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Background: Loss of pregnancy in mares can have many different causes, including both infectious and non-infectious conditions. Extrapolation of findings from other studies is often uncertain as the significance of each cause varies across regions. Causes of pregnancy loss in mares have never been thoroughly studied in Denmark, so a prospective cross-sectional cohort study targeting the entire Danish population of pregnant mares was performed over a period of 13 months to obtain knowledge of the significance of individual causes. Fifty aborted or prematurely delivered stillborn fetuses were submitted for necropsy and examined by a panel of diagnostic laboratory methods.

Results: Overall, a cause of fetal loss was established for 72% of the examined cases. Most cases (62%) were lost due to a non-infectious cause, of which obstruction of the feto-placental blood circulation due to severe torsion of the umbilical cord was most prevalent. Pregnancy loss due to a variety of opportunistic bacteria, including bacteria not previously associated with abortion in mares, accounted for 12%, while equid alphaherpesvirus (EHV) type 1 was the cause of pregnancy loss in 8% of the cases. EHV type 4 and Chlamydiaceae species were identified in some cases, but not regarded as the cause of fetal loss.

Conclusion: Umbilical cord torsion was found to be the most prevalent cause of fetal loss in Danish mares, while infectious causes such as EHV type 1 and streptococci only accounted for a minor proportion of the losses. The study highlights the need for defined criteria for establishing an abortion diagnosis in mares, particularly in relation to EHV types 1 and 4.
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INTRODUCTION

Pregnancy loss in mares may occur at any stage of gestation from fertilization to parturition. Analysis of breeding data indicates that 25–40% of mares that are bred fail to produce a viable offspring (1). However, these data include not only embryonic and fetal losses, but also mares that fail to conceive. More accurate data on fetal loss have been obtained by analyzing breeding data of intensively managed Thoroughbred mares in the UK and Ireland, where fetal losses from gestation day (GD) 70–300, 301–315, and stillbirth/perinatal death accounted for 4, 0.3, and 1.4%, respectively (2). Platt (3) also identified a pregnancy loss rate of 12.8% in English Thoroughbred mares that were confirmed pregnant by rectal palpation around GD 42 but either aborted or delivered a stillborn foal.

Diagnostic studies of aborted, premature, and stillborn foals have revealed a wide range of causes (4–13). However, the results of these studies cannot be directly compared, since different study designs, methods, and diagnostic criteria, were used by different researchers. Furthermore, since these studies were conducted in different geographical regions, the results could have been influenced by management procedures, local prevalence of pathogens, vaccination programs, etc. Diagnostic surveys of well-defined geographic regions are therefore needed to obtain in-depth knowledge about the regional or local causes of pregnancy loss in mares.

Knowledge about the causes of equine abortion and prematurely delivered stillborn foals in Denmark is currently extremely scarce. Systematic diagnostic surveys have never been performed and cases are rarely submitted for necropsy-based diagnostics, primarily due to the costs associated with laboratory investigations. In this study, we report the results of a diagnostic survey of aborted equine fetuses and prematurely delivered stillborn foals over the course of 1 year in Denmark.



MATERIALS AND METHODS

The study was performed as a prospective cross-sectional cohort study targeting the entire Danish population of pregnant mares over a period of 13 months (November 1, 2018 to November 31, 2019). The horse population in Denmark comprised around 175,000 animals in 2019 and around 6,700 foals were born that year.

Horse owners whose mares aborted (expulsion of the conceptus ≤ 300 days of gestation) or delivered a stillborn foal prematurely (expulsion >300 and ≤ 315 days) were invited to submit the fetus including fetal membranes for a free diagnostic examination. Information regarding this service was shared through social media, including a Facebook group for Danish equine veterinarians and through direct contact with breeding centers and stud farms, which disseminated the information through their networks.

Fetuses and fetal membranes (i.e., allantochorion, amnion, and umbilical cord) were submitted to the Department of Veterinary Clinical Sciences, University of Copenhagen by courier or were delivered directly by the owner. A questionnaire was emailed to the owners with questions about the mare's breed, age, parity, previous fertility, breeding method, breeding date(s), date of delivery, vaccination status for equid alphaherpesvirus types 1 and 4 (EHV-1 and EHV-4, respectively), and clinical course of delivery.

For inclusion in the study, the following criteria had to be met: (1) gestational age of ≤ 315 days, (2) the material should be appropriate for examination, e.g., not macerated or frozen, and (3) the owner should provide data on the mare and give written consent to participate in the study. Eleven submissions were retrospectively excluded as they did not meet one of these requirements, in most cases a gestational age of >315 days (Supplementary Table 1).

Gestational age was calculated based on the breeding date. If the mare was hand bred or pasture bred for several days, the breeding date was set as the mid-point of the breeding period. Abortion of twins counted as a single case.


Necropsy

Straw and dirt were initially rinsed from the fetus using low pressure tap water, before it was weighed, measured (crown-rump length), and fetal developmental characteristics and gender were recorded. The fetus was inspected for external lesions and then opened in the ventral midline. Specimens were taken for polymerase chain reaction (PCR) analysis and microbial culture before further handling of the fetus using sterile equipment and new examination gloves and placed in separate plastic containers. The necropsy was then completed and tissues sampled for histopathology.

The fetal membranes were spread out on the examination table to allow for thorough inspection. If severely contaminated by dirt and straw, they were initially rinsed by gentle immersion in a bucket of cold running tap water. Specimens for histopathology were sampled from the allantochorion of each horn (midpart) and the body near the cervical star. A specimen for microbial culture was taken from the body near the cervical star and placed in a plastic container. If gross lesions were observed, sampling was modified to also include these areas. The umbilical cord was inspected, the length measured, and representative specimens were collected for histopathology if lesions were present.



Histopathology

Specimens of the lung, heart, liver, spleen, kidney, adrenal gland, thymus, skeletal muscle (Musculus semitendinosus), cerebrum, brain stem, cerebellum, umbilical cord, and allantochorion were placed in 10% neutral buffered formalin and fixed for around 3 weeks before processing. The tissues were then trimmed, processed by standard procedures, embedded in paraffin, sectioned at ~2 μm, and stained by hematoxylin and eosin (HE).



Microbial Culture

Specimens of lung, liver, and allantochorion, as well as a sample of stomach content were collected at necropsy. If gross lesions indicative of inflammation were observed at necropsy, the samples were submitted for microbial culture after storage overnight at 5°C. Otherwise, the specimens were stored at −20°C until the results of the histopathology became available, and if inflammation was diagnosed at this stage, the specimens were thawed and cultured. Samples were plated in parallel on 5% calf blood agar and Sabouraud agar for bacteriological and mycological culture, respectively. Stomach content and a chorionic surface swab of allantochorionic samples were plated directly on these agars, while lung and liver samples were scalded for 5 s before plating a sample of material from below an incision. Both agar plates were incubated aerobically at 37°C. Subcultures of each morphologically distinct colony type observed at 24 and 48 h were examined by matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry using Escherichia coli ATCC 8739 as a reference strain and Saramis™ 3.5 for spectra interpretation.



PCR Analysis for EHV-1, EHV- 4, Equine Arteritis Virus, and Leptospira spp.

Specimens of the lung, liver, and kidney were sampled at necropsy and shipped overnight by a courier service to LABOKLIN GmBH and Co. KG, Bad Kissingen, Germany for real-time PCR analysis. The tissues were either shipped on the day of necropsy or stored at −20 °C for a number of days (e.g., over the weekend) before shipping. The samples were tested for EHV-1 and EHV-4, equine arteritis virus (EAV) and Leptospira interrogans serovars Australis, Autumnalis, Bataviae, Bratislava, Canicola, Copenhageni, Djasiman, Hardjo, Icterohaemorrhagiae, Kennewicki, Mankarso, Pomona, Pyrogenes, and Wolffi.

Upon arrival, samples were barcoded for automatic processing. Lung and liver samples were pooled and analyzed together, while the kidney sample was processed separately. For DNA/RNA isolation, 10–20 mg of each tissue was placed in 50 μL proteinase K and 500 μL of tissue lysis buffer in green bead tubes, subjected to oscillation by the MagNA Lyser (Roche Diagnostics GmbH, Mannheim, Germany) for 40 s at 4,100 g and then incubated at 65°C for 1 h. Supernatant (200 μL) was automatically pipetted by a Hamilton Microlab STARlet (Hamilton Germany GmbH – Robotics, Gräfelfing, Germany) into a MagNA Pure 96 Processing Cartridge (Roche Diagnostics GmbH). DNA/RNA isolation was performed by the MagNA Pure with the MagNA Pure 96 DNA Kit and the Viral NA small volume kit (Roche Diagnostics GmbH). To control that the extraction of DNA/RNA was successful, an extraction control using the DNA or RNA Process Control (Detection) Kit (Roche Diagnostics GmbH) was run with every PCR.

To prepare the Master mixes for Leptospira spp., EHV-1, and EHV-4, the DNA Process Control Detection Kit (Roche Diagnostics GmbH) was used, while the RNA Process Control Detection Kit (Roche Diagnostics GmbH) was used for EAV. The Master mixes containing the primers and the enzymes were automatically pipetted and mixed with the DNA/RNA by another Hamilton Microlab STARlet (Hamilton Germany GmbH) in a separate clean room. Positive and negative controls were included with every PCR, which was performed using a LightCycler® 96 (Roche Diagnostics GmbH).

The PCRs for EHV-1 and EHV-4 targeted the glycoprotein B gene according to Diallo et al. (14, 15). When EHV-1 DNA was detected, an additional PCR targeting the DNA polymerase gene was performed according to Nugent et al. (16) to differentiate between neuropathogenic (D752) and non-neuropathogenic (N752) variants of EHV-1. The PCR for EAV targeted the ORF7 gene and was designed based on the study by Lu et al. (17), while the PCR for Leptospira spp. was performed according to Stoddard et al. (18).



PCR for Chlamydiaceae spp.

A 20 μm section of formalin-fixed and paraffin-embedded allantochorionic specimen from each case was cut and stored in an Eppendorf tube. When allantochorionic tissue was unavailable (n = 5), lung tissue was examined instead. The microtome blade was changed between each case.

DNA extraction was performed (QIAamp DNA FFPE Tissue Kit; Qiagen, Hilden, Germany) following the manufacturer's instructions and as described previously (19). Extracted DNA was examined (Nanodrop-1000; Witec, Lucerne, Switzerland) to determine DNA quantity and quality. Extracted DNA samples containing >120 ng/μL were diluted 1:10 in molecular biology grade water prior to real-time PCR to prevent amplification inhibition due to high DNA concentration.

All DNA samples were screened for the presence of Chlamydiaceae DNA using a real-time PCR assay targeting the 23S rRNA gene (Chlamydiaceae family-specific) (20) including primers Ch23S-F, Ch23S-R, and probe Ch23S-p (Microsynth, Balgach, Switzerland), as described previously (21). The internal amplification control eGFP amplified with primers eGFP-1-F, eGFP-10-R, and probe eGFP-Hex (Microsynth) (19) was added to each reaction. The PCR was conducted on a Thermocycler 7500-Fast ABI (ThermoFisher Scientific, Waltham, MA, USA). All samples were tested in duplicate, and samples with a cycle threshold of <38 from both PCR reactions were considered positive.

Real-time PCR-positive samples were further investigated using the Arraymate Microarray for chlamydial species identification, as described previously (22).



Immunohistochemistry

Immunohistochemistry (IHC) for EHV-1 was performed on sections of lung, liver, spleen, adrenal gland, and allantochorion from cases that were PCR positive for EHV-1. Rabbit polyclonal antibodies against EHV-1 glycoprotein 2 (GP2; C-terminal) (ABIN966048; Antibodies-online.com) were used as the primary antibody and labeled with the UltraVisionTM ONE HRP polymer detection system (Thermo Scientific TL-125-HLJ).

Sections of 2 μm from the formalin-fixed paraffin-embedded tissue and a positive control (lung tissue from a PCR-confirmed EHV-1-infected equine fetus with typical lesions) were mounted on SuperFrost Plus™ Adhesion slides (Thermo Scientific), heated to 60°C for 30 min, deparaffinized in tissue clear, rehydrated in graded ethanol solutions and rinsed in running tap water. Antigen demasking was then performed by boiling in tris-EDTA buffer (pH 9.0) for 2 ×5 min in a microwave oven, followed by resting in the buffer for 15 min at room temperature. The slides were mounted on Shandon™ Sequenza™ slide racks (Thermo Scientific) and rinsed three times in Tris-buffered saline (TBS; Dako TBS S3001) (pH 7.6) for a total of 10 min. Endogenous peroxidases were inactivated with 3% H2O2 in TBS for 10 min at room temperature, followed by a wash in TBS as above. Potential non-specific binding sites were blocked to prevent non-specific antibody binding by applying a protein block (Thermo Scientific TA-125-PBQ) for 10 min followed by a wash in TBS as above. The sections were incubated with the primary antibody diluted 1:500 in antibody diluent (Agilent S0809) overnight at 4°C. A section incubated with normal rabbit serum (Agilent 0902) as a non-sense control was included. The following day, racks were acclimatized to room temperature for 15 min, rinsed in TBS as above, incubated with UltraVisionTM ONE HRP polymer for 30 min, rinsed again with TBS as above, and then incubated for 10 min in 3-amino-9-ethylcarbazole (AEC, Thermo Scientific TA-125-SA) to visualize binding sites. The sections were then washed twice in distilled water (10 min), removed from the slide racks, and counter-stained with Mayer's hematoxylin (10 s). Finally, the slides were rinsed under running tap water (1 min), rinsed in distilled water (4 min), and mounted with Kaiser's glycerol-gelatin.



Diagnostic Criteria

The presence and severity of pathology was used as the main criterion for establishing a morphological diagnosis of the cause of pregnancy loss. Severity was qualitatively determined based on the type, distribution, and extent of lesions. Subsequent etiological diagnosis was based on the detection of an agent in a tissue with corresponding lesions.

In cases where several pathologies were identified, the presence and severity of each condition was assessed to determine which was the actual cause of fetal death. For example, in a fetus with severe umbilical cord torsion (UCT) characterized by segments of edema and hemorrhage separated by pale torsion furrows and concomitant alphaherpesvirus infection without associated lesions, the UCT was considered to be the cause of fetal death. However, if detected by PCR, EHV-1 and EAV were considered to be the cause of abortion, even in cases without characteristic pathology, unless a more obvious cause of fetal death was diagnosed. This approach was taken as these viruses may cause abortion due to the development of vascular lesions in the uterus, which could not be assessed in this study. In contrast, abortion due to EHV-4 should be accompanied by fetal or allantochorionic lesions, as the abortogenic potential of this virus is considered controversial.




RESULTS

Forty-five fetuses with corresponding fetal membranes and five fetuses without fetal membranes were submitted and deemed to be eligible for examination. These 50 cases consisted of 48 abortion cases and two premature stillborn foals. The main reason for not submitting the fetal membranes was their retention in the mare. Warmblood mares were most frequently represented (n = 30), followed by Icelandic horses (n = 7), ponies (n = 7), Standardbreds (n = 3), and other breeds (n = 3). The fetal gender ratio was 1:1. The fetuses were produced by insemination (30 cases), natural cover (18 cases), or embryo transfer (two cases). The gestational age at fetal expulsion ranged from 65 to 304 days, with the majority as abortion cases (n = 48). Abortion cases were mainly represented by fetuses aborted after GD 170 (44/48 cases) (Figure 1). Submissions came from most areas of Denmark (Supplementary Figure 1). The fetuses originated from 49 herds; only one herd submitted two cases. Thirteen mares (26.0%) were vaccinated against EHV-1 and EHV-4 during the gestational period. Lesions considered to be the most likely cause of fetal death were found in 41 cases (82.0%), with a causal diagnosis identified in 39/48 abortion cases and in 2/2 premature stillborn foals. In the following sections, abortions and premature stillbirths are reported separately.
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FIGURE 1. Gestational age at abortion or premature stillbirth in 50 mares grouped according to cause of pregnancy loss. UC torsion, umbilical cord torsion or other cord anomaly; EHV-1, equid alphaherpesvirus type 1.



Abortion Cases
 
Umbilical Cord Lesions

Umbilical cord torsion was the most prevalent cause of abortion (25 cases; 52.1%) (Table 1), occurring in all breeds and throughout the fetal period (Figure 1). The youngest fetus with umbilical cord torsion was 65 days old and the oldest was 283 days. The cord length varied from 51 to 175 cm, the number of torsions ranged from 2 × 360° to 13 × 360° and involved both the intra-amniotic and intra-allantoic portions of the umbilical cord. Pathological changes other than the torsion per se (e.g., edema and congestion) were predominantly present in the intraamniotic portion, which was usually significantly longer than the intra-allantoic portion.


Table 1. Cause of abortion or premature stillbirth in 50 Danish mares.

[image: Table 1]

Gross pathology was characterized by multiple torsions with pale furrows separating segments of the umbilical cord with edema, congestion, and hemorrhage (Figures 2a–c). The lumen of the umbilical arteries, vein, and allantoic duct varied in size depending on location in relation to the torsion furrows (i.e., the structures but especially the vein and duct were dilated between torsion furrows, and the vein was engorged with blood and compressed at the torsion sites. The urine flow had been severely obstructed in one case, causing significant dilation of the allantoic duct (Figure 2d), a severely distended urinary bladder, and bilateral hydronephrosis. Allantochorion was generally unremarkable, although a slight edema was present in some cases. UCT without segments of the umbilical cord with edema, congestion, and hemorrhage separated by torsion furrows were not considered pathologic and therefore not the cause of fetal death.


[image: Figure 2]
FIGURE 2. Umbilical cord torsion. (a) Fetus aborted due to multiple torsions of the umbilical cord (UC) (13 × 360°) involving both the intraamniotic and intra-allantoic portions. The UC had a total length of 175 cm. Aborted at gestation day (AGD) 224, A, amnion; AL, allantochorion. (b) Multiple torsions of the intraamniotic portion of the UC, AGD 221. (c) UC segment after untwisting of torsions. Notice the pale torsion furrows (arrowheads) separating distended segments of the UC with hemorrhage, AGD 243; (d) Multiple torsions of the intraamniotic portion of the UC. The torsions have obstructed the urinary flow through the allantoic duct and saccular ectasia of the duct has developed as a result (arrowheads). The size of the abdomen is increased due to urinary stasis causing extensive distension of the urinary bladder. AGD 155. All shown fetuses are Warmbloods.


The fetuses had moderate-to-severe postmortem decomposition. Some fetuses had multifocal subpleural hemorrhage, but in general, the fetuses were macroscopically unremarkable. A concomitant thoracic scoliosis was present in one case and a mummified twin fetus was identified in another (weight 52 g vs. 5.7 kg in the twin with UCT).

Acute multifocal hemorrhage, congestion, and edema in the gelatinous substance of the umbilical cord (Wharton's jelly) and the amniotic lining were determined histologically. The appearance of the allantochorion varied from being unremarkable to cases with endothelial mineralization of vessels, sometimes with occlusion of the lumen, edema, and multifocal hemorrhage.

PCR revealed that three cases were simultaneously infected with EHV-1, one case with EHV-4, and two with Chlamydiaceae sp. None of these had microscopic lesions consistent with either EHV or Chlamydiaceae sp. infection. The two cases positive for Chlamydiaceae sp. were aborted at GD 245 and 268 with Ct values of 35 and 34, respectively—i.e., with a relatively small amount of bacterial DNA. It was not possible to identify the chlamydial species in these cases using Arraymate Microarray.



Bacterial Infections

Bacterial infection was diagnosed as the cause of abortion in six cases (12.5%). The age of the fetuses varied from GD 217 to GD 315 (Figure 1).

In one case, the allantochorion adjacent to the internal opening of the cervical canal had a circular pale thickened area representing fibrosis and loss of normal chorionic villous structures. This was bordered by a broad zone of yellowish discoloration of the allantochorion. Dual allantochorionic infection with Pseudomonas fluorescens and Arthrobacter gandavensis was diagnosed and histopathologically, the lesion was diagnosed as localized chronic necrosuppurative and fibrotic allantochorionitis (Figures 3a,b). Similarly, in another case, localized necrosuppurative allantochorionitis near the internal cervical opening was associated with isolation of Acinetobacter hydrophila in monoculture. Gross lesions were characterized by extensive fibrotic thickening of the allantochorionic body. The chorionic surface appeared pale and smooth without villous structures and the cervical star was difficult to identify due to fibrotic thickening in the area. The allantochorion was not ruptured at the cervical star area, but a chronic rupture of the body portion of the allantochorion with margins consisting of granulation tissue had developed and was associated with a dissecting separation of the feto-maternal-placental unit. The fetus was also positive for EHV-4, but neither microscopic nor macroscopic lesions indicative of viral infection were found.
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FIGURE 3. Bacterial infection of the fetal membranes. (a) Chronic necrosuppurative and fibrotic inflammation localized at the cervical pole of the chorion of a fetus aborted at gestation day (AGD) 253. Closest to the cervix, the allantochorion is fibrotic and is bordered by a zone of suppurative inflammation. The inflamed chorion has a rather distinct demarcation toward the grossly normal-appearing chorion (to the right). Pseudomonas fluorescens and Arthrobacter gandavensis were cultured from the lesion; (b) Photomicrograph of (a) showing a suppurative chorionitis (arrow); (c) Suppurative amnionitis in a fetus, AGD 217. Enterococcus casseliflavus was cultured in monoculture from the chorion, lung, liver, and stomach content; (d) Photomicrograph of (c) showing severe suppurative inflammation in the umbilical cord. (b,d) Hematoxylin and eosin, bar, 100 μm.


Staphylococcus vitulinus was isolated in almost monoculture from the liver from a fetus with an enlarged liver with disseminated, locally coalescing pale foci. Histologically these represented an acute disseminated suppurative hepatitis. Fetal membranes were not submitted for this case. In another case, the umbilical cord of a 217-days old fetus was covered by numerous small abscesses, while the amniotic surface was partly covered by yellowish pus. Bacterial culture revealed a disseminated infection with Enterococcus casseliflavus in monoculture. Histopathologically, suppurative amnionitis, peripheral funisitis, profound suppurative inflammation of the allantois with vasculitis, thrombosis, and intravascular bacteria, suppurative hepatitis, and bronchopneumonia was diagnosed (Figures 3c,d).

In two cases, gross lesions were not found, but inflammation consistent with a bacterial etiology was found by histology. Subsequently, microbial culturing was made from frozen tissues. Fetal septicemia due to Streptococcus equi subsp. zooepidemicus was diagnosed in one of these cases. Inflammation was limited to a few groups of neutrophils and necrotic trophoblasts in the chorion, but numerous intravascular bacteria were present in multiple organs. Another case was diagnosed with suppurative allantochorionitis, bronchio-alveolitis, and interstitial myocarditis, but culturing failed to reveal an etiology. Leptospira spp. DNA was not detected in any cases.



Viral Infections

EHV-1 was the cause of abortion in two cases (4.0%); one was infected with variant N752 and the other with D752. The virus was found in all tissues analyzed, i.e., pooled lung/liver and kidney samples. The Ct value was lower than 27 for all cases/tissues and was mostly below 23 (Figure 4). Fetuses were aborted from GD 264 (Figure 1).


[image: Figure 4]
FIGURE 4. Correlation between fetal age at abortion or premature stillbirth and fetal viral load. Gestational age at abortion or premature stillbirth for 12 equine fetuses infected with either equid alphaherpesvirus type 1 (EHV-1) (n = 8) or type 4 (EHV-4) (n = 4) and Ct values obtained by real-time polymerase chain reaction of a kidney sample or a pool of lung and liver samples. Ct values for the pooled lung/liver samples for EHV-4 are not shown as all samples were negative, i.e., had a Ct value above 35. EHV-1 results have been divided into two groups: cases aborted due to EHV-1 and cases infected with EHV-1 but aborted due to another cause. A single case had equal Ct values in the kidney and pooled lung/liver samples (indicated by a star).


Necropsy revealed subcutaneous edema, abundant volumes of serosanguinous fluid in the thoracic cavity, disseminated hemorrhagic foci in the lung, and multifocal pale foci of ~2 mm in the liver. Fibrino-necrotizing and hemorrhagic broncho-interstitial pneumonia, acute to subacute necrosis in the liver and adrenal glands, necrosis of lymphoid follicles in the spleen, and eosinophilic intranuclear inclusion bodies were detected by histology. IHC demonstrated high levels of EHV-1 antigen in lung tissue.

The presence of EHV-1 DNA was found in another three cases, but without corresponding microscopic lesions. These cases all had Ct values above 29 (Figure 4). EHV-1 antigen was detected by IHC in trophoblasts in one case. Infection was caused by the variants N752 (n = 2) and D752 (n = 1). Umbilical cord torsion was identified as the cause of fetal death in all three cases. Two out of five mares that aborted fetuses infected with EHV-1 had been vaccinated with an inactivated EHV-1 vaccine but had received the last of the recommended three doses shortly before abortion.

Four cases tested positive for EHV-4 (8.0%) but none of these had lesions consistent with an EHV- like infection. The Ct values for kidney samples were above 28 for all cases, while all pooled lung/liver samples tested negative (Figure 4). The fetuses were aborted between GD 172 and 290 (Figure 4). Another likely cause of fetal death was identified for two of the cases. EAV DNA was not detected in any cases and none of the 50 mares had clinical signs indicating equine viral arteritis.



Twinning

Abortion due to twin pregnancy was diagnosed in four cases (Table 1) aborted between GD 186 and 257 (Figure 1). Both fetuses were submitted in two of these cases, while only one fetus was submitted for the other two cases, where abortion had occurred in the field. In the latter two cases, a presumptive diagnosis of twins was based on the presence of two sets of fetal membranes with an avillous chorionic portion.



Other Causes

Multiple circular round transmural necroses with diameters of up to 7 cm were present in the body of the allantochorion of a 231-day-old fetus (Figure 5a). The necrotic areas showed coagulation necrosis with calcification but with minimal cellular reaction. No pathogens were detected. The lesions were considered to be infarcts of unknown etiology. A congenital syndrome was diagnosed in a 122-day-old fetus with bilateral anophthalmia, absence of pinnae, superior brachygnathism, and the presence of a connective tissue band at the ventral midline of the head and neck (Figure 5b).
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FIGURE 5. Other sporadic conditions found. (a) Localized necrosis in the allantochorion. Fetus aborted at gestation day 231. Bar = 2.5 cm; (b) Fetus aborted at gestation day 122. Notice anophthalmia, absence of pinna, superior brachygnathism, and the presence of a connective tissue band at the ventral midline of the head and neck (arrowheads).




Cause Not Found

In nine cases (18.8%), no cause of abortion was identified. These abortions occurred during the second half of the gestation period (Figure 1). None of the mares showed signs of disease prior to spontaneously delivering a dead fetus, with the exception of one mare that developed persistent and progressive diarrhea 2 months before she aborted at GD 287.




Premature Stillbirth

Both cases were premature stillbirths delivered at GD 302 and 304, respectively. At necropsy, one case had disseminated pale pin-point foci in the liver, while the other foal was inconspicuous although with low amounts of body fat. PCR analysis revealed that both fetuses were infected with EHV-1, with one case infected with variant N752 and the other with D752. The Ct values were below 22 for both cases. The N752 case had IHC-positive disseminated acute liver necroses as the main lesion, while the D752 case had lesions restricted to the allantochorion, although the liver, lung, and kidney were found to be positive by PCR. The allantochorionic lesions were characterized by extensive necrosis and loss of trophoblasts, calcification, stromal edema, and non-suppurative inflammation. EHV-1 antigens were present in the trophoblast layer, allantoic epithelium, and in the spleen. None of the mares had been vaccinated against EHV-1.




DISCUSSION

Torsion of the umbilical cord was diagnosed as the most prevalent cause of abortion in this Danish population of mares of various breeds. In general, the prevalence of abortion due to UCT and other umbilical cord anomalies varies between studies. In UK Thoroughbred populations, UCT has been identified as the most important cause of abortion, stillbirth, and neonatal death, with a prevalence of up to 45% (2, 5). Umbilical cord torsion alone accounted for 34.8% of abortion cases in the study by Roach et al. (2) (Roach, personal communication), but has been found to be less significant in other regions/studies, e.g., Germany (0.8%; 3.0%) (6, 11), Hungary (2.0%) (7), Michigan, USA (2.4%) (4), Kentucky, USA (3.4%) (1), Italy (5.8%) (9), and Japan (19%) (10). While some of the variation may be explained by differences in study design, availability of the umbilical cord at necropsy, different groupings and diagnostic criteria, and the high prevalence of certain abortifacients, etc., it is striking how prevalent UCT as cause of fetal loss appears to be in Thoroughbreds in the UK and in the heterogenous population of Danish mares reported here.

Bacterial infections are well-known causes of abortion in mares. Streptococci are considered to be major abortifacients and usually invade the uterus as an ascending infection through the cervix into the cervical pole of the allantochorion, and are associated with an initial development of localized allantochorionitis (23). Streptococcus equi subsp. zooepidemicus is commonly isolated from such cases (1, 4, 9, 11). However, in the present study, this species only accounted for one of six cases aborted due to bacterial infection.

Bacterial species not previously associated with equine abortion were identified in four cases. The bacteria, which included E. casseliflavus, S. vitulinus, P. fluorescens, A. gandavensis, and A. hydrophila, were isolated in almost monoculture—in some cases from several organs, and inflammation was evident by both gross and microscopic pathology (Figure 3). E. casseliflavus has previously been isolated from a foal with septic meningitis (24), S. vitulinus from bacterial extraocular disease, e.g., conjunctivitis (25), and A. gandavensis has been isolated from cases of equine amnionitis and fetal loss syndrome (26). The bacteria should be considered opportunistic pathogens that may cause abortion in mares if they reach the pregnant uterus. The case infected with E. casseliflavus had suppurative amnionitis, peripheral funisitis, and profound suppurative inflammation of the allantois. In addition, suppurative hepatitis and bronchopneumonia had also developed. The pathology resembled equine amnionitis and fetal loss syndrome (EAFLS) (8, 26), a condition not previously reported in Scandinavia. Both EAFLS and the related mare reproductive loss syndrome (27) are caused by maternal ingestion of processionary caterpillars (Ochrogaster lunifer), eastern tent caterpillars (Malacosoma americanum), or their exoskeletons (27, 28). These species are not found in Denmark, unlike the eastern pine processionary caterpillar (Thaumetopoea pinivora) and the oak processionary caterpillar (Thaumetopoea processionea). However, these live only in southern Denmark (29), while the mare lived in the most northern part of the country (Supplementary Figure 1). Furthermore, horses in Denmark do not usually graze in the habitats where these caterpillars live. Setae were not observed histologically, but they are rarely found in fetal membranes after day 22 post-exposure (28), so a lack of setae does not exclude an association with caterpillars. However, the pathogenesis of this case of amnionitis remains unsolved and its possible relation to caterpillar sp. is currently hypothetical.

Leptospirosis, which is a frequent cause of abortion in mares in some regions (30), was not diagnosed. The failure to detect leptospirosis cases may be due to the limited sample size (n = 50) or the fact that the PCR did not detect all Leptospira sp. However, leptospirosis in other domestic animal species is rare in Denmark, and although that does not exclude the presence of leptospirosis in horses, it may indicate that the rural environment in Denmark is not favorable to Leptospira sp. Bovine abortion due to leptospirosis has not been diagnosed (31, 32), and porcine leptospirosis has been limited to few herd outbreaks in sows kept on deep litter (33).

Equine abortions due to Chlamydiaceae involve the chlamydial species Chlamydia abortus and C. psittaci (34), with the latter also causing zoonotic infections in Australia. This study was unsuccessful in determining the chlamydial species in the two Chlamydiaceae PCR-positive cases. This might be because formalin fixation and putrefaction can cause DNA degradation. Moreover, the high Ct values in these two cases indicate a low DNA copy load, which, in connection with missing histological lesions, calls into question the importance of Chlamydiaceae as abortogenic agents. A recent retrospective study in Switzerland (35) detected Chlamydiaceae in only two equine abortion cases, both as co-infections with EHV-1, thus indicating that this pathogen might be of limited significance in equine abortion, at least in Switzerland and Denmark.

Abortion due to EHV-1 was diagnosed in 8% of the submissions, represented by two abortion cases and two premature stillbirths. All cases had lesions consistent with EHV-1 infection and the presence of EHV-1 was confirmed by PCR and IHC. EHV-1 is a well-known cause of abortion in mares (4–13). Viral DNA was also found in three abortion cases, which all had lesions consistent with fetal death due to UCT and lacked EHV-1 pathology. As a result, these were not considered to be primary EHV-1 abortion cases according to the applied diagnostic criteria, and the fetuses were considered to be in the incubation period.

Challenging late-term mares intranasally with a virulent strain of EHV-1 provoked abortion after 9–65 days (36–39), but a field study found that the period from the estimated date of exposure to abortion was up to 4 months (40). During leukocyte-associated viremia following exposure, the virus reaches the placenta 9–14 days after inoculation (36, 38, 41), after which the virus spreads to the fetus. Some fetuses will harbor the virus for a long period until the mare aborts or delivers an infected foal close to or at term. During the fetal incubation period, fetuses are at risk of developing other concomitant pathologies, and EHV-1-infected fetuses with other pathologies will therefore occur, as identified in the present study. Similar correlations between EHV-1 infection and other pathologies, including UCT, have been reported previously (41–43). In addition to abortion due to external exposure of the pregnant mare to a virulent strain, fetal infection may also result from the activation of a latent infection in the mare (44). The course of transmission of virus to the fetus and progression of fetal disease in such re-activations is poorly understood but may differ from experimental infections.

In the present study, two mares had completed a vaccination program but still aborted due to EHV-1. It has previously been reported that mares vaccinated against EHV-1 have aborted following exposure to an EHV-1 strain circulating in the herd (40, 45). In accordance with these observations, challenge studies of pregnant mares have shown that vaccination does not completely protect against abortion (37, 46). None of the EHV-1 abortion cases reported here originated from herds with recognized EHV-1 outbreaks, as clinical signs indicating a respiratory infection were not observed and only one horse per group aborted. The abortion cases may therefore represent the activation of a latent infection in these mares rather than a newly acquired infection.

Abortion due to maternal infection with EHV-1 is challenging to diagnose when based on examination of fetal organs alone. Experimental studies have revealed that some fetuses, particularly those aborting shortly after maternal exposure (i.e., 9–14 days after inoculation), may be virologically negative or that viral presence is restricted to the chorion or parts of it (36, 38, 41). Abortion in such cases is hypothesized to be due to virus-induced endometrial vasculitis accompanied by thrombosis leading to endometrial ischemia and consequently separation of the feto-maternal unit and fetal anoxia (41). The 8% prevalence found in the present study may therefore be an underestimate as the allantochorion was not subjected to PCR. As this is only relevant for acute infections, it is considered to be of limited significance, especially since no mares had a history of pyrexia or ocular or nasal discharge prior to the time of abortion/premature delivery. However, diagnosing EHV-1 abortion based on the presence of viral DNA without associated pathology in cases without another obvious cause of pregnancy loss may tend to overestimate the prevalence, as some fetuses may be aborted by an unrecognized cause during the EHV-1 incubation period. Associating EHV-1 with pregnancy loss is therefore challenging in some cases and emphasizes the need to define abortion criteria for use in equine abortion diagnostics. However, the use of real-time PCR targeting the glycoprotein B gene may prove to be useful. We observed that differentiation between EHV-1-associated abortion cases and EHV-1-infected fetuses aborted due to another cause was supported by the corresponding Ct values. EHV-1 abortion cases had a higher viral load than IHV-1-infected fetuses aborted due to another reason, mostly a Ct value <23 compared to >29 (Figure 4). These findings indicate that real-time PCR targeting the glycoprotein B gene may be useful when establishing the cause of abortion for fetuses infected with EHV-1. However, a larger sample of thoroughly investigated equine fetuses should be examined to evaluate the use of PCR testing for this purpose.

Infection with EHV-4 was diagnosed in four cases, two of which were aborted due to other recognized pathology and two without lesions (Table 1). The fetuses were apparently not viremic as only the kidney samples were found to be positive by PCR and with a low viral load (Ct values >28) in all cases (Figure 4). This level was similar to EHV-1-infected cases aborted due to another cause, but the EHV-1 cases were viremic, with the pooled lung/liver samples also testing positive. EHV-4 is a primary respiratory pathogen, but the virus may pass through the placenta and infect the fetus (47). However, EHV-4 is generally not considered a major cause of abortion (44). In this study, we applied strict diagnostic criteria based on the principle that the presence of agents should be reflected in lesions that could be considered abortogenic. This may underestimate some etiologies—including EHV-4. Our results confirm that EHV-4 can be present in fetuses without associated pathology or with only subtle lesions that are easily masked by autolysis. The consistent detection of EHV-4 DNA in the kidneys, i.e., a tissue that undergoes rapid autolysis, highlights the need for further investigation into the pathogenesis of fetal EHV-4 infection and the abortogenic capacity of the virus.

Infection with EAV was not identified, but similar to EHV-4, the diagnosis of EAV-associated abortion may be challenging. It is not always possible to detect virus and lesions in fetal tissues, as abortion may be due to uterine lesions such as myometrial vasculitis during the acute stage of the infection (48). None of the mares had any clinical signs indicative of EVA prior to abortion, but as abortion may follow even a subclinical infection (49), the absence of maternal illness does not completely rule out EAV as a cause of abortion.

Twinning is a well-known cause of fetal loss in mares, although the prevalence can be lowered by using ultrasound detection and embryo reduction (50). Furthermore, the twinning rate is breed dependent and comparison across studies is therefore challenging. Twinning is categorized as types A-C depending on how the fetuses share the endometrial capacity, as reflected by the size of the fetuses: dissimilar (type A), about equal size (B), or very dissimilar with one twin having undergone mummification (C) (51). All three types were observed in the present study.

Surveillance of animal populations for the causes of abortion is important for both animal health and financial reasons in the breeding society. This study was the first to investigate causes of abortion and premature stillbirth in mares in Denmark, and although a limited number of aborted fetuses and premature stillborn foals were examined, it provides an important insight into mare reproductive pathology in Denmark. Conditions such as UCT deserve more attention due to their significant role in pregnancy loss in mares, while it is also important to continue surveillance for pathogens and explore their abortogenic potential.



CONCLUSIONS

This study is the first comprehensive investigation into the causes of abortion and premature stillbirth in mares in Denmark. As in the UK, but in contrast to several other regions, UCT was by far the most prevalent cause of abortion. This important influence of UCT highlights the need to investigate the reasons behind its geographically varying prevalence. Abortion due to bacterial infection accounted for 12% of cases. Among these, we identified an abortion case resembling EAFLS although the possible relation to caterpillars remains hypothetical. As this condition has not previously been reported in Scandinavia, veterinarians should be aware of this disease and submit materials for laboratory examination if amnionitis and funisitis are found. EHV-1 infection was associated with both abortion and premature stillbirth, as found in other studies. The results of the real-time PCR analysis for EHV-1 indicate that this method may be used to differentiate between abortions due to EHV-1 and fetuses infected with EHV-1 but aborted due to another cause. Furthermore, real-time PCR showed that EHV-4-infected fetuses were not viremic and had a low viral burden. The study was based on 50 submitted cases and was therefore limited in size, and other causes of abortion than those identified probably also exist in Denmark. It is advisable to continue surveillance of the Danish pregnant mare population to allow timely recognition of changes in patterns or the introduction of diseases new to Denmark.
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