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Abstract 21 

Neosporosis is a parasitic disease affecting the health of dogs and cattle worldwide. It is 22 

caused by Neospora caninum, an obligate intracellular apicomplexan parasite. Dogs are its 23 

definitive host, it mostly infects livestock animals, especially cattle that acts as intermediate 24 

host. It is necessary to have well-established models of abortion and vertical transmission in 25 

experimental animals, in order to determine basic control measures for the N. caninum 26 

infection. We evaluated the role of N. caninum dense granule antigen 7 (NcGRA7) in the 27 

vertical transmission of N. caninum using the C57BL/6 pregnant mouse model. We inoculated 28 

mice on day 3.5 of pregnancy with parental Nc-1 or NcGRA7-deficient parasites 29 

(NcGRA7KO). Post-mortem analyses were performed on day 30 after birth and the surviving 30 

pups were kept until day 30 postpartum. The number of parasites in the brain tissues of 31 

offspring from NcGRA7KO-infected dams was significantly lower than that of the Nc-1-32 

infected dams under two infection doses (1 × 106 and 1 × 105 tachyzoites/mouse). The vertical 33 

transmission rates in the NcGRA7KO-infected group were significantly lower than those of 34 

the Nc1-infected group. To understand the mechanism by which the lack of NcGRA7 decreases 35 

the vertical transmission, pregnant mice were sacrificed on day 13.5 of pregnancy (10 days 36 

after infection), although parasite DNA was detected in the placentas, no significant difference 37 

was found between the two parasite lines. Histopathological analysis revealed a greater 38 

inflammatory response in the placentas from NcGRA7KO-infected dams than in those from 39 

the parental strain. This finding correlates with upregulated chemokine mRNA expression for 40 

CCL2, CCL8, and CXCL9 in the placentas from the NcGRA7KO-infected mice. In conclusion, 41 

these results suggest that loss of NcGRA7 triggers an inflammatory response in the placenta, 42 

resulting in decreased vertical transmission of N. caninum. 43 

 44 

 45 
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1. INTRODUCTION 49 

Neospora caninum, an obligate intracellular apicomplexan parasite, causes abortion in 50 

infected livestock. The parasite can be horizontally transmitted through ingestion of oocysts 51 

shed in the faeces of definitive hosts, but vertical transmission is considered its main infection 52 

route in cattle [1]. Neospora caninum causes encephalomyelitis and myelitis in dogs [2], and 53 

abortion in both dairy and beef livestock at 5–6 months of pregnancy [3]. Furthermore, bovine 54 

fetuses can die in utero and then be resorbed, mummified, autolyzed or stillborn, or born alive 55 

with or without clinical signs and possibly persistently infected [3]. Transplacental 56 

transmission of N. caninum can occur over several generations, which explains the global 57 

persistence of this disease [4]. In the USA, South America, Switzerland, New Zealand, and the 58 

European Union, neosporosis is considered the main cause of bovine abortions [1,5-7]. 59 

Although antibodies to N. caninum have been detected in humans [1,8], including 60 

immunocompromised patients infected with the immunodeficiency virus [9], and two 61 

umbilical cord blood samples were positive for N. caninum infection in pregnant women [10], 62 

unlike Toxoplasma gondii, the zoonotic potential of N. caninum has not been confirmed so far. 63 

In Spain, a study was carried out where 600 DNA samples from humans with clinical signs 64 

compatible with toxoplasmosis but with negative PCR results for both T. gondii and N. caninum 65 

were analyzed [11]. 66 

Dense granule organelles are present in all apicomplexan parasites, and these granules play 67 

a role in the host-parasite relationship. After parasite invasion, the dense granule proteins 68 

secreted from these organelles are released into the parasite parasitophorous vacuole (PV) and 69 

its membrane (PVM) where they perform roles in nutrient uptake and waste excretion in 70 

infected host cells [12]. Among the 18 tested N. caninum dense granule antigens (NcGRAs), 71 

we previously found that NcGRA7 plays a role in regulating N. caninum pathogenesis and host 72 

immune response modulation in mice [13].  73 
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NcGRA7 has been reported to be a marker of primo-infection, recrudescence, and 74 

reinfection in serum samples from herds associated with abortion and/or vertical transmission 75 

[14]. In addition, the production of anti-NcGRA7 antibodies was correlated with the virulence 76 

in pregnant and non-pregnant mice. High levels of the antibodies were developed in the mice 77 

inoculated with high virulence isolates compared to those inoculated with low-to-moderate 78 

virulence Neospora isolates [15]. NcGRA7, a highly immunogenic antigen required during 79 

the initial development of the intracellular parasite, also performs an important role during 80 

the initial invasion of the parasite into host cells [16]. NcGRA7 antigen has also been used in 81 

combination with a plasmid-containing adjuvant for establishing immune resistance in mice 82 

infected with N. caninum [17]. Vaccination with recombinant NcGRA7 encapsulated alone 83 

or combined with recombinant NcSAG4 resulted in slight protection against challenge 84 

infection with Nc1 isolate in non-pregnant mice, but it elicits a strong humoral and cellular 85 

immune response [18]. Additionally, immunization before pregnancy with NcGRA7 86 

entrapped in oligomannose-coated liposomes resulted in increased offspring survival and 87 

decreased infection rates in the brains of dam mice [19]. However, little is known about the 88 

role of NcGRA7 during pregnancy. Therefore, our main goal was to evaluate the role of 89 

NcGRA7 in the vertical transmission of N. caninum using a pregnant mouse model. 90 

 91 

2. MATERIALS AND METHODS 92 

2.1 Ethics statement 93 

This study was performed in strict accordance with the recommendations of the Guide 94 

for the Care and Use of Laboratory Animals of the Ministry of Education, Culture, Sports, 95 

Science and Technology, Japan. The protocol was approved by the Committee on the Ethics 96 

of Animal Experiments at Obihiro University of Agriculture and Veterinary Medicine, Obihiro, 97 
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Japan (permit numbers 20-27, 21-36). To minimize animal suffering, all surgical operations, 98 

blood collection, and cervical dislocation were performed under isoflurane anesthesia. 99 

 100 

2.2 Mice 101 

C57BL/6 female and male mice, 8–10 weeks old, were obtained from Clea Japan 102 

(Tokyo, Japan). The animals were housed under specific-pathogen-free conditions in the 103 

animal facility of the National Research Center for Protozoan Diseases at Obihiro University 104 

of Agriculture and Veterinary Medicine, Obihiro, Japan. These animals were treated and used 105 

according to the Guiding Principles for the Care and Use of Research Animals published by 106 

the Obihiro University of Agriculture and Veterinary Medicine, Obihiro, Japan. The animals 107 

were kept under standard laboratory conditions and fed with commercial food and water ad 108 

libitum on a 12/12-h light/dark cycle at 21°C under 40% relative humidity. 109 

 110 

2.3 Parasites and cell cultures 111 

Neospora caninum Nc1 (parental strain), the NcGRA7-deficient parasite 112 

(NcGRA7KO) generated by the clustered regularly interspaced short palindromic repeats 113 

(CRISPR)-associated gene 9 (CRISPR/CAS9) system [13] were maintained in African green 114 

monkey kidney epithelial cells (Vero cells). Parasites were cultured in Eagle’s minimum 115 

essential medium (Sigma, St. Louis, MO) supplemented with 8% heat-inactivated fetal bovine 116 

serum (Nichirei Biosciences, Tokyo, Japan), 100 U/mL penicillin, and 10 mg/mL 117 

streptomycin. At 72 hours after the infection, parasites and host cell debris were washed with 118 

cold phosphate-buffered saline (PBS) to exclude the extracellular parasites and the final pellet 119 

resuspended in cold PBS was passed through a 27-gauge needle and a 5.0-µm-pore size filter 120 

(Millipore, Bedford, MA). After washing the parasites with PBS by centrifugation at 1,500 × 121 
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g for 10 min, the parasites were refiltered, and their numbers were hemocytometrically counted 122 

for each experiment according to the previous study [13]. 123 

 124 

2.4 Experimental design 125 

In our previous study using non-pregnant C57BL/6 mice [20,21], 106 N. caninum 126 

tachyzoites of Nc1 strain were intraperitoneally injected into the mice for observation of mouse 127 

survival rates, bodyweight, and clinical scores and analyses of immune response. In addition, 128 

NcGRA7KO showed reduced virulence in non-pregnant C57BL/6 mice [13]. Therefore, we 129 

used 106 N. caninum tachyzoites of Nc1 strain in addition to 105 tachyzoites for intraperitoneal 130 

inoculation into pregnant C57BL/6 mice in this study (Fig. S1). 131 

Eight mice were used for each group of each trial in the mating procedures. Estrus 132 

synchronization was initiated in a group (8 mice /cage) by the Whitten effect [22-24]. Male 133 

and female mice were mated for 14 h (one female with one male /cage) after 18:00 pm. Mating 134 

procedures were done on 3 successive days and females were checked for vaginal plugs or 135 

swelling the next morning at 8:00 am after each mating day. Mice with positive vaginal plugs 136 

were considered at day 0.5 of pregnancy. Eight mice were mated for each group. The mice 137 

without vaginal plugs were excluded from the experiment and their bodyweight was observed 138 

to ensure that they were non-pregnant. Pregnancies were further confirmed by recording an 139 

increased bodyweight percentage in each of the estimated pregnant dam mice until day 10 post-140 

mating. The number of pregnant mice used was shown in Fig. S1, Tables 2 and 3. 141 

To compare parasite virulence in the mice based on survival rate and clinical score of 142 

dams, number of offspring, and the daily survival of the offspring, pregnant C57BL/6 mice 143 

were intraperitoneally inoculated with different doses of N. caninum tachyzoites (trial 1: 106 144 

tachyzoites/mouse, Nc1, and NcGRA7KO, trial 2: 105 tachyzoites/mouse, Nc1, NcGRA7KO) 145 

or RPMI-1640 medium (negative control) on day 3.5 of pregnancy. The daily bodyweight 146 
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measurement of each dam mouse including RPMI-1640 medium-injected mice (negative 147 

control), as recorded from −2 to 13 days post-infection (dpi) with Nc1 or NcGRA7KO, was 148 

compared with the weight of the same mouse on the first day of measurement before infection. 149 

Clinical scores were assigned based on hunching, piloerection, warm-seeking behavior, ptosis, 150 

sunken eyes, ataxia, latency of movement, flaccidity, touch reflexes, the skin and eye reflexes, 151 

and lying on belly. The scores varied from 0 (no signs) to 10 (all signs) [25]. Clinical scores of 152 

dam mice were estimated by recording the clinical signs manifested in each mouse from −2 153 

to 13 dpi. To exclude the pregnancy parturition effects and avoid the disturbances of mice, only 154 

recording of the number of dams and offspring was performed from 14 dpi (correspond to day 155 

17.5 of pregnancy) to the day 30 post-partum. 156 

For pathological and mRNA expression analyses, experiment trial 3 was performed. 157 

Pregnant C57BL/6 mice were intraperitoneally inoculated with 106 N. caninum tachyzoites on 158 

day 3.5 of pregnancy and then postmortem examination was performed at day 13.5 of 159 

pregnancy (10 dpi). The fertility rates were as follows, negative control (5/6, 83.3%), Nc1-160 

infected (3/5, 60.0%), NcGRA7KO-infected (4/5, 80.0%). To analyze mRNA expression, 161 

spleen (right half) and pooled placenta samples were collected for each dam. For the 162 

pathological analysis, placental tissues from each pregnant dam were collected. For 163 

determination of the parasite burden, spleen (left half), placental tissue, and whole fetal bodies 164 

were collected from each pregnant dam. The number of dams for above experiments was as 165 

follows, negative control, n = 5; Nc1-infected, n = 3; NcGRA7KO-infected, n = 4. 166 

 167 

2.5 DNA isolation and quantitative PCR (qPCR) to determine N. caninum distribution  168 

Parasite burdens were quantified in the brain, placenta, spleen and whole fetus bodies. 169 

DNA was extracted from the brain of dams and offspring from trials 1, 2 and 3, and from dam 170 
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placenta and spleen, and whole fetus bodies from trial 3 as follows: each tissue or organ was 171 

thawed in 10 volumes of extraction buffer (0.1 M Tris-HCl [pH 9.0], 1% SDS, 0.1 M NaCl, 1 172 

mM EDTA) and 20 μg/ml of proteinase K at 50°C. The DNA was purified by phenol-173 

chloroform extraction and ethanol precipitation. Parasite DNA was then amplified with the 174 

following N. caninum Nc5 gene-specific primers: forward 5′-ACT GGA GGC ACG CTG AAC 175 

AC-3′ and reverse 5′-AAC AAT GCT TCG CAA GAG GAA-3′ [20]. Amplification, data 176 

acquisition, and data analysis were performed on the ABI Prism 7900HT sequence detection 177 

system (Applied Biosystems), and the cycle threshold (Ct) values were calculated as described 178 

previously [29]. Standard curves were constructed using 10-fold serial dilutions of N. caninum 179 

DNA extracted from 105 parasites; thus, each curve ranged from 0.01 to 10,000 parasites. 180 

Parasite numbers were calculated from the standard curve. 181 

 182 

2.6 Real-time reverse transcriptase (RT)-PCR analysis of chemokine expression 183 

Total RNA was extracted from cells or homogenized tissues using TRI Reagent 184 

(Sigma-Aldrich). RNA was reverse transcribed with a Prime Script II First Strand cDNA 185 

synthesis kit (TaKaRa Bio, Inc., Shiga, Japan) according to the manufacturer’s instructions. 186 

The cDNA recovered was amplified using RT-PCR with PowerUp SYBR green master mix 187 

(Thermo Fisher Scientific, Inc., Waltham, MA) and 500 nM of gene-specific primers in a 10 188 

µl reaction volume according to the manufacturer’s protocol. The target molecules were 189 

interleukin-10 (IL-10), interleukin-4 (IL-4), interferon‐gamma (IFN-), tumor necrosis factor-190 

alpha (TNF-α), C-C motif chemokine ligand 2 (CCL2), C-C motif chemokine ligand 8 (CCL8), 191 

cysteine-X-cysteine motif chemokine ligand 9 (CXCL9) and cysteine-X-cysteine motif 192 

chemokine ligand 10 (CXCL10). Gene of glyceraldehyde-3-phosphate dehydrogenase 193 

(GAPDH) was selected as the internal control by Ref Finder [28] and gene expression was 194 
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normalized against this control. The primer sequences of the target genes are shown in Table 195 

1. The relative mRNA levels were calculated using the fold change Ct method. 196 

 197 

2.7 Histopathological analysis 198 

Placental tissue was fixed in neutral-buffered formalin and processed using routine 199 

methods. Serial sections (4 μm each) made from paraffin-embedded tissues were stained with 200 

hematoxylin and eosin. Immunohistochemistry was performed using the following procedures 201 

[28]. Deparaffinized sections were incubated with polyclonal antibodies: rabbit anti-N. 202 

caninum dense granule antigen 6 (NcGRA6), rabbit anti-NcSAG1, rabbit anti-CD3 (Abcam, 203 

Cambridge, UK) for T cell marker, and rabbit anti- ionized calcium binding adapter protein 1 204 

(Iba1) (FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan) for macrophage marker 205 

at 4˚C for overnight. Antigen retrieval was performed at 98˚C for 45 min with Immunosaver 206 

(Nisshin EM Co., Ltd, Tokyo, Japan). Non-specific reactions and endogenous peroxidases 207 

were blocked by blocking solution (10 mM PBS pH7.4 with 8% skim milk and 3% tween 20 208 

(Santa Cruz Biotechnology, inc., Dallas, TX)) and 10% H2O2 methanol. Signals were 209 

visualized on the Envision system (Agilent, Santa Clara, CA, USA) using 3, 3’-210 

diaminobendidin. To characterize the inflammatory cells and evaluate the inflammatory 211 

response, we manually scan the slides and select an inflammatory region. CD3 and Iba1-212 

positive cells were counted on three aleatory fields (400; total 0.711mm2 in each) in three 213 

placental zones (decidua, junctional zone, and labyrinth).  214 

 215 

2.8 Statistical analysis 216 

GraphPad Prism 6.0 software and its updated version 8.3.4 (GraphPad Software Inc., 217 

La Jolla, CA, USA) was used. Data represent the mean ± SD. Statistical analyses were 218 

performed using Student’s t-test, Mann–Whitney U test, and one-way or two-way analysis of 219 
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variance (ANOVA) followed by the Tukey-Kramer hoc test for group comparisons. Survival 220 

rates, vertical transmission rates, and statistical comparisons were assessed using a 2 test. The 221 

levels of statistical significance are shown as asterisks and defined in each figure legend 222 

together with the name of the statistical test that was used. P value of < 0.05 was considered 223 

statistically significant. 224 

 225 

 226 

3. Results 227 

3.1 Parasite virulence in pregnant mouse model under a higher infection dose 228 

During the infections with 1 106 tachyzoites of either parasite, we observed that the 229 

bodyweight gains in the infected groups did not show significant differences with respect to 230 

the uninfected group (negative control) (Fig. S2). However, the clinical scores of the infected 231 

dams were significantly higher than those of the uninfected animals (negative control). The 232 

clinical manifestations observed were hunching, piloerection, warm-seeking behavior, and 233 

sunken eyes (Fig. S2). All dams survived during the pregnancy until 15-16 dpi (Fig. 1A). The 234 

survival rate of the NcGRA7KO-infected dams (60%, 3/5) was lower than that of the Nc-1-235 

infected dams (100%, 4/4) and negative control (100%, 5/5), but no significant difference was 236 

found (Fig. 1A). The fertility rates were as follows, negative control (5/6, 83.3%), Nc1-infected 237 

(4/5, 80.0%), NcGRA7KO-infected (5/5, 100.0%) (Table 2). The number of parasites in the 238 

brain also showed no significant difference between the Nc1- and NcGRA7KO-infected dams 239 

(Fig. 1B). There was no significant difference either in the mean number of offspring per litter 240 

among the experimental groups (Table 2). Although infection with N. caninum decreased 241 

survival in the offspring compared with the negative control mice, the survival rates of the 242 

offspring from the NcGRA7KO-infected dams (28.0%) were significantly higher than those 243 

from the Nc1-infected dams (7.7%) (Fig. 1C, Table 2). The number of parasites in the brains 244 
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of the offspring of the NcGRA7KO-infected dams was significantly lower than in the brains 245 

of the offspring of the Nc-1-infected dams (Fig. 1D). The proportion of vertical transmission 246 

was calculated retrospectively in both infected groups (Table 2). Parasite DNA was detected 247 

in 20/21 (95.2%) in the brains of offspring from Nc1-infected dams. However, a significantly 248 

lower percentage of positivity was seen in the brains of offspring from NcGRA7KO-infected 249 

dams (14/21, 66.7%) (Table 2). Additionally, parasite DNA was detected during acute death 250 

of offspring from Nc1-infected dams compared with those from NcGRA7KO-infected dams 251 

(Fig. 1E). 252 

 253 

3.2 Parasite virulence in pregnant mouse model under a lower infection dose  254 

To confirm the virulence of NcGRA7KO, trial 2 experiment under a lower infection dose 255 

was conducted. The bodyweight gains in the infected groups did not show significant 256 

differences with respect to the uninfected group (negative control) (Fig. S3). However, the 257 

clinical scores of both infected dams were significantly higher than those of the uninfected 258 

animals (negative control). The clinical manifestations observed were hunching, piloerection, 259 

warm-seeking behavior, and sunken eyes (Fig. S3). Survival of all dams was seen during the 260 

pregnancy until 15-16 dpi (Fig. 2A). The survival rate of the NcGRA7KO-infected dams (80%, 261 

4/5) was lower than that of the Nc-1-infected dams (100%, 5/5) and negative control (100%, 262 

4/4), but no significant difference was found (Fig. 2A). The fertility rates were as follows, 263 

negative control (4/6, 66.6%), Nc1-infected (5/6, 83.3%), NcGRA7KO-infected (5/7, 71.4%) 264 

(Table 3). The number of parasites in the brain also showed no significant difference between 265 

the Nc1- and NcGRA7KO-infected dams (Fig. 2B). Furthermore, there was no significant 266 

difference either in the mean number of offsprings per litter among the experimental groups 267 

(Table 3). In contrast, the offspring survival rates for the NcGRA7KO-infected dams (50.0%) 268 

were significantly higher than those for the Nc1-infected dams (19.4%) (Fig. 2C, Table 3). 269 
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Parasite numbers in the brain tissues of the offspring from the NcGRA7KO infected dams were 270 

significantly lower than those from the Nc-1-infected dams (Fig. 2D). The proportion of 271 

vertical transmission was monitored in both infected groups (Table 3). The percentage of the 272 

parasite DNA positive in the brain of offspring from NcGRA7KO-infected dams (14/20, 273 

70.0%) was significantly lower than that from Nc1-infected mice (36/36, 100.0%). As shown 274 

in Fig. 2E, parasite DNA was detected in the offspring from the Nc-1-infected dams. Together 275 

with the results shown in Fig. 1, NcGRA7KO parasite numbers in the brains of the offspring 276 

were significantly lower than those for Nc1, indicating lower vertical transmission of 277 

NcGRA7KO.  278 

 279 

3.3 Histopathological and qPCR analyses of parasite numbers in placentas and fetuses  280 

To estimate the tissue damage caused by N. caninum infection, histopathological analysis 281 

of the placentas on day 13.5 of pregnancy (10 dpi with 1 106 tachyzoites) was performed as 282 

trial 3. As we observed in trial 1, the bodyweight gains in the infected groups did not show 283 

significant differences with respect to the uninfected group (negative control) (Fig. S4). On 284 

the other hand, the clinical scores of the infected dams were significantly higher than those of 285 

the uninfected animals (negative control) (Fig. S4). The fertility rates were as follows, negative 286 

control (5/6, 83.3%), Nc1-infected (3/5, 60.0%), NcGRA7KO-infected (4/5, 80.0%). In Nc1- 287 

and NcGRA7KO-infected dams, mild edema, and mononuclear cell infiltration were observed 288 

in the decidua and junctional zone. In decidua, T lymphocyte-rich inflammation was more 289 

severe in NcGRA7KO- than Nc1-infected groups (Fig. 3B). Hemorrhage and necrosis were 290 

not observed in the placenta. There was only one case where a NcGRA7KO-infected mouse 291 

had observable N. caninum tachyzoites in the trophoblast with focal vasculitis and neutrophil 292 

infiltration (Fig. S5; Table S1). T lymphocyte and macrophage numbers were higher in the 293 
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decidua and junctional zones of the Nc1- and NcGRA7KO-infected groups than in the negative 294 

control mice (Figs. 3B, C, and 4), unlike in the labyrinths (Figs. 4 and S6). Furthermore, the 295 

number of T lymphocytes in the NcGRA7KO-infected dams was significantly higher in the 296 

deciduas and junctional zones than that in the Nc1-infected animals (Fig. 4, Table S1). 297 

To determine whether parasites were present in the placentas or fetuses, parasite loads were 298 

estimated by qPCR. Although parasite DNA was detected in the placentas of both experimental 299 

groups, no significant difference in the parasite numbers was found between Nc1 and 300 

NcGRA7KO parasites (Fig. 5A). The parasite DNA was not detected in the spleen of the dams 301 

(data not shown). Moreover, parasite DNA was not detectable in the whole bodies of fetuses 302 

from most of the infected dams (Fig. 5B).  303 

  304 

3.4 Proinflammatory marker expression in the spleen and placenta 305 

To examine the inflammatory responses during the pregnancy, we analyzed mRNA 306 

expression, which we have previously found to be regulated by N. caninum infection [13], in 307 

both placenta and spleen tissues on day 13.5 of pregnancy (10 dpi) (Fig. 6). In the spleen, TNF-308 

 expression was lowered by N. caninum infection, and CCL8 expression was raised in the 309 

NcGRA7KO-infected mice, as compared with negative control mice (Fig. 6A). The expression 310 

levels of CCL2, CCL8 and CXCL9 were higher in the placentas from the NcGRA7KO-infected 311 

dams than in the placentas from Nc1-infected animals (Fig. 6B). Under our experimental 312 

conditions, changes in the expression of IL-4, IL-10, IFN- and CXCL-10 were not seen (Fig. 313 

S7).  314 

 315 

 316 

4. DISCUSSION 317 
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Neospora caninum has one of the highest known vertical transmission rates of parasites 318 

and its transplacental transmission results in the persistent transfer of parasites from infected 319 

dams to their fetuses during gestation [29]. Vertical transmission has been previously evaluated 320 

by many studies in dairy cows [30,31], dogs [32], and mice such as Swiss-Webster mice [33], 321 

Qs out-bred mice [34], BALB/c mice [35,36] and C57BL/6 mice [37]. In this study, the route 322 

infection (intraperitoneal), and the use of animal strain (C57BL/6) of our experimental model 323 

was based on a previous study [37], while the doses of inoculation, time of vertical transmission 324 

monitored and the parasite lines used were different [37]. The reported study [38] evaluated 325 

the vertical transmission in the fetuses at days 18-20 of gestation using one parasite strain (Nc1), 326 

while in this study in trials 1 and 2 the vertical transmission of the offspring was determined 327 

until day 30 post-partum, using two parasite lines, Nc1 and NcGRA7KO. These studies prove 328 

that the vertical transmission varies according to the use of the mouse strain and the parasite 329 

strain. 330 

In our study, 95.2%-100.0% PCR positive offspring were observed after the 331 

intraperitoneal infection with Nc1 strain at the early period of pregnancy (day 3.5), resulting in 332 

the successful vertical transmission in C57BL/6 mice in both high and low doses of the 333 

infection. However, the vertical transmission rate of NcGRA7KO in C57BL/6 mice was 334 

66.7%-70.0%. Moreover, the fertility rates of uninfected dams (negative control), dams 335 

infected with Nc1, dams infected with NcGRA7KO were 66.6%-83.3%, 80.0%-83.3%, 71.4%-336 

100.0%, and the mean numbers of offspring obtained were 5.0-6.4, 6.5-7.2, and 4.4-5.0, 337 

respectively. Previous study using C57BL/6 mice [37] showed the vertical transmission rate in 338 

the mice infected with 5 × 106 tachyzoites of Nc1 strain at day 12-14 of gestation were 100%. 339 

Moreover, the fertility rates and mean number of fetuses of the uninfected controls and mice 340 

infected during pregnancy were 71.4% and 8.2, 57.1% and 8.0, respectively, while there was 341 

no significant difference between the uninfected and infected mice. Together, the infection of 342 
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C57BL/6 mice with Nc1 strain induced vertical transmission, but did not affect the fertility rate 343 

and litter size. Therefore, these results indicated C57BL/6 mice can be used for the study of 344 

the vertical transmission of N. caninum and vertical transmission of NcGRA7KO was reduced 345 

compared with Nc1.  346 

On the basis of the mouse model of vertical transmission, vertical transmission 347 

prevention has been reported in BALB/c mice [35] and C57BL/6 mice [39]. Type 1 and type 348 

2 immune responses are involved in both vertical transmission and abortion after N. caninum 349 

infection [40]. A study illustrated that modulation of a Th2 cytokine can reduce the frequency 350 

of transplacental transmission of N. caninum. The reduction in the transplacental transmission 351 

was associated with lower levels of maternal mRNA expression of IL-4 and elevated levels of 352 

IFN-γ production [41]. The type 1 immune response is associated with protection against 353 

intracellular N. caninum infection, and its downregulation during pregnancy may trigger 354 

transplacental transmission [42]. However, the mechanism of abortion and vertical 355 

transmission caused by N. caninum infection is poorly understood. Studies on the relationship 356 

between the infection and the inflammatory response occurring during pregnancy are vital if 357 

we are able to understand the local immune response at the site of the infection. IFN- and 358 

TNF-α are reportedly associated with the fetal loss caused by N. caninum infection-related 359 

placental damage [42-44]. Another hypothesis is that induction of the T helper type 1 (Th1) 360 

immune response at the maternal level and modulation to a T helper type 2 (Th2) immune 361 

response can prevent vertical transmission of N. caninum in mice [45]. In fact, the immune 362 

response to N. caninum is typically associated with IFN-γ and CD4+ T cells [42,46-48]. It has 363 

been reported that the placental pro-inflammatory response against N. caninum infection causes 364 

placental damage and fetal death via the destruction of fetal trophoblast cells and the effects of 365 

cytotoxic T cells and pro-inflammatory cytokines such as IFN-γ, TNF-α, and IL-2 [29,42,46]. 366 

Elevated Th1 and Th2 cytokine expression have also been reported to occur after N. caninum 367 
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infection [44, 49-51]. In the present study, the N. caninum Nc1 strain and NcGRA7KO 368 

enhanced mRNA expression of IFN-γ in the placenta on day 13.5 of pregnancy (10 dpi) while 369 

there was no significant difference among the experimental groups including negative control 370 

mice. Therefore, N. caninum infection might trigger the placental pro-inflammatory response.  371 

The Th2 immune response is characterized by IL-4 production. IL-4 has been reported 372 

to be related to susceptibility to N. caninum infection [52,53]. IL-4 may aid N. caninum 373 

replication at the maternal-fetal junction [51,54] and lead to high levels of vertical transmission 374 

[55-57]. Moreover, increased IL-4 expression might reduce the harmful effects of the pro-375 

inflammatory immune response to maintain pregnancy [57]. In the present study, no 376 

statistically significant difference in placental IL-4 expression levels was found between the 377 

infected and uninfected dams on day 13.5 of pregnancy (10 dpi), suggesting that the Th2 378 

immune response in the host may not contribute to vertical transmission under the present 379 

experimental conditions. 380 

Several N. caninum dense granule proteins such as NcGRA7 play a role in the expression 381 

and production of cytokines, chemokines, and chemokine receptors through the activation of 382 

NF-KB (nuclear factor kappa-light-chain-enhancer of activated B cells), NFAT (nuclear factor 383 

of activated T-cells), and CAMP/PKA (cyclic adenosine monophosphate dependent protein 384 

kinase) signals, and therefore NcGRA7KO parasites appear to reduce parasite virulence in 385 

immunocompetent and immunocompromised non-pregnant mice, as evidenced by lower 386 

parasite burdens and mild brain lesions [13]. Unexpectedly, in the present study, the expression 387 

levels of CCL2, CCL8, and CXCL9 were higher in the placentas from the NcGRA7KO-388 

infected dams than in the placentas from Nc1-infected animals. This suggests that NcGRA7 389 

has a different activity in the host under non-pregnant and pregnant conditions. An unknown 390 

factor produced by the placenta might interact with NcGRA7, resulting in inhibition of 391 

chemokine expression. Alternatively, a gene downregulated by NcGRA7 may predominantly 392 
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affect pathogenesis in the placenta. In fact, several genes that are involved in the cell cycle, 393 

RAS signaling, apoptosis, cell differentiation, and metabolism are downregulated by NcGRA7 394 

in macrophages [13]. Therefore, loss of NcGRA7 may enhance chemokine expression in the 395 

placenta, resulting in the immune reaction for prevention of vertical transmission of 396 

NcGRA7KO parasites. But, further studies are needed for confirmation.  397 

Neospora caninum secretes molecules that initiate monocyte migration to the site of 398 

infection to enhance parasite invasion and multiplication [58]. Moreover, N. caninum 399 

cyclophilin (NcCyp) causes CCR5 (cysteine–cysteine chemokine receptor 5)-dependent 400 

migration of murine and bovine cells and is consistently detected in tachyzoites distributed 401 

within or around brain lesions [59]. Because mouse placenta reaches to full maturity at 12.5 402 

day of pregnancy [60], the mice were sacrificed at 13.5 day of pregnancy. Both Nc1 and 403 

NcGRA7KO parasites were not detected in whole fetus bodies at 13.5 day of pregnancy (10 404 

dpi), suggesting that vertical transmission may occur after this period. Moreover, both Nc1 and 405 

NcGRA7KO parasites were detected in the placenta at similar levels on day 13.5 of pregnancy 406 

(10 dpi). However, the histopathology analysis reported here reveals that more inflammatory 407 

cell infiltration was seen in the placentas from the NcGRA7KO-infected dams than in those 408 

from Nc1-infected dams. These results are consistent with the upregulated mRNA chemokine 409 

expression levels that we observed in the placenta. This immune reaction might affect parasite 410 

viability in the placenta, resulting in decreased vertical transmission of NcGRA7KO parasites.  411 

The placenta of mice and humans is hemochorial type [61]. Among the placenta of 412 

mammals, the layered structure of mice and humans that exists between the blood on the 413 

maternal side and the blood on the fetal side is simple. The infection into fetus is established 414 

when the pathogen crossed the three layers of trophoblastic cells and two layers of fetal 415 

vascular endothelial cells from the maternal side. On the other hand, the placenta of cattle and 416 

dogs is epitheliochorial and endotheliochorial type, respectively [61]. To establish the vertical 417 
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transmission, pathogens must pass three layers consisting of maternal vascular endothelial 418 

cells, trophoblastic cells, and fetal vascular endothelial cells in dogs, and four layers consisting 419 

of maternal vascular endothelial cells, endometrial epithelium, trophoblastic cells, and fetal 420 

vascular endothelial cells in cattle. Compared with the placenta structure of dogs and cattle, it 421 

might be easily infected in mice. However, the molecular mechanism for crossing the placental 422 

barrier by pathogens including N. caninum should be elucidated in future studies. 423 

  In conclusion, to our knowledge, our study is the first to evaluate the role of an N. 424 

caninum dense granule antigen in pregnant mice. Our findings show that NcGRA7 might play 425 

a role in the vertical transmission of N. caninum. Further studies are vital for understanding the 426 

role played by NcGRA7 in the host immune response related to the regulation of vertical 427 

transmission of N. caninum in mice.  428 

 429 

Funding 430 

This research was supported by a Grant-in-Aid for Scientific Research (B) 21H02353, 431 

18H02335 and Challenging Research (Exploratory) 20K21359 from the Ministry of Education, 432 

Culture, Sports, Science, and Technology KAKENHI (Y.N.) 433 

 434 

Declaration of competing interests 435 

The authors declare that there is no competing of interest. 436 

 437 

ACKNOWLEDGMENTS 438 

We thank Drs. Fumiaki Ihara, Ragab M. Fereig, Naomi Shimoda, and Kousuke Umeda 439 

(Obihiro University of Agriculture and Veterinary Medicine) for their excellent technical 440 

assistance. We also thank Sandra Cheesman, Ph.D., from Edanz Group (https://en-author-441 

services.edanz.com/ac) for editing a draft of this manuscript. 442 

443 



20 
 

References 444 

[1] J.P. Dubey, G. Schares, L.M. Ortega-Mora, Epidemiology and control of neosporosis and 445 
Neospora caninum. Clin microbiol rev. 20 (2007) 323-367. 446 

https://doi.org/10.1128/CMR.00031-06 447 
  448 

[2] I. Bjerkås, S.F. Mohn, J. Presthus, Unidentified cyst-forming sporozoon causing 449 
encephalomyelitis and myositis in dogs. Z Parasitenk. 70 (1984) 271-274. 450 
https://doi.org/10.1007/bf00942230 451 

 452 
[3] J.P. Dubey, G. Schares, Diagnosis of bovine neosporosis. Vet. Parasitol. 140 (2006) 1-34. 453 
https://doi.org/10.1016/j.vetpar.2006.03.035 454 

 455 
[4] G. Schares, M. Peters, R. Wurm, A. Bärwald, F.J. Conraths, The efficiency of vertical 456 
transmission of Neospora caninum in dairy cattle analysed by serological techniques. Vet. 457 
Parasitol. 80 (1998) 87-98. https://doi.org/10.1016/S0304-4017(98)00195-2 458 

  459 

[5] A. Hemphill, B. Gottstein, A European perspective on Neospora caninum. Int J 460 
Parasitol. 30 (2000) 877-924. https://doi.org/10.1016/S0020-7519(00)00072-2# 461 
 462 

[6] D.P. Moore, Neosporosis in South America. Vet. Parasitol. 127 (2005) 87-97. 463 
https://doi.org/10.1016/j.vetpar.2004.10.001 464 
 465 

[7] J.P. Dubey, D.S. Lindsay, Neosporosis, toxoplasmosis, and sarcocystosis in ruminants. Vet 466 

clin North AM. Food Animal pract. 22 (2006) 645-671. 467 
https://doi.org/10.1016/j.cvfa.2006.08.001 468 
 469 

[8] J. Tranas, R.A. Heinzen, L.M. Weiss, M.M. McAllister, Serological evidence of human 470 
infection with the protozoan Neospora caninum. Diagn Lab Immunol. 6 (1999) 765-767. 471 

https://doi.org/10.1128/CDLI.6.5.765-767.1999 472 
 473 
[9] J. Lobato, D.A Silva, T.W. Mineo, J.D. Amaral G.R.S Segundo, J.M. Costa-Cruz, M.S. 474 

Ferreira, A.S. Borges, J.R.; Mineo, Detection of immunoglobulin G antibodies to Neospora 475 
caninum in humans: high seropositivity rates in patients who are infected by human 476 

immunodeficiency virus or have neurological disorders.  Clin Vaccine Immunol.13 (2006) 84-477 
89. https://doi.org/10.1128/CVI.13.1.84-89.2006 478 
 479 

[10] P.O. Duarte, L.M Oshiro, N.P. Zimmermann, B.G. Csordas, D.M. Dourado, J.C Barros, 480 
Andreotti, R. Serological and molecular detection of Neospora caninum and Toxoplasma 481 
gondii in human umbilical cord blood and placental tissue samples. Sci Rep. 10 (2020) 1-8. 482 
https://doi.org/10.1038/s41598-020-65991-1 483 

 484 
[11] R. Calero-Bernal, P. Horcajo, M. Hernández, L.M. Ortega-Mora, I. Fuentes, Absence of 485 
Neospora caninum DNA in Human Clinical Samples, Spain. Emerg Infect Dis. 25 (2019) 1226. 486 
https://dx.doi.org/10.3201%2Feid2506.181431 487 
 488 
 489 

https://doi.org/10.1128/CMR.00031-06
https://doi.org/10.1007/bf00942230
https://doi.org/10.1016/j.vetpar.2006.03.035
https://doi.org/10.1016/S0304-4017(98)00195-2
https://doi.org/10.1016/S0020-7519(00)00072-2
https://doi.org/10.1016/j.vetpar.2004.10.001
https://doi.org/10.1016/j.cvfa.2006.08.001
https://doi.org/10.1128/CDLI.6.5.765-767.1999
https://doi.org/10.1128/CVI.13.1.84-89.2006
https://doi.org/10.1038/s41598-020-65991-1
https://dx.doi.org/10.3201%2Feid2506.181431


21 
 

[12] M.F. Cesbron-Delauw, Dense-granule organelles of Toxoplasma gondii: their role in the 490 

host-parasite relationship. Parasitol Today. 10 (1994) 293-296. https://doi.org/10.1016/0169-491 
4758(94)90078-7 492 
  493 
[13] Y. Nishikawa, N. Shimoda, R.M. Fereig, T. Moritaka, K. Umeda, M. Nishimura, F. Ihara, 494 

K. Kobayashi, Y. Himori, Y. Suzuki, H. Furuoka, Neospora caninum dense granule protein 7 495 
regulates the pathogenesis of neosporosis by modulating host immune response. Appl. 496 
Environ. Microbiol. 84 (2018) https://doi.org/10.1128/AEM.01350-18 497 
  498 
 [14] A. Aguado-Martínez, G. Alvarez-Garcia, A. Fernández-García, V. Risco-Castillo, I. 499 

Arnaiz-Seco, X. Rebordosa-Trigueros, V. Navarro-Lozano, L.M Ortega-Mora, Usefulness of 500 
rNcGRA7-and rNcSAG4-based ELISA tests for distinguishing primo-infection, 501 
recrudescence, and chronic bovine neosporosis. Vet Parasitol. 157 (2008) 182-195. 502 
https://doi.org/10.1016/j.vetpar.2008.08.002 503 

 504 
[15] E. Jimenez-Ruiz, G. Bech-Sabat, G. Ãlvarez-Garcia, J. Regidor-Cerrillo, L.; Hinojal-505 
Campana, L.M Ortega-Mora, Specific antibody responses against Neospora caninum 506 
recombinant rNcGRA7, rNcSAG4, rNcBSR4 and rNcSRS9 proteins are correlated with 507 

virulence in mice. Parasitology. 140 (2013) 569. https://doi.org/10.1017/s0031182012002041 508 

 509 
[16] M. Soltani, M. Nassiri, A. Sadrebazzaz, M. Tahmoorespoor, Cloning, nucleotide 510 
sequencing and bioinformatics study of NcGRA7, an immunogen from Neospora caninum. J 511 

Cell Mol Med. 5 (2013) 3-12. 512 
 513 

[17] M. Jenkins, C. Parker, W Tuo, B. Vinyard, J.P Dubey, Inclusion of CpG adjuvant with 514 
plasmid DNA coding for NcGRA7 improves protection against congenital neosporosis. Infect 515 
Immun. 72 (2004) 1817-1819. https://doi.org/10.1128/iai.72.3.1817-1819.2004 516 

 517 

[18] A. Aguado-Martínez, G. Álvarez-García, A. Fernández-García, V. Risco-Castillo, V. 518 
Marugán-Hernández, L.M. Ortega-Mora, Failure of a vaccine using immunogenic recombinant 519 
proteins rNcSAG4 and rNcGRA7 against neosporosis in mice. Vaccine. 27 (2009) 7331-7338. 520 

https://doi.org/10.1016/j.vaccine.2009.09.050 521 
 522 

[19] Y. Nishikawa, H. Zhang, Y. Ikehara, N. Kojima, X. Xuan, N. Yokoyama, Immunization 523 
with oligomannose-coated liposome-entrapped dense granule protein 7 protects dams and 524 

offspring from Neospora caninum infection in mice. Clin Vaccine Immunol. 16 (2009) 792-525 
797. https://doi.org/10.1128/cvi.00032-09 526 
 527 

[20] R.M. Fereig, N. Shimoda, H.H. Abdelbaky, Y. Kuroda, Y. Nishikawa, Neospora GRA6 528 

possesses immune-stimulating activity and confers efficient protection against Neospora 529 

caninum infection in mice. Vet Parasitol. 267 (2019) 61-68. 530 

https://doi.org/10.1016/j.vetpar.2019.02.003 531 

[21] C. Abe, S. Tanaka, M. Nishimura, F. Ihara, X. Xuan, Y. Nishikawa, Role of the chemokine 532 
receptor CCR5-dependent host defense system in Neospora caninum infections. Parasites 533 
Vectors. 8 (2015) 1-12. https://doi.org/10.1186/s13071-014-0620-5 534 
 535 

[21] W.K. Whitten, Modification of the oestrous cycle of the mouse by external stimuli 536 

associated with the male mice. J. Endocrinol. 13 (1956) 399-404 537 

https://doi.org/10.1677/joe.0.0130399/ 538 

https://doi.org/10.1016/0169-4758(94)90078-7
https://doi.org/10.1016/0169-4758(94)90078-7
https://doi.org/10.1128/AEM.01350-18
https://doi.org/10.1016/j.vetpar.2008.08.002
https://doi.org/10.1017/s0031182012002041
https://doi.org/10.1128/iai.72.3.1817-1819.2004
https://doi.org/10.1016/j.vaccine.2009.09.050
https://doi.org/10.1128/cvi.00032-09
https://doi.org/10.1016/j.vetpar.2019.02.003
https://doi.org/10.1186/s13071-014-0620-5
https://doi.org/10.1677/joe.0.0130399/


22 
 

[23] W.K. Whitten, Modification of the oestrous cycle of the mouse by external stimuli 539 

associated with the male; changes in the oestrous cycle determined by vaginal smears. J 540 

Endocrinol. 17. (1958) 307-313 https://doi.org/10.1677/joe.0.0170307/ 541 

[24] H.M. Marsden, F.H. Bronson, Estrous synchrony in mice: Alteration by exposure to male 542 

urine. Science, 144 (Whole No. 3625), 543 

(1964)1469.  https://doi.org/10.1126/science.144.3625.1469/ 544 

[25] G. Hermes, J.W. Ajioka, K.A. Kelly, E. Mui, F. Roberts, K. Kasza, T. Mayr, M.J. 545 

Kirisits, R. Wollmann, D.J.P. Ferguson, C.W Roberts, J.H. Hwang, T. Trendler, R.P. 546 

Kennan, Y. Suzuki, C. Reardon, W.F. Hickey, L. Chen, R. McLeod, Neurological and 547 

behavioral abnormalities, ventricular dilatation, altered cellular functions, inflammation, and 548 

neuronal injury in brains of mice due to common, persistent, parasitic infection. J. 549 

Neuroinflammation. 5 (2008) 1-37. https://doi.org/10.1186/1742-2094-5-48 550 

[26] M. Nishimura, S. Tanaka, F. Ihara, Y. Muroi, J. Yamagishi, H. Furuoka, Y. Suzuki, Y. 551 
Nishikawa, Transcriptome and Histopathological Changes in Mouse Brain Infected with 552 

Neospora caninum. Sci Rep. 5 (2015) 7936. https://doi.org/10.1038/srep07936 553 
 554 

[27] F. Xie, G. Sun, J.W.  Stiller, B.  Zhang, Genome-wide functional analysis of the cotton 555 
transcriptome by creating an integrated EST database. PloS one. 6 (2011) 26980. 556 
https://doi.org/10.1371/journal.pone.0026980 557 

 558 
[28] J.A. Ramos-Vara, M. Kiupel, T. Baszler, L. Bliven, B. Brodersen, B. Chelack,  S. Czub, 559 

F. Del Piero, S. Dial, E. J. Ehrhart, T. Graham, L. Manning, D. Paulsen, E. Victor, V.E.Valli, 560 
,Suggested guidelines for immunohistochemical techniques in veterinary diagnostic 561 

laboratories. J Vet Diagn Invest. 20 (2008) 393-413. 562 
https://doi.org/10.1177%2F104063870802000401 563 

 564 
[29] J.P. Dubey, D. Buxton, W. Wouda, Pathogenesis of bovine neosporosis. J comp pathol. 565 
134 (2006) 267-289. https://doi.org/10.1371/journal.pone.0026980 566 

 567 
[30] N. Bergeron, G. Fecteau, J. Pare, R. Martineau, A. Villeneuve, Vertical and horizontal 568 
transmission of Neospora caninum in dairy herds in Québec. Can Vet J. 41 (2000) 464. 569 

 570 
[31] H.C. Davison, C.S. Guy, J.W. McGarry, F. Guy, D.J.L Williams, D.F. Kelly, A.J. Trees, 571 

Experimental studies on the transmission of Neospora caninum between cattle. Res. Vet. Sci. 572 
70 (2001) 163-168. https://doi.org/10.1053/rvsc.2001.0457 573 
 574 

[32] J.S. Barber, A.J. Trees, Naturally occurring vertical transmission of Neospora caninum in 575 
dogs. Int J Parasitol. 28 (1998) 57-64. https://doi.org/10.1016/s0020-7519(97)00171-9 576 

 577 
[33] R.A. Cole, D.S. Lindsay, B.L. Blagburn, J.P. Dubey, Vertical transmission of Neospora 578 

caninum in mice. J. Parasitol. 5 (1995) 730-732. https://doi.org/10.2307/3283962 579 
 580 
[34] C. Miller, H.  Quinn, C. Ryce, M.P. Reichel, J.T. Ellis, Reduction in transplacental 581 
transmission of Neospora caninum in outbred mice by vaccination. Int J Parasitol. 35 (2005) 582 
821-828. https://doi.org/10.1016/j.ijpara.2005.03.006 583 
 584 

https://doi.org/10.1677/joe.0.0170307/
https://doi.org/10.1126/science.144.3625.1469/
https://pubmed.ncbi.nlm.nih.gov/?term=Mayr+T&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Kirisits+MJ&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Kirisits+MJ&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Wollmann+R&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Ferguson+DJ&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Roberts+CW&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Hwang+JH&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Trendler+T&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Kennan+RP&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Kennan+RP&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Suzuki+Y&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Reardon+C&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Hickey+WF&cauthor_id=18947414
https://pubmed.ncbi.nlm.nih.gov/?term=Chen+L&cauthor_id=18947414
https://doi.org/10.1186/1742-2094-5-48
https://doi.org/10.1038/srep07936
https://doi.org/10.1371/journal.pone.0026980
https://doi.org/10.1177%2F104063870802000401
https://doi.org/10.1371/journal.pone.0026980
https://doi.org/10.1053/rvsc.2001.0457
https://doi.org/10.1016/s0020-7519(97)00171-9
https://doi.org/10.2307/3283962
https://doi.org/10.1016/j.ijpara.2005.03.006


23 
 

[35] Y. Nishikawa, X. Xuan, H. Nagasawa, I. Igarashi, K. Fujisaki, H. Otsuka, T. Mikami, 585 

Prevention of vertical transmission of Neospora caninum in BALB/c mice by recombinant 586 
vaccinia virus carrying NcSRS2 gene. Vaccine. 19 (2001) 1710-1716. 587 
https://doi.org/10.1016/s0264-410x(00)00407-2 588 
 589 

[36] Y. Omata, M. Nidaira, R. Kano, Y. Kobayashi, T. Koyama, H. Furuoka, R. Maeda, T. 590 
Matsui, A. Saito, Vertical transmission of Neospora caninum in BALB/c mice in both acute 591 
and chronic infection. Vet Parasitol. 121 (2004) 323-328. 592 
https://doi.org/10.1016/j.vetpar.2004.03.003 593 
 594 

[37] S. Ramamoorthy, R. Duncan, D.S. Lindsay, N. Sriranganathan, Optimization of the use 595 

of C57BL/6 mice as a laboratory animal model for Neospora caninum vaccine studies. Vet 596 

Parasitol. 145 (2007) 253-259. https://doi.org/10.1016/j.vetpar.2006.12.010 597 

 598 

[38] S. Liddell, M.C. Jenkins J.P. Dubey, Vertical transmission of Neospora caninum in 599 
BALB/c mice determined by polymerase chain reaction detection. J Parasitol. 85 (1999) 550-600 
555. https://doi.org/10.2307/3285794 601 
 602 

[39] S. Ramamoorthy N. Sanakkayala, R. Vemulapalli, N. Jain, D.S Lindsay G.S. Schurig S.M. 603 
Boyle N. Sriranganathan, Prevention of vertical transmission of Neospora caninum in 604 

C57BL/6 mice vaccinated with Brucella abortus strain RB51 expressing N. caninum protective 605 
antigens. Int J Parasitol, 37 (2007) 1531-1538. https://doi.org/10.1016/j.ijpara.2007.04.021 606 
 607 

[40] H.E. Quinn, J.T. Ellis, N.C. Smith, Neospora caninum: a cause of immune-mediated 608 
failure of pregnancy? Trends Parasitol. 18 (2002) 391-394. https://doi.org/10.1016/s1471-609 

4922(02)02324-3 610 

 611 

[41] M.T. Long, T.V. Baszler, Neutralization of maternal IL-4 modulates congenital protozoal 612 
transmission: comparison of innate versus acquired immune responses. J. Immunol, 164 613 

(2000), 4768-4774. https://doi.org/10.4049/jimmunol.164.9.4768/ 614 
 615 

[42] D.J.L. Williams, C.S. Guy, J.W. McGarry, F. Guy, L. Tasker, R.F. Smith, K. MacEachern 616 
P.J. Cripps D.F. Kelly A.J. Trees, Neospora caninum-associated abortion in cattle: the time of 617 
experimentally-induced parasitaemia during gestation determines foetal survival. Parasitology. 618 

121 (2000) 347-358. https://doi.org/10.1017/s0031182099006587 619 
 620 

[43] M.T. Long, T.V.  Baszler, Fetal loss in BALB/c mice infected with Neospora caninum. J. 621 
Parasitol. (1996) 608-611. https://doi.org/10.2307/3283785 622 

 623 
[44] R. Kano, Y. Masukata, Y. Omata, Y. Kobayashi, R. Maeda, A. Saito, Relationship 624 
between type 1/type 2 immune responses and occurrence of vertical transmission in BALB/c 625 
mice infected with Neospora caninum. Vet. Parasitol. 129 (2005) 159-164. 626 
https://doi.org/10.1016/j.vetpar.2005.01.004 627 

  628 
[45] M.T. Long, T.V. Baszler, Neutralization of maternal IL-4 modulates congenital protozoal 629 
transmission: comparison of innate versus acquired immune responses. J Immunol. 164 (2000) 630 
4768-4774. https://doi.org/10.4049/jimmunol.164.9.4768 631 
 632 

https://doi.org/10.1016/s0264-410x(00)00407-2
https://doi.org/10.1016/j.vetpar.2004.03.003
https://doi.org/10.1016/j.vetpar.2006.12.010
https://doi.org/10.2307/3285794
https://doi.org/10.1016/j.ijpara.2007.04.021
https://doi.org/10.1016/s1471-4922(02)02324-3
https://doi.org/10.1016/s1471-4922(02)02324-3
https://doi.org/10.4049/jimmunol.164.9.4768/
https://doi.org/10.1017/s0031182099006587
https://doi.org/10.2307/3283785
https://doi.org/10.1016/j.vetpar.2005.01.004
https://doi.org/10.4049/jimmunol.164.9.4768


24 
 

[46] Y. Nishikawa, K. Tragoolpua, N. Inoue, L. Makala, H. Nagasawa, H. Otsuka, T. Mikami, 633 

In the absence of endogenous gamma interferon, mice acutely infected with Neospora caninum 634 
succumb to a lethal immune response characterized by inactivation of peritoneal macrophages. 635 
Clin Diagn Lab Immunol. 8 (2001) 811-816. https://doi.org/10.1128/cdli.8.4.811-817.2001 636 
 637 

[47] L.M. Staska, C.J. Davies, W.C. Brown, T.C. McGuire, C.E. Suarez, J.Y. Park, B.A. 638 
Mathison, J.R. Abbott, T.V. Baszler, Identification of vaccine candidate peptides in the 639 
NcSRS2 surface protein of Neospora caninum by using CD4+ cytotoxic T lymphocytes and 640 
gamma interferon-secreting T lymphocytes of infected holstein cattle. Infect Immun. 73 (2005) 641 
1321-1329. https://doi.org/10.1128/iai.73.3.1321-1329.2005 642 

 643 
[48] A. Rosbottom, H. Gibney, P. Kaiser, C. Hartley, R.F. Smith, R. Robinson, A. Kipar D.J. 644 
Williams, Up regulation of the maternal immune response in the placenta of cattle naturally 645 
infected with Neospora caninum. PloS one. 6 (2011) 15799. 646 

https://doi.org/10.1371/journal.pone.0015799 647 
 648 
[49] I.A. Khan, J.D. Schwartzman, S. Fonseka, L.H. Kasper, Neospora caninum: role for 649 
immune cytokines in host immunity. Exp. Parasitol. 85 (1997) 24-34. 650 

https://doi.org/10.1006/expr.1996.4110 651 

  652 
[50] S. Eperon, K. Brönnimann, A. Hemphill, B. Gottstein, Susceptibility of B-cell deficient 653 
C57BL/6 (mMT) mice to Neospora caninum infection. Parasite Immunol. 1999, 21, 225-236. 654 

https://doi.org/10.1046/j.1365-3024.1999.00223.x 655 
 656 

[51] H.E. Quinn, C.M.D. Miller, J.T. Ellis, The cell-mediated immune response to Neospora 657 
caninum during pregnancy in the mouse is associated with a bias towards production of 658 
interleukin-4. Int J Parasitol. 34 (2004) 723-732. https://doi.org/10.1016/j.ijpara.2004.01.007 659 

 660 

[52] M.T.  Long, T.V.  Baszler, B.A.  Mathison, Comparison of Intracerebral Parasite Load, 661 
Lesion Development, and Systemic Cytokines in Mouse Strains Infected with Neospora 662 
Caninum. J. Parasitol. 84 (1998) 316-320. https://doi.org/10.2307/3284489 663 

 664 
[53] T.V. Baszler, M.T. Long, T.F. McElwain, B.A. Mathison, Interferon-γ and interleukin-12 665 

mediate protection to acute Neospora caninum infection in BALB/c mice. Int J Parasitol. 29 666 
(1999) 1635-1646. https://doi.org/10.1016/s0020-7519(99)00141-1 667 

 668 
[54] E.A. Innes, S. Wright, P. Bartley, S. Maley, C. Macaldowie, I. Esteban-Redondo, D. 669 
Buxton, The host–parasite relationship in bovine neosporosis. vet Immunol immunop. 108 670 
(2005) 29-36. https://doi.org/10.1016/j.vetimm.2005.07.004 671 
  672 

[55] I.C. López-Pérez, V. Risco-Castillo, E. Collantes-Fernández, L.M. Ortega-Mora, 673 
Comparative effect of Neospora caninum infection in BALB/c mice at three different gestation 674 

periods. J. Parasitol. 92 (2006) 1286-1291. https://doi.org/10.1645/ge-883r.1 675 
 676 
[56] I.C. López-Pérez, E. Collantes-Fernandez, A. Aguado-Martinez, A. Rodriguez-Bertos, 677 
L.M. Ortega-Mora, Influence of Neospora caninum infection in BALB/c mice during 678 
pregnancy in post-natal development. Vet. Parasitol. 155, (2008) 175-183. 679 

https://doi.org/10.1016/j.vetpar.2008.05.018 680 
 681 

https://pubmed.ncbi.nlm.nih.gov/?term=Mikami+T&cauthor_id=11427432
https://doi.org/10.1128/cdli.8.4.811-817.2001
https://doi.org/10.1128/iai.73.3.1321-1329.2005
https://doi.org/10.1371/journal.pone.0015799
https://doi.org/10.1006/expr.1996.4110
https://doi.org/10.1046/j.1365-3024.1999.00223.x
https://doi.org/10.1016/j.ijpara.2004.01.007
https://doi.org/10.2307/3284489
https://doi.org/10.1016/s0020-7519(99)00141-1
https://doi.org/10.1016/j.vetimm.2005.07.004
https://doi.org/10.1645/ge-883r.1
https://doi.org/10.1016/j.vetpar.2008.05.018


25 
 

[57] I.C. López-Pérez, E. Collantes-Fernández, S. Rojo-Montejo, V. Navarro-Lozano, V. 682 

Risco-Castillo, V. Pérez-Pérez, J. Pereira-Bueno L.M. Ortega-Mora, Effects of Neospora 683 
caninum infection at mid-gestation on placenta in a pregnant mouse model. J. Parasitol. 96 684 
(2010) 1017-1020. https://doi.org/10.1645/ge-2347.1 685 
 686 

[58] T.W. Mineo, C.J. Oliveira, D.A.  Silva, L.L. Oliveira, A.R. Abatepaulo, D.P. Ribeiro, B.R. 687 
Ferreira J.R. Mineo, J.S. Silva, Neospora caninum excreted/secreted antigens trigger CC-688 
chemokine receptor 5-dependent cell migration. Int J Parasitol. 40 (2010) 797-805. 689 
https://doi.org/10.1016/j.ijpara.2009.12.003 690 
 691 

[59] K. Kameyama, M. Nishimura, M. Punsantsogvoo, H.M. Ibrahim, X. Xuan, H. Furuoka, 692 
Y. Nishikawa, Immunological characterization of Neospora caninum cyclophilin. 693 
Parasitology. 139 (2012) 294-301. https://doi.org/10.1017/s0031182011002022 694 
 695 

[60] S.A. Elmore, R.Z. Cochran, B. Bolon, B.  Lubeck, B. Mahler, D. Sabio, J.M. Ward, 696 
Histology atlas of the developing mouse placenta. Toxicol. Pathol. 50 (2022) 60-117. 697 
https://doi.org/10.1177%2F01926233211042270 698 
 699 

[61] S. Furukawa, Y. Kuroda, A. Sugiyama, A comparison of the histological structure of the 700 

placenta in experimental animals. J Toxicol Pathol, 27 (2014) 11-18. 701 
https://doi.org/10.1293/tox.2013-0060/ 702 
 703 

https://doi.org/10.1645/ge-2347.1
https://doi.org/10.1016/j.ijpara.2009.12.003
https://doi.org/10.1017/s0031182011002022
https://doi.org/10.1177%2F01926233211042270
https://doi.org/10.1293/tox.2013-0060/


Graphical Abstract Click here to access/download;Graphical Abstract;Graphical abstract.tif

https://www.editorialmanager.com/parint/download.aspx?id=63409&guid=0e86c392-721b-4d13-8272-e544e7993387&scheme=1
https://www.editorialmanager.com/parint/download.aspx?id=63409&guid=0e86c392-721b-4d13-8272-e544e7993387&scheme=1


Figure 1 Click here to access/download;Figure;Fig. 1R.tif

https://www.editorialmanager.com/parint/download.aspx?id=63410&guid=555fa85d-7f7e-49da-82d0-88e38b524b68&scheme=1
https://www.editorialmanager.com/parint/download.aspx?id=63410&guid=555fa85d-7f7e-49da-82d0-88e38b524b68&scheme=1


Figure 2 Click here to access/download;Figure;Fig. 2R.tif

https://www.editorialmanager.com/parint/download.aspx?id=63411&guid=5b4e84fd-f2ee-4a19-8311-ef293171706e&scheme=1
https://www.editorialmanager.com/parint/download.aspx?id=63411&guid=5b4e84fd-f2ee-4a19-8311-ef293171706e&scheme=1


Figure 3 Click here to access/download;Figure;Fig 3R.tif

https://www.editorialmanager.com/parint/download.aspx?id=63412&guid=1871c663-552d-4bed-ba9f-c1647650c9a8&scheme=1
https://www.editorialmanager.com/parint/download.aspx?id=63412&guid=1871c663-552d-4bed-ba9f-c1647650c9a8&scheme=1


Figure 4 Click here to access/download;Figure;Fig. 4R.tif

https://www.editorialmanager.com/parint/download.aspx?id=63413&guid=190c549b-7a32-46a4-a0c9-11d3d4f90857&scheme=1
https://www.editorialmanager.com/parint/download.aspx?id=63413&guid=190c549b-7a32-46a4-a0c9-11d3d4f90857&scheme=1


Figure 5 Click here to access/download;Figure;Fig 5.tif

https://www.editorialmanager.com/parint/download.aspx?id=63414&guid=44809140-6a64-4bf1-a03c-a451c0cb8e8e&scheme=1
https://www.editorialmanager.com/parint/download.aspx?id=63414&guid=44809140-6a64-4bf1-a03c-a451c0cb8e8e&scheme=1


Figure 6 Click here to access/download;Figure;Fig. 6R.tif

https://www.editorialmanager.com/parint/download.aspx?id=63415&guid=ac53d76b-69e3-4dc4-a3da-a1bc4e29c1dc&scheme=1
https://www.editorialmanager.com/parint/download.aspx?id=63415&guid=ac53d76b-69e3-4dc4-a3da-a1bc4e29c1dc&scheme=1


  

Supplememtary information

Click here to access/download
Data in Brief

Supplememtary information _revised_final.pdf

https://www.editorialmanager.com/parint/download.aspx?id=63416&guid=1109a2e4-ff30-42ae-875d-1124d033bfc9&scheme=1


26 
 

Table 1 Primers used in this study 704 

Primer Sequence (5′-3′) Use  

Nc5 gene-specific 5′-ACT GGA GGC ACG CTG AAC AC-3′ 

5′-AAC AAT GCT TCG CAA GAG GAA-3′ 

Quantitative PCR for measuring the parasite numbers 

according to the detection of N. caninum control 

DNA 

Mouse GAPDH 5′-TGT GTC CGT CGT GGA TCT GA-3′ 

5′-CCT GCT TCA CCA CCT TCT TGA T-3′ 

Internal control gene (housekeeping gene) for real-

time RT-PCR analysis 

Mouse IL-10 5′-CCT GGT AGA AGT GAT GCC CC-3′ 

5′- TCC TTG ATT TCT GGG CCA TG-3′ 

Real-time PCR of mouse IL-10 mRNA expression 

Mouse IFN-γ 5′-GCC ATC AGC AAC AAC ATA AGC GTC-3′ 

5′-CCA CTC GGA TGA GCT CAT TGA ATG-3′ 

Real-time PCR of mouse IFN-γ mRNA expression 

Mouse IL-4 5′-CAC GGA TGC GAC AAA AAT CA-3′ 

5′ -CTC GTT CAA AAT GCC GAT GA-3′ 

Real-time PCR of mouse IL-4 mRNA expression 

Mouse TNF-α 5′-GGC AGG TCT ACT TTG GAG TCA TTG C-3′ 

5′-ACA TTC GAG GCT CCA GTG AA-3′ 

Real-time PCR of mouse TNF-α mRNA expression 

Mouse CCL2 5′-GGC TCA GCC AGA TGC AGT TAA-3′ 

5′-CCT ACT CAT TGG GAT CAT CTT GCT-3′ 

Real-time PCR of mouse CCL2 mRNA expression 
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 705 

Mouse CCL8 5′-ACC TCA AAC AGT TTG CCC CA-3′ 

5′-TTC ACA TTT GCC GAG TCC G-3′ 

Real-time PCR of mouse CCL8 mRNA expression 

Mouse CXCL9 5′-ACC TCA AAC AGT TTG CCC CA-3′ 

5′-TTC ACA TTT GCC GAG TCC G-3′ 

Real-time PCR of mouse CXCL9 mRNA expression 

Mouse CXCL10 5′-TGC CGT CAT TTT CTG CCT CA-3′ 

5′-TCA CTG GCC CGT CAT CGA TAT-3′ 

Real-time PCR of mouse CXCL10 mRNA expression 
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Table 2. Number of offspring per litter and offspring survival rates (30 days postpartum) at high dose of infection (106 706 

tachyzoites/dam). 707 

 708 

Mean number of offspring/litters in all experimental groups was analyzed with one-way ANOVA followed by the Tukey-Kramer post 709 
hoc test, but no significant differences were observed. Mice were injected with RPMI-1640 medium as negative control of uninfected 710 

dams. PCR was not performed to offspring from the negative control dams. Mortality rate of negative control was 37.5% (12/32). The 711 
pregnant mice were used for analysis of fertility rate. The total number of PCR positive offsprings/ litters among infected groups were 712 

analyzed with a 2 test, (# P < 0.05). Offspring survival rates at 30 days post-partum were analyzed with a 2 test, (* P < 0.05 against 713 

uninfected mice, # P < 0.05 against Nc1-infected mice). SD, standard deviation.714 

Total no. of surviving offspring 

/total no. of offspring (%) 

 

(Total number of PCR positive 

offspring / total number of 

analyzed samples, %) 

No. of surviving offspring 

/no. of offspring in each litter 

(Number of PCR positive 

offspring in each litter 

/ number of analyzed 

samples in each litter) 

Mean number of 

offspring/litter 

(SD) 

Number of litters (

no. of used mice) 

, fertility rate  

Groups 

20/32 (62.5%) 

 

0/2, 7/9, 0/8, 7/7, 6/6 

  

6.4 (2.70) , 83.3% (6 )5 Negative control 

2/26 (7.7%) 

(20/21, 95.2%) 

2/8, 0/3, 0/7, 0/8 

    ) 7/7 ,7/7 3/3, 3/4,) 

6.5 (2.38) , 80% (5 )4 Nc1-infected 

7/25 (28.0%) #, *  

(14/21, 66.7%) # 

0/7, 0/8, 7/8, 0/1, 0/1 

 ) 1/1 ,1/1 ,4/8 ,3/6 ,5/5) 

5.0 (3.67) , 100% (5 )5 NcGRA7KO-

infected 
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Table 3.  Number of offspring per litter and offspring survival rates (30 days postpartum) at the low dose of infection (105 715 

tachyzoites/dam).  716 

Total no. of surviving offspring 

/total no. of offspring (Survival 

rate %) 

(Total Number of PCR positive 

offspring / total number of 

analyzed samples, %) 

No. of surviving 

offspring/no. of offspring 

in each litter 

(Number of PCR positive 

offspring in each litter / 

number of analyzed 

samples in each litter) 

Mean number of 

offspring/litter 

(SD) 

Number of 

litters (no. used 

mice), fertility 

rate  

Groups 

18/20 (90.0%) 5/5, 0/1, 7/7, 6/7 5.0 (2.8) , 66.6% (6 )4 Negative control 

7/36 (19.4%) # 

(36/36, 100.0%) 

2/7, 0/7, 5/8, 0/7, 0/7 

(7/7, 7/7, 8/8, 7/7, 7/7) 

7.2 (0.4) , 83.3% (6 )5 Nc1-infected 

11/22 (50.0%)*, # .  

(14/20, 70.0%)# 

0/6, 5/5, 0/2, 0/2, 6/7 

(5/5, 3/5, 2/2, 0/1, 4/7) 

4.4 (2.3) , 71.4% (7 )5 NcGRA7KO-

infected 

 717 

Mean number of offspring/litters in all experimental groups was analyzed with one-way ANOVA followed by the Tukey-Kramer post 718 

hoc test, but no significant differences were observed. Mice were injected with RPMI-1640 medium as negative control of uninfected 719 

dams. PCR was not performed to offspring from the negative control dam. Mortality rate of negative control was 10 % (2/20). The 720 

pregnant mice were used for analysis of fertility rate. The total number of PCR positive offsprings/ litters among infected groups were 721 

analyzed with a 2 test, (# P < 0.05). Offspring survival rates at 30 days post-partum were analyzed with a 2 test (* P < 0.05 against 722 
uninfected mice, # P < 0.05 against Nc1-infected mice). SD, standard deviation. 723 
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FIGURE LEGENDS 724 

Fig. 1. Parasite virulence in mice under 1 × 106 parasite infection. Pregnant mice were infected 725 

with 1 × 106 N. caninum tachyzoites of the parental Nc1 strain, the NcGRA7-deficient parasite 726 

(NcGRA7KO), or they were injected with RPMI-1640 medium to represent the negative control 727 

on day 3.5 of pregnancy. (A) Survival rates in the dams were calculated until day 30 postpartum 728 

(45 days post infection) (negative control, 5/5, 100%; Nc1-infected, 4/4, 100%; NcGRA7KO-729 

infected, 3/5, 60%). Statistically significant differences in the survival rates were analyzed with a 730 

2 test but none were found. (B) Parasite burdens in brains of dams on day 30 postpartum. Values 731 

are the number of parasites in 50 ng of brain tissue DNA. Statistically significant differences 732 

between Nc1 and NcGRA7-infected groups were analyzed by Student’s t-test, but none were found. 733 

(C) Kaplan Meier survival curve in the offspring was generated until day 30 postpartum (Survival 734 

rates: Negative control, 20/32, 62.5%; Nc1, 2/26, 7.7%; NcGRA7KO, 7/25, 28.0%). Statistically 735 

significant differences were analyzed with a 2 test (* P < 0.05). (D) Parasite burdens in the brains 736 

of offspring. Parasite numbers were measured in the brains of the dead and surviving offspring on 737 

day 30 postpartum. Values are the number of parasites in 50 ng of brain tissue DNA. Undetectable 738 

values were expressed as “0”. Statistically significant differences were analyzed with a Mann–739 

Whitney U test (* P < 0.05). (E) Parasite number in the brain of offspring corresponding to the 740 

day of death after birth from day 0 until 30 days post-partum. Parasite numbers in the brains of the 741 

dead and surviving offspring were measured. Values are the number of parasites in 50 ng of brain 742 

tissue DNA. Undetectable values were expressed as “0”. 743 

 744 

Fig. 2. Parasite virulence in mice under 1 × 105 parasite infection. Pregnant mice were infected 745 

with 1 × 105 N. caninum tachyzoites of the parental Nc1 strain or the NcGRA7-deficient parasite 746 

(NcGRA7KO), or they were injected with RPMI-1640 medium to represent the negative control 747 

on day 3.5 of pregnancy. (A) Survival rates in the dams were calculated until day 30 postpartum 748 

(45 days post infection) (negative control, 4/4, 100%; Nc1-infected, 5/5, 100%; NcGRA7KO-749 

infected, 4/5, 80%). Statistically significant differences in the survival rates were analyzed with a 750 

2 test but none were found. (B) Parasite burdens in the brains of the dams on day 30 postpartum. 751 

Values are the number of parasites in 50 ng of brain tissue DNA. Statistically significant 752 

differences between Nc1 and NcGRA7-infected groups were analyzed by a Mann–Whitney U 753 

test, but none were found. (C) Kaplan Meier survival curve in the offspring were calculated until 754 
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day 30 postpartum (Survival rates: Negative control, 18/20, 90.0%; Nc1, 7/36, 19.4%; 755 

NcGRA7KO, 11/22, 50.0%). Statistically significant differences were analyzed with a 2 test (* 756 

P < 0.05). (D) Parasite burdens in the brains of offspring. Parasite numbers were measured in the 757 

brains of the dead and surviving offspring on day 30 postpartum. Values are the number of 758 

parasites in 50 ng of brain tissue DNA. Undetectable values were expressed as “0”. Statistically 759 

significant differences were analyzed with a Mann–Whitney U test (* P < 0.05). (E) Parasite 760 

number in the brain of offspring corresponding to the day of death after birth from day 0 until 30 761 

days post-partum. Parasite numbers in the brains of the dead and surviving offspring were 762 

measured. Values are the number of parasites in 50 ng of brain tissue DNA. Undetectable values 763 

were expressed as “0”. 764 

 765 

Fig. 3. Histopathological analysis of N. caninum in fetoplacental tissue on day 13.5 of pregnancy 766 

(10 days post-infection). (A) The placenta was divided into three layers (decidua, junctional zone, 767 

and labyrinth). A representative image of hematoxylin and eosin staining (HE). Bar = 1 mm. HE 768 

staining and immunohistochemistry targeting of CD3 and Iba1 in the decidua (B) and junctional 769 

zone (C) of RPMI-1640 medium-injected (negative control), parental strain Nc1-infected, and 770 

NcGRA7-deficient (NcGRA7KO)-infected mice. (B) In decidua of Nc1-infected group, few T 771 

lymphocytes (arrow) and some macrophages (arrowhead) are infiltrated. In NcGRA7KO-infected 772 

group, T lymphocyte infiltration is more severe than Nc1-infected. Bar = 100 μm (C) In junctional 773 

zone, slight to mild inflammation were observed in both Nc1- and NcGRA7KO-infected groups. 774 

Bar = 100 μm, 3HPF:  3 high power fields. 775 

 776 

Fig. 4. The number of T lymphocytes (A) and macrophages (B) in three high-power fields in three 777 

layers (decidua, junctional zone, and labyrinth) of placentas from RPMI-1640 medium-injected 778 

(negative control), parental strain Nc1-infected, and NcGRA7-deficient (NcGRA7KO)-infected 779 

mice. The immunohistochemistry analysis targeted CD3 (T lymphocytes) or Iba1 (macrophages) 780 

on day 13.5 of pregnancy (10 days post-infection). Negative control, n = 6; Nc1-infected, n = 6; 781 

NcGRA7KO-infected, n = 13. * Significant differences were analyzed by one-way ANOVA plus 782 

Tukey-Kramer hoc test (P < 0.05).  783 

 784 
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Fig. 5. Parasite burden in the placentas and fetuses of pregnant mice on day 13.5 of pregnancy and 785 

10 days post-infection with 1 × 106 tachyzoites of Nc1 and NcGRA7-deficient (NcGRA7KO) 786 

parasites. (A) Values are the number of parasites in 50 ng of placental tissue DNA. (Nc1, n = 3; 787 

NcGRA7KO, n = 4). Statistically significant differences were analyzed by Student’s t-test but none 788 

were found (P < 0.05). (B) Values are the number of parasites in 50 ng of tissue DNA from the 789 

body of each fetus (Nc1-infected, n = 16; NcGRA7KO-infected, n = 11). Statistically significant 790 

differences were analyzed by the Student’s t-test, but none were found. 791 

 792 

Fig. 6. Relative expression of TNF-α, CCL2, CCL8 and CXCL9 levels in the spleen (A) and 793 

placenta (B) of RPMI-1640 medium-injected pregnant mice (negative control) and pregnant mice 794 

on day 10 post-infection with 1 × 106 tachyzoites of Nc1 and NcGRA7-deficient (NcGRA7KO) 795 

parasites (day 13.5 pregnancy). Pooled placenta samples were used for each dam. Negative control, 796 

n = 5; Nc1-infected, n = 3; NcGRA7KO-infected, n = 4. Undetectable values are not shown. 797 

Statistically significant differences were analyzed by one-way ANOVA plus Tukey-Kramer post 798 

hoc test (* P < 0.05). 799 


