal 
death was recorded in all Nc-Spain7 infected sheep dur-
ing mid-gestation, although it occurred later, at 5–7 wpi 
[15]. Abortion was also the main consequence of sub-
cutaneous administration of 106 Nc-1 [24] and occurred 
in 100% of pregnant sheep after inoculation of 106 of a 
mix of NcNZ1, NcNZ2 and NcNZ3 tachyzoites at 90 
dg [30]. The results in goats were more similar to those 

observed in cattle because abortions and births have 
been described in both species after infections during 
the second term of gestation, although the results heavily 
depend on the experimental design of the studies. N. can-
inum infection in cattle during the second term of ges-
tation, usually after 120 dg, commonly causes the birth 
of full-term live but congenitally infected calves [31–33]. 
However, abortion has also been reported after inocula-
tion of N. caninum at 110 dg [33], and 3 out of 6 cattle 
infected at 110 dg with 107 tachyzoites of Nc-Spain7 suf-
fered foetal death at 2–3 wpi [21]. In addition, the sec-
ond term of gestation is recognized as the period when 
most of the abortions occur in natural bovine neosporo-
sis [1, 34]. Interestingly, similar disseminations, parasite 
burdens and lesion severities were observed in placen-
tas from goats of G1 that aborted during the third wpi 
and goats of G2 that aborted foetuses and full-term 
healthy kids born three weeks later, suggesting a certain 
control of parasite infection in the placenta from mid-
gestation that is capable of limiting parasite prolifera-
tion but is insufficient to eliminate it from this location. 
In this sense, it has been described that there could be 
a shift of the immune system of ruminants from mid- to 
late-gestation towards a T-helper 2-type response at the 
materno-foetal interface to maintain foetal viability that 
favours parasite multiplication and transmission to the 
foetus [35]. Moreover, although the severity of the lesions 
in both the placentas and the foetuses was similar to that 
found in G1 goats that aborted during the third wpi, par-
asite detection in foetal tissues was lower in G2 foetus/
kids, particularly in the liver. On the other hand, the kids 
born in G2 showed the highest N. caninum IgG response 
according to IFAT titres, and the foetal lesions showed a 
more conspicuous inflammatory component. The matu-
ration of the foetal immune system during the second 
term of gestation is most likely responsible of these find-
ings. At this stage of gestation, some control of the infec-
tion is possible in the foetus, as shown by comparing the 
foetuses that survived throughout gestation with those 
that died. The former showed the lowest parasite bur-
den in the brain and milder lesions in the foetal viscera, 
despite broad dissemination of the parasite and patho-
logical changes in the placenta, suggesting that there was 
some control of parasite dissemination and proliferation 
in foetal tissues, which could have determined their sur-
vival until delivery. Surprisingly, the stillborn kid in this 
group had no N. caninum DNA, although it exhibited a 
high IFAT titre and characteristic histological lesions in 
the placenta, suggesting previous contact with the para-
site in the uterus.

Infection during the final term of gestation (G3) 
resulted in the birth of congenitally infected premature 
kids (between 132 and 142 dg), most of which showed 
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clear weakness and clinical nervous signs associated with 
infection; these animals would not have survived the first 
weeks of life had they not been euthanized. The conse-
quences of infection at 120 dg resemble those described 
in sheep infected with the same isolate at late-gestation 
[15]. A previous experimental infection of goats at late-
gestation also resulted in birth of weak kids, although con-
genital infection in this case could not be proven [14]. The 
birth of weak kids showing neurologic signs has also been 
described in naturally infected goats [12, 13]. The results 
from these studies suggest that N. caninum infection of 
goats and sheep in late-gestation may have more severe 
consequences than infection of cattle at a similar period 
[22, 23, 36]. Cattle infected at this period deliver healthy 
but congenitally infected calves, which is likely due to a 
longer period time of gestation from inoculation to deliv-
ery, better control of infection by the maternal and foe-
tal immune system, and healing of tissue damage caused 
by the parasite during the last weeks of gestation, all of 
which consequently lead to the delivery of a healthy calf 
[36]. Interestingly, during this period of gestation, parasite 
spreading in the placentomes of small ruminants appar-
ently occurs earlier, from week 2 post-inoculation, and 
is more widespread, occurring in all placentomes. This 
is different than in cattle, where spreading only occurs in 
a few placentomes per animal, and parasite DNA is pre-
sent only from week 4 post-inoculation [36]. Although less 
intense than in the second term of gestation, the early and 
broad colonization of the placenta occurring after infec-
tion in the third term may trigger the premature delivery 
of kids and lambs. More interestingly, parasite transmis-
sion/proliferation may be more efficient, or foetal immune 
control may be less efficient, at this stage of gestation in 
goats than in sheep because apparently higher parasite 
frequencies and burdens were detected in the brain and 
liver of kids compared with lambs infected under similar 
circumstances [15]. In addition, and despite widely dis-
seminated infection, the IgG response in kids was absent 
in the majority of cases or was very low at the best, sug-
gesting impaired development of the humoral immune 
response at that time. Similar to the description in ovine 
experimental neosporosis, the frequencies of detection 
and parasite burdens found in kids showing clinical signs 
were significantly higher than in healthy kids. It is tempt-
ing to hypothesize that in the later, parasite transmission/
proliferation may have been better controlled by the foetal 
immune response, resulting in clinically non-affected kids.

Based on the results obtained in the present study, it is 
possible to conclude that the consequences of neospo-
rosis in pregnant goats mainly depends on the time of 
gestation when infection occurs, which is a finding that 
is similar to the results described for sheep and cattle. 

Experimental infection of goats during the first term of 
gestation resulted in abortion, which is a finding that is 
similar to those described in sheep and cattle, mainly, 
by parasite proliferation and damage in foetal tissues in 
small ruminants, and likely with contribution of placen-
tal damage in cattle. The results of infection during the 
second term of gestation were highly similar to those in 
natural and experimental infections in cattle and sheep 
when immunocompetence and control of N. caninum 
infection in the foetus begin, and damage to the placenta 
could be related to the outcome of infection. Infections 
during the third term of gestation are more similar in 
sheep and goats, which birth premature and weak kids, 
compared with cattle, which birth healthy congenitally 
infected calves, which is likely due to control of infection 
and damage in cattle foetuses during the final weeks of 
pregnancy. These findings warrant further characteri-
zation of caprine neosporosis as a disease of increasing 
importance in goats. Despite of divergences with bovine, 
a neosporosis model in goats based on tachyzoite infec-
tion during the second term of gestation seems suitable 
for evaluation of vaccine and drug candidates, due to the 
similar clinical characteristics and outcomes of infec-
tion. Nevertheless, further studies would be desirable for 
improvement and standardizing of N. caninum infection 
model in goats [16].
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