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Preanalytical factors such as storage time and temperature are proved to induce marked artifactual changes in hematological parameters in horses, small animals and humans. These errors can mirror findings typical of endotoxemia, leading to dangerous misdiagnosis. Since donkeys are common in warm climates and remote regions, blood samples from this species can be subjected to long lasting travels from the farm to the nearest laboratory, frequently under suboptimal conditions. Moreover, as other equids, donkeys are prone to suffer endotoxemia. Nonetheless, stability has not been evaluated in samples for hematology in this species. The aim of this study was to characterize the effect of temperature and storage time in hematological parameters from healthy donkeys and donkeys with induced endotoxemia. Blood samples were collected from six healthy female Andalusian donkeys and stored for 6, 12, 24, and 48 h at several temperatures (4, 24, and 35°C). Endotoxemia was induced in the same animals by an intravenous LPS infusion and samples obtained 30 min post-infusion were handled similarly. Hematological analysis was performed using a laser-based analyzer and blood smear examination. Storage at 24°C caused significant neutropenia after 48 h as well as morphological changes typical of endotoxemia in blood from healthy donkeys as soon as 24 h post-storage. Samples kept at 35°C displayed more profound and earlier artifactual variations. Conservation at 4°C did not cause any significant change in blood parameters. Prolonged (48 h) storage of samples from animals with induced endotoxemia at 24 and 35°C accentuated pre-existing leukopenia and neutropenia. These findings highlight that donkey samples should be stored at 4°C, instead of 24°C as recommended for horses. Moreover, blood smear interpretation should be cautious in samples stored for longer than 24 h and could be misleading when blood is kept at 35°C.
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INTRODUCTION

There is a growing interest worldwide in the use of donkeys as pet companion, in assisted therapy, and in high-quality alimentary by-products production, along with their traditional roles in agriculture and transport in developing countries (1–3). Accordingly, the caseload of donkeys referred to veterinary hospitals and the number of donkey blood samples delivered to laboratories have increased in the last years.

Numerous differences have been demonstrated between donkeys and horses (4–6), including marked discrepancies on reference ranges of hematological parameters using either impedance or laser-based analyzers (7–11). Thus, the extrapolation of reference ranges and laboratory guidelines between both species must be avoided.

Preanalytical factors such as storage time and temperature have been related to significant artifacts in hematological parameters in several species (12–17), leading to species-specific recommendations on sample handling. Since donkeys are commonly located in warm and remote regions (18), their blood samples are frequently subjected to long duration travels from the farm to the nearest laboratory, usually under inadequate cold-chain maintenance. Moreover, delays in hematological analysis can also occur due to sample collection on weekends or holidays, overwork in the laboratory, equipment breakdown, etc.

In addition, some of the artifactual changes caused by deficient storage in humans and dogs, such as pseudoleukocytopenia or pseudotoxic changes, can mimic typical features of the systemic inflammatory response syndrome (SIRS) or endotoxemia, leading to erroneous diagnosis (19, 20). Endotoxemia is assumed to be as common in donkeys as in horses (21), but little is known about the hematological response to this disturbance in this species (21, 22).

At the moment, data on the stability of donkeys' hematological parameters during storage are not available. Moreover, whether findings in blood from endotoxemic donkeys could be mimicked by storage artifacts is also unknown. Therefore, the aim of this work was to study the effect of temperature and storage duration on hematological parameters from healthy donkeys and donkeys with experimentally-induced endotoxemia. Our hypothesis was that conservation of donkey samples during large periods and at warm temperatures could cause abnormal findings similar to those observed during induced endotoxemia.



MATERIALS AND METHODS


Animals

Six healthy adult (7.6 ± 0.8 years old) Andalusian non-pregnant jennies (348.3 ± 38.9 kg) housed in the facilities of the Veterinary Teaching Hospital of the University of Cordoba were included in this study. Animals had free access to drinking water and alfalfa hay and oat straw. Jennies were dewormed and had not received any treatment for at least 2 months prior to the study. Animals had no previous history of SIRS or endotoxemia-inducing diseases (e.g., colic, pleuropneumonia, diarrhea). Donkeys were healthy based on clinical history, physical examination and blood work profile (complete blood count, total protein, fibrinogen, albumin, aspartate transaminase -AST-, gamma-glutamyl transferase -γGT-, total bilirubin, creatinine and urea concentrations).

This study was carried out in accordance with the principles of the Basel Declaration and recommendations of the Royal Decree 1386/2018, which establishes the basic rules applicable for the protection of animals used in experimentation and other scientific purposes, Spanish Government. The study was conducted under permits 19-03-15-212 (Welfare Committee of the Conserjeria de Salud y Familias, Junta de Andalucia) and 2015PI/05 (Welfare Committee of the University of Cordoba).



Experimental Design

Thirteen ml of blood was aseptically collected from the left jugular vein of each animal and carefully transferred to 1 ml K3EDTA tubes (Idexx VetCollect tubes, Idexx Europe, Hoofddorp, the Netherlands) (experiment A). One week later, endotoxemia was induced following previous protocols described in donkeys and horses (21, 23, 24). Briefly, a polyurethane catheter (Milacath, Mila International Inc., KY, USA) was aseptically placed in the left jugular vein, and 20 ng/kg of LPS (Escherichia coli O55:B5, Sigma-Aldrich Quimica, Madrid, Spain) diluted in 500 ml of sterile saline was administered over 30 min. Blood samples (13 ml) were collected 30 min post-LPS infusion into K3EDTA tubes (experiment B).



Sample Handling and Measurements

One blood sample from experiments A and B was analyzed immediately after the collection (time 0 h). The rest of the tubes were divided in three groups (four tubes of 1 ml each one): one group was stored at 4°C in a refrigerator with an external thermostat controller (TSG505 refrigerator, ThermoFisher Scientist, Waltham, MA, United States), another at controlled room temperature (24°C, using the room air conditioning, a thermostat and a thermometer) and the last one was maintained in an incubator with an external thermostat controller at 35°C (Incubat, JP Selecta, Barcelona, Spain). One tube from each group was retrieved and, after homogenization, analyzed at the following times: 6, 12, 24, and 48 h post-collection using a laser-based hematological analyzer (LaserCyte, Idexx Europe, Hoofddorp, the Netherlands) with a previously validated donkey-specific setup (10). Samples stored at 4°C were raised to room temperature prior to analysis. All tubes were handled in a similar manner and aseptically in order to avoid bacterial contamination, mechanical damage, sample deterioration and any type of bias.

The following parameters were obtained: white blood cell (WBC) count, WBC differential counts, red blood cell (RBC) count, platelet (PLT) count, hematocrit (HCT), hemoglobin concentration, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red cell distribution width (RDW), mean platelet volume (MPV) and platelet distribution width (PDW). Flags displayed by the analyzer were also recorded: VRL (value out of range), RD (RBC and/or platelets abnormal distribution), WD (WBC abnormal distribution) and PA (platelet aggregates).

Additionally, blood smears were prepared by triplicate from each sample. Blood films were air-dried and stained with a modified Wright–Giemsa method (Sigma-Aldrich, St. Louis, MO, United States). Two veterinarians with experience in clinical pathology blindly evaluated every blood smear using a light microscopy (CX31 microscope, Olympus CO., Tokyo, Japan) and ×40 and ×100 objectives. The following morphological abnormalities were recorded: % crenocytes, % ruptured WBC, platelet clumps, toxic neutrophils, pyknotic leukocytes and degranulated eosinophils. Percentages were calculated over a 400 WBC or RBC count. Grading of toxic neutrophils was adapted from a previous report in horses using a scale of 0–9 (25). Briefly, this scale is based on the severity of cytoplasmic vacuolation, cytoplasmic basophilia and Döhle bodies observed and the percentage of neutrophils affected. The rest of the abnormalities were classified as 0 = absent, 1 = scattered, 2 = moderate, 3 = frequent and 4 = highly frequent.



Statistical Analysis

Normality was assessed by a Kolmogorov-Smirnov test. Every hematological analyte, % crenocytes and % ruptured WBC were normally distributed and these results were expressed as mean ± standard deviation of the mean (SD). The rest of morphological parameters (ordinal variables) were non-normally distributed and expressed as median and interquartile range (IQR: 25th percentile−75th percentile); with percentiles calculated using the Tukey's-Hinges test.

Collection time results were compared with post-storage data using an analysis of variance (ANOVA) of repeated measures followed by a Dunnett test. The effect of storage on ordinal variables was analyzed using a Friedman test followed by a Dunn's post hoc test. A p-value < 0.05 was considered significant. Inter-observer agreement for categorical variables in blood smears was adapted from a previous report (26). Agreement was calculated using the weighted Fleiss's kappa method with the following interpretation: < 0.20 no agreement; 0.21–0.39 minimal agreement; 0.40–0.59 weak agreement; 0.60–0.79 moderate agreement; 0.80–0.90 strong agreement; >0.90 almost perfect agreement. Statistical analysis was performed using a commercial statistical software (SPSS Statistics 24, IBM, Chicago, IL, USA).




RESULTS


Experiment A: Effect of Storage Time and Temperature on Blood From Healthy Donkeys

Results are shown in Table 1. Storage at 35°C caused a significant (p < 0.05) reduction in neutrophils compared to basal, both at 24 and 48 h. When stored during 48 h, this temperature also caused significant (p < 0.05) decreased WBC, RBC, HCT and MCV. Conservation at 24°C also led to a significant (p < 0.05) neutropenia at 48 h. There were not significant changes in hematology parameters when blood was stored at 4°C.


Table 1. Effect of temperature and storage time on blood samples from healthy donkeys.
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Fourteen samples (14 out of 78, 17.9%) were flagged as VRL (13 samples stored at 35°C and 1 at 24°C). The flags WD (6/78, 7.7%) and RD (5/78, 6.4%) were displayed only in samples at 35°C. Only samples stored for 48 h were flagged.

Morphological changes caused by storage in blood from healthy donkeys are displayed in Table 2A. Toxic neutrophils were increased (p < 0.05) in blood kept at 24 and 35°C for 24 or 48 h, but no changes were observed at 4°C. Crenocytes were significantly more common in every sample kept at 24 and 35°C, and samples stored at 4°C during 12, 24, and 48 h. Ruptured WBC were significantly more common in every sample kept at 35°C, and samples stored at 4 or 24°C during 12, 24, and 48 h. Pyknotic leukocytes significantly increased beginning at 12 h (35°C) and 24 h (4 and 24°C). Degranulated eosinophils significantly increased at 48 h at every temperature, as well as in samples kept during 24 h at 35°C.


Table 2. Effect of temperature and time storage on morphological findings in blood smears from healthy donkeys (A) and donkeys with experimentally-induced endotoxemia (B).
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Experiment B: Effect of Storage Time and Temperature on Blood From Donkeys With Experimentally-Induced Endotoxemia

All donkeys safely completed the study and developed typical features of SIRS such as tachycardia, fever and leukopenia. In addition, neutropenia, lymphopenia, eosinopenia and monocytopenia were also observed. Clinical data are reported in a previous study (21).

Results are shown in Table 3. Storage of blood from endotoxemic donkeys during 48 h either at 24 or 35°C caused significant decreases (p < 0.05) in WBC and neutrophil counts compared to basal results. Samples at 35°C also showed significant differences (p < 0.05) in lymphocytes, HCT, MCV, MCH, MCHC and PDW at 48 h. No significant changes were found between basal blood parameters from endotoxemic donkeys and results of samples stored at 4°C.


Table 3. Effect of temperature and storage time on blood samples from donkeys with experimentally-induced endotoxemia.
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Sixteen samples (16/78, 20.5%) were flagged as VRL (14 kept at 35°C and 2 at 24°C); 8 (10.2%) as WD (seven stored at 35°C and 1 at 24°C) and three samples stored at 35°C (3.8%) as RD. Only samples stored for 48 h were flagged.

Morphological abnormalities are shown in Table 2B. Both toxic changes and platelet clumps were already present at collection time and neither of them were significantly affected by storage. % crenocytes and % ruptured WBC significantly increased (p < 0.05) during storage at every temperature. Pyknotic leukocytes only were significantly increased when blood was kept at 35°C during 12, 24, and 48 h as well as in samples kept at 4 and 24°C during 48 h. Degranulated eosinophils were also increased in blood stored during 24 h (24°C) and 48 h (4 and 35°C).



Inter-observer Agreement in Blood Smears

Agreement for toxic neutrophils and platelet clumps was strong (0.88 and 0.81, respectively); while was moderate for degranulated eosinophils (0.71). Slightly lower agreements were detected in samples stored at higher temperatures during 48 h.




DISCUSSION

This study evaluated the stability of EDTA whole-blood samples from healthy donkeys and donkeys with experimentally-induced endotoxemia under different storage conditions. Main artifactual changes, both in healthy and endotoxemic donkeys, were observed when blood was kept at 24 and 35°C during 24 and 48 h, while results from blood samples at 4°C were closer to the analysis performed at collection time (0 h).

A previous systematical study on storage of hematological samples in horses recommended conservation at 24°C (13). In our study, blood from healthy donkeys stored at room temperature developed toxic changes in neutrophils as soon as 24 h and neutropenia 48 h post-storage. Since neutropenia and the presence of toxic neutrophils are key features for the diagnosis of sepsis/SIRS in adults and neonates (25, 27), these artifacts could lead to misdiagnosis and unnecessary treatments and economic losses. These discrepancies between donkeys and horses in the effect of temperature on blood parameters could be due to different viability of neutrophils, although variations amongst analyzers used in each study should also be considered (12, 15). The pseudotoxic changes observed on blood smears kept at 24°C also has been reported in dogs (20). Lysed WBCs significantly increased (compared to basal) at 12 h in samples kept at 4 and 24°C. Since this artifactual change can interfere with the impedance and laser-based techniques used by most hematology analyzers to classify leukocytes, a cautious interpretation of differential counts should be recommended on aged samples from donkeys under these conditions.

Storage of blood samples at 4°C is considered more suitable in humans, rodents and dogs (14, 15, 17, 28). This has also been occasionally advised for horses by some authors (29), although published data contradicts this statement (13). In our study, no changes were observed using the analyzer in samples kept at this temperature. However, morphological artifacts (crenocytes and ruptured leukocytes) significantly increased in blood stored for 12 or more hours, which underlines the importance of a rapid blood smear evaluation, even when the sample is kept in the refrigerator. Platelet clumping has been reported to appear earlier in samples kept at 4°C in several species (12, 17). In our study, clumps were observed in samples kept at every tested temperature without significant differences. Nonetheless, these samples were not flagged with PA by the analyzer. While the manufacturer provides no information in this subject, the requirement of a certain amount of aggregates or markedly large clumps in order to display this flag could be a feasible explanation. Newer analyzers, able to perform both impedance and optical-based platelet counts, have been proved to partially solve this problem (17).

Samples stored at 4°C showed no increase in toxic indicators for at least 48 h, which is markedly longer than reported in dogs, where pseudo-Döhle bodies and other toxic changes were apparent at 24 h (20).

Little information is available about the effect of keeping blood in warm environments on hematological parameters. Storage at 35°C caused important changes on both red and white cell counts as soon as 24 h post-sampling, likely secondary to cell lysis and leukoagglutination (15, 19). In contrast, these parameters were not altered in a previous report on pigs, cattle and goats blood stored at 30°C during 48 h (30). Whether these differences are due to species-specific idiosyncrasies or variations in analyzer technologies should be studied. Morphological artifacts on blood smears at 24 and 35°C resembled those from endotoxemic donkeys, which could have prompted a misdiagnosis in these samples. Since lysed WBCs were significantly increased as soon as 12 h post-sampling, the impact of these abnormalities on the results of the analyzer should also be considered.

LPS administration caused quantitative hematological findings and morphological toxic changes similar to those reported in horses with endotoxemia and SIRS (25, 27). Leukocytopenic samples are proved to be more prone to artifactual changes during storage compared to normal samples in humans (31). Alterations related to storage in endotoxemic blood were similar to those observed in healthy samples, with refrigeration avoiding any significant difference compared to basal results. Prolonged (48 h) storage of endotoxemic samples at 24 and 35°C accentuated pre-existing leukopenia and neutropenia. Although this finding could not affect the diagnosis, it could influence on the prognosis and the evaluation of the response to the treatment (25). Interestingly, toxic neutrophils did not significantly vary during the storage at 24 and 35°C, which could be due to lower percentage of viable neutrophils.

Artifactual changes also depends on the analyzer used for hematological evaluation (12, 15). As previously reported in healthy donkeys (10), proper cell type recognition can be problematic in LaserCyte and blood smears are recommended to verify the results. No sample from this study was flagged as IQA (Internal Quality Assurance Error), which secure that every determination met the analyzer's internal quality assurance checks. Flagging was more prevalent in samples stored for 48 h at higher temperatures; as well as in endotoxemic blood, where cell viability was already altered. Cell lysis, cell swelling and artifactual cytoplasmic changes could be responsible for most of these warnings. The most common observed flag was related to high MCHC, indicating most probably artifactual hemolysis. As stated, platelet aggregates were consistently observed even in unflagged samples, indicating the necessity of a proper blood smear examination in donkey samples, even in the absence of flags.

One limitation of this study is the low number of animal included. Similarly, our results depend on the hematological analyzer used and further studies should be needed in order to describe storage effect on donkey blood using more advanced hematological analyzers. A more delayed sampling post-LPS infusion could have allowed more pronounced abnormalities in blood smear. Finally, it could be of interest to study storage artifacts in blood from donkeys with naturally occurring endotoxemia or SIRS.

To the author's knowledge, this is the first study evaluating the effects of storage temperature and time on donkey hematological parameters both in healthy and those with experimentally-induced endotoxemia Our findings underline the importance of storing donkey blood samples at 4°C, instead of 24°C as recommended for horses, and perform the analysis within 12 h of collection. Moreover, due to the appearance of pseudotoxic changes, blood smear interpretation should be cautious in samples stored longer than 24 h at 24°C or warmer environments.
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Collagen fibers and inflammatory cells are the basis for jenny endometrium Kenney and Doig's classification developed for the mare. The infiltration of a large number of eosinophils in the jenny endometrium is intriguing. Eosinophil and fibroblast produced IL33, which has been related to fibrosis development and chronicity. This work on the endometrium consisted of (i) quantification of collagen type I (COL1A2), type III (COL3A1), and IL33 transcripts; (ii) histological localization and quantification of COL1 and COL3 proteins; and (iii) eosinophil and neutrophil count and correlation with collagen area and IL33 transcripts. Localization of COL protein in the jenny endometrium was also compared to the mare endometrium. As fibrosis increased, eosinophil and neutrophil count decreased (P < 0.05). A 5-fold increase in IL33 transcripts was noted from categories IIA to III. There was a tendency toward a positive correlation between eosinophil count and IL33 transcripts in category IIA endometrium (P = 0.055). Neither transcripts of COL1A2 nor COL3A1 nor the areas of COL1 or COL3 differed with endometrial categories. Unlike for the mare, and regardless of the jenny endometrium classification, COL3 was always found to different extents in the stratum compactum, while COL1 was mainly present in deep stroma. As fibrosis progressed in the mare, an extensive increase in COL1 fibers was notorious under the surface epithelium. Correlations between neutrophil count and COL1 and COL3 areas were observed in the jenny endometrium, although no correlation was found for eosinophil count. Neutrophil count positive correlation with the COL1 area and negative correlation with the COL3 area in endometria with mild lesions suggest that neutrophils in the jenny endometrium may be involved in fibrogenesis. In addition, when eosinophilia subsides, the endometrium reacts with fibrosis establishment, which could be stimulated by the pro-fibrotic cytokine IL33, whose release might then be ascribed to fibroblasts. Further studies are needed to analyze the effect of the presence of COL3 next to the surface epithelium in the stratum compactum, or around the endometrial glands on jenny's endometrial function and fertility.

Keywords: donkey, endometrium, collagen, fibrosis, endometrosis, eosinophils, IL-33


INTRODUCTION

In jenny's endometrium, the infiltration of eosinophils and the presence of fibrosis to different extents might influence endometrial function and gestation in a dissimilar fashion to the mare. The frequent infiltration of a large number of eosinophils in jenny's endometrium, unlike for the mare, appears to be a physiological feature of the jenny endometrium (1). The eosinophils appear to regulate tissue homeostasis and contribute for inflammatory reactions in tissue remodeling and innate immunity (2). In general, eosinophils are considered as the major effector cells in type two inflammatory diseases, including asthma, helminthic infection, and allergy (2). In fact, eosinophils result from the differentiation of CD117+ progenitor cells, directly stimulated by interleukin 33 (IL33) (3). In airway inflammation, IL33 besides exacerbating eosinophil infiltration in an autocrine and paracrine manner also attracts macrophages, lymphocytes, IL-13, and TGF-β1 (3). A relationship between eosinophil infiltration and the expression of IL33 has also been referred in chronicity and development of fibrosis in liver, skin, and intestine (4–6).

In the mare endometrium, the excessive deposition of collagen in the extracellular matrix, predominantly around the endometrial glands and stroma, which is associated with a chronic degenerative condition, destruction of tissue architecture, and impairment of endometrial function, is named endometriosis (7, 8). In tissue repair, collagen type III (COL3) is the first one to be expressed, being replaced by collagen type I (COL1) in later stages of fibrogenesis (9). Nevertheless, in the mare endometrium at the transcript level, age appeared not to influence COL1 or COL3 mRNA (10). In contrast, quantification of the areas in the endometrium occupied by COL1 and COL3, stained with histochemical picrosirius red staining and visualized by polarized light microscopy (11, 12), showed an increase in COL1 in the tissues with severe endometriosis, in comparison to healthy endometria or with mild fibrotic changes, where COL3 was the most predominant type (10). A previous morphometric analysis of periglandular fibrosis in equine endometria using picrosirius red also referred a predominance of COL1 in severe endometriosis (13).

The main purpose of this work was to contribute to the understanding of the inflammatory processes and fibrosis in jenny's endometrium, classified according to Kenney and Doig's mare grading system (14). Therefore, the main goals of the present study consisted of (i) quantification of transcripts of collagen type I (COL1A2), type III (COL3A1), and IL33 in the endometrium; (ii) localization and quantification of COL1 and COL3 protein in histological sections; and (iii) assessment of eosinophil and neutrophil count and their correlation with collagen and IL33 transcripts. In addition, localization of the COL protein in jenny's endometrium was compared to mare endometrium histological sections.



MATERIALS AND METHODS


Animals and Sample Collection

A total of 80 Catalonian jennies, between 3 and 22 years of age, were divided in eight jenny groups, which were brought together for 75 days (April 1st/June 15th, 2017) with ten Catalan jackasses, aged 5–9 years and of proven fertility, for natural breeding. Jennies were assigned to different groups according to selection criteria. All animals were included in the Catalonian donkey Studbook and under a selection program. One month after jackass removal, a pregnancy diagnosis was done by transrectal ultrasonography using a MyLab™ Gamma (Esaote, Genova, Italy) device.

All animals were owned by a commercial donkey farm, FUIVES (Berga, Barcelona, Spain). Donkeys were kept in paddocks and fed grain forage, straw, hay, and water ad libitum.

A total of 29 jennies did not get pregnant (63.75% fertility rate), and 23 of them were included in the present study. Six jennies were discarded for different reasons: three of them presented cervical stenosis, one died, one showed a severe skin disease, and the other one had never foaled before. Endometrial biopsies were obtained during estrous from 23 non-pregnant jennies through the cervix, with an alligator jaw biopsy punch (Kevorkian's uterine biopsy forceps, Hauptner and Herberholz, Solingen, Germany), at estrus. All 23 jennies used in this study had foaled at least once before. Each biopsy was divided into two pieces. One portion was immediately immersed in buffered formaldehyde, for paraffin blocks, and further processed for histological examination. The other piece of the endometrium was placed in cryotubes with RNAlater® (AM7020; Ambion, Applied Biosystems, Foster, CA, USA) and kept at −80°C, for gene transcription studies, by real-time PCR.



Histopathological Analysis

For histopathological analysis, 5-μm-thick sections of formaldehyde-fixed endometrium were stained with hematoxylin (05-06014E; Bio-Optica) and eosin (HT1103128; Sigma-Aldrich). Every jenny endometrial biopsy was evaluated by light microscopy (Leica DM500) regarding the histopathology of endometrial glands, presence of inflammatory cells (neutrophils, eosinophils), and fibrosis in the stroma. Neutrophil and eosinophil count was performed at random in 10 fields/biopsy, at the magnification of × 400. Due to the inexistence of a classification method for jenny's endometrium, the Kenney and Doig (14) grading system for the mare endometrium was used. Thus, a healthy endometrium was considered as category I; an endometrium with mild fibrotic lesions and inflammation as category IIA; when these lesions become moderate as category IIB; or when they are severe as category III (14).



Real-Time PCR for COL1A2, COL3A1, and IL33

Quantification of COL1A2, COL3A1, and IL33 transcripts was accomplished by reverse transcriptase, followed by real-time polymerase chain reaction (qPCR), as previously described (15). Briefly, after endometrial total RNA extraction with TRI Reagent® (T9424; Sigma) according to the manufacturer's instructions, a NanoDrop system (ND200C; Fisher Scientific, Hampton, PA, USA) was used for RNA quantification. Visualization of 28S and 18S rRNA bands on a 1.5% agarose gel confirmed RNA quality. Reverse transcription was performed using M-MLV Reverse Transcriptase (M170B, Promega®) from 1 μg of total RNA in a 20-μL reaction volume using an oligo (dT) primer (C1101, Promega®).

Real-time PCR was used for the assessment of mRNA transcription of COL1A2, COL3A1, and IL-33. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as the reference gene [<2-fold changes between different biological conditions; (16)] from four potential validated genes (ribosomal protein L32, succinate dehydrogenase A complex, subunit A, flavoprotein, and beta-2-microglobulin). Internet-based program Primer-3 (17) and Primer Premier softwares (Premier Biosoft Interpairs, Palo Alto, CA, USA) were used to design the primers listed in Table 1.


Table 1. Primer sequences used in real-time PCR analysis.

[image: Table 1]

Target and reference gene amplification was performed on StepOnePlus™ Real-Time PCR System (Applied Biosystems®, California, USA) using Power SYBR Green PCR Master Mix (Applied Biosystems®), after primer concentration optimization. Polymerase chain reaction (PCR) products were run on a 2.5% agarose gel to confirm specificity. Results were evaluated using Real-time PCR Miner 4.0 software. For gene quantification, the average efficiency of each gene (E) and the average cyclic threshold (CT) of each sample were used, in the formula r0 = [1/(1 + E) CT] (18). Relative expression values were calculated by normalizing the expression level of the target genes against that of the reference gene.



Picrosirius Red Staining

In order to assess the extent and localization of COL1 and COL3 in jenny's endometrium, a histological section, other than the one stained with hematoxylin and eosin for histopathological evaluation, was stained with Picrosirius Red Stain (ab#150681, Abcam plc, Cambridge, UK), following the manufacturer's instructions. Thus, a picrosirius red solution was placed onto deparaffinized endometrium sections and incubated for 1 h. Afterward, slides were rinsed with acetic acid solution and absolute alcohol. The slides were observed with an upright widefield microscope (Olympus BX51, Olympus Corporation, Tokyo, Japan) at 200× magnification (20×/0.75NA objective) under polarized light, and ten random images from each stained endometrium section were acquired with a camera (TIS 2MP RGB), with a pixel size of 0.441 μm/pixel (12). Collagen type one fibers appeared in red, while COL3 fibers stained green. A qualitative evaluation of the endometrium sections was performed to enable the identification of the areas where each type of collagen was present. Moreover, a quantitative analysis was performed with ImageJ program (Version 1.52a, National Institutes of Health, USA).

In order to better understand if the localization of collagen fibers, namely, COL1 and COL3, in jenny's endometrium was specific to this species and could be the possible explanation for their longevity in reproduction as compared to the mare, endometrial histological sections from mares, graded according to Kenney and Doig (14), were also stained with PSR and observed for a qualitative assessment.



Statistical Analysis

Data regarding the area in the endometrial biopsy occupied by COL1 or COL3, and jenny's age in relation to endometrial category were statistically analyzed by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. In order to compare the number of eosinophils or neutrophils with IL33, COL1, or COL3 transcripts between endometrial categories, a Kruskal–Wallis analysis followed by Dunn's multiple-comparison test was used. Spearman rank correlation analysis between eosinophil or neutrophil count and IL33 mRNA levels and area occupied by COL1 or COL3 within each endometrial category was also performed. The software GraphPad Prism, Version 6.0, San Diego, CA, USA, was used to analyze these data. Significance was defined with the value of P < 0.05. Unless otherwise specified, the presented results are expressed as mean ± SEM.




RESULTS


Histological Classification

From the 23 endometrial biopsies obtained from the jennies, six endometria were graded as category IIA (12.5 ± 3.9 years old), 11 as category IIB (13.8 ± 4.2 y), and six as category III (13.6 ± 2.2 y), according to Kenney and Doig's mare endometrial classification (14). No age differences were found among endometrial categories (P > 0.05). As fibrosis increased, from categories IIB to III, a significant 14-fold decrease in the number of eosinophils was depicted (Figure 1A; P < 0.05). Regarding neutrophil count, there was a fall from the category IIA endometrium to category IIB, and from categories IIA to III. No correlation was found between age and any of the studied factors (PMN, eosinophils, COL1, COL3, COL1, COL3, and IL33 transcripts) (Figure 1B; P > 0.05).


[image: Figure 1]
FIGURE 1. Eosinophil (A) and neutrophil (B) count in different endometrial categories (IIA, IIB, or III) of the jenny. Bars represent mean ± SEM. Asterisk indicates significant differences between endometrial categories (*P < 0.05).




Real-Time PCR

The transcripts of IL-33, a cytokine involved in eosinophilia and in chronicity and development of fibrosis (6), showed no difference, as endometrial fibrosis advanced, from jenny's endometria with little collagen fibers, such as category IIA, to category III endometria, where fibrosis is visibly established (data not shown). Nevertheless, a 4.9-fold increase in IL33 mRNA levels was noted from category IIA to category III endometrium, even though not significant (Figure 2). When all endometrial categories were considered, no correlation was found between eosinophil count and IL33 transcripts (data not shown). However, there was a tendency toward a positive correlation between eosinophil count and IL33 transcripts in category IIA endometrium (ρ = 0.7714; P = 0.055), mainly due to the effect of a single sample (one out of six) that clearly tipped the line toward significance (data not shown).


[image: Figure 2]
FIGURE 2. Relative IL33 mRNA levels in different endometrial categories (IIA, IIB, or III) of the jenny. Bars represent mean ± SEM.


Neither transcripts of COL1A2 nor COL3A1 differed between jenny's endometrial categories (Figure 3A). However, a 4-fold drop in COL1A2 and a 3-fold fall in COL3A1 in the mRNA levels between category IIA and category III were noted.


[image: Figure 3]
FIGURE 3. Relative mRNA levels (A) and proportion (B) of collagen type I (COL1) and type III (COL3) in jenny endometrium. Histologic sections were stained with picrosirius red. Bars represent mean ± SEM.




Picrosirius Red Staining

The quantitative assessment of the different types of COL in the jenny endometrium has shown no differences in the area occupied by either COL1 or COL3 (Figure 3B). When considering the qualitative evaluation of collagen fibers in jenny's category IIA endometrium, green-stained COL3 was mostly found under the basement membrane and in the stroma, surrounding endometrial glands. However, COL1 fibers, which stained red, were sparse and mainly present in the deeper stroma (Figure 4, Table 2). In category IIB donkey endometrium, the location of COL3 fibers was also under the basement membrane in the stratum compactum and periglandular, but COL3 fibers were also intertwined with some COL1 fibers. In the stroma, both COL types were found. When fibrosis was strongly established, such as in category III endometrium, COL3 fibers were still found under the basement membrane and periglandular, but more COL1 was seen in the deep stroma, surrounding endometrial glands, lymphatic lacunae, and blood vessels, in comparison to the other Kenney and Doig's endometrial categories (Figure 4, Table 2). When these data were matched to mare's endometrial localization of COL fibers, visible differences were found between species. In mare endometria graded as category I (not found in the jennies in the present study), COL3 fibers were seen under the basement membrane and in the stratum compactum. As endometriosis progressed, an increase in COL1 fibers was notorious under the basement membrane, which was not seen in the jenny. Actually, in some category III endometria, only COL1 fibers were present (Figure 5, Table 3).


[image: Figure 4]
FIGURE 4. Jenny endometrium sections stained with picrosirius red and observed under polarized light microscopy. Collagen type I (COL1) stains red (arrow head), while collagen type III (COL3) stains green (white arrow). (A) Category IIA endometrium—a larger extent of COL3 is present in the stratum compactum under the surface epithelium and periglandular. Some COL1 fibers are present in the deeper stroma. (B) Category IIB endometrium—COL3 fibers are depicted under the basement membrane in the stratum compactum and periglandular, but COL3 fibers are also intertwined with some COL1 fibers. (C) Category III endometrium—COL3 fibers are still found under the basement membrane and periglandular, but more COL1 is present in the deep stroma, surrounding endometrial glands.



Table 2. Qualitative evaluation of the presence of collagen type I (COL1) and collagen type III (COL3) in jenny endometrium, stained with picrosirius red.
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FIGURE 5. Mare endometrium sections stained with picrosirius red and observed under polarized light microscopy. Collagen type I (COL1) stains red (arrowhead), while collagen type III (COL3) stains green (white arrow). (A) Category I endometrium—a larger extent of COL3 is present in the stratum compactum under the surface epithelium and periglandular. (B) Category IIA endometrium—COL3 fibers are depicted under the basement membrane in the stratum compactum and periglandular, but COL3 fibers are also intertwined with some COL1 fibers. (C) Category IIB endometrium—COL3 fibers are sparsely found under the basement membrane, while COL1 is predominant and present in the deep stroma, surrounding endometrial glands. (D) Category III endometrium—COL1 is found almost exclusively in the stratum compactum, periglandular, and under the basement membrane.



Table 3. Qualitative evaluation of the presence of collagen type I (COL1) and collagen type III (COL3) in mare endometrium, stained with picrosirius red.
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The correlation between eosinophil or neutrophil count and the area occupied by COL1 or COL3 was also evaluated. Although no correlation was found for eosinophil count (data not shown), correlations between neutrophil count and both COL1 and COL3 areas were observed. Positive correlations were seen for the endometrial area occupied by COL1 when all endometrial categories were considered (ρ = 0.520; P = 0.01; Figure 6A) and for category IIB (ρ = 0.6770; P = 0.03; Figure 6B) but not significantly in category III (Figure 6C). Between neutrophil count and COL3 area, a negative correlation was detected when all endometrial categories were considered (ρ = −0.4716; P = 0.03; Figure 6D) and in category IIB (ρ = −0.6102; P = 0.03; Figure 6E). A tendency toward a negative correlation between neutrophil count and COL3 area was also noticed in category III endometrium (ρ = −0.7537; P = 0.07; Figure 6F).


[image: Figure 6]
FIGURE 6. Correlation between neutrophil count and relative proportion of collagen type I (COL1—A–C) and type III (COL3—D–F) in all (A,D) and in IIB (B,E), and III (C,F) jenny endometrial categories. ρ—Spearman rank correlation.





DISCUSSION

To the best of our knowledge, this is the first study that has evaluated IL33 expression in donkey endometrium and related its transcript levels with eosinophil count and collagen transcripts and deposition. Since IL33 is a critical regulator of a number of processes including inflammation, vascularization, and fibrosis (19, 20), its role on the progression of endometrial inflammation and fibrosis in the jenny is worth evaluating. In fact, IL33 can exacerbate inflammation in collagen-induced arthritis, and in allergic processes (21, 22). Based on studies on peritoneal fluid, serum, or samples from endometriotic lesions in women, it has been suggested that IL33 might play an important role toward inflammation present in advanced-stage endometriosis patients and on the progression of the disease (23, 24). Even though endometriosis in women, which consists of the abnormal growth of endometrial tissue outside the uterus (24, 25), and jenny's endometrial fibrosis are different conditions, at a certain stage of their development they both undergo an inflammatory process that ultimately may lead to fibrosis, as an end-point (25–29). We have shown that IL33 transcripts were detected in all jenny endometrial samples, regardless of their histopathological classification. Even though not reaching significance, IL33 mRNA levels in category III jenny endometrium were 5-fold increased, with respect to category IIA, while eosinophil count was about 14-fold lower in severe fibrosis than in healthier tissue (category IIA). The development of fibrosis and its chronicity in liver, skin, and intestine has been related to eosinophil infiltration and the expression of IL33 (4–6). Since a direct relationship between tissue eosinophil infiltration and the expression of IL33 has been referred, the present data on jenny endometria appears somewhat unexpected and cumbersome. In other species and tissues, accumulated observations have improved the understanding of eosinophil stimulation and ability to infiltrate tissues and participate in disease pathogenesis (30, 31). Even though rarely described, endometritis eosinophilica in the mare is a separate endometrial disease responsible for infertility (31). Nevertheless, deciphering the role of eosinophils in jenny's endometrium is still a challenge. It is plausible that jenny's endometrium with mild to moderate fibrosis (categories IIA and IIB) can mount an inflammatory reaction characterized by the presence of eosinophils and neutrophils. This eosinophil infiltration might be mediated by IL33. In fact, our results appear to indicate a trend toward a positive correlation between eosinophil count and IL33 transcripts in category IIA endometrium. Unlike other cytokines, when epithelial or endothelial cell damage or cell necrosis occurs, IL33 is passively released, suggesting that it may function as an alarmin that stimulates the immune system [reviewed by Chan et al. (22)]. However, in severe fibrosis (category III), as in other tissues where fibrosis is linked to impairment of organ function (32), the endometrial cells may no longer be capable of mounting an inflammatory reaction. Alternatively, eosinophil infiltration subsides, and the tissue reacts with fibrosis establishment, which could be stimulated by the still present pro-fibrotic cytokine IL33 (19), or by other pro-fibrotic stimuli (33). In spite of a decline in eosinophil infiltration in category III endometrium, the release of IL33 might be ascribed to other cells rather than eosinophils, such as fibroblasts [reviewed by Chan et al. (22)]. Nevertheless, this should be further investigated in jenny's endometrium.

In the present study, as fibrosis progressed from categories IIA to III, a 4-fold decrease in COL1A2 and a 3-fold decrease in COL3A1 in the mRNA levels were noted, although not significant. In addition, the percentage of areas occupied by COL1 and COL3 fibers in jenny endometria was similar, despite endometrial histopathological characteristics, in contrast to what we have previously shown for the mare endometrium. A preliminary work on Masson's trichrome-stained histological sections of jenny endometrium classified as I, IIA, or IIB was not conclusive about putative differences in the total area occupied by COL fibers (34). In contrast, in the mare, COL3 was the most predominant type of collagen in healthy endometrium, in comparison to severe endometriosis where COL1 was mostly found (10).

Interestingly, when evaluating the topographic histological distribution of COL1 and COL3 in jenny's endometrium, a different pattern was consistent, despite the histopathological classification and the progress of fibrosis. Even in category III endometrium, there was an area occupied by COL3 fibers under the basement membrane adjacent to the luminal epithelium, in the stratum compactum. In contrast, in the mare endometrium, COL3 fibers under the luminal epithelium were replaced by COL1, as fibrogenesis progressed. In fact, the arrangement of collagen fibers in the mare endometrium and their characteristics were related to the evolution of the process (35, 36). Mare foaling rates do not overcome 11% in category III endometrium (37). However, this correlation remains unknown in donkeys. The analysis of the Catalonian donkey stud book showed that only 3.3% of foaled jennies are older than 15 years of age1. Moreover, the generation interval index (average age of one jenny and its selected offspring) of this donkey breed is 7.75 ± 0.25 years1. However, based on these data, it is impossible to calculate jenny's reproductive longevity or overall fertility rate, let alone for each endometrial category. In addition, it has been referred that in mare endometriotic tissue, the incidence of periglandular fibrosis should not be based on the increased presence of collagen fibers (38). Instead, the arrangement of fibroblasts around endometrial glands, in one or more layers, which produce the extracellular matrix proteins such as collagen IV, laminin, and fibronectin, should be taken into consideration (38).

The connection between inflammation and fibrosis is well-recognized (31). One putative link between neutrophil and fibrogenesis has been provided by neutrophil extracellular traps (NETs, released by neutrophils) triggering the differentiation of myofibroblasts, cells responsible for COL deposition (17). In the mare, NET components induced an in vitro increase in COL1 in the endometrium (39). Likewise, in mares with closed cervix, a marked endometritis and intense neutrophil infiltration, and permanent pathological endometrial changes, including fibrosis were observed (40). In a recent study on jenny's endometrial cytology, an increase in neutrophil count in older and multiparous jennies was referred (41). In the present study, the neutrophil count positive correlations with the area occupied by COL1, and the negative correlation with the area of COL3 observed in endometria with mild lesions, suggest that the presence of neutrophils in jenny's uterus may be involved in endometrial fibrogenesis.

In conclusion, there are important differences in the collagen distribution between jenny and mare endometria. The presence of COL3 next to the surface epithelium, in the stratum compactum, and around endometrial glands might not have a deleterious effect on implantation and endometrial function, as it appears to occur in mares with category III endometrium. Further studies are needed to correlate these findings with jenny's fertility and age Therefore, donkey endometrium classification should be reconsidered. In addition, further studies are needed to unravel the unknown role of neutrophils and eosinophils present in jenny's endometrium on the reproductive performance of this species.
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Early pregnancy in jennies is routinely determined by palpation per rectum or ultrasonography and also by detecting steroid hormone and chorionic gonadotropin levels in the blood, plasma, and serum. Herein we applied label-free mass spectrometry-based quantitative proteomics to identify serum proteins that were differentially expressed between early pregnant (day 45 after ovulation) and non-pregnant jennies. Bioinformatics analysis allowed illustration of pathways potentially involved in early pregnancy. We identified 295 proteins from a total of 2,569 peptides. Twenty-five proteins (22 upregulated and three downregulated) were significantly differentially expressed between the early pregnant and non-pregnant groups. The majority of the differentially expressed proteins were involved in defense response, early embryonic development, and hormone signaling pathways. Furthermore, functional protein analyses suggested that proteins were involved in binding, enzyme inhibitor activity, and enzyme regulator activity. Five serum proteins—granulin precursor/acrogranin, transgelin-2, fibronectin, fibrinogen-like 1, and thrombospondin 1—can be considered as novel, reliable candidates to detect pregnancy in jennies. To the best of our knowledge, this is the first study to use label-free mass spectrometry-based quantitative proteomics to analyze serum proteins during early pregnancy in jennies. Our results should facilitate the identification of valuable pregnancy diagnostic markers in early pregnant jennies.

Keywords: proteomics, jennies, early pregnancy, biomarkers, serum proteins


INTRODUCTION

Donkey (Equus asinus), a member of the equids, provides substantial societal benefits to humans (1). Considering its novel and evolving role in milk, meat, and skin production and in animal-assisted therapy, there has been a renewed interest in this species. A decline in donkey population and genetic diversity has become a global trend; thus, successful pregnancies are essential for maintaining effective population size and genetic diversity (2). Pregnancy in jennies (female donkeys) can be determined by palpation per rectum at around 40 days after ovulation (3) or by ultrasonography at around 10 days after ovulation (4). Steroid hormone variations in the blood of pregnant jennies have been previously investigated. Detecting progesterone and estradiol concentrations in the blood, plasma, and serum has become a method for pregnancy diagnosis in jennies (5).

There is a relatively high concentration of proteins present in the blood, plasma, and serum. The serum concentration of proteins in donkeys is 58–82 g/L (6). Molecular events are regulated by the expression of proteins in the blood. Thus, blood proteome could be used to understand biological mechanisms at a molecular level. The blood, plasma, and serum are widely utilized for diagnostic purposes in clinical practice (7) and for the discovery of novel biomarkers (8).

With the development of proteomics, different fractions of the blood proteome can now be analyzed in detail. Thus far, several proteomics approaches have been widely and effectively applied to explore the blood proteome of equids. Two-dimensional (2D) gel electrophoresis is routinely used for assessing quantitative changes in serum and/or plasma proteins of horses, such as for establishing the serum protein map (9, 10), evaluating changes in plasma proteins after prolonged physical exercise (11), and comparing differences in serum protein expression profiles between distinct breeds (12). Henze et al. (13) evaluated genetic differences in the serum proteome of horses, donkeys, and mules using surface-enhanced laser desorption–ionization time-of-flight mass spectrometry (MS), and they found considerable differences in the proteome of horses and donkeys and that the proteome of mules showed a higher similarity to donkeys than to that of horses.

It is well-known that there is an increase in blood protein synthesis during pregnancy (14). In several species, factors that help diagnose pregnancy have been subjected to in-depth research using proteomics. Some previous studies used high-resolution 2D gel electrophoresis in bovine (15, 16) and buffaloes (17) to identify potential pregnancy-specific markers in the serum and plasma. Furthermore, in pregnant women who delivered at term, Scholl et al. (18) used two-dimensional difference in-gel electrophoresis as well as isotope tagging for relative and absolute quantitation to assess changes in relative protein abundance between paired serum samples collected in the first and third trimesters.

A remarkable feature of equine pregnancy is the development of the invasive trophoblast of the chorionic girdle and its formation of gonadotrophin-secreting endometrial cup cells in early pregnancy. Equine chorionic gonadotropin, the main secretory product of the endometrial cups, is secreted during days 40–150 of pregnancy (19). During this period, numerous proteins are involved in the process of fetomaternal interactions. To the best of our knowledge, there are no published data on serum proteins during early pregnancy in jennies. Thus, using label-free MS-based quantitative proteomics, we herein aimed to identify specific serum proteins during early pregnancy in jennies.



MATERIALS AND METHODS


Animals and Sampling

We used Liaoxi donkeys in this study (20). Nine pregnant jennies at day 45 after ovulation and nine non-pregnant jennies (aged 4–8 years) were randomly chosen at a breeding farm in Liaoning Province, China. The animals were considered healthy based on veterinarian records, physical examination, and reproductive tract examination performed by transrectal palpation and ultrasonography. A “B mode” ultrasound scanner equipped with a 7.0 MHz linear array multi-frequency transducer (WED-3000, Shenzhen WELLD, China) was used to monitor ovarian and uterine activity during estrus and pregnancy. The presence of a preovulatory follicle (≥3.5 cm) indicated impending ovulation. Artificial insemination was performed on the day of ovulation, using fresh semen from the same fertile jack donkey. The animals were first examined for pregnancy 12–15 days after ovulation, and re-examined at 40 and 45 days after ovulation to confirm the pregnancy status. Nine jennies that continued pregnancy to 45 days after ovulation were included into the “pregnant group” (P group). Further, nine jennies that repeated their cyclic estrous activity 21–22 days after the last estrus were included into the “non-pregnant group” (NP group). All jennies were maintained in a stable and outdoor paddock with ad libitum access to a mixture of cereal straw and grass hay, maize, bran, peas, minerals, vitamins, and water.

Blood samples from the P and NP groups were collected at day 45 after ovulation, and obtained immediately after confirming the non-pregnant state, respectively. Blood samples were collected at 9–10 am. The blood was drawn from the jugular vein and dispensed into 10-mL disposable vacuum tubes (BD Vacutainer, USA) without an anticoagulant. Within 1 h of collection, the samples were centrifuged at 3,000 g for 10 min at 4°C, and the serum thus obtained was stored at −80°C until needed. This study was conducted with the approval of Shenyang Agricultural University Animal Care and Use Committee (Permit no.: 201906025).



Protein Extraction and Digestion

To avoid the influence of individual differences on serum proteins, the nine serum samples obtained from each group were randomly divided into three subgroups. The three serum samples (10 μL/sample) within each subgroup were equally pooled to obtain three biological replicates from each group. Proteins were extracted using SDT lysis buffer (4% SDS, 100 mM DTT, 100 mM Tris-HCl, pH 8.0), and protein concentration was determined using the BCA protein assay kit (Bio-Rad, USA). The protein samples were digested with trypsin, in accordance with the filter-aided sample preparation method (21). The digested peptides of each sample were desalted on C18 cartridges [Empore™ SPE C18 Cartridges (standard density), 7 mm bed I.D., 3 mL volume, Sigma], concentrated by vacuum centrifugation, and reconstituted in 40 μL of 0.1% (v/v) formic acid.



Liquid Chromatography (LC)–Electrospray Ionization (ESI)–Tandem MS (MS/MS)

LC–ESI–MS/MS was performed on a Q-Exactive Plus mass spectrometer coupled with an EASY 1200 nano-LC System (Thermo Fisher Scientific, Bremen, Germany). LC–ESI–MS/MS settings were the same as those stated in a previous study (22). Briefly, 3 μg of the peptide mixture was first loaded onto a trap column (100 μm inner diameter, 20 mm long, 5 μm resin, C18, Dr. Maisch GmbH, Ammerbuch, Germany) in buffer A (0.1% formic acid in water). Reversed-phase high-performance LC was then performed with the EASY 1200 nano LC System (Thermo Fisher Scientific, Bremen, Germany) using a self-packed column (75 μm inner diameter, 150 mm long, 3 μm ReproSil-Pur C18 beads, 120 Å, Dr. Maisch GmbH, Ammerbuch, Germany), and the peptide mixture was separated with a linear gradient of buffer B (0.1% formic acid in 85% acetonitrile) at a flow rate of 300 nL/min controlled by IntelliFlow for 120 min. MS/MS data were acquired using a data-dependent top 20 method by dynamically choosing the most abundant precursor ions. The survey scans were selected with an isolation window of 1.6 Thomson and fragmented by higher energy collisional dissociation with a normalized collision energy of 27 eV. The maximum ion injection times for the survey and MS/MS scans were 50 ms, and the ion target values were set to 1e6 and 1e5, respectively. Selected sequenced ions were dynamically excluded for 60 s.



Sequence Database Searching and Protein Quantification

Raw MS data were analyzed using MaxQuant v1.6.0.16 and searched against UniProtKB Equus (28,987 total entries, downloaded on 15/09/2019 from http://www.uniprot.org). The initial search peptide tolerance and mass tolerance were set at 20 ppm for fragment ions. The main search peptide tolerance was 4.5 ppm. The search was performed based on an enzymatic cleavage rule of trypsin/P, and a maximum of two missed cleavage sites were allowed (21). The carbamidomethylation of cysteine residues was defined as a fixed modification, while protein N-terminal acetylation and methionine oxidation were specified as variable modifications for database searching. The false discovery rate for both peptide and protein identification was set to be <0.01 (23). Protein identification was supported by at least one unique peptide identification.



Statistical and Bioinformatics Analysis

Differential proteins were analyzed for significant up- or downregulation, which was assessed using the R statistical computing software (v 3.2.1). Protein abundance information was collected to have at least two valid expression values in each group. Normality was assessed using the Shapiro–Wilk test. This exploratory analysis of the dataset showed that the variables were normally distributed; thus, the independent samples t-test was used to determine statistical significance for comparison between the P and NP groups. The significantly differentially expressed proteins (DEPs) were further inspected and the ones with a differential expression ratio of ≥1.5-fold or ≤0.66-fold (P < 0.05) were retained.

Analyses of bioinformatics data were performed with Perseus (24), Microsoft Excel, and R statistical computing software. The protein sequences of selected DEPs were extracted from UniProtKB/Swiss-Prot (25), gene ontology (GO) terms, and Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://geneontology.org/). GO and KEGG enrichment analyses were applied on the basis of Fisher's exact test in which whole quantified protein annotations were considered as background dataset, and only functional categories and pathways with P < 0.05 were recognized as significant. The protein–protein interaction (PPI) information of DEPs was retrieved using the STRING (http://string-db.org/) database and Cytoscape software (26).




RESULTS


Identification and Quantification of the Serum Proteome

We herein used the label-free MS-based quantitative proteomics to investigate serum proteins in jennies, which led to the identification of 295 proteins (Supplementary Table 1) in the serum of early pregnant and non-pregnant jennies with a high confidence level (≥1 unique peptides with false discovery rate of <1%). Overall, 275 proteins were common between the P and NP groups. Of the 295 proteins that were quantified, 27.1% (80/295) were inferred from one peptide, and 22.0% (65/295) were proteins with >11 unique peptides (Figure 1). The molecular weight of the identified proteins ranged from 1.53 to 881.23 kDa. Albumin, α-2-macroglobulin, serotransferrin, apolipoprotein A1, and haptoglobin were the major serum proteins. Detailed information pertaining to the identified 2,569 peptides is shown in Supplementary Table 2.


[image: Figure 1]
FIGURE 1. Unique peptides for the identified proteins.




Differentially Expressed Serum Protein Profiles

Twenty-five proteins (22 upregulated and three downregulated) were found to be significantly differentially expressed between the P and NP groups (≥1.5-fold, Student's t-test, P < 0.05) (Table 1, Supplementary Table 3). Among the 25 DEPs, 12 (10 upregulated and two downregulated) were common between the P and NP groups. According to the fold change and P-value between the groups, a volcano plot was drawn to illustrate significant differences (Figure 2). In addition, among the 25 DEPs, there were 12 and one proteins that were uniquely expressed in the P and NP groups, respectively.


Table 1. Differentially expressed proteins in the serum of early pregnant (P group) and non-pregnant (NP group) jennies.
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FIGURE 2. A volcano plot of common proteins identified in the serum of early pregnant and non-pregnant jennies. This plot was drawn on the basis of the fold change and P-value between the P and NP groups. Red and green dots represent upregulated and downregulated common proteins, respectively (fold change ≥1.5 and P < 0.05). Gray dots represent proteins without any difference.




Bioinformatics Analysis of DEPs

The 25 DEPs were classified into three distinctive functional sets through GO enrichment analysis, namely biological process (BP), cellular component (CC), and molecular function (MF) (Figure 3), with a corrected statistically significant level (P < 0.05) based on Fisher's exact test. The most prevalent BPs were response to stimulus, regulation of cellular process, protein metabolic process, and proteolysis. The most enriched CCs were extracellular region, vesicle, extracellular organelle, and extracellular space, and in the MF category, DEPs were mainly involved in binding, enzyme inhibitor activity, and enzyme regulator activity.


[image: Figure 3]
FIGURE 3. GO enrichment analyses of DEPs identified in the serum of early pregnant and non-pregnant jennies. Most proteins could be divided into three major categories: biological process, cellular component, and molecular function.


The 25 DEPs were related to 17 KEGG pathways; the first 10 pathways are shown in Figure 4. The prevalent pathways related to DEPs were involved in bladder cancer, ovarian steroidogenesis, malaria, p53 signaling, prolactin signaling, TGF-beta signaling, and GnRH signaling. Detailed information on the functional enrichment of DEPs is present in Supplementary Table 4.


[image: Figure 4]
FIGURE 4. KEGG pathway enrichment analysis of DEPs identified in the serum of early pregnant and non-pregnant jennies.




PPI Analysis

Color-coded networks were generated to represent different types of evidence for the biological crosslink between DEPs. The networks contained nine DEPs, and the core factors were fibronectin (FN1), fibrinogen-like 1 (FGL1), and thrombospondin 1 (THBS1). These three proteins were connected by 2–5 nodes (Figure 5).


[image: Figure 5]
FIGURE 5. Protein–protein interaction network analysis based on DEPs in the P group vs. the NP group.





DISCUSSION

Serum proteins during early pregnancy in jennies have not been previously investigated. In this study, we generated proteome profiles of the serum obtained from jennies using label-free MS-based quantitative proteomics, which led to the identification of 25 DEPs. This is the first comprehensive study to explore the potential biological significance of DEPs between early pregnant and non-pregnant jennies, providing valuable insights into pregnancy-specific serum proteins that could be applied for developing pregnancy diagnostic markers in early pregnant jennies.

The label-free MS-based quantitative proteomics method, i.e., spectral counting, compares the number of mass spectra assigned to each protein (27). It offers several advantages such as high sensitivity, real-time measurements, rapid and multiplexed detection, larger quantification dynamic range, and improved reproducibility (28), as compared with the low identification rate of the 2D gel electrophoresis method (27). The label-free MS-based quantitative proteomics method has thus emerged as a promising technique for quantitative protein profiling of complex biological samples, such as serum (29).

Several proteomics-based studies involving various animal species have reported the identification of potential pregnancy-specific serum proteins. These studies have mostly used high-resolution 2D gel electrophoresis and MS for this purpose (15–17). Four differentially expressed serum proteins, namely transferrin, albumin, IgG2a heavy chain constant region, and immunoglobulin gamma heavy chain variable region, were identified as pregnancy-specific proteins in Holstein dairy cattle by 2D gel electrophoresis plus matrix-assisted laser desorption/ionization–time of flight (MALDI–TOF) MS (15). In another study, 2D fluorescence difference gel electrophoresis plus MALDI-TOF MS were used to analyze serum proteins obtained from Holstein dairy cattle, which led to the identification of 16 DEPs spots; among them, upregulated proteins, such as conglutinin precursor, modified bovine fibrinogen, and IgG1, and downregulated proteins, such as hemoglobin, complement component 3, bovine fibrinogen, and IgG2a heavy chain constant region, were considered as pregnancy-specific proteins (16). Further, upon exploration of serum pregnancy-specific proteins in Murrah buffaloes, synaptojanin-1, apolipoprotein a-1, apolipoprotein b, keratin 10, and von Willebrand factors were identified by 2D gel electrophoresis plus MALDI-TOF MS (17). In this study, none of the DEPs identified by us using label-free MS-based quantitative proteomics have been reported in previous studies, indicating interspecific differences.

So far, some pregnancy-specific proteins, such as pregnancy-specific glycoproteins, have been found in trophoblast cells of pregnant mares (30); however, to the best of our knowledge, the identification of pregnancy-specific serum proteins based on proteomics has not been performed in horses. Further studies need to be conducted to reveal more biomarkers of early pregnancy and to compare differences among different Equus species.

Herein many DEPs, such as FN1, FGL1, THBS1, granulin precursor/acrogranin (GRN), C-X-C motif chemokine, triggering receptor expressed on myeloid cells-1 (TREML1), and keratin 14 (KRT14), were identified in the serum obtained from early pregnant jennies, and these were mainly associated with defense response. FN1 usually exists as a dimeric glycoprotein and is a ubiquitous and abundant soluble constituent of the plasma and other body fluids; it is also a part of the insoluble extracellular matrix (31). This extracellular fibronectin niche plays essential roles in wound healing, malignant transformation, inflammation, infection, hemostasis, and thrombosis (32). FGL1 belongs to the fibrinogen family and is primarily secreted from hepatocytes. It is involved in the process of blood clotting (33), and a study reported that recombinant human IL-6 could induce FGL1 expression in Hep G2 cells and that serum FGL1 levels were also enhanced after induction of acute inflammation in rats by subcutaneous injection of turpentine oil (34). THBS1 interacts with a cohort of target molecules through its multifunctional domains and participates in normal development and homeostasis maintenance (35). It also plays an important role in the regulation of coagulation, antiangiogenesis, wound healing, and immune response (36). The 6-kDa form of GRN has been invoked in wound repair (37). GRN is also a potent inhibitor of the inflammatory cytokine tumor necrosis factor-α and regulate inflammation (38). Both C-X-C motif chemokine and TREML1 are involved in platelet activation. KRT14, encoding a basal cell keratin, is expressed during the wound healing process and participates in cell morphogenesis and epidermis development (39). Changes in the serum level of these proteins indicates the involvement of a regulatory mechanism of defense response during early pregnancy.

The presence of many pregnancy-specific proteins associated with early embryonic development have been reported in the serum, other body fluids, and tissues of animals. We found that the expression of GRN and transgelin-2 (TAGLN2) was unique. GRN is an embryo-derived growth factor, which possesses growth regulatory activities principally toward epithelial cells. GRN has been reported to regulate the appearance of the epithelium in developing mouse blastocysts, growth of the trophectoderm, and/or function of the embryonic epithelium (40). As a member of the transgelin family, TAGLN2 plays a significant role in the regulation of F-actin remodeling, which is important for trophoblast cell adhesion and invasion. TAGLN2 may be a potential target to improve embryo implantation rates in in vitro fertilization (41). Furthermore, the significantly upregulated proteins FN1, FGL1, and THBS1 are also seemingly involved in the establishment and maintenance of pregnancy. FN1 plays major roles in cell adhesion, migration, growth, and differentiation. It also binds to a number of biologically important molecules (42). Moreover, it is indispensable for embryogenesis; George et al. (43) reported that FN1-deficient mice died around embryonic day 10.5 due to severe defects in mesoderm. FGL1 is also expressed in the placenta and increases the proliferation of trophoblasts through an ERK-dependent pathway (44). THBS1 is reportedly involved in the organization of the cytoskeleton and in the process of adhesion (45). It has also been reported to participate in the adhesiveness of the embryo during the peri-implantation period in pigs (46). Considering our findings pertaining to the differential expression of GRN, TAGLN2, FN1, FGL1, and THBS1 in the serum of early pregnant jennies, which have been proved to play an important role in early embryonic development in other species, these five proteins seem to be novel, reliable candidates to detect pregnancy in jennies.

Equine chorionic gonadotropin is a pregnancy-specific glycoprotein hormone produced by the placenta between day 40 and 150 of pregnancy, and it shows FSH- and LH-like biological activities (19). Equids possess a single lutropin/choriogonadotropin subunit-β (LHB) gene, which confers specificity on the intact hormone (47). In our study, LHB was noted to be uniquely expressed in the serum of pregnant jennies and was probably involved in ovarian steroidogenesis and prolactin signaling and GnRH signaling pathways, according to the KEGG pathway-based enrichment analysis. LHB has been identified as a marker of pregnancy in jennies, although it shows considerably lower FSH-like activity than horse LHB (47).



CONCLUSION

To summarize, this is the first study to report a comprehensive analysis of DEPs in the serum of early pregnant and non-pregnant jennies using label-free MS-based quantitative proteomics. Twenty-two upregulated and three downregulated proteins were significantly differentially expressed in the P group, and these were mainly associated with the defense response, early embryonic development, and hormone signaling pathways. The differences in the expression profiles helped identify candidate proteins to explore pregnancy diagnostic markers related to early pregnancy in jennies. Five serum proteins—GRN, TAGLN2, FN1, FGL1, and THBS1—appear to be novel, reliable candidates to detect pregnancy in jennies. Further studies should be conducted to elucidate their functions in jennies.
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This paper reports the occurrence for the first time in Italy of autochthonous Onchocerca infection in donkeys. Four jennies, bred on the same farm, were referred to the Veterinary Teaching Hospital of Pisa for a check-up on ovarian activity (n = 3) or for veterinary support during the delivery (n = 1). Microfilariae were incidentally detected during the blood smear examination of one jenny. Peripheral blood samples were then collected from the other three jennies and the presence of microfilariae was investigated by Knott's test. Circulating unsheathed microfilariae were identified in all the animals. The level of microfilaraemia was between 1 and 31 microfilariae in 2 mL of blood. Hematological changes showed moderate eosinophilia in one case or both remarkable eosinophilia and basophilia in another case. Based on molecular findings by PCR and sequencing, the microfilariae showed 98% sequence similarity with Onchocerca sp. in the NCBI GenBank database (Accession No.: MK541848.1). The present report provides evidence that Onchocerca is an etiological agent of parasitic infection in donkeys in Italy. Our findings highlight the importance of screening in donkeys for Onchocerca even in the absence of clinical indications.
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INTRODUCTION

Onchocerca cervicalis, Onchocerca reticulata, and Onchocerca raillieti (Onchocercidae, Spirurida) are filarial thread-like nematodes. O. cervicalis and O. reticulata infect equines worldwide (1). O. cervicalis adult females (50–70 cm long) and males (7–10 cm long) live in the ligamentum nuchae. O. reticulata adult worms can measure up to 75 cm (females) or 15–20 cm (males) and inhabit the flexor tendons and suspensory ligament of the fetlock (2). O. raillietti has only been reported in donkeys in Africa (1) and adult worms live in the ligamentum nuchae (3). They are all viviparous. Adult females release microfilariae (L1) measuring 190–310 μm for O. cervicalis, 330–370 μm for O. reticulata (4), and 180–217 μm for O. raillieti (3). When microfilariae are released by the females, they migrate through connective tissues and accumulate in the lymphatics of the upper dermis (1, 2). The highest concentrations can be found along the linea alba in the ventral midline, especially near the umbilicus (1, 3, 4). Microfilariae are also commonly found in the dermis of the face, neck, withers, thorax, and eyes (1). O. raillietti microfilariae have also occasionally been found in the dermis of the head, back, hips, forelimbs, hind limbs, and perineum, though to a limited extent (3). Information is only available for the life cycle of O. cervicalis (4), however the transmission pathways of O. cervicalis, O. reticulata, and O. raillieti are likely to be similar. These parasites are all transmitted by blood-sucking midges of Culicoides species (1, 2, 4, 5). Mosquitoes (Aedes aegypti) also act as intermediate hosts for O. cervicalis (6). Microfilariae are ingested by insect vectors while feeding on an infected animal. After development within the intermediate host to reach the infective third-stage, L3 larvae are transmitted to other susceptible definitive hosts at the subsequent blood meal (4).

Many studies have been conducted on epidemiological, clinical, diagnostic, pathological, and therapeutic aspects of Onchocerca infection in horses as reviewed by Dagnaw et al. (1). However, with the exception of a relatively recent case report in Italy (7), all these studies are dated. Moreover, only a limited number of studies have investigated the parasitosis in donkeys, almost all of the published studies in donkeys were from African countries, and most focus on O. raillieti (3, 5, 8–10). Currently, little or nothing is known about the current spread of Onchocerca infections in donkeys in Italy. In order to fill this gap, we report a case of autochthonous infection in jennies. We discuss various epidemiological and clinical aspects of the infection in this host species.



MATERIALS AND METHODS


Case Presentation and Blood Collection

In June 2019, four adult, pluriparous jennies of the Amiatina breed with ages ranging from 6 to 14 years (median age 13 years) were presented to the Veterinary Teaching Hospital (VTH) of the University of Pisa (geographical coordinates: 43°40′48″N 10°20′55″E). The jennies were from a donkey farm located in central Italy, where animals are used for milk production and reared outdoor in a free animal housing system. On the farm, water ad libitum and food were available in shaded resting spots.

Three out of the four were barren jennies admitted to the VTH for an examination of ovarian activity. The other jenny was pregnant and was diagnosed with rupture of the prepubic tendon before pregnancy, thus this jenny needed veterinary care at the time of delivery.

When admitted to the VTH, jennies were housed in collective paddocks 24 h a day, fed with meadow hay ad libitum along with commercial equine feed (Equifioc®, Molitoria Val di Serchio, Italy) according to the NCR energy recommendations (National Research Council, NRC, 2007), as well as having free access to clean and fresh water.

Upon admission to the VTH, all jennies underwent a complete clinical assessment and coprological examinations by means of a flotation technique with saturated solution of NaCl (specific gravity = 1.20).

The pregnant jenny showed signs of colic 2 days after delivery and thus underwent further clinical investigations. A complete blood count and biochemistry analyses were also performed. For this purpose, a venous blood sample was drawn via jugular venipuncture and collected in two sterile 10 mL vacutainer tubes, one with K3-EDTA and one plain tube for serum harvesting. As soon as the blood collection was completed, the sample was labeled (jenny I), immediately transferred to the laboratory of veterinary clinical pathology, and examined. Likewise, a blood work was also carried out in the three barren jennies from the same donkey farm. Blood collection was performed in the same way as previously described. The samples were labeled for animal identification (jennies II–IV).



Blood Analysis

Complete blood counts were performed using a combined laser-impedance cell counter (ProCyte®, Idexx Laboratories, Milan, Italy) including red blood cell count, hematocrit, hemoglobin, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, red blood cell distribution width, total leukocyte count, absolute values of neutrophils, lymphocytes, monocytes, eosinophils, and basophils, platelet count, and mean platelet volume. In order to complete the information on the morphological aspects of red blood cells, white blood cells, and platelets, and to assess the leukocyte differential counts in comparison to the results provided by the cell counter, fresh blood smears were prepared and stained with May-Grundwald-Giemsa (MGG) using an automatic stainer (Wescor Aerospray 7150®, Delcon, Milan, Italy). Using bright-field light microscopy, blood smears were screened at 20× and then examined at 100× by a trained clinical pathologist.

The serum biochemical assays were performed on a combined spectrophotometric-immunoturbidimetric device (Analyzer SAT 450®, Medical System, Guidonia, Rome, Italy) including: total plasma protein, albumin, gamma glutamyl transferase, aspartate aminotransferase, creatine phosphokinase, blood urea nitrogen, creatinine, calcium, phosphate, total bilirubin, and direct bilirubin. In addition, few electrolytes such as sodium, potassium and chloride were assessed with an ion-selective electrodes device (Electrolyte Analyzer GE200®, Medical System, Guidonia, Rome, Italy).

The blood cell counter was set up to evaluate the parameters as equine species. All the reference intervals (RIs) used were derived from an internal assessment carried out by the veterinary clinical pathology laboratory with multi-year experience in examining donkey blood.



Detection of Circulating Microfilariae

Since microfilariae were detected through the blood smear examination of jenny II (Figure 1), the occurrence of peripherally-circulating microfilariae was also evaluated in the other three jennies. Microfilariae detection was performed using a modified Knott's test on peripheral EDTA blood samples collected, as described above. Briefly, 8 mL of distilled water were added to 2 mL of whole EDTA blood and mixed thoroughly. Following centrifugation at 3,000 rpm for 5 min, the supernatant was discarded. The sediment was re-suspended in two drops of distilled water, removed with a 1 mL Pasteur pipette, and examined with a light microscope at 100× magnification. The number of microfilariae was counted in the Knott's test sediment. See the Results section for details on morphometric features. After microscopic examination, another aliquot (2 mL) of EDTA blood sample from each positive jenny was stored at −20°C prior to shipment to a sequencing service provider.


[image: Figure 1]
FIGURE 1. Giemsa stained blood smear showing a single microfilaria of Onchoerca sp. detected in a jenny in Italy. In the microscopic field, one eosinophil with characteristic feature of the asinine species, three lymphocytes, and one neutrophil can also be identified (×400 magnification).




Molecular Procedures

Molecular analyses were performed by BMR Genomics (Padua, Italy). After thawing at room temperature, genomic DNA was extracted from positive blood samples using the commercial DNA IQ™ System® (Promega) based on paramagnetic beads, following the manufacturer's instructions. A fragment (about 700 base pairs in length) of the mitochondrial gene for cytochrome c oxidase subunit 1 (COX1) was used as a DNA barcoding system and amplified. The PCR amplification was carried out in a final mixture containing 12.5 μL of Master Mix 2X (GoTaq® Green Master Mix, Promega), 2 μL of genomic DNA extracted from blood, 1 μL (10 μM) of forward primer (5′-TGATTGGTGGTTTTGGTAA-3′), 1 μL (10 μM) of reverse primer (5′-ATAAGTACGAGTATCAATATC-3′), and deionized water, reaching a total reaction volume of 25 μL. The PCR reactions were subjected to the following conditions in thermal cycler (Mastercycler®, Eppendorf): 95°C × 2 min, then 5 cycles (95°C × 40 s, 45°C for 1.5 min, and 72°C for 1.5 min), followed by 35 cycles (95°C for 40 s, 50°C for 1.5 min, and 72°C for 1 min), and finally 72°C for 10 min. The amplification products were visualized after electrophoresis on 1.5% agarose gel. PCR products were purified by AMPure XP Beads (Beckman Coulter), sequenced, and aligned via BLAST analysis to detect their identity by retrieving similar sequences deposited in NCBI's GenBank database (11, 12).



Ethics Approval for the Study

Ethical review was not required as per institutional guidelines/local legislation due to natural infections that occurred spontaneously. Written informed consent was obtained from the owners for the participation of their animals in this study.




RESULTS

All four jennies were apparently healthy on the basis of history and physical examination at admission to the VTH. Three of them (II, III, and IV) remained in this condition throughout hospitalization. However, one jenny (I) was apparently healthy at admission to the VTH but presented signs of colic 2 days after delivering her foal. The results of the complete blood count for all four jennies are reported in Table 1. In jenny I, the values evidenced an anemic condition with normocytic hyperchromic red blood cells. Hyperchromia was due the lipemic sample collected, which interferes with the correct spectrophotometric reading of hemoglobin and induces a high value of mean corpuscular hemoglobin concentration. In the leukogram, neutrophilia, and monocytosis were found along with lymphopenia, all three conditions could be related to a long-lasting inflammatory process or simply related to stress. In jennies II and III, the values did not reveal anything particular in the red blood cell compartment. In the leukogram, eosinophilia was found in both animals and in jenny III it was substantial as was the occurrence of basophilia. In jenny IV, the results of the complete blood count were all within the RIs.


Table 1. Alterations detected in the complete blood count of four jennies found incidentally infected with Onchocerca microfilariae.
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The biochemistry analysis in jenny I revealed renal insufficiency highlighted by an increase in both urea (48 mg/dL, RI = 9–31) and creatinine (2.2 mg/dL, RI = 0.59–1.3) as well as a decrease in total proteins (5.6 g/dL, RI = 5.8–7.6) due to a mild reduction in albumin (2.2 g/dL, RI = 2.5–3.2). Both the cholesterol (195 mg/dl, RI = 55–115) and triglycerides (663 mg/dl, RI = 53–248) showed high values. All the other parameters tested, namely calcium, phosphate, gamma glutamyl transferase, aspartate aminotransferase, creatine phosphokinase, total bilirubin, and direct bilirubin were within the RIs. In the electrolytes, sodium (125 mEq/L, RI = 128–138) and potassium (1.6 mEq/L, RI = 3.2–5.1) were low probably due to the interference of the lipemic sample, while chloride was in the normal range. Overall, the trend of these parameters along with the complete blood count results highlighted lipidosis due to a negative energy intake balance related to obstructive colic in a lactating jenny. The clinical symptoms were depression, anorexia, and oliguria (the jenny refused to drink). The mild increase in urea could be related both to anorexia, or along with high levels of creatinine, to an acute pre-renal insufficiency secondary to low ingestion of water. In the other three jennies all parameters on serum biochemistry and electrolytes investigated were within the RIs (values not reported).

In jenny II, microfilaraemia was detected when the blood smear examination by conventional staining and optical microscopy reading was performed by an expert clinical pathologist (Figure 1). On the other hand, no microfilariae were detected through the blood smear evaluation in the other three jennies. MGG stained microfilariae had a wider and rounded anterior end, while the posterior end showed a short, thin, and sharply pointed tail. The microfilariae measured ~214–229 μm in length and 4–5 μm in width. The most prominent feature was the lack of a faintly stained anterior and posterior sheath. This suggested that on the basis of morphological features, they could be differentiated from the sheathed microfilariae of Setaria spp and belonged to the genus Onchocerca, in which the length of microfilariae between the different species parasitizing donkeys falls within the range of 180–370 μm (3, 4).

Since circulating microfilariae were incidentally detected by microscopic examination of a blood smear from one of the jennies, we thus examined the peripheral blood samples from each jenny by a modified Knott's test, as described above. The Knott's test results showed that all the four jennies presented microfilariae in their peripheral blood samples. Circulating microfilariae appeared to be morphologically identical to each other and from one jenny to another. They were actively motile with serpentine movements, showing the lack of a sac-like hyaline sheath at both ends and a short tail, which matched the characteristics exhibited by the microfilariae in MGG stained blood smears. The characteristic features of the microfilariae appeared to be consistent with Onchocerca microfilariae and no further morphometric investigations were carried out, as microfilariae found in Knott's test sediments and in MGG stained smears appeared to be morphologically identical. However, the unusual site of the finding (i.e., peripheral blood stream) precluded any definitive conclusion and only a presumptive diagnosis of asymptomatic onchocerciasis could be made at that time. The levels of microfilaraemia were 31, 4, 3, and 1 microfilariae in 2 mL of blood samples from jennies II, I, IV, and III, respectively. The highest level of microfilaraemia was detected in jenny II which had been found positive from the blood smear. This suggests that positivity at the blood smear was probably related to the higher burden of circulating microfilariae. Table 1 shows the Knott's test results.

The coprological results were positive for gastrointestinal strongyle eggs.

The BLAST search results showed that COX1 of microfilariae from the four examined jennies had the closest sequence similarity (i.e., 98%) with that of Onchocerca sp. available from GenBank (Accession Number MK541848.1). Sequences producing significant alignments are shown in Table 2.


Table 2. Accession numbers and description of sequences retrieved from GenBank producing significant alignments with COX1 mitochondrial gene of microfilariae incidentally found in peripheral blood samples of four jennies in Italy.
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Unfortunately, no follow-up was possible as the jenny with the ruptured prepubic tendon died after delivery, while the others returned to the farm a few days after check-up on ovarian activity. The owner was unwilling either to take them back to the VHT for further examination or to allow us to visit his farm at a later time.



DISCUSSION

To the best of our knowledge, this is the first report of Onchocerca infection in donkeys in Italy. The presence of microfilariae in peripheral blood samples was ascertained by laboratory and molecular findings. Unfortunately, the species of microfilariae was not identified. The two Onchocerca species infecting donkeys in Europe are O. cervicalis and O. reticulata, which are both found worldwide (1). The geographical range of O. raillieti infection in donkeys known to date is restricted to some countries in Africa (3, 5, 8). In previous studies, when the occurrence of O. cervicalis and O. reticulata was investigated concurrently, O. cervicalis was more prevalent than O. reticulata. In fact, prevalence values of 82.98 and 4.26% have been reported for O. cervicalis and O. reticulata in donkeys, respectively (13). Similarly, prevalence values of 25.42, 5.93, and 2.54% have been reported for O. cervicalis, O. reticulata, or both infections in horses, respectively (14). Therefore, based on the results of previous surveys, we believe that O. cervicalis was most likely the species involved in our study.

All the four Onchocerca infected jennies were bred on the same farm and were kept under the same management conditions. They had always lived on the same farm since their birth and there were no movements throughout the country except for their transportation to the VTH. Onchocerca infection in horses is considered rare when macrocyclic lactones are used regularly (15), since treatments with ivermectin (16, 17), moxidectin (18, 19) or doramectin (9) are effective in killing microfilariae (but not against adult worms located in the nuchal ligament). However, since our four jennies were milk-producing animals, no treatment for ectoparasite or endoparasite control had never been performed at the donkey farm in order to prevent the risk of contamination with drug residues in milk intended for human consumption. Moreover, the Culicoides species, which may act as intermediate hosts for Onchocerca, are spread throughout Italy, including central regions (20) where the farm of the infected jennies is located. Therefore, the examined jennies likely acquired the infection locally on the farm and the source of the infection was the bite of infected midges.

There have been few epidemiological studies on Onchocerca infection in donkeys. Reported prevalence values are 65.38% (21) and 82.98% (13) for O. cervicalis in Egypt, 34% for O. raillieti in Sudan (10), and 4.26% for O. reticulata in again Egypt (13). In another study, only one donkey was examined and found to be infected with O. cervicalis (22). No influence of sex on the infection rate has been observed (5, 10, 13). However, a statistically (p < 0.05) higher prevalence has been reported for O. raillieti (64.3%) in donkeys aged between 7 and 10 years (10) and for O. cervicalis (100%) in donkeys older than 15 years (10). Similarly, Onchocerca infection has been reported to be more common in older horses rather younger horses (23–25), particularly over 15 years of age (25, 26), as the prevalence of infection increases with age (25). Our detection of Onchocerca infection in jennies aged 6–14 years thus appears to be in agreement with the results of previous prevalence studies on donkeys and horses.

The occurrence, distribution, and population density of microfilariae in tissues of Onchocerca infected hosts may vary by season. The peak of distribution of O. cervicalis microfilariae in ventral-midline skin of 15 naturally infected pony mares was investigated over a 13-month period and was shown to be highest during the spring and lowest in the winter, disappearing in the surface layers of the dermis during the winter months (27). A distinct pattern of distribution was also reported in blood samples from 284 camels (Camelus dromedarius) where the highest monthly prevalence of Onchocerca microfilariae throughout a period of 14 months was detected in June, disappearing in July to September and February (28). The authors concluded that this is correlated with an adaptation of the parasite to the climate, thus affecting the seasonal distribution of the insect vectors (27), and that environmental conditions may arrest the development of microfilariae or influence their distribution in the host's tissues (28). Similar seasonal variations likely occur in the donkey too in terms of the concentration, distribution, and occurrence of microfilariae in tissues, including the bloodstream. Therefore, our finding of Onchocerca microfilariae circulating in the peripheral blood of jennies in late spring (June) is in agreement with the results of other studies (27, 28).

Detection of Onchocerca microfilariae in the peripheral blood smear of donkeys or other equids is unusual and thus molecular analysis for confirmatory purposes was needed. In our study, donkeys did not show any dermal or ocular sign that might suggest Onchocerca infection at the time of admittance to the VTH. Therefore, skin biopsies (see the Section Discussion below) were not included in the initial diagnostic workup. On the other hand, onchocerciasis diagnosis with skin biopsy is laborious and time consuming for equine practitioners and laboratory technicians, as well as being expensive for owners. Even when Onchocerca infection was suspected because of microfilariae morphological features, performing skin biopsies of the ventral midline on at least one of the jennies would have required the specific owner's informed consent. Unfortunately, for this veterinary procedure, the jennies need to be sedated to avoid any risk for the operators and also an extended hospitalization time at the VTH, thus leading to economic losses because of the additional costs and lack of income for the owner of a milk production farm. This means that skin biopsies would never have been permitted by the owner given the lack of any clinical evidence and above all with no apparent economic benefit for him. Consequently, we opted to use molecular analysis rather than skin biopsy to confirm a case of microfilaraemia compatible with presumptive laboratory diagnosis of asymptomatic Onchocerca infection. This was despite the fact that a skin biopsy is the standard technique for diagnosing equine onchocerciasis. The concentration of microfilariae that we found in the peripheral blood samples (range 1–31 microfilariae in 2 mL) is likely to be much lower than the actual microfilariae concentration in the tissues of the examined jennies because Knott's test is not the most suitable method to detect microfilariae in Onchocerca infected equids. Onchocerca microfilariae have a very uneven distribution in the dermis of their hosts (29). The most effective method to detect Onchocerca microfilariae and accurately estimate their concentration is based on skin biopsies of the midline of the abdomen, preferably near the umbilical region, both in infected donkeys (5, 10) and horses (15, 30–32). For instance, Hussein and El Sammani (5) reported that the density of O. raillieti microfilariae in donkeys ranged from 1,200 to 26,200 per gram of skin in the linea alba along the mid-ventral line and from 1,100 to 16,900 per gram of skin in the region of the wither. In donkeys within the age groups of 1–3, 4–6, and 7–10 years, increasing counts per gram of skin were detected with mean values of 1,083 (range 100–2,400), 1,444 (1,000–2,000), and 2,040 (1,330–9,000) microfilariae, respectively (10). The number of O. cervicalis microfilariae per 8 or 6 mm of biopsied skin in ponies and horses ranged from 1 to 21,570 and 8 to 55,600, respectively (31). In other surveys on horses, microfilarial counts ranged from 18 to 42,446 microfilariae/skin snip (16) and a concentration of 19,770 microfilariae/mg was detected (26).

All four Onchocerca infected jennies appeared to be healthy and clinically normal at the initial clinical examination. This is in agreement with Hussein and El Sammani (5) and Matov et al. (33) in O. cervicalis and O. raillieti infected donkeys, respectively. Matov et al. (33) reported that 12 out of 41 healthy donkeys harbored adults of O. cervicalis and eight had microfilariae in their eyes. Hussein and El Sammani (5) found that at post-mortem examination, fibrous nodules ranging from 5–10 mm to 2–5 cm in diameter, containing degenerated parasites or filled with caseous and calcified necrotic material, were scattered in the ligamentum nuchae. At histological examination, the authors found that live adult worms induced mild inflammation whereas dead worms elicited an intense inflammatory response with the infiltration of large numbers of lymphocytes, macrophages, and fibroblasts intermingled with eosinophils. Moreover, heavy microfilarial skin densities were detected, as mentioned above, and 5 to 15 microfilariae per eye were found, mostly in the anterior chamber. However, despite these findings, none of the 373 infected donkeys had shown clinical signs that could be attributed to the infection, such as poll-evil and fistulous withers, pruritus, blindness or periodic ophthalmia. Likewise, after surveying over 120 horses infected with O. cervicalis, Mellor (34) reported that pathological effects of adult worms on the ligamentum nuchae were of little importance and that no pathological conditions were seen, in either the skin or the eyes, that could be definitely attributed to microfilariae. Matov et al. (33) reported that microfilariae of O. cervicalis cannot be considered as the primary cause of periodic ophthalmia in horses. However, other authors have associated O. cervicalis infection in horses with a variety of ocular lesions of the conjunctiva, cornea, uveal tract, lens and retina (35), fistulous withers (36), and dermatitis of the ventral midline and/or limbs, shoulders, thorax, and withers (17). It is thought that microfilariae migrate through the bloodstream reaching the eyelids, cornea, conjunctiva, and uvea where they concentrate and that a marked inflammatory reaction is triggered by immune responses to antigens released by dead and dying microfilariae (1). However, the pathogenic role of O. cervicalis still remains uncertain and controversial (2, 37) as the infection can be seen in large numbers of horses with or without clinical signs (38). Since we observed the absence of dermatological and ocular signs, we concluded that neither adult worms nor microfilariae appear to cause any clinical evidence in donkeys. It is possible that donkeys may have a higher tolerance than horses to Onchocerca infection.

To the best of our knowledge, only two studies have previously investigated hematological values in donkeys naturally infected with Onchocerca. The results of one of these studies showed that levels of serum total proteins, albumin, and globulins were significantly (p < 0.05) higher compared to uninfected donkeys. Other variations included an increase in the level of glucose and a lower concentration of serum cholesterol (10). By contrast, in jenny I we found low values of serum total proteins and a mild reduction in albumin along with increased cholesterol. However, comparing our findings with those previously reported is not reliable because of the large differences in study design between our report and previous studies. In fact, one study investigated blood biochemical changes following treatment with doramectin against O. raillietti microfilariae (9), while another study compared the effects of O. raillieti infection on serum total proteins, albumin, glucose, and cholesterol in naturally infected and uninfected donkeys (10). We detected a variety of hematological alterations in one of the jennies (I) with subclinical Onchocerca infection. However, all these alterations were probably due to the blood lipemic status secondary to obstructive colic in a lactating jenny and it is very unlikely that Onchocerca infection plays a key role in this context. Differential white blood cell counts revealed moderate eosinophilia in jenny II while remarkable eosinophilia and basophilia were present in jenny III. The role of eosinophils in parasitic helminth infections in mammals has been widely demonstrated (39, 40), including in cases of Onchocerca infection in humans (41, 42). The relationship between basophilia and helminth infections has also been well established in humans (43) and several animal models (44). However, it cannot be ruled out that these hematological alterations were caused by concurrent infections with other pathogens. Therefore, further investigations are needed to determine whether most donkeys naturally affected by subclinical infection with Onchocerca may develop eosinophilia and basophilia.



CONCLUSIONS

Onchocerca microfilariae were incidentally detected in four jennies in Italy. Microfilariae were identified by blood smear, Knott's test, and finally DNA analysis. All the cases were of autochthonous origin because the jennies were born and reared on the same farm located in central Italy and they had never moved outside the farm. The transmission of Onchocerca infection to these animals is linked to their exposure to bites of infected Culicoides, suggesting that vectors in turn could have acquired the infection locally. The reproductive lifespan of Onchocerca volvulus, the etiological agent of river blindness in humans, ranges from 9 to 11 years (45) and adult females can release 700 to 900 microfilariae daily (46). At present, the lifespan of Onchocerca species in donkeys is unknown but we can assume that adult females live for years and likewise release hundreds of microfilariae daily during their lifespan. Insect vectors that are suitable for transmitting the infection are widespread in Italy (20). Since the infection can be easily overlooked, a high proportion of donkeys may be infected with minimal or no clinical or hematological evidence, and may act as clinically asymptomatic carriers. Our report demonstrates the occurrence of Onchocerca in donkeys in Italy. We thus believe that equine practitioners should be aware of our findings and of their implications for equine health. Our findings highlight: (i) the risk of spreading the infection to other susceptible hosts (donkeys, mules, horses, ponies), (ii) the risk of progression in parasitized equines toward clinical disease, and (iii) the need to control the occurrence of Onchocerca infections in the breeding systems of donkeys and horses reared in Italy. The possibility of accidental transmission of O. cervicalis to humans has also been reported (47, 48). Our report also provides a basis for further studies to determine infection rates in donkeys and horses, to identify the insect vectors that may act as intermediate hosts, and to implement possible prevention and control measures.
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Eight Martina Franca pregnant jennies were selected in order to evaluate the transfer of colostral antibodies against equine herpesvirus type 1 in their relative foals after immunization with a commercial inactivated vaccine, compared with an unvaccinated group. Samples of serum and colostrums/milk were collected from jennies and foals under study starting from 10 min before and up to 21 days after the foaling. Specific anti-EHV-1 antibody titers were evaluated by means of a serum neutralization test, and the results obtained from both groups were analyzed. The serological titers in the vaccinated jennies was significantly higher (p < 0.01). No significant differences were found in the specific time-point intervals in both groups examined (p > 0.05). The antibody titers in milk at the time of delivery and subsequent withdrawal (T0 and T1) were very high in both groups, but no significant differences were found between the two groups (p > 0.05). In the foal sera, a significant difference was found between foals in the vaccinated group compared with those in the unvaccinated group (p < 0.05). Finally, a significant correlation (p < 0.05) was observed between the antibody titers found in serum and colostrum of jennies and the foal titers in the first time-point sampling (up to 12 h after foaling). The results confirm a substantial homology in the antibody production compared with other most investigated equids, highlighting the efficacy of the vaccination against EHV-1 of the jennies to ensure the protective immunity to their foals during the first weeks after delivery.

Keywords: donkey, Martina Franca breed, serum, colostrum, antibody titer, EHV-1


INTRODUCTION

The Martina Franca donkey (MFD) is an asinine breed of great value, native from the Murgia dei Trulli area, in the Apulia provinces of Bari, Taranto, and Brindisi, Italy. It is the largest Italian asinine breed, and because of the imposing size, the stallions of this donkey are widely used in the production of mules, in particular the Martinese mule, generated by the crossing with Murgese horse mares. The MFD population includes 850 donkeys with 25 stallions approved for breeding (1). Over the years, as reported by the FAO Domestic Animal Diversity Information System, the asinine breed of Martina Franca has been identified as endangered. Therefore, any conservation strategies aimed to preserve the health status of the animals and to achieve increases in reproductive success should be carefully considered.

For these reasons, in the past the reproductive characteristics of this breed were investigated in order to ensure the reproductive performances of both females and males of MFD (2, 3). More in detail, the immunity transfer from jennies to foals with particular regard to the immunoglobulin (Ig) G and IgA concentrations in the sera, as well as in milk secretions, was characterized showing a substantial similarity with that reported for horses (4). The higher levels of total IgG can be detected in mammary secretions and serum samples of MFD jennies during the first 10 days after birth, while in donkey foals the serum immunoglobulin concentrations did not show statistically significant differences, although high levels of IgG were observed up to 12 h after delivery (5). It is noteworthy that the antibody transfer from the mother to the foal is essential for the acquisition of passive immunity, and it may be achieved if the intake of colostrum occurs within the first 12–24 h of life (6–8) resulting in a protective action of maternal antibodies into possible external infectious agents. On the other hand, any unfavorable event able to compromise the transfer of colostral immunity in the foal could be critical for the onset of infections during the first 4 weeks of life (9).

Among the pathogens responsible for neonatal diseases in equids, equine herpesvirus-1 (EHV-1) is the more prevalent virus associated with respiratory distress in foals, along with stillbirth, neonatal death, and neurological disease (10). In this regard, the prevention plans for EHV-1-associated diseases require the use of a rigorous vaccination protocol, implemented in both mares and jennies, based on three administrations at the 5th, 7th, and 9th months of gestation (11). In horses, despite the use of the vaccine, the EHV-1 antibody-titers in mares and foals do not appear significantly correlated with the protection, and the fluctuations of the serological response observed in mares and foals are probably due to a silent circulation of the virus among the animals (12).

Even if the passive immunity transfer pattern in donkey foals appears to be similar to that reported for the equine foals, the knowledge about the levels of EHV-1-specific antibodies induced by the vaccination in MF mares and the consequent transfer of them to the foals by colostrum are still lacking, and additional studies could be useful to better characterize the physiology of passive immunity in MFD and to identify the more effective strategies to contrast the neonatal mortality in this threatened breed.

The aim of this study was to compare the titers of colostral antibodies against EHV-1 in serum and colostrums/milk samples collected from both vaccinated and unvaccinated MF mares and their foals starting from the day of the birth up to the 21st day after foaling, in order to verify the kinetic of the passive immunity in both groups under field conditions and to obtain information about the effect of the vaccination on the antibody status of the animals.



METHODS

In the period between 2009 and 2014, n = 13 pregnant jennies of the Martina Franca breed (MF) and their respective foals, belonging to the same farm within the Faculty of Veterinary Medicine of Teramo, were investigated.

The jennies were older than 4–5 years, and their body weight was between 396 and 420 kg. During the whole observation period, the animals were kept in external paddocks and exposed to natural atmospheric conditions. Daily, the jennies received standard hay ad libitum and commercial horse fodder (2 kg). The Body Condition Score (BCS) of all donkeys was between 3/5 and 4/5 and remained constant for the entire duration of the monitoring.

During pregnancy, n = 8 jennies were vaccinated against EHV-1 and EHV-4 using the inactivated Duvaxyn TM EHV-1,4 vaccine (Fort Dodge Animal Health SpA, Italy). The vaccine administrations were carried out at the 5th, 7th, and 9th months of gestation, while the remaining n = 5 jennies and all relative foals (belonging to both vaccinated and unvaccinated groups) were not subjected to any administration during the observation period. The recruited jennies showed a regular gestation, and the birth took place without the need for obstetric intervention; the foals appeared clinically healthy at foaling, and they began to take the colostrum without any assistance within the first 2 hours (h) after the foaling.

Serum and colostrum/milk samples were collected from each jenny/foal pair 10 min before foaling up to 21 days postpartum (pp) according to the calendar reported in Table 1 for a total of n = 143 colostrum/milk samples and n = 286 serum samples.


Table 1. Temporal intervals for sera and colostrum sampling from mares and foals under study.
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All samples were frozen within 2 h of collection and stored at −20°C until laboratory investigations were performed. Before testing, the samples were preheated at 56°C for 30 min to inactivate complement and colostrum was centrifuged at 2,000 rpm for 15 min to remove cellular debris and lipid layer and collect only the liquid portion.

All serum and colostrums/milk samples were tested for serum neutralization (SN) against EHV-1 using RK-13 cells for both viral culture and serum testing (13). Briefly, for each test, 96-well SN plates were prepared with 50 μl of each sample, diluted starting from the 1: 2 dilution up to a dilution of 1: 256, and an equal volume of 100 TCID50 of an EHV-1 vaccine strain propagated on RK13 cells (1 × 105 ml). After incubation of the plates for 45 min at 37°C and 5% CO2, RK13 cells, generally with passage numbers between 85 and 100, were added in the amount of 100 μl (1 × 105/ml) for each well. Appropriate controls for cell viability, virus infectivity, and serum cytotoxicity were included.

All plates were incubated at 37°C and 5% CO2 for 4 days. Then, all plates were examined to detect the cytopathic effect (CPE) of the virus, characterized by cell rounding, formation of syncytia, and detachment of the cell monolayer. The end-point antibody titer was expressed as the reciprocal of the highest dilution of each sample resulting in a complete neutralization of CPE in the cell monolayer, while a sample was defined negative in the presence of viral replication starting from the first 1: 2 dilution.

Data were reported as mean ± standard error of the mean (SEM). Data distribution was tested using the Shapiro–Wilk test. Since the data were not normally distributed, the statistical evaluation was performed after logarithmic transformation.

The evaluation of the data was performed using a generalized linear model (GLM), based on the univariate ANOVA. The biological matrix (maternal serum, milk, and foal serum), time, and vaccination (vaccinated/unvaccinated) were considered as fixed factors. When necessary, a Scheffè test was performed for the post-hoc evaluation.

Any correlations between the SN values in the different biological matrices were tested, at various times, by calculating the Pierson correlation coefficient.

In all cases, differences with p < 0.05 were considered statistically significant.

The statistical evaluation was performed using the SPSS software version 17 (SPSS Inc., Chicago, IL, USA).



RESULTS

In the group of unvaccinated jennies, the serum antibody titers against EHV-1 were variable from 0 to 1:16; the latter value was obtained only for a serum sample 3 days after delivery (T6). In contrast, for 6 jennies out of 8 vaccinated and at different times of sampling, the antibody titers in the vaccinated group reached values above 1:16, up to 1:128 (Figure 1). The serological titers in the vaccinated jennies was significantly higher (p < 0.01). No significant differences were found in the specific time-point intervals in both groups examined (p > 0.05).


[image: Figure 1]
FIGURE 1. Mean (bar—standard error of the mean) antibody titers against EHV-1 detected by SN test in maternal sera collected during the different time-points of sampling (T0 to T10) from both vaccinated (n = 8) and unvaccinated (n = 5) jennies under study. At the same time-point, the values of unvaccinated and vaccinated jennies marked with asterisk (*) differ significantly (p < 0.05). The titers were expressed as the reciprocal of the highest dilution whit a complete CPE of the cells.


The antibody titer in milk at the time of delivery and subsequent withdrawal (T0 and T1) were very high in both groups, with titers up to 1:128 in unvaccinated jennies and 1:256 in those vaccinated, even if no significant differences were found between the groups (p > 0.05). After T2, the values recorded in the milk of vaccinated jennies were significantly higher than those recorded in unvaccinated animals (p < 0.05). Indeed, in the group of unvaccinated jennies, the titer decreased reaching the lower values until complete negativity, starting from T2 (after the second sucking). A decrease in antibody concentrations was also found in the group of vaccinated jennies, with antibody titers that returned to increase after T3 until T8 (Figure 2).


[image: Figure 2]
FIGURE 2. Mean (bar—standard error of the mean) antibody titers against EHV-1 detected by SN test in maternal colostrum/milk samples collected during the different time-points of sampling (T0 to T10) from both vaccinated (n = 8) and unvaccinated (n = 5) jennies under study. At the same time-point, the values of unvaccinated and vaccinated jennies marked with asterisk (*) differ significantly (p < 0.05). The titers were expressed as the reciprocal of the highest dilution with a complete CPE of the cells.


In the foal serum, antibody titration showed similar values in both vaccinated (1:8) and unvaccinated groups (1:4), until T2. Twelve hours after foaling, however, a significant increase in the serum titer in the vaccinated group, but not in the unvaccinated one, was found (Figure 3). Statistically significant differences were found between foals in the vaccinated group compared with those in the unvaccinated group (p < 0.05) over T3 until the end of the observational period.
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FIGURE 3. Mean (bar—standard error of the mean) antibody titers against EHV-1 detected by SN test in serum samples collected, at the different time-points (T0 to T10), from foals belonging to both vaccinated (n = 8) and unvaccinated (n = 5) jennies. At the same time-point, the values of unvaccinated and vaccinated jennies marked with asterisk (*) differ significantly (p < 0.05). The titers were expressed as the reciprocal of the highest dilution with a complete CPE of the cells.


The values of the antibody titer found in the mothers were significantly correlated with the foal titer at T1 (R = 0.768, p < 0.01), while it was significantly correlated with the milk titer at T2 (R = 0.729, p < 0.01) and with the foal titer (R = 0.674, p < 0.05) in the same sampling time.

A further significant correlation was found at T9, in which the titer present in the maternal serum was significantly correlated with the antibody titer in milk (R = 0.614, p < 0.05) and foal (R = 0.598, p < 0.05). Furthermore, at the same time, a significant correlation was found between the antibody titer in milk and foal (R = 0.889, p < 0.01).



DISCUSSION

In this study, the serological investigations were carried out on MF jennies raised in non-experimental field conditions, in open shelters, with the possibility of access to the pasture, and with the presence of other individuals belonging to the same breed and horses. Under these conditions, it is possible to hypothesize a preexisting circulation of HEV-1 among animals, just as it cannot be excluded that other vaccine administrations for the control of the disease have been performed in the previous breeding seasons, considering the age of all jennies subjected to study. Indeed, the infection with HEV-1 is recognized worldwide as endemic among equids, although the vaccination is widely practiced and also thanks to its latency capacity in host cells (14).

In the light of the above information, the presence of anti-EHV-1 antibodies found in the group of jennies that were not subjected to immunization, and persistent throughout the entire study period, even at low levels, is not to be considered unusual. Previous studies have already highlighted that the prevalence of EHV-1 antibody-positive mares and foals did not change significantly when the vaccination is routinely introduced in the horse farms, suggesting a preexisting immunity in the animals consequent to a cycle of infection among the animals (15).

Despite this, the vaccination carried out on a part of the animals has allowed to highlight an overall significant difference in the production of specific antibodies even if this difference is not confirmed by analyzing the individual withdrawal periods. Although a lack of correlation between antibody titer and protection from infection is documented in horses also (16), it is conceivable that the level of antibodies induced by vaccination is able to protect animals from clinical disease and reduce the amount and the duration of viral excretion by the respiratory route. The SN tests carried out starting from milk samples confirmed this difference between vaccinated and unvaccinated subjects, except for T0 and T1 collecting times. In both groups, a significant increase in the concentration of anti-EHV-1 antibodies was observed in the first sampling intervals, confirming the uptake action exerted by the mammary gland in the first hours after delivery, to ensure the massive transfer of immunity to foals through colostrum (17). In the group of vaccinated jennies, moreover, the decrease in antibody levels in the milk appeared to be more gradual and transient, probably favoring a greater intake of specific IgG by the foals in the first 12 h after foaling, when the intestinal absorption of immunoglobulins is greater (18). Similarly, the foal immunity appeared to be influenced by the vaccination of the mothers, with particular emphasis for the samples collected starting from 12 h after foaling. This aspect should be considered when choosing an appropriated vaccination program of the foals, since the presence of high levels of maternal antibody may inhibit the response to the vaccine virus especially for inactivated virus.

The significant correlation observed at T9, 14 days after the delivery, when the transfer of antibodies by the colostrum can be considered completed, appears unusual. Probably, a new introduction of the wild virus strain in both groups under study may have determined this trend, or changes in management and environmental factors resulted in a reactivation of latent infection in stressed mares. Since no movements of new animals or contacts of the foals with other horses were reported during the entire period of the study, the role of stressor factors in the early infection of the foals despite the transfer of passive immunity from vaccinated/seropositive mares should not be ruled out.

In conclusion, this is a first attempt to study the antibody kinetic in MFD after vaccination against EHV-1. The results obtained confirm a substantial homology in the antibody production compared with other well-characterized equids, highlighting the efficacy of the vaccination of the jennies to ensure the protective immunity of the foals during the first weeks after delivery (11, 19). The control of pathogens potentially able to menace the conservation of threatened species such as MFD remains the main tool to preserve the population, and periodic serological surveys of jennies and foals could be considered a useful diagnostic tool to verify the effective immunity reached by the animals after the vaccine administration.
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Habituation to Transport Helps Reducing Stress-Related Behavior in Donkeys During Loading
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Adopting proper animal management strategies, including training, might reduce to a substantial extent the adverse effects of transport-related stress in animals. The aim of this study was to evaluate the effect of habituation to transport on stress-related behaviors and physiological indicators during loading and unloading in donkeys. Fourteen donkeys were recruited and divided in two treatment groups: Habituation (H; M = 5, F = 2) and Control (C; M = 5, F = 2). H donkeys were gradually habituated to be transported, traveling together with their mothers and other adult donkeys well-accustomed to transport, while C donkeys had never been transported before. Loading and unloading phases were video recorded and behavior was analyzed. Saliva samples for cortisol concentration determination were collected at rest and after unloading. Latency time to load was significantly shorter for H donkeys than C donkeys (Mann-Whitney; p = 0.004). C donkeys also showed significantly more stress-related behaviors (Mann-Whitney; p = 0.026) and required a higher but not statistically significant number of human interventions to load. Cortisol concentration increased in both groups, but no differences were found between them (Mann-Whitney; p > 0.05). These results suggest that habituation to transport could mitigate stress during loading procedures in donkeys reducing loading time, frequency of stress-related behaviors and diminishing the need of human intervention.
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INTRODUCTION

Throughout Europe, a population of about 395,910 donkeys is estimated (1), of which 93,468 are registered in the Equine Italian Database (2). Donkeys in Italy can be kept as pets, or used for leisure activities, therapy programs, or milk and meat production (3).

Transport is part of the management for the majority of pets and farm animals, including donkeys, having different purposes, such as reaching slaughterhouse, moving to a different farm, breeding, competitions and fairs, and medical procedures (4). Transport procedures are known to be stressful for animals, having both short term and prolonged effects on their welfare (4–7). It is also known that transport-related stress could influence meat quality in a variety of species (5, 8–10), thus potentially reducing profits derived from animal farming for meat production. When transported, several potential stressors can impact animal welfare, including interaction with humans, loading, unloading, and penning in a new, unfamiliar environment, and confinement with and without motion, vibrations, changes in temperature and humidity, inadequate ventilation, and often, deprivation of food, and water (11). In particular, loading is considered to be one of the most stressful components of transport for most animals, including equines (12–17), and it is reported to be the phase with the higher number of transport-related injuries particularly in horses which show transport related behavioral problems or have been trained with inappropriate training methods (18, 19). Several stressors are involved in pre-loading and loading procedures: separation from a familiar environment and social group (6), interactions with humans (14, 20), walking on the ramp (21), entering the trailer (22). Stress and fear during loading are also reinforced by recollections of previous unpleasant traveling experiences (11, 23–25).

The reduction of adverse effects of pre-transport factors decreases the probability of compromising animal welfare during the transport phase itself (7). The pre-transport preparation of animals plays an important role: it is reported that adopting proper management measures might reduce to a substantial extent the adverse effects of loading on stress, improving animal welfare (7). Habituation, in particular, is known to lead to decreased behavioral reactions to a previous novel situation (26), and habituation to loading as a foal, a yearling or an adult horse was reported to make loading behavior become as normal as walking into a stall (23). As highlighted by Padalino and Riley, people involved in equine transport should apply best practices, such as training of animals using evidence-based methodologies (4). In order to evaluate the efficacy of transport training methods, transport-related stress should be evaluated using both behavioral and physiological indicators. In horses, stress-related behaviors during loading include pawing, kicking out, bolting, head-shaking, and avoidance reactions, such as rearing, pulling away sideways, or backwards (13, 16, 17, 26, 27). During transport, reported stress-related behaviors are vocalizing, head tossing, pawing, scrambling, head-turning, kicking at the vehicle, biting and kicking at other horses, and reduced feeding/drinking (27–31). Reported unloading stress-related behaviors are a reluctance to exit the vehicle, prolonged immobility, and running off (21). To the authors' knowledge, no research has been conducted on donkeys to assess stress-related behavior during transport. Several physiological indicators have been proposed to evaluate transport related stress, both in horses and in donkeys, such as cortisol (11, 32–36), ß-endorphin (11, 36, 37), adrenocorticotropic hormone (32) and chromogranin-A (38), and infrared thermography (39).

The aim of this study was to evaluate the effect of habituation to transport procedures on stress related to loading and unloading, using behavioral indicators and salivary cortisol level, in donkeys.



MATERIALS AND METHODS


Ethics Statement

This was an opportunistic study: no animals were transported to record data for the purposes of this study, no farm routine management has been modified for the purpose of the study. To obtain the best from each pasture, donkeys were routinely moved from one pasture to another. Therefore, no extra work was required to the farmer. No animals underwent more than a minimal distress. Transports were conducted in compliance with Council Regulation (EC) No 1/2005 of 22 December 2004 on the protection of animals during transport and related operations. Verbal informed consent was gained from the farmer prior to taking part in this research. Written consent was deemed unnecessary as no personal details of the participants were recorded.



Animals and Facility

All the donkeys kept on farm were health checked and handled daily by the farm manager and/or the groom, so they were used to human contact. Fourteen healthy Romagnolo donkey foals (M = 10; F = 4; 1.2 ± 0.4 years) intended for meat production were included in the study. Only healthy foals born in 2018 were included in the study. Donkeys were born and raised on the same farm located in Northern Italy. Animals were group-housed at pasture with access to clean water ad libitum with both automatic drinkers and buckets. Donkeys were free to graze; pastures were managed to guarantee adequate nutrition in terms of quantity and quality of grass. If needed, depending on the season, weather, pasture conditions, and donkey growth rate, hay and mixed feed were provided.



Treatments

Donkeys were randomly divided in two sex-balanced groups of seven subjects each: Control (C; M = 5, F = 2) and Habituation (H; M = 5, F = 2). All the animals were used to be handled and cared for by the same handlers. Foals in the H group were gradually habituated to be transported over short distances (from one pasture to another, about 30 min journeys), traveling together with adult donkeys with travel experience, including their own mothers. This habituation training started when the donkeys aged 6 months and lasted until they were taken to the slaughterhouse (1.2 ± 0.4 years). During the habituation, transport procedures were always performed using the same truck and by the same stockmen people, familiar to the donkeys (farm manager and groom). Foals were left free to load following other donkeys, taking advantage of their gregarious behavior, so they were not led by handlers or pushed by them in anyway. Donkeys in the H group were subjected to a minimum of 5 transports and no injuries were reported in both donkeys and donkey handlers. Donkeys in the C group were naïve to transport since they were housed together in a pasture, different from one of the H group, from birth. All the animals were used to the handlers: while donkeys in the C group were not used to be loaded nor to travel, animals were used to be handled and cared for by the same handlers.



Data Collection

Data were collected during the transport from the pasture (where they were kept) to the main farm. For C donkeys, this was the first transport of their life. All donkeys involved in the study were transported in small groups (two to four donkeys, coming from the same familiar group) with the same truck, for a total of six transports. The transports started at around 4.30 p.m., and their durations ranged from 50 to 88 min (mean 64.69 ± 14.57 min). All transport procedures (loading and unloading) were performed by the stockmen according to the usual farm routine. Donkeys were conducted with a lead rope and gently encouraged to move by handlers, also offering food. Animals were loaded in group (two to four donkeys at a time) in order to take advantage of their gregarious behavior. At arrival, the truck door was opened, and the donkeys were left free to unload without leading or encouraging them.



Behavioral Analysis

The loading and unloading phases were video recorded using an HD digital video camera (Canon Legria HFR88) controlled by the researcher. The loading time (from the procedures beginning, with the donkey being in front of the ramp, until the donkey had all four feet on the trailer) and time to unload (from the trailer doors opening until the donkey had all four feet on the ground) was directly recorded using a stopwatch. Donkey behavior during loading and unloading was separately analyzed by a treatment-blind animal scientist, experienced in equine behavior analysis. A focal animal continuous recording method was applied, using the software Solomon Coder beta 17.03.22. The frequency and duration of different behaviors were recorded. Since no literature is available on donkey behavior during loading and unloading, the ethogram was adapted from the one used for horses by Dai et al. (13) (Table 1).


Table 1. Ethogram for the evaluation of donkey behavior during loading and unloading [modified from (13)].

[image: Table 1]

Furthermore, each interaction between the handlers and the donkeys was noted from videos. Any interactions to facilitate loading was considered (pulling the rope, pushing the donkey from the back, inciting the animal, offering food).



Salivary Cortisol Evaluation

For cortisol concentration determination, saliva samples were collected using SalivaBio Children's Swab (Salimetrics®, Carlsbad, CA, USA) in the pasture with donkeys at rest immediately before starting loading procedures and immediately after unloading. In order to minimize the impact of the circadian pulsatile cortisol release pattern (40), for each donkey two more samples were taken under control conditions (at the pasture), on the days immediately prior to transport, in the same time slot in which the transport was scheduled (between 4 p.m. and 5 p.m.). The swab was inserted in donkey's mouth, gently restraining the animal with a head collar; the donkey was left free to chew the swab for 1–2 min, then the swab was put in the device tube, closed with a plastic stopper to prevent evaporation, placed in ice and then stored at −20°C immediately after it arrived at the laboratory. The temperature was maintained until analysis. At the time of analysis, the samples were thawed at room temperature and centrifuged (3,500 rpm for 15 min, at 4°C) according to the protocol for salivary samples. Analysis was performed using a commercially available multispecies cortisol enzyme-linked immunosorbent assay (ELISA) kit (Enzo Life Sciences, Farmingdale, NY, USA), following previously validated protocols (41). Samples were aliquoted into wells in duplicate (100 μL), and absorbance measured using a wavelength of 405 nm in a microplate plate reader (Multiskan EX, LabSystem, Thermo Fisher Scientific, Milan, Italy). A recovery test was applied to determine if the value obtained from our samples were accurate (e.g., no interferences with the measurements due to the presence of undesired factors in the sample matrix). The mean recovery was 109.1% ± 8.4, while the average intra- and inter-assay coefficients of variation, respectively, were 3.9 and 7.8%. The assay sensitivity was 56.72 pg/ml (range 156–10,000 pg/ml). The laboratory researcher was blinded to the hypotheses and conditions.



Statistical Analysis

Behaviors of the categories forward locomotion and stress-related behaviors were considered together for the statistical analysis (Table 1). Based on the total length of the observation of the video recordings, durations of behaviors were calculated as percentage of total observation time (proportional duration time). Behaviors that were not observed (urinate, paw, sniffing) were not considered for the statistical analysis. Cortisol variations (delta) for each subject of the two groups were calculated. Statistical analysis was performed using SPSS 25 (SPSS Inc., Chicago, IL, USA). Data were tested for normality and homogeneity of variance using the Kolmogorov-Smirnov and Levene test, respectively. Mann-Whitney test was used to investigate differences between groups in behavior during loading and unloading, time to load and unload, human intervention, and cortisol concentration (delta). Statistical significance was accepted at p ≤ 0.05.




RESULTS AND DISCUSSION


Behavior Analysis

Results of the behavioral analysis showed that latency time to load was significantly shorter in H donkeys (mean 7.97 ± 4.62 s) than in C donkeys (mean 83.23 ± 143.84 s) (Mann-Whitney test; p = 0.004) (Figure 1). H donkeys showed more forward locomotion toward the truck than C donkeys (87.89 ± 20.48% and 41.71 ± 33.51%, respectively; Mann-Whitney test; p = 0.026). Furthermore, C donkeys showed significantly more stress-related behaviors than H donkeys (58.29 ± 33.51% and 12.11 ± 20.48%, respectively; Mann-Whitney test; p = 0.026) (Figure 2). These results are similar to those reported in trained horses (13, 19). However, positive and negative training reinforcements might require more time than farmers will dedicate (13); for this reason, the proposed and tested habituation training, including the foal following the mother and other known conspecifics, seems instead to be effective in donkeys and may prove to be more feasible when introduced in an on-farm routine as the trailer could be left in the pasture so that the animals can explore it and get habituated to load and unload. Habituation has been strongly recommended for horses (22) and was proven to minimize the incidence of transport related behavioral problems and subsequently injuries (18). In the latter study, self-loading also was found associated with a reduction of loading problem behavior and injuries, however, it is worth to know that self-loading require lots of time, effort, and training skills. Even though, habituation requires some time, Houpt et al. (22) clearly tested that when a foal is habituated to load into a trailer following the mare, loading into a trailer becomes easy as walking into a box for both the foal and its handler. This is the first study where this training to transport procedures using habituation with the foal following conspecifics was tested in donkeys.


[image: Figure 1]
FIGURE 1. The time (sec) for loading is presented on the y-axis (mean ± 1 SD) with the groups (control vs. habituation) on the x-axis (Mann-Whitney test; **p = 0.004).



[image: Figure 2]
FIGURE 2. Mean percentages of time (±1 SD) of stress related and moving forward behaviors of donkeys in the two treatment groups during loading procedure. (Mann-Whitney test; *p < 0.05).


Group C donkeys required a higher but not statistically significant number of human interventions to load compared to H's (H: mean 1.29 ± 0.95; C mean: 7.43 ± 14.03, Mann-Whitney test; p = 0.32). The lack of statistically significant difference may probably be due to the high individual variability observed in C subjects and it needs to be ascertained with further studies. However, it is worth noting that this result has interesting practical fallouts considering both animal welfare and human safety. Indeed, interactions with large animals may become dangerous for handlers, especially when animals are stressed and/or frightened: several studies conducted in sport horses with behavioral problems related to transport highlighted the high occurrence of injuries in humans during loading, such as rope burns, lost fingers, broken bones, or bruises, and bleeding (17, 18, 42). Not only loading may be risky for the handlers, but inappropriate animal management in this transport phase has been reported to be a risk factor also for horse injuries (19, 42). The adoption of an adequate training for loading has been deemed useful in increasing human safety by reducing horse-related injuries among handlers (18).

Even if loading represents the most stressful stage of animal transport (7, 12, 43), also unloading may be challenging. Critical factors are steepness and slipperiness of the ramp, and the novel environment the animals are required to enter (6). Consequently to stress and/or anxiety related to unloading, horses have been observed freezing inside the vehicle or performing flight responses (21). In the present study, donkeys did not exhibit abnormal behavior during the unloading phase, and no differences between groups were found in the unloading time (Mann-Whitney test; p > 0.05), with C group unloading in 48.9 ± 32.4 s (mean ± 1 SD), while H group unloading in 71.0 ± 31.2 s. Besides, the behavior of the donkeys in the two groups was similar during the unloading procedure (Mann-Whitney test; p > 0.05). Having traveled with other members of the social group could have contributed to attenuating the stress at the time of unloading. Taking advantage of the donkeys' gregarious attitude, the animals got out of the truck without showing behaviors attributable to stress.



Salivary Cortisol Evaluation

No differences were found in delta cortisol concentration between groups (Mann-Whitney test; p > 0.05) (Figure 3). From Figure 3, it is evident the great variability of group C data, much greater than those of the group H. In case of acute stress, cortisol secretion increases significantly, with a secretion level that varies from individual to individual, depending on the individual perception of the stressor, but described as correlated with the intensity of the stress (44). These results highlighted the subjectivity of the activation of the hypothalamic-pituitary-adrenal cortex axis induced by the stressogenic stimulus: this variability, associated with the small number of donkeys, may be the basis of the lack of significance of the data. The great variability may be also related to the different space allowance and conditions (group of 2 or 4) during the different journeys tested.


[image: Figure 3]
FIGURE 3. Box plot of the transport-related salivary cortisol variation (delta) in the two groups of donkeys. Outliers are represented with dots.




Limitations and Future Perspectives

In this study, no donkeys were transported only for the purpose of data collection: all the transports were part of the farm's management procedures. The limited size of the farm has led to a small number of donkeys available. In a convenient geographical location, there were no donkey farms with the same donkey breed with similar management: therefore, to avoid data bias (especially considering physiological data), the number of subjects observed was not integrated with those of other farms. It clearly appears that the sample size and the unique provenience of the evaluated donkeys represent limitations for the generalization of our results. Further studies applying training to transport procedures through habituation with the foal following conspecifics are foreseen to generalize the results to donkeys kept for other purposes and subjected to different management. As stress related to transport could be affected by several potential stressors (11), future studies should also consider to evaluate different habituation protocols such as load on a trailer without movement and habituation to loading on a trailer and the vehicle movement.

Donkeys were not habituated to saliva sampling. Even if the method is reported to be non-invasive and should not induce a significant stress to the animal, being rapid and permitting animal mobility (38, 41), the procedure represented a novel stimulus for the animal. Although the time required for sampling was not sufficient to allow the presence of free cortisol in the saliva (45), it may not be excluded that the procedure induced a certain degree of stress in donkeys, therefore influencing our result. However, the applied methodology was the same for H and C groups, eliminating any potential bias between treatment groups. Cortisol is released from the adrenal glands in pulses controlled by the hypothalamus's paraventricular nucleus, which receives circadian pulses from the suprachiasmatic nucleus of the hypothalamus and integrates information from cognitive processes and emotional and physical stress reactions (46). The cortisol secretory pulses' variations result from the ultradian rhythm: the secretory episodes occur at a relatively stable frequency, with variable amplitudes, responsible for the typical circadian rhythm. Over 24 h, between 15 and 22 secretory cortisol pulses are expected, with an early morning peak and a nadir by the first half of the night. In the present work, we tried to minimize the impact of this pulsatile circadian release of cortisol: all transport took place in the afternoon, and, for each animal, salivary sampling was at the transport and also the day before, the same time as transport was planned.

Measuring other physiological indicators, such as heart rate variability (HRV), respiratory parameters, beta-endorphin, catecholamines or glucose levels, would have increased the scientific robustness of results, however, it would have also decreased the study's feasibility increasing the invasiveness of the data collection.

As one of the reasons for breeding donkeys is meat production and numerous studies highlighted how transport stress negatively affects meat quality in several species [see (5) for review]. In future studies, it would be interesting to analyze the effect of transport related stress on donkey meat. As a matter of fact, only few studies described the incidence of transport related stress on equine meat quality (47, 48).

Regardless of the above-mentioned limitations, to the authors' knowledge, this is the first study documenting the effects of habituation to transport procedures in donkeys. In the present study, meat donkeys were taken only as a model, as two groups of animals of the same breed, balanced for sex and age, with the same management and handling from the same stockmen could be subject to the different training procedure. As donkeys are frequently transported for several purposes, including changing ownership, leisure activities, therapy, sport activities, habituation following conspecifics could be helpful in reducing stress related to transport. This result has a practical fallout, since habituation with the foal following the conspecifics could be more feasible, easier and should be recommended for donkeys.




CONCLUSIONS

These results, although preliminary, suggest that habituation to transport following conspecifics could mitigate stress responses during loading in donkeys, reducing loading time, the frequency of stress-related behaviors and the handler's intervention. Further research, conducted on a larger donkey population on several farms, is needed in order to confirm these results.
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The Martina Franca donkey (MFd) is one of the largest Italian donkey breeds, considered as endangered breed. To support the conservation strategies, knowledge about the physiologic hematological parameters of MFds is needed. The aims of the study were to determine reference value for hematological and major serum parameters in a population of healthy MFds and to estimate the influence of age on these parameters. Eighty-one clinically healthy MFds (17 males and 64 females) in different ages were enrolled: group A (foals, n° 16, animals < 1 year old) group B (young animals, n° 36, from 1 to 3 years old), and group C (adult animals, n° 29, over 3 years old). Red blood cell count (RBC); hematocrit value (HCT); hemoglobin concentration (HGB); mean corpuscular volume (MCV); mean corpuscular hemoglobin (MCH); hemoglobin concentration distribution width (HDW); RBC distribution width (RDW); total white blood cell (WBC); WBC differential count for neutrophils, lymphocytes, monocytes, eosinophils and basophils, and platelets (PLT); mean platelet volume (MPV); platelet volume distribution width; and plateletcrit (PCT) were analyzed. The biochemistry panel included aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma glutamyl transferase (GGT), total serum protein (TP), albumin (ALB), cholesterol (CHOL), triglyceride (TGL), blood urea nitrogen (BUN), creatinine (CREA), glucose (GLU), Ca2+, phosphorus, Na+, Cl−, K+, and Mg2+. The effect of age on hematological parameters was investigated using one-way ANOVA test. Age of donkeys does not influence total WBC, HGB, HCT, platelet count and MPV, and PCT (P > 0.05). Some leukocyte populations such as eosinophils, monocytes, and basophils showed age-linked variations (P < 0.05). RBC count, RDW, and HDW decrease with age whereas MCV and MCH increase. Na+, K+, Cl−, Ca2+, phosphorus, ALP, GGT, CREA, GLUC, and CHOL decrease with age (P < 0.05), while AST and TP showed an increase with aging (P < 0.05). ALB reaches the lowest values in young donkeys and returns to values of foals in older animals (P < 0.05). Finally, a difference among groups for BUN and TGL was not found (P < 0.05). The results suggest how even for the MFd breed, age is a variable that affects different hematological and biochemical parameters. Compared to other donkey and horses, the MFd breed showed some differences that clinicians involved during conservation strategies need to be consider.

Keywords: donkey, reference ranges, hematobiochemical profile, healthy, Martina Franca breed


INTRODUCTION

Donkeys (Equus asinus) were traditionally used as working animals for transport, riding, and farm activities. In Italy, at present, data from FAO list a total of eight breeds of donkeys: Amiata, Asinara, Martina Franca, Ragusano, Sardo, Romagnolo, Viterbese, and Pantelleria, of which a very small number of pure specimens exist (1, 2). In recent years, the growing use of donkey milk especially in children allergic to cow's milk proteins (2, 3) has seen an increasing number of donkey farms throughout Italy. The Martina Franca (MF) donkey breed, an ancient native breed of Apulia famous in the past for mule production, is one of the largest Italian donkey breeds. The population of MF donkeys consists of 1,239 specimens including 132 jackasses and 698 jennies approved for breeding (1). Notwithstanding the increasing population trend, MF donkeys are considered an endangered breed (1, 4, 5). Therefore, the exact knowledge about the physiological and pathological conditions of MF donkeys is indispensable in supporting the conservation strategies adopted for this breed. Although the knowledge of species-specific normal values of hematological and biochemical parameters is essential to classifying even in donkey the health or pathological status, in the past donkeys were considered similar to horses, limiting the study on donkey-specific reference ranges of biochemical and hematological parameters (4, 5). Many factors influence blood parameters: the most important of them are age, gender, physiological status, or circadian rhythms that can strongly affect plasma concentrations of melatonin and glucose (6).

In literature, little information is available about donkey hematological and biochemical parameters. Studies that involved donkeys of different breed as Pêga (7), Ragusana (4), Kirgyz (8), or Northwestern donkeys (9) highlighted breed-related differences in some blood parameters as lymphocytes and neutrophils that are higher in Ragusana (4) than in crossbred donkeys (10).

In donkeys of the MFd breed, the reference ranges for main biochemical and hematological parameters are poor and limited to a specific physiological status such as pregnancy (5) or limited to a particular period such as the neonatal one (11). In particular, age represents an important variable that should be considered for the evaluation of the hematological and biochemical reference range; indeed, it can influence the physiological and/or pathological status of the animal.

Sgorbini et al. (10) provided age-related changes in hematological and biochemical parameters of Amiata donkey foals from birth up to the second month of life.

The investigation of hematological and biochemical parameters in endangered Balkan donkey, autochthonous of the Serbian territory, revealed significant differences in some parameters (white blood cell, mid cell, and granulocyte counts and alkaline phosphatase) related to age (12).

Another factor influencing biochemical parameters is gender. Girardi et al. (7) reported a highest total protein value in females attributing them to the physiological responses of females in puerperium and lactation. More recently, de Palo et al. (13) showed that a different breeding technique in the early life affects biochemical profiles and lipid peroxidation patterns in donkey foals. Taking into account what has been said so far, the construction of a reference range must necessarily include the effect of influenced factors as age or breed, for the appropriate interpretation of serum biochemical results.

Finally, the instrument–instrument variation of analysis methods represents a significant influencing factor for the generation of a reference range; therefore, it is also important that each laboratory develops its own normal range. However, the determination of a normal range for the principal biochemistry and hematological parameters in an endangered donkey breed population such as those of Martina Franca is not easy due to the limited number of animals, which makes it difficult to assess the effects of age, but also of sex on them. Therefore, the aim of this study was to contribute to increasing the knowledge of the physiology of the Martina Franca donkey breed using high-quality methods and taking into account different age groups, proposing reference ranges for the main hematological and biochemical parameters in a general population of Martina Franca donkeys.



MATERIALS AND METHODS


Animals

After a complete clinical exam, 81 clinically healthy Martina Franca donkeys (17 males and 64 females) from the same breeding farm located in Puglia (Italy) were enrolled. Donkeys were divided into three groups according to their age [4]: group A (foals, n° 16, animals < 1 year old), group B (young animals, n° 36, from 1 to 3 years old), and group C (adult animals, n° 29, over 3 years old). In details, group A included 16 donkeys (five males, 11 females, mean ± SD age: 5.6 ± 3.2 months) with age between 1 and 11 months. Group B included 36 animals (12 males and 24 females, mean ± SD age: 19.7 ± 7.2 months) from 12 to 36 months of age. Group C included 29 jennies from 4 to 22 years (mean ± SD age: 8.5 ± 4.0 years). Regarding reproductive status and lactation number of donkeys, 16 were pregnant and pluripara and 48 were non-pregnant. Seven out of the 48 were pluripara and the remaining ones were nullipara.



Blood Sample Collection and Complete Blood Count Analysis

Blood samples came from leftover samples of the previous routine clinical investigation and were collected from the jugular vein, through an 18-gauge needle (Vacutest Kima srl, Arzergrande, Italy) into 9-ml blood vacuum tubes (Vacuette, Austria) containing K3EDTA for the hematological exam and into 10-ml blood collection tubes containing activation clot for the biochemical profile. Blood collection was taken during the spring season in the same day from 7.00 to 10.00 a.m. to avoid the possible influence of different photoperiods on the studied parameters and then promptly transported in a cooler to the veterinary laboratory at the University of Magna Græcia (Catanzaro, Italy). Hematological exam and serum separation were promptly performed, whereas the biochemical profile and serum protein electrophoresis were performed within 24 h after blood sampling. The serum was separated by centrifugation at 1,700 × g for 10 min at room temperature and was stored at +4°C until use.

The hematological parameters analyzed were red blood cell count (RBC); hematocrit value (HCT); hemoglobin concentration (HGB); mean corpuscular volume (MCV); mean corpuscular hemoglobin (MCH); hemoglobin concentration distribution width (HDW); RBC distribution width (RDW); total white blood cell (WBC); and WBC differential count for neutrophils (NEUT), lymphocytes (LYMPH), monocytes (MONO), eosinophils (EOS), and basophils (BASO) as percentage as absolute count (n° cell × 103/μL). Platelets and their indices were also analyzed and included platelet count (PLT), mean platelet volume (MPV), platelet counts (PLT), PLT volume distribution width (PDW), and plateletcrit (PCT). All hematological analyses were performed with an automatic cell counter equipped with software dedicated for veterinary blood analysis (ADVIA 2120, Siemens Healthcare Diagnostic, Germany).

The biochemistry profile was performed on an automated biochemistry analyzer (Dimension EXL, Siemens Healthcare Diagnostic, Germany) using commercial reagents (Siemens Healthcare Diagnostics, Germany) for each parameter and dedicated standards (Siemens Healthcare Diagnostics, Germany) to set the analyzer. In particular, the biochemistry panel included the determination of the following parameters: aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma glutamyl transferase (GGT), total serum protein (TP), albumin (ALB), cholesterol (CHOL), triglyceride (TGL), blood urea nitrogen (BUN), creatinine (CREA), glucose (GLU), calcium (Ca2+), phosphorus (Phos), sodium (Na+), chloride (Cl−), potassium (K+), and magnesium (Mg2+).



Statistical Analysis

Data analysis was performed using a statistical software (GraphPad InStat version 3.10, GraphPad Software Inc., San Diego, CA). Each parameter was tested for normality applying the Kolmogorov and Smirnov method. The following statistical parameters were calculated for each group of donkeys: mean, standard deviation, median, and 2.5th and 97.5th percentiles. The reference intervals were given as mean ± 1.96 SD for parameters normally distributed while non-normally distributed parameters were expressed as median and 2.5th and 97.5th percentiles (14).

One-way ANOVA test followed by Tukey–Kramer multiple-comparison posttest was used to determine the effect of age on biochemical and hematological parameters for normally distributed data, and if data did not have Gaussian distribution, one-way ANOVA on rank test followed by Dunn's multiple-comparison posttest was used. The level of statistical significance was set at P < 0.05.




RESULTS

Donkeys included in this study have a mean age of 4 years (± 4 years) and a range of age between 1 month and 22 years.

Reference ranges for hematological parameters were described in Table 2. Excluding lymphocytes (% and n° cell × 103/μL) and MCH, all other cell populations were not normally distributed.

Age of donkeys did not influence the number of total WBC (P > 0.05; Table 1), but some leukocyte populations such as EOS, MONO, and BASO showed age-linked variations. EOS was the leukocyte population mainly affected by age (P < 0.05): it showed a strong increment over the years (group A vs. group C) as percentage as absolute value (n° cell × 103/μL) (Table 1). Variations of MONO (n° cell × 103/μL) and BASO (n° cell × 103/μL) were less pronounced: both tend to decrease in older (group C) than in young animals (group B).


Table 1. Reference range of Martina Franca donkeys were calculated by 2.5th−97.5th percentiles when values were not normally distributed or by mean ± 1.96 SD (§) when values were normally distributed.
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Overall, RBC count decreased with age (P < 0.05) with simultaneous increases of MCV and MCH (P < 0.05) and decreases of RDW (P < 0.05) and HDW (P < 0.01). Age did not show any effect on HGB and HCT (P > 0.05). Platelet count and their associated parameters (MPV and PCT) were not influenced by age (P < 0.05) excepting PDW which results lower in older with respect to younger donkeys (P < 0.05) (Table 1).

Reference ranges of main biochemical parameters are listed in Table 2. Most of the variables were not normally distributed with exception of ALP and AST enzymes. The serum Na+, K+, and Cl− electrolytes were found different among foals (group A) and young (group B) and adult donkeys (group C), showing a decrement with age (P < 0.05) (Table 2). Significant differences (P < 0.05) were observed between groups A and B for Ca2+ and Phos: both have higher values in foals, and in particular, Phos concentration tends to halve in older donkeys (Table 2). In older donkeys, Mg2+ showed a weak increase with respect to young donkeys (P < 0.05).


Table 2. Reference range of Martina Franca donkeys were calculated by 2.5th−97.5th percentiles when values were not normally distributed or by mean ± 1.96 SD (§) when values were normally distributed.
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Donkeys under 1 year of age (group A) showed the highest ALP activity (P < 0.05) while ALT was not influenced by age. Moreover, AST activity was higher in older (group C) than in young (group B) donkeys (P < 0.05), and GGT activity was lower in older animals than in foals (P < 0.05).

The serum TP showed an increase with aging (P < 0.01) while ALB reached the lowest values in young donkeys (group B) (P < 0.05) and returned to the values of foals (group A) in older animals (group C) (P < 0.05).

Finally, the difference among groups for BUN and TGL (P > 0.05) was not found, as opposed to CREA, GLUC, and CHOL whose concentrations drastically decrease with aging (P < 0.05) (Table 2).



DISCUSSION

Donkeys as horses belong to the Equidae family with which they share some physiological similarities but show also some species-specific differences. Some studies were carried out to establish in donkeys reference ranges of hematological and biochemical parameters, enrolling donkeys of different breeds as Pêga (7), Ragusana (4), Kirgyz (8), or Northwestern donkeys (9). The present study investigates for the first time the hematological and biochemical reference range of Martina Franca donkeys in a general population and then evaluates the eventual influence of age on these parameters.

In our study, Martina Franca donkey's total with cells, neutrophils, and lymphocytes is constant throughout their life and did not differ between the age groups considered according to those observed in crossbred donkeys (15) but not in Ragusana where an increased absolute value of lymphocytes and neutrophils in older animals was reported (4). According to other authors (15, 16), with respect to young and old animals MF foals show the lowest concentration of eosinophils. The number of eosinophils tends to increment with age probably due to the progressive exposure of animals to parasites during their life (17). We observed a slight decrease in basophil number between young and adult animals, not observed in the only other study, to our knowledge, present in literature which provides information about basophil count (15). Finally, the monocyte population remains substantially constant throughout life in disagreement with that reported for Ragusana (4) and crossbreed (15).

RBC and RBC indexes are dynamic parameters throughout the life of donkeys and specially during the neonatal period (11, 16, 18). Unlike horses (19), in the present study we observed that foals and young donkeys do not show signs of physiological anemia: the HGB concentration remains constant throughout life despite that MCV values are below the adult range while hemoglobinization (HDW) and anisocytosis (RDW) indexes are higher than adult animals. In agreement with previous reports (4, 20), we observed greater RBC counts in under 1-year-old than in oldest donkeys. Since the HGB concentration values are constant over the life, the contemporary reduction of RBC with aging explains the increment of MCH observed in older MF donkeys.

Platelet count was not influenced by age showing reference ranges comparable to reports of other studies (16, 20). The reference range of mean platelet volume (MPV), a PLT index of heterogeneity of platelet volume, overlaps with those reported in Northeastern donkeys (21). Decrement of platelet distribution width (PDW), a measurement of heterogenicity in platelet morphology (22), was recorded in MF similarly to that reported for Ragusana donkeys (4); this reduction was related with age progression but reached a value higher than the Ragusana breed probably due to physiological reasons.

About the biochemical profile, our study showed that many analytes are age-influenced, warning about the importance in these cases to establish the appropriate reference ranges. The only two studies published on MF breed were aimed to provide biochemical blood analysis in foals immediately after parturition, from 12 h to 11 days (11), or in jennies during pregnancy (5). Therefore, our biochemicals data are the first provided for a general population of MF donkeys.

According to Bature et al. (9) with the exception of Cl− not influenced by age, electrolytes and in particular Na+, K+, and Cl− showed a significant decrease with advancement of age (9). Conversely, in Pêga breed donkeys these analytes showed an opposite trend (7) similar to that reported only for Cl− in Ragusana breed where Na+ and K+ are not influenced by age (4).

In our study, the marker of bone metabolism tends to decrease with aging as a probably natural consequence of age-related bone remodeling decline. In particular, in Kyrgyz donkeys the highest value of serum Ca2+ was found in foals and the increment of serum Phos concentration gradually decays with aging (8), corroborating the observations of Caldin et al. (4), Zinkl et al. (23), and Jordana et al. (24). Generally, a high serum Phos concentration is indicative of a fast bone growth as happens during the neonatal and youth periods. Then, the Phos concentration gradually decays with aging (25), probably due to decline of bone metabolism (23). Serum Mg2+ concentration observed was on average higher than that reported by other authors (4, 8). Although also influenced by age, the higher ALP activity observed in MF foals under 1 year of age seems to follow the evolution bone metabolism characterized by an initial rapid growth that decreases with aging (19, 26).

Transaminase enzyme (ALT, AST) and GGT activity showed an age-related trend different to reports on donkeys by other authors (4, 7, 15). In particular, ALT activity is not influenced by age according to Caldin et al. (4) and to that observed in horses (27) and in very young foals (11), but in disagreement with that reported by Girardi et al. (7) which observed the highest value in old donkeys. In our work, AST activity reaches its lowest values in young donkeys, confirming the observations of other authors (7, 15). As reported for Pêga (7), also in MF donkeys GGT activity is higher in foals than in older donkeys differently to those reported by observed in Ragusana and crossbred donkeys (4).

Total proteins, albumin, and BUN are biomarkers of protein metabolism which provide information about the nutritional status of animals. The range for TP and ALB values in the MF donkey population was slightly higher than that described in the Kyrgyz breed (27). Moreover, MF donkey's TP concentration resulted to be age-related with higher values in older donkeys, contrary to those reported by Kisadere et al. (27) but in agreement with Girardi et al. (7). The ALB concentration showed the same trend observed in Ragusana donkeys (4): presumably, the age-related ALB concentration increment is caused by a tendency to establish a dehydration status in old animals. Finally, BUN concentrations remain constant throughout the MF donkey's life with values comparable to those reported for very young MF foals (11) while CREA drastically decreases with aging probably due to physiological reduction of muscular mass in old animals. These results partially concord to those of Caldin et al. (4) which were observed as CREA as urea levels reach the lowest values in older animals.

As also described by other authors, the MF donkeys under 1 year of age showed the highest mean values of CHOL (4, 7) and GLUC (7) concentrations and a possible explanation could be in the kind of feeding of foals that primary is milk-based. The TGL concentration in MF donkeys is not influenced by age as reported by Caldin et al. (4), but the mean values in the correspondent age group were lower than those described in Ragusana donkeys (4) probably because they were affected by different diets.

The MF donkey population examined belongs to a unique farm and so makes it impossible to estimate the effects of the feeding management or environment. The lack of evaluation of the effects of sex on biochemical and hematological parameters in this study certainly represents a limit, especially for some hematological parameters such as RBC, HGB, and HCT which in other species, including humans, notoriously are higher in males than in females (17).

Moreover, biochemical parameters as glucose or creatinine increase during the first weeks of pregnancy (5), and also RBC and HCT are higher in late pregnancy than at foaling (28). Unfortunately, the number of pregnant and nonpregnant jennies was too different to correctly analyze the effects of pregnancy on biochemical and hematological parameters representing another limitation of this study.



CONCLUSIONS

The MF donkey is a breed considered endangered, so knowledge about the normal values of hematological and biochemical parameters is essential to classifying animal as healthy or affected by a pathological condition. This knowledge plays an important role in the strategies aimed at the conservation of endangered breeds as Martina Franca donkeys and more in general in the panorama of the biodiversity of equidae. Further studies are needed to have more data including a wider population of MF donkeys to set a valid breed-based reference range.

In conclusion, the results suggest that for the Martina Franca donkey breed, age is a variable that, influencing different hematological and biochemical parameters, needs to be better considered in order to obtain a correct clinical evaluation of the animals.
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Introduction: Laminitis is a debilitating disorder resulting in irreversible anatomical changes in the feet of equids. Assessing specific anatomical features through radiography and venography provides diagnostic and prognostic information. The reference ranges are well-established in horses, but not in donkeys. It is also uncertain as to whether these ranges can be applied to every donkey breed. The present study characterizes the radiological and venographic hoof anatomy of healthy feet of Amiata donkeys and defines the changes associated with severe and mild laminitis.

Materials and Methods: A total of 16 forefeet were evaluated in 8 Amiata jennies. The animals underwent musculoskeletal examination, Obel grading assessment and radiological evaluation. Based on clinical examination and radiographic findings, the forefeet were grouped as healthy, mild or severe laminitic feet, thus the digital venograms were performed according to the group definition.

Results: Radiology revealed 7/16 healthy, 4/16 mild laminitic, and 5/16 severe laminitic forefeet. Statistical analysis showed differences between the healthy and laminitic forefeet for the dorsal angle (p < 0.0001) and angle of solar aspect (p < 0.0001) of the distal phalanx, for deviation between dorsal aspect of distal phalanx and the hoof wall (p < 0.0001) and phalangeal rotation angle (p = 0.0032). Venography was abnormal in mild and severe laminitic forefeet. In particular, the vascularization was reduced or absent at the lamellar-circumflex junction dorsally, at the sub-lamellar vascular bed and at the circumflex veins. Coronary plexus vascularization was absent in severe laminitic forefeet.

Discussion and Conclusions: This study provides the radiological parameters for the assessment of healthy and laminitic forefeet of Amiata donkeys. The mild laminitic foot venogram showed decreased vascularization mainly on lamellar-circumflex junction and sub-lamellar vascular bed, in latero-medial views. The severe laminitic foot showed very poor or absent vascularization in multiple areas. The technique is easily applicable and provides diagnostic support in laminitis.

Keywords: Amiata donkey, laminitis, radiology, venography, foot


INTRODUCTION

Laminitis is an extremely painful disease that compromises the integrity of the digital dermis and the normal biomechanics of the equine foot (1). It can result in lameness and alterations in hoof horn production and in digit positioning, leading to chronic and acute foot pain (2). Chronic and irreversible cases, where animal euthanasia is the only humane option, are not rare (1).

The pathophysiology of laminitis is still not completely understood. It has been defined as the failure of the attachment of the distal phalanx and the inner hoof wall (1). The most commonly accepted causes are inflammatory and septic response, insulin resistance, mechanical overloading, and failure of the normal vascular perfusion within the foot (3).

These mechanisms lead to significant anatomical changes (4). This is of clinical importance because the diagnostic assessment can be aimed at detecting and quantifying of the anatomical changes (4–7). Today, radiological assessments are considered of primary diagnostic importance and represent the “gold standard” for the diagnosis of laminitis (8).

Digital venogram assessments have been shown to be very important for the assessment of vascular perfusion and integrity in the horse (9–12). This diagnostic method has the potential to provide information on the status of the blood supply within the foot capsule, to assess disease severity, to develop treatment strategies, and to monitor the response to treatment (10). Digital venograms can also be performed in very painful cases, even if the horse is not able to move at all, thus preventing further mechanical damage to the integrity of the digit dermis (10).

There is little information on the radiological anatomy of donkey feet (13–15), and therefore there has been a tendency to apply an equine model to help in the diagnostic interpretation (4, 7).

Laminitis is currently an underestimated pathology in donkeys, despite being a common disease in this species, due to the lack of physiological data on the donkey digit (16).

Few studies have been conducted on evaluating the radiographic appearance of the donkey digit, either in healthy or laminitic animals (4, 14), and few studies have been carried out on the normal aspect of the venogram in healthy donkeys (13, 17) and with evidence of laminitis (18).

The aim of this study was to assess the radiographic and venographic parameters of healthy Amiata donkey feet, to define the changes associated with mild and severe laminitis and to compare the results with other donkey breeds and horses.



MATERIALS AND METHODS


Study Group

A cohort of 8 Amiata donkeys belonging to the Regional Stud Farm of Tuscany and housed at the Veterinary Teaching Hospital, Department of Veterinary Sciences, University of Pisa were enrolled in this study. Approval to conduct this study was obtained from the ethical committee of the University of Pisa, according to the D. Lgs. 26/14 (Number 23/19).

All the animals enrolled were barren jennies used for reproduction purposes and were considered non-athlete. The animals were aged between 9 and 19 years (median age 13 years), the body weight (BW) ranged between 283 and 393 kg (median BW 342 kg), and the body condition score (BCS) ranged between 5 and 6.5/9 (median BCS 5.75/9). Jennies were housed in collective paddocks 24 h a day, fed with meadow hay ad libitum along with commercial equine feed in line with the NCR energy recommendations (19). All the subjects were barefoot and underwent periodical hoof trimming every 50/60 days.

None of the jennies had a previous history of foot-related problems. An orthopedic evaluation was performed on all the animals to assess the following clinical signs related to laminitis: stance and gait irregularities, soundness according to the Obel score (2), digital pulse amplitude, increased hoof temperature, presence of supra-coronary depression, and increased sensitivity to hoof testers.

Hooves were inspected visually to assess the presence of the following signs of laminitis: presence of converging hoof growth rings, deformity of hoof capsule shape, slipper foot conformation, flattening of the sole, and widening of the white line. Since no previous studies are available in the literature, the presence of converging rings was assessed according to a grading scale specifically designed for this study. The wall deformity was thus scored from 0 to 3 (Table 1).


Table 1. Grading of the wall deformity (20, 21).
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Radiographic Technique

For all the jennies enrolled in the present study, x-ray views were obtained for both forelimbs, for a total of 16 forefoot radiographs. Prior to radiography, the feet were thoroughly cleaned. All subjects were sedated with detomidine chloride (10 μg/Kg, IV) (Detogesic®, Zoetis Italia, Italy) and buthorphanol 0.025 mg/kg, IV (Nargesic®, ACME, Italy) (22). Baseline radiographs, dorso-palmar (DP) and latero-medial (LM) views, were taken. The jennies were then placed on wooden blocks for the feet (8 cm in height) (4), positioning both forelimbs in a way that the metacarpi were perpendicular to the ground and in close contact with the radiograph cassette to prevent any image magnification (23). Radiopaque barium paste was applied on the dorsal hoof wall at the midline, up to the palpable proximal coronary band (23).

All radiographs were obtained at a focal distance of 80 cm, with the beam focused midway between the dorsal and palmar aspect of the foot, and midway between the coronary band and the weight bearing border, in accordance with the literature (4). All radiographic procedures were performed using a portable machine (GIERTH HF100 M), with the following settings: exposure factors of 59 kV at 1.2 mAs, for a 100 mm wide hoof (adjusting 1kV according to 5 mm change in width) (4). One single experienced operator performed all the radiographs (IN). Radiographs were scanned and the digitized images were analyzed using commercial software (HorosTM–DICOM).



Radiological Parameters

All the forefoot radiographs obtained were assessed in terms of the radiological parameters relevant to laminitis. These radiometric parameters and associated definition are shown in Table 2 (4, 14).


Table 2. Direct and derived radiological parameters relevant in laminitis, for the forefoot and their definitions, in latero-medial and dorso-palmar radiographic views [modified from (4)].
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Subgroup Definition and Inclusion Criteria for Venography Protocol

Based on the results obtained from clinical examination and radiographic evaluation, the feet were retrospectively divided into three groups, as previously reported (15, 24): (A) healthy foot (7/16), which is normal at clinical examination and radiographic parameters where within normal limits, (B) foot showing mild laminitic changes (4/16), namely Obel grade <1 and no hoof capsule changes and radiographic findings of distal phalanx rotation, and (C) foot showing severe laminitic changes (5/16), which is characterized by Obel grade >1, hoof capsule deformation, and radiographic findings of distal phalanx displacement and remodeling. The venography exams were performed on 3/7 healthy feet, 4/4 mild laminitic feet, and 5/5 severe laminitic feet.



Venographic Technique

All the venographic exams were performed under sedation with detomidine chloride (10 μg/Kg, IV) (Detogesic®, Zoetis Italia, Italy) and buthorphanol 0.025 mg/kg, IV (Nargesic®, ACME, Italy) (22). The hair was clipped from the distal third of the metacarpus up to the coronary band. The low four-point nerve block was performed by injecting 3 ml of lidocaine perineural at each site (lidocaine 2%, Zoetis Italia, Italy) and a tourniquet was tightly wrapped slightly above the fetlock, using constant tension. The area above the later palmar digital vein was scrubbed and a 21G butterfly IV catheter (Terumo Italia Srl, Italy) with an extension tube line was placed.

A total of 20 ml of contrast agent (Iopamiro 300®, Bracco Imaging, Italia) was used for an average-sized foot and two different syringes were used to avoid excessive injection pressure, and thus to prevent any perivascular extravasation or wall vein damage (24). The first 10 ml contrast was injected with the foot in weight-bearing position, immediately afterwards the second 10 ml was injected while the limb was gently flexed, thus taking the weight off the foot (24).

After all the contrast has been injected, the butterfly catheter was left in place and the tube line was taped proximally to the limb, until the radiographs were performed (18). The latero-medial and dorso-palmar views were taken with the limb in weight bearing position, within 45 s of the injection (24).

Six areas were evaluated on the venogram image (Table 3), as previously reported in the horse (24): palmar digital vein (PDV), terminal arch (TA), circumflex vessels (CV), lamellar–circumflex junction (LCJ), sub-lamellar vascular bed (SLVB), and coronary plexus (CP).


Table 3. Venographic parameters relevant in laminitis, for the forefoot and their definitions, in LM and DP radiographic views [modified from (24)].
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These areas were examined both in LM and DP views for a quality evaluation of the contrast distribution (24).



Statistical Analysis

Data were assessed for distribution. Since some parameters were normally distributed and others were not, we decided to express all the results as not Gaussian distributed. The results were reported as median and standard error, minimum and maximum values.

The Kruskal-Wallis-test for multiple comparisons was applied to verify differences between the three groups concerning the numerical data (angular and linear radiographic parameters, lameness and clinical parameters of hoof convergent rings), BW and BCS. The significance level was set at p <0.05. Statistical analysis was performed with GraphPad Prism v. 8.3.1 (GraphPad Software Inc., San Diego, CA, USA).




RESULTS

The results obtained from physical and external hoof examinations are reported in Table 4, according to the different subgroups. In particular, the severe laminitic feet group presented 4/6 physical parameters and 4/6 altered external hoof parameters, compared to the results obtained for the normal and mild groups.


Table 4. Average values obtained from clinical evaluation, reported according to the subgroups.
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The results obtained for the angular, linear and morphometric radiological parameters relevant to the laminitis evaluation are shown in Tables 5–8, according to the different subgroups. Statistical analysis showed differences between the healthy and the severe laminitic donkeys in terms of Ts (p < 0.0001), SA (p < 0.0001), H ang (p < 0.0001) and R ang (p = 0.0032) (Figure 1). No statistical differences were obtained for the other parameters. According to the evaluation of the angular, linear and morphometric radiological parameters, only 1 out of 8 (12.5%) donkeys presented the left forefoot healthy and the right forefoot mild laminitic.


Table 5. Angular radiographic parameters from latero-medial view, expressed as degree, for the healthy, mild, and laminitic study groups.
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Table 6. Linear radiographic parameters from latero-medial view, expressed in cm, for the healthy, mild, and laminitic study groups.
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Table 7. Morphometric radiographic parameters from latero-medial view, for the healthy, mild, and laminitic study groups.
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Table 8. Linear radiographic parameters from dorso-palmar view for the healthy, mild, and laminitic study groups.
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[image: Figure 1]
FIGURE 1. Latero-medial plain radiographic images of healthy (A), mild (B), and severe (C) laminitic donkey feet. SA, Angle of solar aspect of the distal phalanx; S, Dorsal hoof wall angle; Ts, Dorsal angle of the distal phalanx; U, Angle of proximal phalanx.


The results obtained from the evaluation of the venographic parameters are given in Table 9. Within the severe laminitic group, the main altered parameters both in the LM and DP were LCJ, SLVB and CP (both in the medial and lateral areas on DP view), compared to the healthy group. These parameters differ from the normal shape, with a total lack of contrast in the severe cases (5/16) (Figures 2, 3).


Table 9. Values obtained from the evaluation of venographic parameters, shown according to subgroups. Minimum and maximum values are reported for each parameter.
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[image: Figure 2]
FIGURE 2. Latero-medial venograms of healthy (A), mild (B), severe (C) laminitic donkey feet. PDV, Palmar Digital Vein; CP, Coronary Plexus; TA, Terminal Arch; SLVB, Sublamellar Vascular Bed; LCJ, Lamellar-Circumflex Junction; CV, Circumflex Vessels.



[image: Figure 3]
FIGURE 3. Dorso-palmar venograms of healthy (A), mild (B), laminitic (C) donkey feet. PDV, Palmar Digital Vein; CPL, Coronary Plexus Lateral; CPM, Coronary Plexus Medial; TA, Terminal Arch; SLVB, Sublamellar Vascular Bed; LCJ, Lamellar-Circumflex Junction; CVL, Circumflex Vessels Lateral; CVM, Circumflex Vessels Medial.


Finally, statistical differences were found for BCS (p = 0.0052), but not for BW (p = 0.0713) between severe laminitic vs. healthy group. In particular, the BCS was higher in the laminitic group.



DISCUSSION

The radiographic and venographic appearance of healthy and laminitic feet in donkeys were assessed in order to define the changes associated with mild and severe laminitis and to compare the results with other donkey breeds and horses.

Overall, we found statistical differences between healthy vs. severe laminitic donkeys for Ts, SA, H, and R ang, but not between mild vs. severe laminitic or healthy feet. No differences were found for other radiographic parameters. Thus, our results support the idea that the bone alignment and its relationship with the hoof capsule is relevant in the evaluation of laminitis in donkeys, in line with literature (4).

In our study, Ts and SA values differed significantly between severe laminitic and healthy group. In particular, Ts and SA values were higher in the severe laminitic group compared to the healthy group, in agreement with Collins et al. (4). Moreover, the Ts and SA values obtained in the severe laminitic group were comparable with the laminitic values reported by Collins et al. (4) in the horse, even if we found a narrower range of values for Ts (68.30–78.60° vs. 57–94°) (4). This difference might be related to the small population enrolled in this study, which could be considered a limitation to the present work. SA is commonly considered to be useful in the diagnosis and prognosis of laminitis in horses and the degree of rotation has been inversely related to the prognosis (25).

The statistically differences obtained in the H Ang values between healthy and severe laminitic groups were in line with the previous study by Collins et al. (4). Moreover, the laminitic H Ang values obtained in this study were comparable to what found both in donkeys (4) and horses (6) in previous studies. The H Ang value usually indicates the correct presence of the parallelism between the dorsal surface of the distal phalanx and the dorsal wall of the hoof capsule, both in donkeys (4, 14, 15) and horses (23, 26). The divergence in alignment supported by the increased H ang value might be indicative of dorsal distal phalanx rotation (23, 27).

In this work, the R Ang values statistically differ between healthy and severe laminitic groups, as also reported by Collins et al. (4). In particular, the laminitic R Ang values obtained in this study were lower than results found in previous studies performed both in donkeys (4) and horses (6). This finding might be related to the large variability in digit values reported in different studies performed in donkeys (4, 14, 15, 18). For this reason, even if the R Ang value is considered relevant for diagnosis of laminitis (4), it needs to be evaluated with caution.

The lack of differences between mild vs. severe laminitic feet or healthy feet for Ts, SA, H, and R ang might be related to the small number of animals included in the study and/or by the wide variability in digit values registered in donkey breeds (4, 14, 18) and, in particular, in Amiata donkeys (15).

We found 1/8 donkey presenting one healthy forefoot and the other one showing mild laminitic changes, in line with literature. In fact, laminitis may affect only one foot, if the causes are repeated trauma on the foot, abnormal distribution of the loading force and any other alteration of the normal gait (11, 23).

The PDV and TA values obtained from venographic studies in healthy donkeys were clearly evident, in agreement to literature (18). In this study, the PDV and TA values were evident also in mild and laminitic donkeys. These results are in line with previous studies in which the PDV and TA values were rarely altered in laminitic animals, even in severe cases (such as in DP distal displacement, infarcts, and thickening of the distal aspect of the deep digital flexor tendon) (10, 24).

In our study, the CV values, obtained both in the LM and DP views, showed wide ranges both in the mild and severe laminitic groups compared with the healthy one. To the best of authors' knowledge, the CV range has not been reported in healthy donkey feet yet. The results obtained for CV parameter in healthy donkeys in this study is comparable to what reported in a previous study (24). Sound horses showed a large variation in the normal appearance of the CVs and sole and may be affected by abnormalities others than laminitis (10, 24). Thus, our findings obtained in the mild and severe laminitic groups might be distorted by the coexistence of foot problems other than laminitis. CV should still be evaluated during a venogram laminitis assessment because an increase in solar depth and CV appearance may be related to successful treatment (10, 24).

On the other hand, our results for the LCJ and SLVB revealed strongly altered values in both the mild and severe laminitic groups compared with the healthy group, both in DP and LM views. Donkeys show a well-developed anastomosis in foot circulation compared to horses (18). In horses, LCJ and SLVB parameters were related to displacement of the DP, damage to the vessels secondary to displacement, and sub-lamellar edema (10, 24). It is possible that the particular extensive foot circulation in donkeys may lead these parameters get altered earlier compared to the other venogram parameters. Evaluation of LCJ and SLVB values may therefore be useful to promptly detect a potential anatomical vasculature alteration within the hoof.

Lastly, in our study CP parameters showed comparable results between the healthy and mild laminitic groups. On the other hand, the CP ranged from normal to void of contrast in the severe laminitic group. These findings may be explained considering that occasionally an inadequate volume of contrast creates a technical artifact, reducing the filling of CP, as reported in horses (24). Moreover, in severe laminitic horses, the CPs were found to be permanently distorted and so contrast may be reduced (10, 24).

As reported in literature, the presence of dermal pathology may be overlooked without venograms and the appropriate treatment may be delayed (24). According to this, our results seem to suggest that, also in donkeys as in horses, the venogram could detect mild laminitis change within the foot earlier than radiogram. In our study, the venogram was useful in demonstrate vascular and dermal integrity. It could be an important tool for the assessment of severity of the disease and the development of the treatment strategies also for donkeys.

This study has some limitations. The venogram appearance was evaluated in a small number of healthy feet, thus this might have led to a bias in the interpretation of results. Therefore, more studies needed to correctly establish the normal venogram appearance of healthy donkey feet in order to properly evaluate a pathological foot and to verify the reproducibility of the study.
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Streptococcus equi subsp. equi (S. equi) is the pathogen causing strangles, a highly infectious disease that can affect equids including donkeys of all ages. It can persistently colonize the upper respiratory tract of animals asymptomatically for years, which serves as a source of infection. Several strangles outbreaks have been reported in the donkey industry in China in the last few years and pose a great threat to health, production, and the welfare of donkeys. Nasopharyngeal swab samples for culture and PCR are used widely in strangles diagnosis. Additionally, microbiomes within and on the body are essential to host homoeostasis and health. Therefore, the microbiome of the equid nasopharynx may provide insights into the health of the upper respiratory tract in animals. There has been no study investigating the nasopharyngeal microbiome in healthy donkeys, nor in donkeys shedding S. equi. This study aimed to compare nasopharyngeal microbiomes in healthy and carrier donkeys using 16S rRNA gene sequencing. Nasopharyngeal samples were obtained from 16 donkeys recovered from strangles (group S) and 14 healthy donkeys with no history of strangles exposure (group H). Of those sampled, 7 donkeys were determined to be carriers with positive PCR and culture results in group S. In group H, all 14 donkeys were considered free of strangles based on the history of negative exposure, negative results of PCR and culture. Samples from these 21 donkeys were used for microbial analysis. The nasopharyngeal microbiome composition was compared between the two groups. At the phylum level, relative abundance of Proteobacteria was predominantly higher in the S. equi carrier donkeys than in healthy donkeys (P < 0.01), while Firmicutes and Actinobacteria were significantly less abundant in the S. equi carrier donkeys than in healthy donkeys (P < 0.05). At the genus level, Nicoletella was detected in the upper respiratory tract of donkeys for the first time and dominated in carrier donkeys. It is suspected to suppress other normal flora of URT microbiota including Streptococcus spp., Staphylococcus spp., and Corynebacterium spp. We concluded that the nasopharyngeal microbiome in S. equi carrier donkeys still exhibited microbial dysbiosis, which might predispose them to other airway diseases.
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INTRODUCTION

Streptococcus equi subspecies equi (S. equi), one of the common upper respiratory tract (URT) pathogens in equids, has been causing the infection referred to as strangles, which still remains an important disease worldwide (1–3). Strangles is highly contagious and pathogenic, resulting in abrupt onset of fever, mucopurulent nasal discharges, coughing and abscesses in submandibular and retropharyngeal lymph nodes (4–6). In cases with severe complications, animals are significantly compromised due to pharynx obstruction, metastatic abscessation (bastard strangles) as well as purpura hemorrhagica (7–9). In uncomplicated cases of high morbidity and low mortality, strangles usually lasts about 25–35 days in most animals (7, 10). However, infection may be extended to chronic or endemic status with constant or intermitted shedding of S. equi (7, 11). In most animals, nasal shedding of S. equi begins the first few days after onset of pyrexia and persists for 2–3 weeks. However, some animals may keep periodically shedding for a much longer time due to a persistent infection in the guttural pouch (12).

In the last few years, there have been outbreaks of strangles reported in donkeys in China (13, 14). Donkeys <1 year of age were found having much higher morbidity (40.3%) and mortality rates compared to older age groups (13). As the donkey industry has expanded tremendously in China, strangles has emerged as a disease of concern, especially when donkeys are raised at a relatively high stocking density. Additionally, shedding of S. equi after the resolution of clinical signs is a potential threat to the industry.

The URT hosts a variety of microorganisms which form a complex microbial community with synergistic and competitive interactions (15). The harmonious coexistence of microbiota is necessary to maintain the health of the URT of animals (16). Dysbiosis of these microbial populations is associated with disruption of respiratory tract health (17) and increased risk of respiratory tract infection (18). The nasopharynx, as part of the URT, frequently harbors both commensal and pathogenic bacteria (19). Investigation of the relationship between nasopharyngeal microbes impacted by respiratory tract diseases is anticipated to increase understanding of the pathogenesis of URT infections (19). Changes of the nasal microbial population before and after long distance transportation in clinically healthy donkeys has recently been reported (17). However, samples obtained using non-guarded swabs might be exposed to contaminants from different parts of the URT including sinuses, nostrils, and oropharynx, each colonized with its own system of microorganisms (20). Therefore, sampling from the deeper nasopharyngeal area may lead to different results.

To our knowledge, there has been no study focusing on the population of donkeys asymptomatically shedding S. equi. In this study, we would like to investigate whether donkeys shedding S. equi have a perturbed microbial environment in the nasopharynx, which may create a predisposition to other respiratory tract infections (18). Based on this objective, we identified S. equi carrier donkeys without signs of clinical disease from a donkey farm that just experienced a strangles outbreak using both culture and PCR techniques. Then nasopharyngeal samples were obtained and the nasopharynx microbiomes in S. equi carrier donkeys and healthy donkeys were detected and compared using a 16S rRNA high-throughput sequencing technique. After sequencing, we assessed the differences within the microbial communities between the two groups that were associated with asymptomatic S. equi infection.



MATERIALS AND METHODS


Ethics Statement

All procedures involving animals were conducted in compliance and within the license (No.AW11101202-2-0) granted by the Animal Welfare and Ethics Committee of China Agriculture University.



Animals and Sample Collection

The study was conducted in an intensive donkey farm in Shandong Province with about 800 Dezhou donkeys in total. The recently weaned 6-month-old donkeys were arranged in 24 barns aligned in eight rows with three barns per row. The donkeys were provided with hay and commercial concentrates daily with free choice of water. The farm experienced a strangles outbreak 3 months earlier. It was also the first outbreak known to have occurred in that area. As the commercial strangles vaccine was not available in China, the donkey population on the farm had not been vaccinated against S. equi before or after the outbreak. Donkeys affected by strangles was clinically healthy previously according to the health records of the farm. Donkeys which had displayed positive clinical signs were first noted in one barn and quickly isolated. All movement of those donkeys was stopped and a quarantine zone was established to minimize the spread of infection. Their manure and waste feed were also composted separately. A specific group of staff members had been and continued to be assigned to take care of these donkeys using a separate set of equipment, which were disinfected daily. Donkeys in surrounding barns were also limited in movement and monitored closely. Throughout the outbreak, three barns in the same row were affected, while donkeys in other barns remained clinically healthy. Only individuals with severe lymphadenopathy were treated with 3% penicillin gel topically, while other isolated donkeys were monitored three times a day and provided with food and water ad libitum according to the local veterinarian's instructions. None of the donkeys involved in this study had been treated with antibiotics throughout the outbreak prior to sampling. The brief signalment and history of the animals involved in this study were summarized in Supplementary Tables 1, 2.

A group of 16 male donkeys of ~6 months of age were randomly selected from the group that had clinically recovered from strangles. Also, none had current clinical signs of disease. These donkeys were designated as group S. Nasopharyngeal swabs were collected using the technique described by Holman (21). Two nasopharynx samples were collected from each donkey. Before sampling, the nostril that was to be used for sampling was wiped clean with 70% ethanol. A 70 cm double-guarded sterile uterine swab (IMV Technologies, L'Aigle, France) was inserted into the nasal cavity passing through ventral meatus gently to approximate depth of 15 cm (22, 23). The guarded inner swab was then extended from the casing, rotated 360° 2–3 times, maintaining contact for about 20 s and then drawn back into the guarded tube. This sample was then stored in a sterile empty vacutainer tube with two to three drops of saline and kept on ice for no more than 6 h. Upon arrival at the laboratory it was used for aerobic culture and PCR. A second sample from the same nostril was obtained using the exact same technique. This swab sample was stored in −80°C until potential 16S rRNA gene sequencing.

A group of 14 male donkeys of approximately 6 months of age was also randomly selected from a different barn located at the furthest row about 200 m away in the same farm, housing donkeys with no history of being exposed and exhibited no clinical signs of S. equi infection during the outbreak. These donkeys were still clinically healthy based on a physical exam and were designated as group H. Two nasopharyngeal swab samples were collected with the exact same technique from each donkey, then stored and processed in the same way described above for group S, with the first swab being submitted for aerobic culture and PCR, and the second swab stored for potential 16S rRNA gene sequencing.



Streptococcus equi Aerobic Culture, Biochemical Identification, and PCR

S. equi swabs submitted from group S for culture of S. equi were processed as previously described (24). Namely, Colombia blood agar (Huankai Microbial, Guangzhou, China) was used to streak the collected swabs for bacterial culture (17). Cultures were incubated at 37°C for 24 h. Isolates were sub-cultured two times on blood agar before being identified. Colonies identified via beta-hemolysis and colony appearance were subsequently tested by Gram staining. Biochemical tests, including ferment lactose, sorbitol and trehalose, were conducted using Micro-Biochemical Identification Tube (Hopebio, Qingdao, China).

DNA from each swab sample was extracted using a Hi-Swab DNA kit (Tiangen, Beijing, China) according to manufacturer's instructions. PCR was performed using primer set of ICESE2GC2F (5′-TTACCTCCATTACTTGACAATCCAT-3′) and ICESE2GC2R (5′-GATTTGCAACATGAAACATTTACAG-3′) (25), which was specific for S. equi. Successful amplification was confirmed by 1% agarose gel electrophoresis of the PCR products. Samples with both positive culture and PCR results were selected for further 16S rRNA gene sequencing analysis.

Nasopharyngeal swab samples from group H were tested by aerobic culture and PCR in the same way as described above. Individuals with both negative culture and PCR results were selected for microbial composition analysis with 16S rRNA gene sequencing technique.



DNA Preparation for 16S rRNA Gene Sequencing

Samples of selected individuals from each group stored at −80°C were thawed for DNA extraction using E.Z.N.A soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) in accordance with manufacturer's instructions. Positive DNA amplification was verified by 1% agarose gel electrophoresis. DNA concentration was determined with NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, USA).



High-Throughput Sequencing

The V3–V4 hypervariable regions (26) were amplified by PCR using primer set of 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The 16S rRNA gene amplification of each sample was performed in a 20 μL reaction system. Reaction conditions were set as follows: initial denaturation at 95°C for 3 min, followed by 27 thermal cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s. The whole process then ended with a single extension at 72°C for 10 min. 2% agarose gel was used to reveal the PCR products. Extraction and purification of these PCR products were performed using AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). Amplicons were quantified by Quanti-FluorTM-ST fluorometer (Promega, Madison, WI, USA). Amplicon library pools were gel-sized ahead of sequencing paired-end on Illumina MiSeq platform (Illumina, San Diego, CA, USA).



Bioinformatics Analysis

FASTQ (v0.20.0) (27) was used to quality-filter the raw 16s rRNA gene sequencing. Sequencing reads were merged using FLASH (v1.2.7). USEARCH (v7.0) was applied to process and cluster sequences for operational taxonomic units (OTU) analysis. OTUs derived from clustering 16S rRNA gene rDNA sequences were used as approximations of microbial taxa (28). The most abundant sequence of each OTU was chosen by QIIME (30) (v1.9.1). RDP Classifier (v2.2) was used to assign a taxonomy with a minimum threshold of 0.7 and the representative sequence of OTU with 97% similarity (29).



Statistics Analysis

Alpha diversity analysis including Shannon and Chao indexes was carried out using Mothur (v1.30.1) to analyze evenness and richness of OTUs, respectively. Mann–Whitney test was performed to illustrate the diversity difference at different levels between the two groups in this study. The cut-off for rejecting the null hypothesis was set at P < 0.05, which indicated no difference between two groups. The OTUs of different levels in each group were assessed by community barplot. Principal coordinate analysis (PCoA) as part of beta diversity was conducted using QIIME (30) (v1.9.1) to reflect the difference and distance between groups based on the Bray–Curtis algorithms. Liner discriminant analysis (LDA) effect size (LEfSe) with an LDA threshold score of >3 was used to determine which taxa and OTUs were most associated with each group and contributed to the differences.




RESULTS


Aerobic Culture and PCR Results

Seven donkeys from group S were positive for culture, biochemical identification (non-fermented lactose, sorbitol and trehalose) and PCR. Therefore, they were identified as asymptomatic carriers of S. equi and selected for 16S rRNA high-throughput sequencing. In group H, all donkeys remained clinically healthy and yielded negative results on both aerobic culture and PCR. Subsequently, all frozen samples from this group were selected for further microbial composition analysis.



Microbiota Overview

Nasopharyngeal swabs taken from healthy donkeys and donkeys shedding S. equi were assessed by sequencing the bacterial 16S rRNA V3–V4 region. An average of 468 base pairs were obtained from the PCR products. The average DNA concentration yield was 198 ng/μL in group S and 146 ng/μL in group H. A total of 1,385,649 sequence reads were obtained from 21 samples. After removing low-quality reads, singletons, and triplicates, 401,877 sequences were retained (97% sequence similarity). A total of 2,291 OTUs were identified and classified into 36 phyla, 99 classes, 226 orders, 390 families, 835 genera, and 1,326 species. 2,142 and 809 OTUs have been detected in group H and group S, respectively. Raw sequences reads from the samples were deposited at NCBI Sequence Read Archive (SRA) database (accession number PRJNA695404).



Alpha Diversity Analysis

Five phyla with relative abundance of >1% were identified in the nasopharyngeal microbiota of the donkeys from group H. The microbial communities of healthy donkeys were dominated by Proteobacteria (42.82%), Firmicutes (41.71%), Actinobacteria (11.32%), Chloroflexi (1.41%), and Bacteroidetes (1.38%) (Figure 1A). There were four phyla with relative abundance of >1% in the communities of S. equi carrier (group S) donkeys and they were Proteobacteria (75.01%), Firmicutes (16.32%), Actinobacteria (4.70%), and Bacteroidetes (3.46%) (Figure 1A). In group S donkeys, Proteobacteria were significantly more abundant (P < 0.01) than in group H donkeys, while the abundance of Firmicutes and Actinobacteria were notably lower (P < 0.05) in group S as compared to group H. At the genus level, 12 genera had a relative abundance of >1% with Streptococcus (28.93%) and unclassified Moraxellaceae (13.85%) being the most abundant in healthy donkeys. Whereas in group S, 10 genera had a relative abundance of >1% characterized by Nicoletella (37.70%) and Moraxella (21.48%) (Figure 1B). The relative abundance of Nicoletella and Moraxella in group S were notably higher (P < 0.01) than in group H. While Streptococcus, Staphylococcus, and Corynebacterium were much lower in abundance (P < 0.01) than in group H. There were also a substantial amount of OTUs of unclassified Moraxellaceae inhabiting healthy donkeys vs. carrier donkeys.


[image: Figure 1]
FIGURE 1. Relative abundance of predominant (>1%) phyla (A) and genera (B) in the nasopharyngeal microbiota of healthy donkeys and donkeys shedding S. equi. H: Healthy donkeys (n = 14); S, donkeys shedding S. equi (n = 7). Other: bacterial taxa with ≤1% abundance, Unclassified, sequences which could not be classified.


The richness (Chao) and diversity (Shannon) of the partitions were calculated. Group S had a microbial composition significantly lower in richness than group H as illustrated by the Chao index (Figure 2A; P = 0.004). The Shannon indexes did not differ significantly between the healthy and carrier donkeys (Figure 2B; P = 0.057).


[image: Figure 2]
FIGURE 2. Alpha diversity indexes of the nasopharyngeal microbiota of healthy and carrier donkeys. (A) Shannon index of OTU level. (B) Chao index of OTU level. S, donkeys shedding S. equi (n = 7) in orange. H, Healthy donkeys (n = 14) in light blue; **significant decrease (P = 0.004, Mann–Whitney test) in the richness of the bacterial communities in donkeys shedding S. euqi (S) compared to healthy donkeys (H).




Beta Diversity Analysis

Principal coordinate analysis (PCoA) based on Bray-Curtis algorithms between the two groups was performed and showed differences in microbial communities of the nasopharynx between healthy and carrier donkeys (Figure 3). The ANOSIM of Bray-Curtis distances revealed significant differences of the microbiota composition between group H and group S donkeys (R = 0.531, P = 0.002).


[image: Figure 3]
FIGURE 3. Principal coordinate analysis (PCoA) of the nasal microbiota of healthy and carrier donkeys based on Bray-Curtis distance. S, donkeys shedding S. equi (n = 7) in orange; H, Healthy donkeys (n = 14) in green.


The linear discriminant analysis (LDA) effect size (LEfSe) method was applied to identify high-dimensional biomarkers and assess the differences between the two groups at the genus or higher taxonomic level. The LDA was set to 4.0 as a threshold for identification of biomarkers of different taxa in LEfSe analyses. From all 2,291 OTUs, 257 OTUs were significantly different between the healthy and carrier donkeys (P < 0.05). From 835 genera or taxa at higher levels, 379 taxa were significantly different between the two groups (P < 0.05); Among them, 70 taxa had LDA scores above 3. Sixteen taxa were associated with group S donkeys and the rest of the taxa (54) were associated with healthy donkeys. The most discriminating taxa in the samples of group S donkeys were Pasteurellales, Pasteurellaceae, and Nicoletella. Nicoletella belongs to the order Pasteurellales and the family Pasteurellaceae. In group H donkeys, the most associated taxa were Firmicutes, Bacilli and unclassified Moraxellaceae (Figure 4). Bacilli is at the class level belonging to the phylum Firmicutes, while Moraxellaceae is at the family level belonging to the phylum Proteobacteria.


[image: Figure 4]
FIGURE 4. Linear discriminant effect size analysis (LEfSe) of the nasopharygeal microbiota of healthy and donkeys shedding S. equi. Bacterial taxa at the genus level and higher in group S (carrier donkeys, in red) and group H (healthy donkeys, in green) were demonstrated by LDA scores >3. Ranking of taxa was based on effect size in LEfSe.





DISCUSSION

The previous “gold standard” for detection of S. equi was aerobic culture of samples from the upper respiratory tract, including nasal washes, nasal/nasopharyngeal swabs, nasopharyngeal washes or purulent material aspirated from abscesses (31). However, these samples may result in false negatives, especially in the early febrile state. Hence, culture of these samples is no longer considered as the gold standard for strangles diagnosis, even though they are still commonly used (6, 7, 32). Animals recovered from strangles can be asymptomatic carriers and intermittently shed the pathogen (33, 34). They can be a source of infection leading to new or recurrent diseases even in well-managed groups of animals (1) and are also challenging for accurate diagnosis due to the periodical shedding. There is evidence that PCR is more specific and sensitive for detecting S. equi than culture (24, 32). Quantitative PCR (qPCR) also referred as real-time PCR has been developed for more sensitive and rapid diagnosis of strangles (35, 36) and guttural pouch lavage qPCR is recommended to detect carriers (6). However, the PCR technique is not able to differentiate viable from non-viable organisms, and it is currently not widely available in China. As a result, a combination of culture and regular PCR was applied to achieve a more reliable diagnosis for carrier donkeys in this study. Since S. equi may periodically shed from the guttural pouch into the nasopharynx, rostral nasal swabs may present false negative results (6). However, compared to guttural pouch lavage, swab samples are easier to obtain without the requirement of endoscopic equipment. Hence, we chose to sample the nasopharyngeal area with double-guarded uterine swabs. In this study, 7 out of 16 donkeys from group S were positive on culture and PCR tests. Therefore, they were determined to be asymptomatic carriers. The remaining nine donkeys in group S were not double positive on these tests, therefore, their carrier state was not confirmed at that point and they were not included in this study. Guttural pouch lavage PCR with visual inspection of the guttural pouch guided by endoscopy would be necessary to detect other S. equi carriers in this group. The “carriers” defined in the study, along with the other donkeys in the same barn, continued to be isolated, waiting for the future inspection of the local veterinary officials. As for group H, these donkeys had no exposure to S. equi and a history free of clinical signs during the outbreak. In addition, they were all under strict biosecurity and negative on both culture and PCR. Thus, they were considered not infected with S. equi at that point and were used as negative controls of group S. Ideally, two blood samples for serology test with 2 weeks apart are recommended to help confirm their negative infection status (6).

We hypothesized that asymptomatic carriers of S. equi would have dysbiosis of the microbial community of their upper respiratory tract despite absence of clinical signs of disease. The 16S rRNA sequencing results revealed differences between the two study groups and were able to detect microbial changes within carrier donkeys compared to those that remained healthy. Nasopharyngeal samples have been used as diagnostic samples of S. equi (32) and representative samples of upper respiratory tract microbiomes (37). To our knowledge the current study is the first to compare the nasopharyngeal microbiota of healthy donkeys with donkeys shedding S. equi using high-throughput 16S rRNA gene sequencing.

In this study, the nasopharynx in healthy donkeys hosted richer microbiomes than donkeys shedding S. equi. A healthy microbiome is usually characterized by a diverse community of organisms, which are more stable and more resistant to overgrowth of pathogenic microbiomes. Whereas a dysbiotic community, associated with chronic disease, usually has a markedly lower diversity and is often dominated by a few pathogenic species (38). There is also strong evidence that dysbiotic microbial communities are more susceptible to inflammation and diseases (39). The significantly decreased diversity of microbial composition and number of OTUs in group S were consistent with dysbiotic communities within the URT. Similar results were also noted in published research of other species. For example, cattle with bovine respiratory disease complex (BRDC) tend to not only have a less rich source of bacteria, but also lower numbers of OTUs in the nasopharynx, as compared to healthy cattle (21). In humans it has been reported that chronic inflammatory diseases have been associated with a decrease in microbial diversity, evenness, as well as richness (20, 40, 41). This change in microbial richness under circumstances characterized with infection or inflammation was probably due to an increased colonization of anaerobic bacteria, which was facilitated by biofilm formation (42, 43).

According to the microbial composition analysis, the dominant phyla were Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes in both groups. The results of healthy donkeys in this study are comparable with Zhao's study conducted in clinically healthy donkeys with non-guarded nasal swabs (17). Similar results have also been mentioned in studies of healthy URT microbiomes in horses (37), cattle (21), humans (44), as well as in swine (45). Proteobacteria occupied a notably larger portion of the nasopharyngeal microbiome in donkeys shedding S. equi than in healthy donkeys. There is evidence that Proteobacteria is associated with increased severity of inflammation and respiratory tract disease (46). Moraxella and Nicoletella, the two bacterial genera belonging to Proteobacteria phylum, were predominant in S. equi carrier donkeys. Moraxella spp. have been considered as pro-inflammatory bacteria associated with asthma in humans and horses (37, 47). It has also been found having a dramatically high relative abundance in cattle with BRDC vs. healthy cattle, which could potentially cause disorders such as pneumonia and otitis (48). In our study, the abundance of Moraxella spp. increased significantly in carrier donkeys as opposed to donkeys free of strangles. This is consistent with previous findings in respiratory diseases in other species. Even though donkeys shedding S. equi are usually asymptomatic, they are still likely to undergo inflammatory processes in the upper respiratory tract especially guttural pouches (49). In consequence, donkeys shedding S. equi were still having microbial perturbation consistent with the shifted predominance of Moraxella in this study.

In donkeys, Nicoletella spp. were first identified and reported in our study with a predominant presence in carrier donkeys shedding S. equi. Nicoletella spp. are rarely reported in other species, except for horses. Nicoletella semolina is the species repeatedly isolated from horses with airway disease and first reported in 2004 (50). As a new member in the Pasteurellaceae family, it is usually present as part of the normal flora in the equine airway. It has been isolated from URT of healthy horses and horses with airway disease in similar proportions in Europe, however, marked growth of N. semolina was observed in tracheal aspirate cultures from horses with respiratory disorders (51). Pulmonary disease potentially associated with N. semolina infection has been reported in three young horses in North America (52). All three cases were characterized with chronic airway infection and heavy growth of N. semolina was observed in transtracheal wash cultures along with other equine airway flora. The results indicated that N. semolina might overgrow and cause airway disease in a dysbiotic community. In 2020, Nicoletella semolina was first reported as a sole isolate in a horse with a pulmonary infection in New Zealand. Nonetheless, whether it acted as a primary or opportunistic pathogen was still not determined (53). According to results of LEfSe herein, Nicoletella was also the genus most often associated with S. equi carrier donkeys, while it was not discriminative in the group of healthy donkeys. Therefore, the overgrowth of Nicoletella spp. in carrier donkeys might be associated with URT dysbiosis and possible chronic airway inflammation caused by S. equi. Further investigation involving more samples will be required to facilitate the understanding of its role in URT diseases in donkeys.

Streptococcus belonging to the Firmicutes phylum was another genus showing a significant difference between the two groups at the genus level. Its relative abundance was notably lower in group S donkeys compared to healthy donkeys. Since the classifier used in this study was the RDP Classifier, which is only able to classify 16S rRNA genes from phylum to genus (54), the species of Streptococcus were not determined definitively. Our hypothesis to explain this finding was that the predominant Streptococcus spp. in healthy donkeys could be S. equi subsp. zooepidimicus, a common flora in the URT, while in carrier donkeys, the presence of Nicoletella semolina might inhibit the normal growth of S. equi subsp. zooepidimicus and contribute to microbial dysbiosis. Besides Streptococcus spp., Staphylococcus spp., and Corynebacterium spp., which are considered part of microbiota of healthy equine airways (55), also demonstrated significantly lower abundance in Group S. Herein, we inferred that suppression from Nicoletella semolina might also lead to this finding.

LEfSe analysis was conducted to identify the most discriminating bacterial taxa of each group. Pasteurellales, Pasteurellaceae and Nicoletella were the top three taxa associated with donkeys shedding S. equi. Thereinto Nicoletella belongs to the order Pasteurellales and the family Pasteurellaceae. As these bacterial groups were shown at multiple taxonomic levels, the association between these bacterial taxa and donkeys shedding S. equi was more robust. Based on LDA, majority of taxa with an LDA score of >3 was associated with healthy donkeys. Hence, there seemed to be no single bacterial taxon strongly associated with healthy donkeys, which reflects a more balanced microbial composition.

Even though strangles has been known to produce chronic shedding individuals, the long-term impact of S. equi on the URT from the point of view of microbiomes was still unclear. This study demonstrated a characteristic nasopharyngeal microbiota profile of donkeys shedding S. equi and of healthy donkeys, which may promote future research on the microbial dysbiosis of URT in donkeys and other susceptible animals. However, the sample size was relatively small and one round of sequencing analysis only represented the nasopharyngeal microbiota of the point when the samples were taken. Although it would be difficult to perform, larger groups of samples acquired at different stages of the disease may facilitate greater understanding of the pathogenesis, as well as the long-term influence of strangles on the URT of infected animals.



CONCLUSIONS

There were significant differences shown in microbiota analysis between the two groups, including OTU richness and microbial composition at different taxonomic levels. The significantly increased abundance of Nicoletella spp. and Moraxella spp. in S.equi carrier donkeys indicated a dysbiotic URT microbial community possibly associated with chronic airway perturbation. Significantly decreased abundance of Streptococcus spp., Staphylococcus spp., and Corynebacterium spp. in group S was probably due to inhibition by Nicoletella spp. Therefore, the role of Nicoletella in the URT of donkeys requires further investigation.
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The Baudet du Poitou is a vanishing donkey breed recognized for engendering robust working mules. In Chile, only two pure breed Poitou males exist, which belong to the Chilean army and are used for mule production. We performed an extensive sperm and seminal analysis of these two jackasses aged 3 and 6 years and investigated the use of a simple hypometabolic extender for sperm cryopreservation. Computer-assisted sperm analysis showed high motility, velocity, and linearity in sperm movement. The seminal plasma analysis revealed that sodium and chloride were the main electrolytes, and globulins were the main metabolites. Active and variable enzymatic activity was observed. New information is reported about gamma-glutamyltransferase, aspartate aminotransferase, zinc, and magnesium concentrations in seminal plasma of Poitou donkeys. Ejaculates among jackasses showed some variability due to individual variability and different stages in sexual maturation according to age. The freezability index analysis based in viability, total motility and progressive motility with Botucrio extender (57.1 ± 11.0%; 56.6 ± 20.0%; and 22.6 ± 10.3%, respectively) were significantly higher (p < 0.05, p < 0.0001, and p < 0.0001, respectively) than with HM-0 extender (42,6 ± 11.4%; 14.9 ± 5.1%; and 1.0 ± 2.5%, respectively). We report new information on Poitou donkey semen and cryopreservation in the Southern Hemisphere that could be useful in donkey breeding and conservation programs to develop strategies that improve the effectiveness of population management of this breed.
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INTRODUCTION

Donkeys are an important socio-economic support for human livelihood (1, 2). One of the oldest domestic donkey breeds is the Baudet du Poitou (Studbook since 1884). This French breed is highly recognized and requested for engendering robust mules useful in agricultural and army activities (3). This breed is classified as “endangered-maintained,” which indicates a worldwide population of pure breed animals of up to 6–20 males and 100–1,000 females (4). The steady decrease in the population is due to the industrialization of agriculture and the closure of national stud farms in the 20th century (5). There is limited empirical information on the current world population of Poitou donkeys because they are mainly owned by hobby-breeders of small farms (6) and breeders' organizations (i.e., UPRA and SABAUD1), with a small number of animals per farm (4). This situation hinders the census logistics of their population by statistical organizations (7). Thus, information on the Poitou donkey population is mainly provided by breeders' associations or organizations through informal data (CREGENE, 20212) According to recent data from the Domestic Animal Diversity Information System (DAD-IS) for 2018, there were 2,903 Baudet du Poitou donkeys in the world−1,648 females and 486 males. Ninety-nine females of this population are pure breed and only five males participate in the national cryopreservation bank for insemination programs (4). Besides, in France, which has the greatest population of this breed, the French Institute of Horse and Riding reported 117 new births in 2017 (IFCE, 2019)3 Nonetheless, the Rare Breeds Trust of Australia, which declared two animals of this breed, reported that the international status of the Poitou donkeys is “critical” and estimated that there are fewer than 200 Poitou Donkeys in the world today (RBTA, 20194) Similarly, in the United States, the University of Illinois Veterinary Teaching Hospital, which keeps five Poitou jennies, stated that fewer than 70 and 500 Poitou donkeys remain throughout the United States and the world, respectively (University of Illinois College of Veterinary Medicine, 2020e). In South America, only five Poitou donkeys were reported (three females and two males). These specimens belong to the Chilean army and are used to produce mules, whose purpose is the transport of supplies and materials to mountain areas, which are otherwise difficult to reach (8).

To preserve the livestock genetic diversity and populations of Poitou donkeys, it is crucial to know their normal seminal characteristics and develop efficient techniques for semen cryopreservation that will ensure optimal results in conservation programs. Consequently, several studies have reported the importance of seminal plasma for spermatozoa (9–14), semen preservation (15, 16), and reproduction (17, 18). Donkeys differ strikingly in their reproductive process from horses and among donkey breeds, which is why data comparisons between donkeys and horses and between donkeys of different breeds are questionable (9, 12). Research on fresh and cryopreserved semen of Poitou donkeys has been performed (9, 18–24) but a detailed study of semen characterization, including biochemical analysis of semen, has been only partially conducted in this breed.

All investigations on fresh and cryopreserved Poitou ejaculates have been performed only in the Northern Hemisphere. Since fertility in related species such as stallions is higher in the Southern than in the Northern Hemisphere (25), we fulfill the requirements to analyze the ejaculates' behavior of Poitou jackass in the Southern Hemisphere and compare it with that of Northern Hemisphere jackasses. This study aimed (1) to perform an extensive semen analysis, including sperm quality and biochemical profile of seminal plasma, on the ejaculates of the two Poitou jackasses aged 3 and 6 years; and (2) to investigate the effect of a simple hypometabolic extender on sperm cryopreservation.



MATERIALS AND METHODS


Animals and Semen Samples

Semen was obtained from two fertile Poitou jackasses belonging to the Chilean army (Haras Militar Pupunahue, Los Lagos, Chile; 39°47′32″S, 72°53′34 ″O). Jackass 1 was 6 years old and weighed 450 kg. Jackass 2 was 3 years old and weighed 380 kg. Both animals were fed in ad libitum pasture and water conditions. As these donkeys are used in labor activities, alfalfa hay and corn supplementation were also provided twice daily. Animals were kept in paddocks and only if the weather conditions were adverse during the winter were they housed in a barn.

Donkey semen without extra-gonadal sperm reserves (with Daily Sperm Output [DSO] stabilized) was collected using an artificial vagina of an estrus female. Fourteen ejaculates (seven from each jackass) were collected during the breeding season (summer). All ejaculates were used for sperm evaluation, and 12 (6 from each donkey) were used for biochemical evaluation.



Semen Evaluation


Sperm Quality

Seminal volume was determined by graduated containers, removing the gel-free fraction, and sperm concentration was estimated with a spectrophotometer (AccuRead, IMV Technologies, France).

For the sperm analysis, 40 μl of each ejaculate was diluted 1:5 in UHT skim milk and kept at 37°C for motility assessment. The remaining sample was diluted 1:1 with skim milk and kept at 37°C for concentration, viability, and morphology evaluation.

Plasma membrane integrity (viability) and morphology were assessed by using an eosin-nigrosin staining dye technique (18, 19, 26). Briefly, the sperm samples were mixed 1:1 with a stain solution (50 g/L eosin; 100 g/L nigrosin) on a tempered microscope slide and analyzed under a bright field microscope (Nikon Eclipse E200). The percentage of sperm viability was obtained according to the permeability of the plasma membrane of the sperm head to the eosin. The sperm morphology was determined as the percentage of normal spermatozoa without morphological abnormalities in the head, midpiece, and tail. At least 500 spermatozoa for each sample were analyzed in triplicate.

Total and progressive motility and sperm kinetic parameters were assessed using computer-assisted sperm analysis (CASA system, SCA, Microptic S.L., Spain) according to Córdova et al. (27). Aliquots of the sperm samples were then briefly placed on a pre-warmed slide at 37°C. The samples were analyzed by using a phase-contrast microscope (Nikon Eclipse E200) with 10× magnification (negative phase), coupled with a high-velocity camera (scA780 54tc). Twenty-five consecutive photographs were taken per second and at least 500 spermatozoa for each sample were analyzed in triplicate in three to six separate fields for each sample. For sperm kinetic analysis, the following parameters were considered: curvilinear velocity (VCL), linear velocity (VSL), mean velocity (VAP), linearity coefficient (LIN), straightness coefficient (STR), wobble coefficient (WOB), mean amplitude of lateral head displacement (ALH), and frequency of head displacement (BCF). Following these parameters, total motility was defined as the percentage of spermatozoa showing a VCL of above 10 μm/s, and progressive motility was defined as the percentage of spermatozoa showing an STR above 75%. At least six fields and 500 spermatozoa were measured in each evaluation.



Biochemical Evaluation

Fifteen milliliters of each ejaculate (gel-free fraction) was centrifuged twice at 2,700×g for 15 min. The supernatant of each tube was stored at −20°C until pH [PL-600] and osmolarity (Osmomat030) analyses. The enzymes, ions, and metabolites of the seminal plasma were analyzed by Laboratorio de Patología Clínica of Universidad Austral de Chile (Valdivia, Chile). The following parameters were considered in the analysis: (a) enzymes: alkaline phosphatase [[ALP]; alkaline phosphatase liquicolor], aspartate aminotransferase [[AST]; GOT IFCC mod. LiquiUV], and gamma-glutamyltransferase [[GGT]; γ-GT liquicolor]; (b) ions: total calcium [[Ca2+]; calcium liquicolor], inorganic phosphorus [[Pi]; phosphorus liquirapid], magnesium [[Mg2+]; magnesium liquicolor], sodium [[Na+]; atomic absorption spectrophotometry], chloride [[Cl–]; chloride liquicolor], potassium [[K+]; potassium liquirapid], zinc [[Zn2+]; atomic absorption spectrophotometry], and Ca:Pi ratio; (c) metabolites: cholesterol (cholesterol liquicolor), total protein (total protein liquicolor), albumin (albumin liquicolor), globulins (total protein minus albumin), urea (urea liquiUV), and glucose (glucose liquicolor). All tests were supplied by HUMAN (Weisbaden, Germany).





FREEZABILITY TEST


Freezing Protocol

Fresh semen samples with >70% viability and total motility were diluted in UHT skim milk at 37°C, centrifuged, and resuspended in the following freezing extenders (80 × 106 sperm/ml):

• The commercial extender Botucrio (Botupharma, Brazil). Osmolarity: 1,244 ± 1 mOsm/L. pH: 7.4. Glucose concentration: 99.0 ± 6.1 mM (mean ± SD).

• The hypometabolic extender HM-0 Tris, composed of 300 mM Tris base, 94.7 mM citric acid, 2% (v:v) glycerol, 15% (v:v) egg yolk, 0.5 mg/ml streptomycin sulfate, and 0.05 mg/ml gentamicin. Osmolarity: 592 ± 4 mOsm/L. pH: 7.4. Glucose concentration: 1.9 ± 0.1 mM (mean ± SD) (27).

The freezing–thawing protocol and the freezing extender used were based on Cordova et al. (27). Briefly, ejaculates were collected using an artificial vagina, filtered to remove the gel, diluted 1:1 in pre-warmed UHT skimmed milk (isothermal condition), and centrifuged to 1,000×g for 20 min. Post-centrifugation sperm pellets were suspended in the extenders previously tempered at 20°C, packed in 0.5 ml at 50 × 106 sperm/ml in straws, and cooled to 5°C for 90 min. Afterward, straws were subsequently exposed to liquid nitrogen vapors for 20 min and finally plunged and stored in liquid nitrogen for at least 2 months before analysis. The temperature of the samples was recorded during the whole process using a temperature probe coupled to a USB data logger (ThermoWorks, Alpine-UT, USA).



Post-thawed Sperm Evaluation

Samples were centrifuged and resuspended in Tris/citrate buffer extender for sperm quality evaluation. Each evaluation was established from a count of at least six different fields and 500 spermatozoa in each assessment.

The plasma membrane integrity (viability) was evaluated by the CASA system using Ethidium Bromide (EB)/Acridine Orange (OA) double staining technique according to Córdova et al. (27). Briefly, sperm samples were mixed (1:1) on a tempered microscope slide with a staining aqueous solution composed of 10 μM EB and 20 μM AO (EB/AO solution). Samples were immediately visualized and analyzed using the viability module from the CASA system (Sperm Class Analyzer, Microptic, Spain) coupled to an epifluorescence microscope (Nikon E200, upright microscope) with a high-velocity camera (Basler AG, Germany, scA780 54tc). Viable spermatozoa were green-stained on the head, whereas non-viable spermatozoa were red-stained on the head. The sperm motility was evaluated by the CASA system as previously described for fresh samples.

The acrosome integrity analysis was evaluated by FITC-PSA dye (Sigma Aldrich, USA), according to Ramirez et al. (28). Briefly, sperm aliquots were fixed and permeabilized for at least 30 min at 4°C in 100% methanol, to allow entry of PSA. Permeabilized spermatozoa, dried onto slides, were then covered with a droplet of 100 mg/ml FITC-PSA PBS for 10 min. Later, the slides were washed with bi-distilled water, and the spermatozoa were analyzed with an inverted epifluorescence microscope (Leica DMI3000 B). The emission fluorescence of PSA-FITC was detected using a 450- to 490-nm UV excitation filter, a 510-nm dichroic mirror, and a 520-nm barrier filter. Data were analyzed in triplicate. Intense acrosome staining was indicative of an intact acrosome. Sperm with structurally altered acrosomes were those displaying a slight fluorescence or no fluorescence at all on the sperm head. To compare the extender freezing ability, a Freezability Index (FI) was calculated for viability and total and progressive motility [FI [%] = AF/BF × 100; sperm values after [VAF] and values before freezing [VBF]].




STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism 6 statistical software (USA) and they included mean values, standard deviation (mean ± SD). For comparative analysis of post-thawing semen parameters and freezability analysis between freezing extenders, the paired sample t-test were used. p-values of <0.05 and <0.01 were considered significant and highly significant differences, respectively.



RESULTS


Semen Evaluation


Sperm Quality

The results of sperm quality and motility parameters of both Poitou donkeys are shown in Tables 1, 2, respectively. The mean values for jackass 1 and 2 were 52.9 ± 18.0 and 44.3 ± 14.0 ml of free-gel fraction volume, 552.9 ± 122.8 and 198.6 ± 55.6 × 106/ml of sperm concentration, 77.8 ± 5.5 and 85.6 ± 5.3% of viability, and 74.7 ± 6.9 and 79.9 ± 9.9% of normal morphology, respectively. Concerning the overall means, free-gel fraction volume, viability, and normal morphology showed slight dispersion with values of 48.6 ± 16.1 ml, 81.7 ± 6.6%, and 77.3 ± 8.7%, respectively. In contrast, the overall mean of sperm concentration showed a high dispersion with a value of 375.7 ± 205.4 × 106/ml.


Table 1. Free-gel fraction volume, sperm concentration, viability, and normal morphology of fresh Poitou jackass ejaculates.
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Table 2. Motility and kinetic parameters of fresh Poitou jackass ejaculates.
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Regarding motility parameters, the mean values for both jackass 1 and 2 were 90.1 ± 6.2 and 85.6 ± 8.6% of total motility and 70.9 ± 8.8 and 56.4 ± 13.9% of progressive motility, respectively, with total and progressive motility overall means of 87.8 ± 7.6 and 63.6 ± 13.5%, respectively. The kinetic evaluation revealed that the sperm of both donkeys exhibited high velocity (VCL: 97.1 ± 10.1, VSL: 62.3 ± 13.1, and VAP 76.6 ± 11.9 μm/s) and linearity (STR: 80.8 ± 5.6, LIN: 64.3 ± 9.8, and WOB: 79.3 ± 7.3%) in their sperm movement.



Biochemical Evaluation

The overall seminal plasma values of pH and osmolarity were 7.42 ± 0.1 and 285.7 ± 6.5 mOsm/kg, respectively. The enzymatic evaluation revealed the presence of active and variable ALP, AST, and GGT activity in the seminal plasma of both Poitou donkeys. Thus, mean values and range for ALP, AST, and GGT were 338.0 ± 81.5 and 206.9 ± 56.5 [231.9 to 362.9], 4.9 ± 0.1 and 3.4 ± 1.2 [3.4 to 4.9], and 301.8 ± 215.5 and 272.0 ± 146.5 [187.1 to 386.7] μkat/L for jackass 1 and 2, respectively (Table 3).


Table 3. pH, osmolarity, and enzyme profile of Poitou jackass seminal plasma.
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Regarding ion concentrations in seminal plasma (Table 4), sodium and chloride were the main electrolytes in seminal plasma in both donkeys with overall values of 130.0 ± 21.3 and 128.5 ± 9.3 mmol/L, respectively. Total calcium and inorganic phosphorus overall concentrations were 1.8 ± 0.5 and 1.4 ± 0.6 mmol/L, respectively, with a Ca:Pi ratio of 1.3 ± 0.2. The concentrations of potassium and magnesium for both jackasses were 11.0 ± 1.6 and 2.2 ± 1.1 mmol/L, respectively. Low concentrations of zinc were also observed with a value of 20.9 ± 5.0 μmol/L.


Table 4. Ion profile of Poitou jackass seminal plasma.
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As shown in Table 5, the analysis of seminal plasma metabolites revealed that globulins were the main protein of seminal plasma in these jackasses (27.3 ± 6.3 g/L and 28.0 ± 6.5 g/L of total protein). Additionally, low concentrations of cholesterol and glucose in seminal plasma were found in both donkeys, with values of 0.2 ± 0.1 and 0.1 ± 0.1 mmol/L, respectively. The urea concentration in ejaculates of these jackasses was 6.6 ± 0.7 mmol/L.


Table 5. Metabolite profile of Poitou jackass seminal plasma.
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POST-THAWING SPERM QUALITY AND FREEZABILITY ANALYSIS

The cooling and freezing rates of the cryopreservation protocol were −0.3° and −5.5°C/min, respectively. Sperm achieved −105.9°C before being immersed in liquid nitrogen (Figure 1).


[image: Figure 1]
FIGURE 1. Cooling and freezing rate of sperm cryopreservation of Poitou jackasses (n = 14).


The comparative results are shown in Figure 2, in which post-thawed sperm viability, total motility, and progressive motility, as well as all kinetic parameters (except for ALH) were significantly higher when using the Botucrio extender than the HM-0 extender (p < 0.01). The only one parameters in which the result using Botucrio extender was significantly lower than with the HM-0 extender was acrosome integrity (p < 0.05).


[image: Figure 2]
FIGURE 2. Post-thawed results of Poitou jackass sperm cryopreserved with HM-0 Tris and Botucrio extenders. (A) Viability, acrosome integrity, and total and progressive motility. (B) Kinetic parameters. VCL, curvilinear velocity; VSL, linear velocity; VAP, mean velocity; LIN, linearity coefficient; STR, straightness coefficient; WOB, wobble coefficient; ALH, mean amplitude of lateral head displacement; BCF, frequency of head displacement. Each bar represents mean ± SD (n = 14). Paired t-test analysis; significant differences between two extenders (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001) are shown.


Finally, the freezability analysis (Figure 3) has shown that FI of the three parameters considered were significantly higher when the Botucrio extender rather than the HM-0 extender was used (viability: p < 0.05; total and progressive motility: p < 0.0001).


[image: Figure 3]
FIGURE 3. Freezability index (FI) of viability and total motility in Poitou jackass sperm cryopreserved with Botucrio and HM-0 Tris extenders. Each bar represents mean ± SD (n = 14). Paired t-test analysis; significant differences between two extenders (*p < 0.05 and ****p < 0.0001) are shown.




DISCUSSION

The results of the sperm quality analysis in the present study agree with those of other studies on Poitou jackasses performed in the Northern Hemisphere (9, 18–22, 30). These studies were done under similar conditions of animal number and age (26 animals and 4–7 years of age), but with higher repetitions than in the present study (24–150 ejaculates vs. 14 ejaculates). Despite these similarities, differences were observed in normal morphology and progressive motility values between our study and those mentioned above. The lower normal morphology observed in our study (77.3 vs. >90%) could be due to the criterion used to detect structural abnormalities despite the fact that other authors used the same dye technique (9, 18, 19). The progressive motility reported in our study (63.6%) was higher than that observed by Trimeche et al. (20, 21) (39–56%), but lower than that of the other studies (9, 18, 19, 30), which obtained progressive motility values over 75%. These dissimilarities may be related to differences in the extender composition (21), evaluation objectivity (9, 18), and CASA system configuration (9, 20, 30) used in each study. In addition to these results, this study reported new insights into the kinetic characteristics of Poitou donkey sperm. Thus, the sperm movement of these animals by CASA system showed high velocity and linearity indicators, with values of STR and LIN over 80 and 60%, respectively.

Enzymes, metabolites, and ions of seminal plasma are essential for sperm structure, metabolism, and fertilization. To the best of our knowledge, little information is available about the characterization of seminal parameters of Poitou donkeys. Here, we report a detailed analysis of seminal plasma of the only two pure Poitou sires existing in Chile. This analysis included the evaluation of pH, osmolarity, three enzymes, seven ions, and five metabolites of Poitou donkeys aged 3 and 6 years.

The biochemical profile of ions and metabolites in the seminal plasma of the donkeys analyzed here is similar to that reported for this breed in the Northern Hemisphere, where 60–150 ejaculates of 5–6 Poitou jackasses were analyzed (9, 18). However, the results of total protein, total calcium, inorganic phosphorus, and potassium of seminal samples in this study were lower than those reported by these authors. These differences may be related to the geographic location and nutrition of the donkeys among the studies. It is well-known that donkeys have lower maintenance energy requirements than other equids. Donkeys come from semi-arid and mountainous environments with sparse food sources and their digestive tract has adapted to a high-fiber and low-energy diet (31). The cited authors conducted their experiments in India, but they did not specify the exact latitude localization or the nutrition protocol of the studied donkeys. The present study was done at latitude 39°47′32″S, 72°53′34″O in southern Chile, and the donkeys were fed mainly natural pasture and supplemented with alfalfa hay and corn grain twice daily. The soil in southern Chile has a volcanic composition (32), and heavy rainfall during the winter months reduces soil nutrients, such as calcium, phosphorus, and magnesium, which could be implicated in the lower seminal concentrations of these minerals (33, 34). Little investigation has been done to establish the mineral requirements of donkeys (31). Further studies are needed to determine whether the composition of southern Chilean soil affects donkey seminal quality since these animals have been reported to have lower mineral requirements than other equids (35).

Sodium (118.0–142.0 mmol/L) and chloride (123.3–133.8 mmol/L) were the main ions, and globulins (23.8–30.8 g/L) were the main metabolites in the seminal plasma of the donkeys. Also, low concentrations of glucose (0.0–0.2 mmol/L), cholesterol (0.1–0.3 mmol/L), zinc (18.1–23.7 μmol/L), and magnesium (1.6–2.8 mmol/L) were found. Zinc is a micromineral that plays an important role in many protective sperm properties, such as membrane stabilization, and antioxidant and antibacterial functions (36), and a testicular and epididymal origin has been suggested in Equidae (11, 37). Magnesium is a cation related to high seminal plasma quality in boars because it improves viability by reducing sperm membrane damage (38). A prostatic origin of magnesium has also been described in humans (39). Interestingly, to date, no studies have reported zinc and magnesium levels in the seminal plasma of Poitou jackasses. Thus, the present study reports the seminal concentrations of zinc and magnesium in this breed, where the zinc level was similar and the magnesium level was higher than those found in other domestic donkeys by Vyvial et al. (37).

There is little information about the enzymatic activity of seminal plasma in donkeys. The GGT is an important antioxidant in semen that protects sperm against oxidative damage. This enzyme has been correlated with high sperm viability and motility in fresh samples from stallions (11). In bull, seminal GGT has been correlated with high sperm motility, embryo cleavage, and blastocyst rate with post-thawed sperm (40). In humans, low seminal concentrations of seminal GGT have been related to infertility (41). The AST and ALP have been related to membrane sperm integrity in humans (42). In donkeys, AST and ALP are secreted from testis and epididymis, while GGT's origin is not clear because it does not correlate with volume or sperm concentration (37). In stallion, GGT has a testicular and epididymal origin, but since it is species-specific, this information may not apply to jackass (11). The results of our study revealed that the seminal plasma of both donkeys had active and variable ALP, AST, and GGT enzymatic levels, with ALP and GGT showing the highest and most variable activity, in agreement with observations by Vyvial et al. (37) in seminal plasma of other domestic donkeys. In humans, these enzymes were reported to be significantly higher in seminal plasma than in serum, between 30 and 500 times higher (42), and these molecules might need to be highly concentrated in donkey seminal plasma, like other antioxidant enzymes, in order to protect the sperm (43). We have not found references of seminal AST or GGT concentrations for Poitou donkeys, but these values are apparently normal since AST and GGT levels (AST: 3.4–4.9 μkat/L, GGT: 187.1–386.7 μkat/L) are within the range reported for other domestic donkeys [AST: 0.7–5.1 and GGT: 72.7–1,853 μkat/L; (37)]. The ALP concentration found in this study (231.9–362.9 μkat/L) was significantly higher than that previously reported for Poitou jackasses (9, 18). This difference may be related to the sensitivity of the technique used for ALP detection by the authors because the ALP values obtained in this study were between the normal range reported for domestic donkeys [23.4–542.4 μkat/L; (37)]. ALP values are related to sperm concentration (11, 18) and considered a marker of ejaculation in stallions (17). Therefore, the high activity of ALP observed in both jackasses could be associated with the high sperm concentration, especially that obtained from jackass 1 (552.9 ± 122.8 × 106/ml). Further studies are necessary to determine the importance of these enzymes in the quality of fresh, cooled, and thawed donkey sperm samples and their relation to fertility.

Variations in semen quality between Poitou sires and within the same individual are expected (18). These differences might be influenced by individual variations or the animal age (44, 45). Male donkeys reach puberty between 19 and 20 months of age where sperm in ejaculates can be observed, although at this age they have not completed their full sexual maturation (46). Therefore, both jackasses evaluated in this study were post-pubertal (3 and 6 years old), but there may be differences in sexual maturation between them due to jackass age, as the 3-year-old animal had not reached full sexual maturation in comparison with the older animal. Nipken and Wrobler (47) observed in 5- to 6-year-old donkeys an increase in germ cell number per testis, spermiogenesis, tubular diameter, length and development, and epithelial efficiency relative to 3-year-old donkeys, and proposed that 6 years of age is the plateau of maximal testicular function. Further research in testicular size, testicular blood flow, and serum testosterone concentration is necessary to understand sexual differences among post-pubertal jackasses, as previously done in stallions (48, 49). The variability in sperm quality observed between the jackasses in this study was also noted by Kumar (29) in healthy and fertile donkeys of the same breed and age. This information could explain variations in sperm and seminal results between donkeys and could be considered normal since no differences between ejaculates or donkeys were observed in the post-thawed evaluation (data not shown; p > 0.05).

Animal genetic resources need to be preserved as part of sustainable management, especially in endangered breeds. Here, we show that Botucrio extender was superior to HM-0 extender in preserving donkey sperm characteristics based on the three freezability index obtained (p < 0.05). HM-0 is a simple Tris-based extender composed by glycerol (3%) and egg yolk (15%) maintained more than 40% of viability after the cryopreservation process. These percentage is 26% lower than the percentage obtained with Botucrio extender, which contains a complex composition of antioxidants and cryoprotectants, in addition to glycerol (1%) and egg yolk (5%) (50). Since the glycerol concentration in both extenders coincided to that reported for donkey semen cryopreservation (22), the sperm membrane protective effect of HM-0 Tris extender, could be influenced by high concentration of lecithin and the low density lipoproteins of the egg yolk (51), which improves the protection in the post-thawed sperm membrane in Poitou jacks (20) and in other donkey breeds (52, 53). As expected, post-thawed motility parameters and the FI of motility were significantly higher when using the Botucrio extender (p < 0.05). This extender contains amino acids, carbohydrates, and N-methylformamide, which improve sperm post-thawed motility (20, 22, 50, 54). Further studies are necessary to verify if changes in component concentrations (glycerol and egg yolk) and new additives (amides, carbohydrates and amino acids) on HM-0 formulation improves the freezability index (viability and sperm motility) of donkey sperm using a cryopreservation extender based on Tris-glycerol-egg yolk. Additionally, the freezability analysis revealed that Botucrio extender preserve post-thaw viability (p < 0.05) and total and progressive sperm motility (p < 0.0001) better than HM-0 Tris extender. This report provides new information to the knowledge of Poitou donkey sperm and cryopreservation in the Southern Hemisphere, which may help donkey breeding and conservation programs to develop strategies to improve the effectiveness of population management for this breed.
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Pharmacologically induced ex copula ejaculation is a method used for collection of semen when the traditional methods of semen collection are not feasible. Common indications for this method include health issues that either preclude the physical act of mating or result in impaired erection and ejaculation. The method also offers an alternative when there is a lack of equipment and facilities required for semen collection using the conventional artificial vagina method. A variety of pharmacological protocols for ex copula ejaculation in stallions have been evaluated in both research and clinical settings with no serious side-effects reported. In general, these protocols included tricyclic antidepressants, alpha-2 adrenergic receptor agonists, and smooth muscle stimulators, either individually or in combination. Although there is a lot of variation in the ejaculatory rates among studies, a combination of imipramine and xylazine appears to be an effective option for inducing ejaculation in stallions. In cases where this protocol is not successful, collections should be reattempted using a combination of imipramine, detomidine, and oxytocin. Regardless of the protocol used, a quiet environment with minimal disturbance is associated with a better outcome. In contrast to the body of literature available on pharmacologically induced ex copula ejaculation in horses, only a few studies have been published so far on this topic in donkeys. Further studies are warranted to investigate whether pharmacologically induced ex copula ejaculation is an effective method of semen collection in jacks and to compare different pharmacological protocols for inducing ejaculation in jacks.

Keywords: equine, imipramine, xylazine, detomidine, semen


INTRODUCTION

Semen collection in horses is commonly performed using an artificial vagina with the stallion mounting either a jump mare or a phantom/dummy. Pharmacologically induced ex copula ejaculation is an alternative method of semen collection used in stallions with musculoskeletal, neurological, or behavioral abnormalities that preclude the physical act of mounting and copulation or interfere with erection and ejaculation. Documented clinical examples include stallions with lameness (1), disability due to multiple causes including chronic obstructive pulmonary disease, cardiac disease, and chronic musculoskeletal disease of the forelimbs (2), paraphimosis and erectile dysfunction (3), idiopathic ejaculatory dysfunction (4) and ejaculatory failure associated with aortic-iliac thrombosis (5). Several research studies have been conducted in the past to evaluate different pharmacological protocols for inducing ejaculation in stallions and this topic continues to be an area of active research. In contrast to horses, pharmacologically induced ex copula ejaculation has not been investigated extensively in donkeys, and results from the few studies reported so far are inconsistent. The present article aims to review the published literature on pharmacologically induced ex copula ejaculation in horses and donkeys.



PHARMACOLOGICALLY INDUCED EX COPULA EJACULATION IN HORSES

A variety of drugs and their combinations have been used to induce ex copula ejaculation in horses. Broadly speaking, these drugs include tricyclic antidepressants, alpha-2 adrenergic receptor agonists, and smooth muscle stimulators. As discussed in the subsections below, several protocols have been evaluated with respect to their efficacy in inducing ejaculation in stallions.


Imipramine Alone Protocol

The initial attempts at ex copula ejaculation in stallions were based on the previously documented effects of antidepressants such as imipramine and clomipramine on sexual excitement and ejaculation in men (6, 7). These effects are attributed to imipramine- or clomipramine-mediated inhibition of norepinephrine reuptake, resulting in promotion of alpha-adrenergic activity (8). In a study involving five male horses (one inexperienced young stallion, two mature normal breeding stallions, one 5-year-old stallion with erection and ejaculatory dysfunction, and one long-term gelding), imipramine hydrochloride administered orally at a dose range of 100–600 mg twice a day resulted in repeated erection and masturbation (9). In the same study, the authors reported a similar response when imipramine was administered intravenously over a dose range of 50–1,000 mg. Moreover, the intravenous treatment resulted in ejaculation in 3 out of 28 treatment attempts (11% ejaculation rate) in the four intact stallions. The ejaculations were observed in one of the two mature stallions and the stallion with erection and ejaculatory dysfunction. No serious side effects were reported in either oral or intravenous imipramine treatments. However, higher doses were associated with mild ataxia and drowsiness. Apart from the study by McDonnell et al. (9), the use of imipramine alone for inducing ejaculation in stallions has not received any attention, presumably owing to the low ejaculation rate observed with this protocol.



Xylazine Alone Protocol

Xylazine is an α2-adrenergic agonist that mediates its effects mainly through stimulation of central α2-adrenergic receptors. This stimulation decreases the neurotransmission of norepinephrine and dopamine (10). The administration of xylazine alone for ex copula ejaculation in horses has been reported in both research (11, 12) and clinical settings (5). In a study involving 28 stallions (12 horses and 16 ponies), xylazine was administered intravenously at a dose rate of 0.7 mg/kg and the stallions were left undisturbed for 30 min (11). Each stallion underwent a trial with sexual prestimulation and a trial without sexual prestimulation. Ejaculation was reported in 15 (27%) of the 56 trials. Eleven of the ejaculations were reported with sexual prestimulation and four without sexual prestimulation, suggesting a beneficial effect of sexual prestimulation in this protocol. A much higher ejaculation rate [10 out of 11 attempts (91%)] after xylazine administration was reported in a case report involving two stallions with ejaculatory failure associated with aortic-iliac thrombosis (5). The authors attributed the higher ejaculation rate to relatively longer periods of prestimulation used in the clinical cases and to a speculated hypersensitivity to alpha adrenergic stimulation in stallions with ejaculatory dysfunction. In a more recent study involving 12 mature stallions (12), xylazine was administered intravenously at a dose rate of 0.7 mg/kg and each stallion underwent two trials. Ejaculation was reported in 4 of 24 trials (17%). Absence of sexual prestimulation might have contributed to the lower ejaculation rate in this study. Semen quality of the ejaculates induced by xylazine was reported to be mostly similar to the ejaculates collected from the stallions using artificial vagina (11, 12). Apart from mild to heavy standing sedation (11, 12), no other side effects were reported in any of the studies with this protocol.



Imipramine and Xylazine Combination Protocol

As discussed above, both imipramine and xylazine promote alpha-adrenergic activity. Several studies have investigated the effectiveness of combined treatment with imipramine and xylazine in causing ex copula ejaculation in stallions. In a study involving 8 sexually experienced pony stallions (13), imipramine hydrochloride was administered intravenously at a dose rate of 2 mg/kg followed 10 min later by intravenous injection of 0.3 mg/kg xylazine hydrochloride. In a total of 48 trials, each stallion underwent six treatment trials conducted at 4-day intervals and three of the six trials involved sexual prestimulation using an ovariectomized pony mare. The combined treatment resulted in erection, masturbation, and ejaculation in 34 (71%), 25 (52%), and 16 (33%) of the 48 trials. Out of the 16 ejaculations, six occurred within the 10 min after imipramine administration or before xylazine administration. Sexual prestimulation did not appear to have a beneficial effect. On the contrary, there was a tendency for a reduced likelihood of ejaculation in the trials that were preceded by sexual stimulation (25% with prestimulation vs. 42% without prestimulation).

In another study (14) using a combination of imipramine and xylazine in five sexually experienced pony stallions, ejaculation was observed in 9 (53%) out of 17 trials. A difference between this study and the previous one (13) was that xylazine was administered only if ejaculation did not occur within 60 min of imipramine administration. Seven ejaculations occurred within that timeframe and two ejaculations occurred after the administration of xylazine. Another difference was that the interval between trials in this study was shorter (2–3 days) than the interval (4 days) in the previous study. The authors suggested that the higher ejaculation rate may be attributed in part to lesser disturbance after treatment in the latter study.

Although imipramine is the most frequently used antidepressant for ex copula ejaculation in horses, clomipramine administered intravenously at a dose rate of 2.2 mg/kg followed 55 min later by xylazine (0.5 mg/kg intravenously) has also been reported to induce ejaculation in a stallion with fractured radius (1).

Oral administration of imipramine combined with intravenous administration of xylazine has also been tested in multiple studies. Johnston and DeLuca (15) in a study involving six stallions administered imipramine at a dose rate of 0.8–2.5 mg/kg followed 1–3 h later by intravenous injection of xylazine (0.3 mg/kg intravenously). Ejaculation was reported in six out of 14 trials (57%). In more recent studies, imipramine hydrochloride was administered orally at a dose rate of 3 mg/kg followed 2 h later by intravenous administration of xylazine hydrochloride at a dose rate of 0.7 mg/kg (12, 16). The former study (16) involved eight sexually mature stallions (six ponies and two horses). Each stallion underwent eight trials at intervals of 2–3 days. Ejaculation was reported in 44 of the 64 trials (68%). The latter study (12) involved 12 mature stallions and an additional half dose of xylazine was administered if ejaculation did not occur within 10 min of the first xylazine injection. Ejaculation was reported in seven of 24 trials (29%). An ejaculation rate of 33% (five out of 15 attempts) was reported after oral administration of imipramine hydrochloride (3 mg/kg) followed 2 h later by intravenous injection of xylazine (0.25 mg/kg) in a 20-year-old Quarter Horse with paraphimosis secondary to priapism (3).

In general, ejaculates collected using the imipramine and xylazine combination had higher sperm concentration, higher total sperm number, lower total volume and pH, and similar total and progressive motility when compared with the baseline in copula ejaculates from the stallions (13, 14, 16). Side effects reported with the protocol included sialorrhea (12), mild hemolysis (13), and mild to heavy standing sedation (12, 13).



Detomidine-Based Protocols

Similar to xylazine, detomidine is an alpha-adrenergic agonist that has been tested with respect to its effectiveness in inducing ejaculation in horses. In a study involving 12 mature stallions (12), detomidine administered alone (0.02 mg/kg intravenously) or 2 h after administration of imipramine (3 mg/kg orally) did not result in any ejaculations from 24 trails of each treatment (0%). However, when administered in combination with oxytocin (20 IU intravenously) or imipramine (3 mg/kg orally) and oxytocin (20 IU intravenously), ejaculation was reported in two out of 24 attempts (8.3%) and seven out of 24 trials (29%), respectively. The combination of imipramine, detomidine, and oxytocin was also reported to be effective in a 7-year-old Quarter Horse stallion with ejaculatory dysfunction (4). Detomidine alone was reported to be effective in causing ex copula ejaculations in a 4-year-old pony stallion (17). After sexual prestimulation, detomidine hydrochloride was administered (0.02 mg/kg intravenously) followed 5 min later by a second injection (0.01 mg/kg). The authors reported seven ejaculations in the stallion using this approach. This contrasts with the lack of ejaculation with detomidine alone reported by Cavalero et al. (12). The difference may be attributed to the sexual prestimulation used before detomidine administration by Rowley et al. (17).

Ejaculates collected using a combination of detomidine and oxytocin or a combination of imipramine, detomidine and oxytocin had lower volume and higher sperm concentration than in copula ejaculates. Apart from a mild standing sedation, no other side effects were reported during or after detomidine-induced ex copula ejaculation (12).



Prostaglandin F2alpha-Based Protocol

Prostaglandin F2alpha (PGF2α), a smooth muscle stimulator, has been tested in a study that involved eight pony stallions (18). Based on individual stallion titration trials, a dose range of 0.01–0.15 mg/kg intramuscularly resulted in ejaculation in 75% of the collection attempts. However, this protocol is not used commonly due to the side effects associated with PGF2α treatment (abdominal cramping, sweating, and urine dripping), resulting in discomfort to the stallion and increased chances of urine contamination of the semen (16).




PHARMACOLOGICALLY INDUCED EX COPULA EJACULATION IN DONKEYS

Semen collection in jacks (male donkeys) is performed mainly for artificial insemination of jennies or mares either immediately after the collection or after cooling or cryopreservation of the collected semen. Apart from being an important part of the breeding soundness evaluation, semen collection aids in diagnosis and prevention of venereal diseases (19). Jacks can be collected using an artificial vagina, similar to stallions (20). However, compared to stallions, jacks are more difficult to train to mount a phantom because of a high latency to erection and mounting (21). Therefore, pharmacologically induced ex copula ejaculation could be a useful alternative to traditional methods of semen collection in jacks. To date, only four studies have investigated ex copula ejaculation in jacks (19, 22–24). The pharmacological regimens used in these studies to induce ejaculation included imipramine, butorphanol, xylazine, and detomidine.

Using oral administration of imipramine hydrochloride (3 mg/kg) followed 2 h later by intravenous injection of xylazine hydrochloride (1.1 mg/kg) in five jacks, Naoman and Ali (23) reported 29 ejaculates from 30 trials (96.6%). The collected ejaculates were of good quality and the interval from xylazine injection to ejaculation ranged from 5 to 10 min to 1 h, presumably due to biological variation and different arousal levels of the animals. In contrast to the high success rate reported by Naoman and Ali (23), extremely poor responses were reported in three other studies (19, 22, 24). Sghiri et al. (22) reported ejaculation in only one out of 55 jacks (1.8%) despite using combinations of different imipramine (2 or 3 mg/kg) and xylazine (0.44 or 0.66 or 0.70 mg/kg) dosages, and different time intervals (1 or 2 h) between imipramine and xylazine administration. Mráčková et al. (19) reported ejaculation in zero out of 10 jacks (0%) using xylazine hydrochloride (0.66 mg/kg intravenously), and in two out of 10 jacks (20%) using detomidine hydrochloride (0.02 mg/kg intramuscularly) followed 15 min later by its half dose (0.01 mg/kg intramuscularly) in cases where the first dose did not result in ejaculation. In another study by the same group (24), a combination of imipramine (3 mg/kg orally) and xylazine (0.66 mg/kg intravenously), and a combination of butorphanol (0.02 mg/kg intravenously) and xylazine (0.33 mg/kg intravenously) were tested. However, ejaculation was reported in zero out of nine jacks (0%) with each of the two combinations. The differences in ejaculation rate between the studies might be attributed to a relatively higher dose of xylazine and younger age of the jacks (2–4 years) in the study by Naoman and Ali (23). Since the jacks in that study were housed under more controlled conditions and used in pilot trials before the actual study, it can also be presumed that the donkeys were more acclimatized and less stressed, which could have contributed to the higher ejaculation rate. Although PGF2α has not been tested for ex copula ejaculation in jacks, it has been shown to hasten the process of in copula semen collection by reducing the intervals to erection and ejaculation (25).



CONCLUSIONS

Although pharmacologically induced ex copula ejaculation is a practical method for semen collection in stallions, a considerable variation in the ejaculatory rate has been reported between different protocols. There is also a significant individual variation between stallions. Some stallions respond to protocols involving xylazine while others respond to protocols involving detomidine. Therefore, multiple trials using different protocols should be performed in cases of failure to obtain semen in clinical situations. While the effects of prestimulation on ejaculation rate are inconsistent between protocols, a quiet environment with minimal disturbance during the pharmacological induction generally has a positive effect on the ejaculation rate. The comparable semen quality to in-copula ejaculations and the absence of serious side effects makes the pharmacologically induced approach a good alternative for stallions from which semen collection is not possible using the traditional approach. In contrast to the body of literature available on pharmacologically induced ex copula ejaculation in horses, there is very limited information on this topic in donkeys. Due to the limited information and inconsistent results observed in the few studies that have been conducted so far, it would be too early to determine if pharmacologically induced ex copula ejaculation is an effective method of semen collection in jacks. Further studies are warranted to evaluate and compare different pharmacological protocols for inducing ejaculation in jacks. Lastly, it might be worth exploring whether ex copula ejaculation can be used as an alternative method for semen collection in wild equids and other wild animal species.



AUTHOR CONTRIBUTIONS

AK and FK conceptualized the article. AK searched literature and wrote the first draft of the section on horses. AS searched literature and wrote the first draft of the section on donkeys. FK edited the drafts and prepared the final version of the manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

The authors are thankful to their universities for the time and resources used in preparation of the manuscript.



REFERENCES

 1. Turner RM, McDonnell SM, Hawkins JF. Use of pharmacologically induced ejaculation to obtain semen from a stallion with a fractured radius. J Am Vet Med Assoc. (1995) 206:1906–8.

 2. Card CE, Manning ST, Bowman P, Leibel T. Pregnancies from imipramine and xylazine-induced ex copula ejaculation in a disabled stallion. Can Vet J. (1997) 38:171–4.

 3. Feary DJ, Moffett PD, Bruemmer JE, Southwood L, McCue P, Niswender KD, et al. Chemical ejaculation and cryopreservation of semen from a breeding stallion with paraphimosis secondary to priapism and hemorrhagic colitis. Equine Vet Educ. (2010) 17:299–304. doi: 10.1111/j.2042-3292.2005.tb00396.x 

 4. Cavalero TMS, Segabinazzi LGTM, Scheeren VFC, Canuto LEF, Gobato MLM, Papa FF. Alternative protocol using imipramine, detomidine, and oxytocin for semen collection in stallion with ejaculatory dysfunction. J Equine Vet Sci. (2020) 93:103205. doi: 10.1016/j.jevs.2020.103205

 5. McDonnell SM, Love CC, Martin BB, Reef VB, Kenney RM. Ejaculatory failure associated with aortic-iliac thrombosis in two stallions. J Am Vet Med Assoc. (1992) 200:954–7.

 6. Beaumont G. Sexual side-effects of clomipramine (Anafranil). J Int Med Res. (1977) 5:37–44. 

 7. Petrie WM. Sexual effects of antidepressents and psychomotor stimulant drugs. Mod Probl Pharmacopsychiatry. (1980) 15:77–90. doi: 10.1159/000402337

 8. McDonnell SM. Ejaculation. Physiology and dysfunction. Vet Clin North Am Equine Pract. (1992) 8:57–70. doi: 10.1016/S0749-0739(17)30466-2

 9. McDonnell SM, Garcia MC, Kenney RM, Van Arsdalen KN. Imipramine-induced erection, masturbation, and ejaculation in male horses. Pharmacol Biochem Behav. (1987) 27:187–91. doi: 10.1016/0091-3057(87)90495-3

 10. Shi XX, Yin BS, Yang P, Chen H, Li X, Su LX, et al. Xylazine activates adenosine monophosphate-activated protein kinase pathway in the central nervous system of rats. PLoS ONE. (2016) 11:e0153169. doi: 10.1371/journal.pone.0153169

 11. McDonnell SM, Love CC. Xylazine-induced ex copula ejaculation in stallions. Theriogenology. (1991) 36:73–6. doi: 10.1016/0093-691X(91)90435-G

 12. Cavalero TMS, Papa FO, Schmith RA, Scheeren VFC, Canuto LEF, Gobato MLM, et al. Protocols using detomidine and oxytocin induce ex copula ejaculation in stallions. Theriogenology. (2019) 140:93–8. doi: 10.1016/j.theriogenology.2019.08.024

 13. McDonnell SM, Odian MJ. Imipramine and xylazine-induced ex copula ejaculation in stallions. Theriogenology. (1994) 41:1005–10. doi: 10.1016/S0093-691X(05)80023-8

 14. McDonnell SM, Oristaglio Turner RM. Post-thaw motility and longevity of motility of imipramine-induced ejaculates of pony stallions. Theriogenology. (1994) 42:475–81. doi: 10.1016/0093-691X(94)90685-C

 15. Johnston PF, DeLuca JL. Chemical ejaculation of stallions after administration of oral imipramine followed by intravenous xylazine. Proc Am Assoc Equine Pract. (1998) 43:59–62. 

 16. McDonnell SM. Oral imipramine and intravenous xylazine for pharmacologically-induced ex copula ejaculation in stallions. Anim Reprod Sci. (2001) 68:153–9. doi: 10.1016/S0378-4320(01)00152-X

 17. Rowley DD, Lock TF, Shipley CF. Fertility of detomidine HCl-induced ex copula-ejaculated stallion semen. Proc Am Assoc Equine Pract. (1999) 45:221–3. 

 18. McDonell SM. Pharmacologically induced ex copula ejaculation in stallions. Proc 12th Int Cong Anim Reprod. (1991) 1894–6.

 19. Mrácková M, Markéta Sedlinská, Zdenka Blahová. The reliability of two different protocols for pharmacologically induced ejaculation in donkeys (Equus asinus). J Equine Vet Sci. (2013) 33:1121–3. doi: 10.1016/j.jevs.2013.04.014 

 20. Canisso IF, Panzani D, Miró J, Ellerbrock RE. Key aspects of donkey and mule reproduction. Vet Clin North Am Equine Pract. (2019) 35:607–42. doi: 10.1016/j.cveq.2019.08.014

 21. Canisso IF, Davies Morel MCG, McDonnell S. Strategies for the management of donkey jacks in intensive breeding systems. Equine Vet Educ. (2009) 21:652–9. doi: 10.2746/095777309X479058

 22. Sghiri A, Tibary A, El Idrissi R. Behavioral response to imipramine/xylazine treatment in jackass. In: Bakkoury M, Dakkak A, editors. Proceedings of the 9th International Congress of World Equine Veterinary Association. Marrakech (2006). p. 348–50. 

 23. Naoman UT, Ali AJ. Oral imipramine and intravenous xylazine for pharmacologically-induced ejaculation in donkeys. Iraqi J Vet Sci. (2012) 26:81–3. doi: 10.33899/ijvs.2012.67461

 24. Mráčková M, Hodinová K, Vyvial M, Horáčková E, Sedlinská M. Failure of pharmacologically - induced ejaculation in donkeys (Equus Asinus) under field conditions: a test of two different treatment protocols. Israel J Vet Med. (2017) 72:35–8. 

 25. Panzani D, Quaresma M, Fanelli D, Camillo F, Moroni R, Rota A, et al. Hastening time to ejaculation in donkey jacks treated with the PGF2α analog, cloprostenol sodium. Animals. (2020) 10:2231. doi: 10.3390/ani10122231

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Khanam, Swelum and Khan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





[image: image]


OPS/images/fvets-07-569587/fvets-07-569587-g002.gif
‘Volcano Flot
© Down Regulated
. © UpReguiated

30
25
20
15

Pavalue <005

10

05

00

log,(Fold Change)





OPS/images/fvets-07-569587/fvets-07-569587-g003.gif
sumiosd jo oquiN

0
%

5‘1@%2‘?':’
Pricsiesy
¢ 5%

<

gk
:
7

5

1 R

,m N

: B
e

e,
£ 8 3§ & v um





OPS/images/fvets-07-569587/fvets-07-569587-g004.gif
-log(Pvalue)

<05






OPS/images/fvets-07-00631/fvets-07-00631-t002.jpg
Under basement membrane
Periglandular

Stroma

Deep stroma

Around lymphatic

Around blood vessels

na

ne

CcoL3
COL3/COL1
CoL3/CoL1
coL1

coLs
coL3/CoLt
coL1 1
coLt t
coLt

coLt





OPS/images/fvets-07-00631/fvets-07-00631-t003.jpg
Under basement membrane
Periglandular

Stroma

Deep stroma

Around lymphatic vessels
Around blood vessels

nA

COL3/CoL1
COL3/CoL1
COL3/COL1
coLt

coLt
coL3/CoLt
coLt ¢
coLt ¢
coLt

coLt





OPS/images/fvets-07-569587/crossmark.jpg
©

2

i

|





OPS/images/fvets-07-569587/fvets-07-569587-g001.gif
s

IRREEEER]
e nser of unkque pepides

EES





OPS/images/fvets-07-00631/fvets-07-00631-g005.gif





OPS/images/fvets-07-00631/fvets-07-00631-g006.gif
o520

ooy

AN cndometrial categories

o

o

- om0 p

Category 1

cndometriem

Category 111 cadometrin
(0753727 = 0.1086) £l eosriooy






OPS/images/fvets-07-00631/fvets-07-00631-t001.jpg
Gene (Accession
number)

COL1A2
(NM_001323780.1)
COL3A1
(XM_014852914.1)
GAPDH
(XM_014834961.1)
IL33
(XM_014860749.1)

Sequence 5'-3' Amplicon
(base pairs)

Forward: CAAGGGCATTAGGGGACACA 66

Reverse: ACCCACACTTCCATCGCTTC

Forward: CAAAGGAGAGCCAGGAGCAC

Reverse: CTCCAGGCGAACCATCTTTG

Forward: CACCCACTCTTCCACCTTCG .

Reverse: CTTGCTGGGTGATTGGTGGT

Forward: CCCCAGCAAAGATGAACAGC -

Reverse: TGGTACATGCCTTCTGGTGGT

COL1A2—Equus asinus collagen type | ajpha 2 chain; COL3AT —Equus asinus collagen,
type ll, alpha 1; GAPDH—Equus asinus glyceraldehyde-3-phosphate dehydrogenase;
1L33—Equus asinus interfeukin 33.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		MULE AND DONKEY MEDICINE



		Blood Storage Conditions Affect Hematological Analysis in Samples From Healthy Donkeys and Donkeys With Experimentally-Induced Endotoxemia



		Introduction



		Materials and Methods



		Animals



		Experimental Design



		Sample Handling and Measurements



		Statistical Analysis









		Results



		Experiment A: Effect of Storage Time and Temperature on Blood From Healthy Donkeys



		Experiment B: Effect of Storage Time and Temperature on Blood From Donkeys With Experimentally-Induced Endotoxemia



		Inter-observer Agreement in Blood Smears









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Collagen and Eosinophils in Jenny's Endometrium: Do They Differ With Endometrial Classification?



		Introduction



		Materials and Methods



		Animals and Sample Collection



		Histopathological Analysis



		Real-Time PCR for COL1A2, COL3A1, and IL33



		Picrosirius Red Staining



		Statistical Analysis









		Results



		Histological Classification



		Real-Time PCR



		Picrosirius Red Staining









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Footnotes



		References









		Label-Free Mass Spectrometry-Based Quantitative Proteomics Analysis of Serum Proteins During Early Pregnancy in Jennies (Equus asinus)



		Introduction



		Materials and Methods



		Animals and Sampling



		Protein Extraction and Digestion



		Liquid Chromatography (LC)–Electrospray Ionization (ESI)–Tandem MS (MS/MS)



		Sequence Database Searching and Protein Quantification



		Statistical and Bioinformatics Analysis









		Results



		Identification and Quantification of the Serum Proteome



		Differentially Expressed Serum Protein Profiles



		Bioinformatics Analysis of DEPs



		PPI Analysis









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Incidental Detection of Onchocerca Microfilariae in Donkeys (Equus asinus) in Italy: Report of Four Cases



		Introduction



		Materials and Methods



		Case Presentation and Blood Collection



		Blood Analysis



		Detection of Circulating Microfilariae



		Molecular Procedures



		Ethics Approval for the Study









		Results



		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Evaluation of Colostral Immunity Against Equine Herpesvirus Type 1 (EHV-1) in Martina Franca's Foals



		Introduction



		Methods



		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Habituation to Transport Helps Reducing Stress-Related Behavior in Donkeys During Loading



		Introduction



		Materials and Methods



		Ethics Statement



		Animals and Facility



		Treatments



		Data Collection



		Behavioral Analysis



		Salivary Cortisol Evaluation



		Statistical Analysis









		Results and Discussion



		Behavior Analysis



		Salivary Cortisol Evaluation



		Limitations and Future Perspectives









		Conclusions



		Data Availability Statement



		Author Contributions



		Acknowledgments



		References









		Reference Ranges for Hematological and Biochemical Profile of Martina Franca Donkeys



		Introduction



		Materials and Methods



		Animals



		Blood Sample Collection and Complete Blood Count Analysis



		Statistical Analysis









		Results



		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Radiographic and Venographic Appearance of Healthy and Laminitic Feet in Amiata Donkeys



		Introduction



		Materials and Methods



		Study Group



		Radiographic Technique



		Radiological Parameters



		Subgroup Definition and Inclusion Criteria for Venography Protocol



		Venographic Technique



		Statistical Analysis









		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References









		Nasopharyngeal Microbiomes in Donkeys Shedding Streptococcus equi Subspecies equi in Comparison to Healthy Donkeys



		Introduction



		Materials and Methods



		Ethics Statement



		Animals and Sample Collection



		Streptococcus equi Aerobic Culture, Biochemical Identification, and PCR



		DNA Preparation for 16S rRNA Gene Sequencing



		High-Throughput Sequencing



		Bioinformatics Analysis



		Statistics Analysis









		Results



		Aerobic Culture and PCR Results



		Microbiota Overview



		Alpha Diversity Analysis



		Beta Diversity Analysis









		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Semen Quality and Freezability Analyses in the Ejaculates of Two Poitou Donkeys in the Southern Hemisphere



		Introduction



		Materials and Methods



		Animals and Semen Samples



		Semen Evaluation



		Sperm Quality



		Biochemical Evaluation















		Freezability Test



		Freezing Protocol



		Post-thawed Sperm Evaluation









		Statistical Analysis



		Results



		Semen Evaluation



		Sperm Quality



		Biochemical Evaluation















		Post-thawing Sperm Quality and Freezability Analysis



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Footnotes



		References









		Pharmacologically Induced Ex Copula Ejaculation in Horses and Donkeys



		Introduction



		Pharmacologically Induced Ex Copula Ejaculation in Horses



		Imipramine Alone Protocol



		Xylazine Alone Protocol



		Imipramine and Xylazine Combination Protocol



		Detomidine-Based Protocols



		Prostaglandin F2alpha-Based Protocol









		Pharmacologically Induced Ex Copula Ejaculation in Donkeys



		Conclusions



		Author Contributions



		Acknowledgments



		References























OPS/images/fvets-07-00640/fvets-07-00640-t003.jpg
Parameter  Collection
oh

WEC (x10%/p) 1904
RBC (x10%/u) 6.7 1.9

Ho (g/dl) 14915
HCT (%) a7+ 11

MV (1) 54£23
MCH (pg) 28474
MCHC(g/dl) 43442
ROW (%) 19404
PLT(x10%/ul) 145 £ 31

MPV () 60£07
POW (%) 19£04

Neu (x10%u) 06 0.2
Lym (x10%l) 1.1 £05
Mono 005 %00
(x10%/pl)

Eos (x10%u) 00 +00
Baso (x10%u)) 0.0 + 0.0

6h

16404
72£12
146+18
40+ 6.1
55428
19+12
3810
19402
133 + 31
6.1£09
20£07
07£03
0602
0.0+00

0.1£00
0000

c

12h

1.44£02
74513
148 £20
4052
5428
2013
3810
1903
12422
59404
20404
06£02
06:£0.1
0.1:£00

0.1£00
0.0 £00

24h

14£04
7915
154 £23
43482
55419
194+ 1.4
3Bx15
19£0.1
103+ 23
58+08
2116
06£02
06£02
0.1:£0.0

0.0£00
0.0 £0.0

48h

14204
71£28
149+26
3915
55+ 2.0
2310
42£18
19+03
104 £ 30
5507
21£07
04 £02
07 £05
0.1£00

0000
0000

6h

16£03
68:£17
14618
3781
5584
216
a1
1903
160 = 31
49£04
2005
0.7 £02
06:£03
0.0 %00

0.1£00
0.0 £00

28°C.

12h

1604
6608
140£15
3B+42
54%2
21+ 11
3B£19
19.£02
168 + 31
47£05
20£05
07 £02
07 £02
0.1£00

0.1£00
0000

24n

1504
T4£15
148+19
40466
5422
2025
3735
19+ 03
130 + 42
52410
2113
06£02
07£03
0.1£00

00£00
0.0£00

48h

10£0.12
59428
146+23
32414
55420
29413
52491
19404
102 + 48
56+£13
22420
0.1£00°
07 £0.1
0.1:£00

0.0£00
0.0 £0.0

6h

16403
7.6+06
147 £10
41455
5443
19£15
3526
19403
126 + 14
49£05
19+ 05
07 £02
07 £02
0.1£00

0.1£00
0.0+0.0

35°C

12h

1402

715
153+ 08
38481
5422
2422
43481
1904
o7 22
53+05
2114
05£01
06:£02
0.1£00

0.1£00
0.0 £00

24h

1401
66:£18
144£24
3710
56+ 20
22440
40786
20405
125+ 58
47£05
2011
0.4£01
07 £02
0.1:£00

00£00
0.0 £00

48h

07 £0.0°
42£07
155+ 1.0
22 +46°
51£2.7%
36+ 65°
71498
20+ 0.7
148 £ 71
47£11
24 £1.7%
0.1£0.0%
03+0.0°
0000

0000
0000

Results are expressed as mean  SD. WEBC, white blood cell count; RBC, red blood cell count; Hb, hemoglobin concentration; HCT, hematocrit; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDVY, red cell distribution with; PLT, platelet count; MPY, mean platelet volume; PDV, platelet
distribution width; Neu, neutrophil count; Lym, lymphocyte count; Mono, monocyte count; Eos, eosinophil count; Baso, basophil count. p < 0.05 compared to Time 0h (collection

time) by a repeated-measures one-way ANOVA.
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Parameter  Collection 4c 2°C 35°C
oh 6h 12h 24h 48h 6h 12h 24h 48h 6h 12h 24h 48h

WBC (x10%u) 8921 0519 02£28 0817 84£21 918 01£22 0520 59+21 0123 01+20 60+£08 42+14
RBC(x10%) 6303 6504 62:08 63202 61£04 5804 52%10 61204 49%15 5803 56£02 4517 23&11
Hb (/d) 125209 11609 130£09 12308 130+ 1.1 12208 121£09 121409 12210 122£08 12709 118+10 130%12
HCT (%) 3525 31231 8450 36%24 3431 82434 3131 84x23 2890 83221 WV£16 2B6£10 17x97
MOV () 56415 5610 56410 562+16 562+ 14 56412 56+14 566+1.4 568+17 56+09 56+11 56620 4064360
MCH (pg) 20+0.8 21403 21+£1.9 196+£07 212408 20+08 23+42 198+13 28415 20+£09 21+£23 305+16 762560
MCHC(@/d) 8514 87484 3730 8463 37£18 O7£20 40£76 3514 50£27 3690 87+41 54229 9547
ROW (%) 19407 19£04 19£06 19%05 1906 19£06 19£04 19£06 18%09 1907 19£07 1910 2008
PLT (x10%pl) 398+78 379+62 B16+51 277+61 272+66 374+£87 311+71 820+67 372+213 344 +£88 307 +76 259490 496 + 268
MPV (1) 45404 50+03 50£05 5110 51408 8906 37£05 45204 41:04 44£07 45406 40£08 45£03
POW (%) 18404 19406 1904 200415 20610 18+02 18£04 18805 198+08 1911 18403 200£10 22012
Neu(x10%u) 5319 63+21 5523 6318 44£21 4919 50£19 5025 22£12% 63£20 4717 20£12 06£05
Lym (x10%u) 25£09 3011 80%13 2504 23£08 2911 28%10 2908 24x08 8309 2910 22£03 20£09
Morg, 04401 0501 04£01 0501 06£01 0401 05401 05£02 05+02 05£01 06£02 11£08 09£10
(x10%/l)

Eos (x10%u) 0501 0601 07%01 0801 08£01 0601 07%01 0801 06x03 07x01 0601 05£02 06£02

Baso (x10%/u)) 0.04 + 0.0

0.06 0.0 00600 0.0600 00600 0.05:%00 00400 00500 0.04:%00 005+00 00600 00400 00300

Restlts are expressed as mean = SD. WBC, white blood cell count; RBC, red blood cell count; Hb, hemoglobin concentration; HCT, hematocri; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDVY, red cell distribution width; PLT, platelet count; MPV, mean platelet volume; PDY, platelet
distribution widith; Neu, neutrophil count; Lym, lymphocyte count; Mono, monocyte count; Eos, eosinophil count; Baso, basophil count. ®p < 0.05 compared to Time 0h (collection

time) by a repeated-measures one-way ANOVA.

6.
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Artifact 4°C 24°C 35°C

oh 6h 12h  2ah  48h 6h 12h  24h  48h 6h 12h  2ah  48h
L
% crenocytes 120  8%1  7x10 18£8 16£20 1010 1023 11£8° 158" 10£2° 1540 20£4° 25£3°
%ruptured WBC 11 41 9k 10 17£2% 244  3x1  10+10 19+3 27£5 20£5 21+£6° 83:9 449
Toxic neutrophils 0 0 0 1 1 1 1 25 35 1 1 35 45
©0 00 O (@) (025-1) (025-1) (025-1) (8"  (@4F (025-1) (025-1) (-4  (@-5F
Pyknotic 0 0 1 2 25 1 1 25 25 1 25 3 35
leukocytes ©0 00 (0251 @2° (8r (025-1) (025-1) (¥ @I (025-1) @B (@B (B-4p
Degranulated 0 o o 15 25 o o 15 25 o 0 25 35
eosinophis ©0 00 (0075 (-2 @8 (00 (0075 (1-2 @I (0075 (0075 (B  (B-4¢
Platelet clumps 0 [ 1 1 1 0 0 1 1 0 0 1 1
©-0) (0-0.75  (1-1) (1-2) (1-2) 0-0) (0075  (1-1) (12 (075 (0-0.78)  (1-1) (1-2)
% crenocytes 51  10£2 15£8 14£8° 203 10£8 12£2° 12:£4° 1924 2048 16+£5 17+£6 165
%ruptured WBC 21  26+6° 35+£7° 80x£8% 49+10° 2048 358 48x11° 51£10° 35+£6° 469 489 55180
Toxic neutrophils 3.5 35 35 35 35 35 35 35 35 35 35 4 4
8-4) 6-4) (3-4) 8-4) (3-4) (3-4) (3-4) 64 (3-4) (3-4) (3-4) 8-4) 8-4)
Pyknotic 4 9 05 15 2 0 1 15 2 15 2 25 35
leukocytes 00  ©O ©) (2 @2 00 () (23 @2 (-3 @2F @8 G4
Degranulated 0 15 15 15 2 15 15 2 15 2 15 15 2
eosinophis ©0 (-2 (-2 (12 @2 (2 () @2 (2 (@2 (2 (2 @2
Platelet clumps 1 1 1 1 15 1 1 1 1 1 1 1 1
(-1) (1-2) (1-2) a-1) (1-2) -1 (-1 a-1) (1-2) -1 -1) (-1) (1-2)

Restits are expressed as mean = SD (% crenocytes and ruptured WBC) or median (25th percentie—75th percentile) for the rest of artfacts. Toxic neutrophils were categorized in a
scale 0-9. Pyknotic leukocytes, degranulated eosinophils and piatelet clumps were classified in a scale 0~4. WIC, white blood cel counts; C, Celsius degrees. ®p < 0.05 compared to
Time 0h (collection time) by a repeated-measures one-way ANOVA (3% crenocytes and ruptured WIC) or p < 0.05 compared to collection time using a Friedman test (rest of artifacts).
6.
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Parameters

Total calcium (mmol/L)
Inorganic phosphorus (mmol/L)
CaPi ratio
Magnesium (mmol/L)
Sodium (mmol/L)
Chloride (mmol/L)
Potassium (mmol/L)
Zine (wmol/L)

Number of donkeys
Number of ejaculates
Donkey age (years)
Donkey weight (kg)

a\Values of standard error of the mean were transformed to standard deviation.

Jackass 1
W)
Mean + SD

21£06
18+£06
12402
2615
1162+ 4.3
12156+ 3.0
12015
23558
1

6

3

380

Jackass 2
w2)
Mean + SD

1501
11£0.2
1.4+03
1.8+£03
1438 +£22.8
1366 +£8.1
10.1£10
18.3+2.5
1
6
6
450

Mean + SD

18+05
14+£06
13402
22£1.1
130.0+21.3
1286+9.3
110+ 16
20.945.0

Range (J1 + J2)

95% Confidence interval

15-2.1
1117
12-14
1628
118.0-142.0
123.2-133.8
18.1-28.7
18.1-23.7

12

380-450

Gupta etal. (18)
Mean + SD°

1108 £5.9
1162+ 5.6
19.7 £0.9

Talluri et al. (9)
Mean + SD*

45£22
38%156
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Parameters

Cholesterol (mmol/L)
Total protein (g/L)
Globulins (g/L)

Urea (mmol/L)
Glucose (mmol/L)
Number of donkeys
Number of ejaculates
Donkey age (years)
Donkey weight (kg)

a\alues of standard error of the mean were transformed to standard deviation.

Jackass 1
w1
Mean + SD

02:+0.1
32.7 4.7
320+39
62+03
0.1£0.1
1
12
3
380

Jackass 2
w2
Mean + SD

02:£0.1
233+43
233+43
70£07
0.1£0.1

1

12

6

450

Range (J1 + J2)

Mean + SD 95% Confidence interval

02:£0.1 0.1-03
280+6.5 243-31.7
273+63 23.8-30.8
6.6+07 6.2-7.0
01+0.1 0.0-0.2

=

12

3-6

380-450

Gupta et al. (18)
Mean & SD°

163456
50.4 + 6.0
281440
6.2+4.1
05+0.2
5
150

Talluri et al. (9)
Mean & SD°

06+0.2
40.3+£9.0

1.4+£06

60
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Parameters Jackass 1
w1)
Mean + SD
Free-gel fraction volume (m) 529 + 18.0
Sperm concentration (108/ml)  552.9 + 122.8
Viabity (%) 778£55
Morphology (%) 747 £69
Number of donkeys 1
Total number of ejaculates 7
Donkey age (years) 3
Donkey weight (kg) 380

Jackass 2
w2)

Mean + SD

443 £14.0
198.6 + 55.6
856+5.3
799 +£9.9
1
7
6
450

Range
U1 +J2)
Mean + SD 95%

Confidence
interval

486+ 16.1
376.7 £205.4
81.7+£66
773 +8.7

40.2-58.0
268.1-483.3

78.3-85.1

82.2-93.4

14

380-450

8\/alues of standard error of the mean were transformed to standard deviation.

Trimeche et al.
22)

Mean + SD

73679

4
40

Gupta etal.
18)

Mean & SD*

437 £ 115
331.56 + 67.3
84.3+35

Talluri et al.
©)

Mean + SD?

64571
2623+ 169
852+08
96.7 £0.85
6
60

Kumar
(29)

Mean + SD?

459+ 239
2026 +22.7
86.8+94
91.9+23
4
2
46

Kumar et al.

19

Mean + SD

44.4+39
2821+ 48
91.8+03
91.3+0.26
4
32

Kumar et al.
(30)

Mean + SD*

470£272
2749456
8720
91+£06
6
48
a7





OPS/images/fvets-08-662887/fvets-08-662887-t002.jpg
Parameters Jackass 1 (J1) Jackass 2 (J2) Range Trimeche et al. Trimeche etal. Guptaetal.  Tallurietal. Kumar Kumaretal. Kumaretal.

U1 +4J2) (21) (20) (18) © (29) (19) (30)
Mean£SD  MeanSD  Mean % SD 95% Mean+SD* MeanSD* Mean#SD* Mean£SD* MeanSD® Mean+SD® Mean  SD?
Confidence
interval

Total motiity (%) 01+£62 856486  878+76 822-93.4 713+84  703+74 849464 - - - 840443
Progressive molity (%) 709488  564£139 636135 565707 39.1:£5.1 562:£5.1 751469  815£09  801£72 88504 80:+4.4
VL (umvs) 1032454  91.0£102  97.1+101  896-1046 606472  613+68 - - - - -
V8L (um/s) 663+120 583+138  623£131  526-720 420£42  452£452 - - - - -
VAP (unvs) 802+£104 7294129  766+119 678854 383:+31 398434 - - - - -
STR (%) 823£50  793£62  808%56 76.6-85.0 - - - - - - -
LIN (%) 650+£91  637£11.1  643+£98 574-715 74087 746468 - - - - -
WOB (%) 787469 79981 79373 73.9-84.7 - - - - - - -
ALH (um) 3604 3107 3306 2838 32404 41406 - - - - -
BCF (Hz) 10.1409 8807 9510 8.8-102 139419 - - - - - -
Number of donkeys 1 1 2 4 4 5 6 4 4 6
Number of ejaculates 7 7 14 40 32 150 60 24 32 48
Donkey age (years) 3 6 36 - 37 - - 46 - 47
Donkey weight (kg) 380 450 380-450 - 300-500 - - - - -

@Values of standard error of the mean were transformed to standard deviation.
VCL, curvilinear velocity; VSL, linear velocity; VAP, mean velocity; LIN, linearity coefficient; STR, straightness coefficient; WOB, wobble coefficient; ALH, mean amplitude of lateral head displacement; BCF, frequency of head displacement.
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Parameters Jackass1  Jackass2 Range (41 + J2) Guptaetal. (18) Kumar(20) Tallurietal. (9) Kumar etal. (30)

©1) v2)
Mean£SD  MeanxSD  Mean £ SD 95% MeanSD*  Mean£SD®  Mean£SD®  Mean SD®
Confidence
interval
pH 7.40+0.1 745+£01 742404 7.42-7.42 781£03 7.73+02 7.80£00 7.45+£0.4
Osmolarity (nOsnvkg) 2857 42 285787 285765  282.0-280.4 - . = =
Enzymes
ALP (ukat/L) 30B0+£815 2069+£565 207.5% 1158 2319-3629 09:£02 - 02008 -
AST (ukat/L) 49+0.1 34+12 41£13 3.4-49 - - - -
GGT (kat/L) 301.84+2155 2720+ 1465 2869+ 176.4 187.1-386.7 - - - -
Number of donkeys 1 1 2 5 4 6 6
Number of ejaculates 6 6 12 150 24 60 48
Donkey age (years) 3 6 36 - 46 - 47
Donkey weight (kg) 380 450 380-450 - - - -

2Values of standard error of the mean were transformed to standerd deviation.
ALP, alkaline phosphatase; AST, aspartate aminotransferase; GGT, gamma-glutamyltransferase.
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Lameness Altered Obel Digital Hoof Response to BCS Weight
stance grade pulse temperature  hoof tester (kg)
atrest amplitude

No 0 No Normal Negative 5 289
No 0 No Normal + 55 322
No 1 No Warm Positive 6 316
Palpable Convergent Shape Dropped Widening Slipper foot conformation
depression at hoof rings. deformity sole

coronary band

Normal No 11 Yes No & No
Mild No 05 Yes ES Yes No
Severe Yes 1.2 Yes Yes Yes No

BCS, Body Condition Score.





OPS/images/fvets-07-601665/fvets-07-601665-t005.jpg
s Ts u [ SA

H M s H M s H M s H M S H M

Angular parameters

PAxis (U-C)
s H M s

Me 60.1 59.3 619 625 66.4 71.3 61.2 60.2 638 64.7 586 679 7.7 11.3 167 -08 00 35

m 590 582 556 60.6 66.1 683 58.4 500 61.3 53.1 50.3 58.1 6.1 10.1

M 61.1 620 634 64.1 67.3 786 69.1 625 730 721 61.3 766 9.2 13.7 224 53

144 7.7 04 —66
46 5.7

Me, median; m, minimum values; M, maximum value; H, healthy group; M, mild laminitic group; S, severe laminitic group.

HPAxis (U-S)

H M s

22 01 82
—21 94

80 32 97

H Ang (Ts-S)
HM s

26 76 111

-07 0.1 41 65

3.1 80 167

F Ang (C-Ts) R Ang (U-Ts)

H ™ s H M s
22 -78 -50 06 59 -72
-74 -171 -107 -35 -174 -10.
92 47 -20 50 -41 -12
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H
Me 33
m 1.2
M 39

16
08

1.7
13
22

3.4
33
37

MPL

37
3.4
4.0

35
34
37

25
17
30

IDA

M

26

20
33

Linear parameters

24
21
29

27
21
3.2

DB

29
24
3.4

3.0
25
32

Me, median; m, minimum values; M, maximum value; H, healthy group; M, mild laminitic group; S, severe laminitic group.

26
20
29

DM

3.0
22
32

28
24
32

10
08
12

IDR

08

11
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Morphometric parameters

PPCA (mm) PPCL (mm) PCL (mm) RA (degree) AA (degree)

H ™M s H ™M s H ™M s H ™M s H ™ s
Me 490 835 593 25 27 25 44 a7 44 1406 1874 1374 524 572 534
m 416 509 517 20 24 20 40 45 41 1243 1359 1340 451 546 506
M 615 650 615 29 35 29 52 62 50 1474 1446 1453 568 646 603

Me, median; m, minimum values; M, maximum value; H, healthy group; M, mild laminitic group; S, severe laminitic group.
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Grade 0
Grade 1
Grade 2
Grade 3

Wall deformity scale

No visble changes

Converging hooves growth rings involving 1/3 of the hoof wall
Converging hooves growth rings involving 2/3 of the hoof wall
‘Wall changes involving the entire hoof wall
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Parameter Definition

ANGULAR PARAMETERS OF THE FOOT
Latero-medial radiographic view
s Dorsal hoof wall angle

T Dorsal angle of the distal phalanx

Angle of proximal phalanx

c Angle of middle phalanx

SA Angle of solar aspect of the distal phalanx

PA Angle of paster axis

o)

HPA Angle of hoof pastern axis

L-s)

H Ang Angular deviation between the dorsal aspect of

(Ts-S) the DP and dorsum of the hoof wall

F Ang DIP rotation Angle

(©Ts)

R Ang Phalangeal rotation angle

U-Ts)

LINEAR PARAMETERS

Latero-medial radiographic view

D Distal displacement of the distal phalanx

MPL Midde phalanx length

DA Proximal integument depth of the dorsal aspect
of the foot

0B Distal integument depth of the dorsal aspect of
the foot

DM Mid integument depth of the dorsal aspect of
the foot

IDR IDAVIDB ratio

Dorso-palmar radiographic view

sL Lateral sole thickness

sm Medial sole thickness

LHW Lateral hoof wall thickness

MHW Medial hoof wal thickness

MORPHOMETRIC PARAMETERS.

Latero-medial radiographic view

PPCA Proximal palmar cortex angle

PPCL Proximal palmar cortex length

PCL Palmar cortex length

RA Reflex angle of palmar cortex

A Apex angle

Surface Dorsal surface of the coffin bone convexity

Convexity

Erosion Osteolysis of Distal margin of the coffin bone

Distal Margin Remodeling of the distal margin of the coffin

Up bone

Method of determination

Angle subtended between the dorsal aspect of the hoof wall and the ground fine direct
parameter

Angle subtended between the dorsal aspect of the DP and the ground line Direct
parameter

Angle subtended between the long axis of the PP and the ground line Direct parameter
Angle subtended between the long axis of the MP and the ground line Direct parameter

Angle subtended between the solear aspect of the DP and the ground line Direct
parameter

Angular difference between long axis of the PP and MP Derived parameter.
Angular difference between the dorsal hoof wall angle and the long axis of the PP

Angular difference between dorsal aspect of the DP and the dorsal hoof wall angle Derived
parameter

Angular difference between dorsal aspect of the DP and the long axis of the MP Derived
parameter

Angular difference between dorsal aspect of the DP and the long axis of the PP Derived
parameter

Perpendicular linear distance between the proximal limit of the hoof wall and the extensor
process of the DP

Liner measurement of long axis of the middle phalanx

Perpendicular linear distance between the dorsal aspect of the hoof wall and the dorsal
surface of the DP, immediately distal to the distal limit of the extensor process

Perpendicular linear distance between the dorsal aspect of the hoof wall and the dorsal
surface of the DP proximal to the apex of the DP

Perpendicular linear distance between the dorsal aspect of the hoof wall and the dorsal
surface of the DP at the midpoint between the IDA and IDB measurement sites

Perpendicular finear distance between the lateral solar aspect of the DP and the ground
Perpendicular linear distance between the medial solar aspect of the DP and the ground

Perpendicular linear distance between the distal lateral aspect of the DP and the lateral
hoof wall

Perpendicular linear distance between the distal medial aspect of the DP and the medial
hoof wall

Angle subtended between the proximal palmar cortex of the DP and the ground line

Linear distance between the point of insertion of DDFT and the articular process of the
navicular joint

Linear distance between the apex of the DP and the articular process of the navicular joint
Internal angle subtended between the proximal and distal palmar cortex of the DP

Internal angle subtended between the distal palmar cortex and the dorsal aspect of the DP
Quality evaluation of the convexity of the parietal surface of the distal phalanx

Quality evaluation of resorption and remodeling of bone at the dorsal solear margin of the
distal phalanx

Quality evaluation of new bone formation on the dorsal aspect of the toe of the distal
phalanx
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Parameter

VENOGRAPHIC PARAMETERS
Latero-medial radiographic view
POV

Parameter

Dorso-palmar radiographic view
POV

A

oM

ovL

LcJ

sLvB

cPL

cPM

Definition

Palmar Digital Vein

Terminal Arch

Circumflex Vessels
Lamellar-Circumflex Junction
Sublamellar Vascular Bed
Coronary Plexus

Definition

Palmar Digital Vein
Terminal Arch

Circumflex Vessels Medial
Circumflex Vessels Lateral
Lamellar-Gircumflex Junction
Sublameliar Vascular Bed
Coronary Plexus Lateral
Coronary Plexus Medial

Quality evaluation of contrast distribution

Present—Altered—Absent

Present—Altered—Absent

Location of the Circumflex Vessels distal to the palmar rim of the distal phalanx
Normal—Mild—Folded—Void of Contrast

Uniform Line —Rectangular Shape — Triangular Shape—Void of Contrast
Normal —Abrormal —Void of Contrast

Method of determination

Present—Altered—Absent
Present—Altered—Absent

Location of the Medial Circurflex Vessels distal to the palmar rim of the distal phalanx
Location of the Lateral Circumflex Vessels distal to the palmar rim of the distal phalanx
Normal—Mild—Folded —Void of Contrast

Uniform Line—Rectangular Shape — Triangular Shape —Void of Contrast
Normal—Abnormal —Void of Contrast

Normal—Abnormal —Void of Contrast
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Linear parameters
SL (em) SM (em) LHW (cm) MHW (cm)

H L H M s H M s H M s

Me 25 20 21 24 23 19 20 22 20 18 17 18
m 19 15 18 17 21 18 16 12 14 15 15 12
M 29 28 27 31 27 29 24 27 28 20 18 20

Me, median; m, minimum values; M, maximum value; H, healthy group; M, mid laminitic
group; S, severe laminitic group.
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Normal group Mild group Severe group

POV Present Present Present

'y Present Present Present
CV (mm) 43-47 40-57 29-62

Lcy Normal Mid - Folded Mid - Void of contrast

sLvB Uniform Line Rectangular to Triangular shape Triangular Shape Void of contrast
cP Normal Normal Normal - Void of contrast

POV Present Present Present

" Present Present Present

CVM (mm) 2238 3064 2367

CVL (mm) 26-4.6 255.1 2.4-46

Lcy Normal Normal—Folded Normal—Void of Contrast

slvB Uniform Line Uniform line—Rectangular shape Rectangular shape—Void of contrast
cPL Normal Normal Normal—Abnormal

CPM Normal Normal Normal—Void of Contrast
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Hematological values

Red blood cells M/
Hematocrit %

Hemoglobin g/dL

Mean corpuscular volume fL

Mean corpuscular hemoglobin pg

Mean corpuscular hemoglobin concentration g/dL
Red blood cell distribution wicith %

Total leukocytes K/juL

Neutrophils K/

Lymphooytes K/uL.

Monocytes K/l

Eosinophils K/l

Basophils K/uL.

Platelets K/l

Mean platelet volume fL.

Appearance of plasma

Microfilaraeria at the blood smear

Microfilaraemia by Knott's technique

3.404
185
70
544
20.9

38.41
214
14.78
11.82¢
1.184
1.77%
0.00
0.00
296
10.4
Lipemia ++
0
4

6.47
352
121
54.4
187
34.4
22,9t
1095
5.04
427
033
1.311
0.00
190
100
Clear
2
31

5.42
309
109
57.0
20.1
353
205
15.69
5.49
6.12
031
3.45¢
0314
295
104
Clear
0
1

525
29.8
105
56.8
20.0
35.2
22.4
6.40
307
228
0.32
0.73
0.00
190
10.1
Clear
0
3

Reference range*

4.4-7.1
27-42
9.1-14.7
53-67
17.6-23.1
32-37.5
16.1-22.5
6.2-16
2.4-63
16-85
0.0-0.8
0.1-1.0
0.0-0.2
95-360
88-12.0
NA
NA
NA

*Reference range used internally at the Clinical Pathology Laboratory; the values out-the-range are in italics; |, decreased values; 1, increased values; NA, not applicable.
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Accession no. Parasitic organism identification Bit score E-value Max identity

MK541848.1 Onchocerca sp. JUP-2019 1,138 0.0 98%
KX898458.1 Onchocerca boehmi Supperer, 1934 835 0.0 90%
LC318284.1 Onchocerca flexuosa 833 0.0 90%
AJ271616.1 Onchocerca gibsoni 833 0.0 90%
AM749260.1 Onchocerca skrjabini 824 0.0 91%
AP017692.1 Onchocerca flexuosa 817 0.0 89%
KX265050.1 Dirofilaria sp. “hongkongensis” 817 0.0 89%
AM749270.1 Onchocerca skrjabini 813 0.0 91%
AB518693.1 Onchocerca sp. wild boar 808 0.0 89%

KX8533283.1 Onchocerca boehmi Supperer, 1934 806 0.0 90%
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UniProt Protein names Gene names  Coverage (%)° Molecular weight ~ FC® P-value Change®

accession (kDa)

FEYR34 Thrombospondin 1 THBST 214 129.56 1443 00432 1t
F7CNOS Fibronectin FN1 397 252.55 332 00045 ¢
FBRMK1 C-X-C motif chemokine LOC100630489 315 11.835 202 00122 ¢
F6ZRF6 Serpin family A member 7 SERPINA7 186 4664 225 00346 1
AOAOA{EQT Immunoglobulin lambda light chain variable region (Fragment) IGL 304 23.267 191 00363 1
F7ATSS Golgi membrane protein 1 GOLM1 125 41218 1.87 0.0276 1t
QsiFo7 Insulin-fike growth factor binding protein-2 (Fragment) 1GFBP-2 17.7 16.042 182 00014 1
FGWAS7 Lymphocyte cytosolic protein 1 LCP1 358 70.347 174 0.0409 1
F6Y950 Chromosome 2 G4orf33 homolog CoHdor33 65 23.394 164 00486 1
FBY2H3 Peptidase D PEPD 122 54.827 163 00081 1
AOAOATEBW4  Immunoglobuiin lambda light chain variable region (Fragment) IGL 254 23511 P +
FBVP61 Serpin family B member 10 SERPINB10 58 45.412 e +
FBOXNS Transgelin2 TAGLN2 93 23 P t
F6RCZ8 Triggering receptor expressed on myeloid cells like 1 TREML1 5 33,597 pe +
FBRLTE Calpain small subunit 1 CAPNS1 49 28,099 pe +
FBRMQ1 GLI pathogenesis related 2 GLIPR2 172 16.905 pe 1
F6T962 EGF containing fibulin extracellular matrix protein 2 EFEMP2 65 49.439 P +
F6ZEJ2 HGF activator HGFAC 72 55.76 P 1t
F7ABO3 Granulin precursor GRN 66 63.195 P +
F7DIN1 Fibrinogen like 1 FGL1 4.4 36.475 P +
F7E2KA Uncharacterized protein N/A 2.1 72262 P +
P19794 Lutropin/choriogonadotropin subunit beta LHB 10.1 17.943 P t
F7BSNS Uncharacterized protein N/A 7.6 50.064 051 00190 |
F7DU87 Uncharacterized protein BPIFA2 398 26915 028 00012 |
FTATLS Keratin 14 KRT14 82 41.036 NPe 4

%FC, fold change, mean value of peak area obtained from the P group/mean value of peak area obteined from the NP group. If the fold-change value was 1.5, the relative content of
serum proteins in the P group wes higher that than in the NP group, and! f the fold-change value was < 0.67, the relative content of serum proteins in the P group was less than that in
the NP group.

beoverage (%) = percentage of the protein sequence covered by identified peptides.

Suniquely expressed serum proteins in the P group.

uniquely expressed serum proteins in the NP group.

our” — upregulated serum proteins; “|" = downregulated serum proteins.
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Behavior

Walk
Trot

Gallop
Backwards
Standing

Tum back
Refuse to walk
Rear

Kick

Mount
Defecate
Urinate”

Paw
Sniffing*

Description

‘The donkey walks toward the trailer

The donkey trots toward the trailer

‘The donkey gallops toward the trailer

The donkey moves away from the trailer

‘The donkey stands on the four legs

‘The donkey tries to tumn allts body in the opposite direction of the trailer
The donkey stops moving, digging in its heels, refusing to proceed

‘The donkey rears with its front legs

The donkey kicks, one or two legs is lifted and moved rapidly and forcefully
The donkey mounts the donkey in front of him/her

‘The donkey drops manure

The donkey drops urines

The donkey rises a foreleg and scrapes the floor

The donkey sniffs the ground

*Behaviors that were not observed were not considered for the statistical analysis.

Category

Forward locomotion

Forward locomotion

Forward locomotion
Stress-related behavior
Stress-related behavior
Stress-related behavior
Stress-related behavior
Stress-related behavior
Stress-related behavior
Stress-related behavior
Stress-related behavior
Stress-related behavior
Stress-related behavior
Stress-related behavior
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Hematological Al donkeys (n° = 78) Group A (n° = 15) Group B (n° = 36) Group C (n° = 29)
parameters

White cell line

WBC (x 10° cells/juL) 95-22.1 12.8(9.8-17.5) 14.4(9.3-24.5) 12.4 (10.2-18.5)
NEUT (%) 29.4-69.3 42.9(39.5-64.7) 44.9(29.6-81.0) 42.3(20.4-60.1)
LYM (%) 18.9-57.8¢ 43.6(23.9-43.9) 395 (14.9-56.8) 385 (25.4-50.4)
MONO (%) 2685 45(3.5-6.4) 40(2.6-8.7) 392673
EOS (%) 27-19.8 7.0/(5.4-85) 67 (2.3-13.89° 13.6 (4.9-20.2)°
BASO (%) 02-06 03(02-0.4) 0.40(02-05) 03(0.2-06)
NEUT (x 10° cells/pul) 35-13.7 5.6 (4.4-10.6) 65(3.3-15.8) 52 (3.6-10.9)
LYM (x 10° cells/pl) 2.3-85% 57+16 56+19 49+1.0
MONO (x 10° cells/uL) 03-1.1 05(0.3-0.8) 06(0.4-1.2 05(0.3-1.09
EOS (x 10° celis/ul) 03-28 0708117 1.0 (0.3-2.09° 18(0.7-29°
BASO (x 10° cels/ul) 0.02-0.1 0.04(0.02-0.09) 005 (0.02-0.101* 0,03 (0.02-0.10f°
Red cell line

RBC (x 10° cells/uL) 42-86 66(6.1-7.0° 56 (39-9.9 5.1 (4.4-6.7)°
HGB (g/dlL) 7.5-13.1 10.2(9.2-10.3) 96 (7.0-14.3) 100 (8:8-11.8)
HCT (%) 24.3-306 32.1(308-32.9) 312 (22.3-46.8) 32.3 (28.6-38.2)
MCV (fL) 40.5-66.7 48.5 (43.9-50.2)° 56,0 (45.8-63.6/* 62.3(57.1-67.61
MCH (pg) 13.6-21.3¢ 14.8 (185-16.7) 17.3 (18.9-20.09° 19.3 (17.7-20.7)°
MCHC (g/dlL) 29.7-39.4 30.9(20.7-31.8) 30.8(20.7-31.7) 30.8 (209-31.6)
RDW (%) 15.6-205 18,5 (17.4-18.7) 16.8 (16.2-19.40 16.3 (16.4-17.4F
HDW (/L) 1.6-2.1 20£0.15° 1.8402% 17£01°
Platelets

PLT (x 10° celis/ul) 74-469 159 (77-325.7) 157.5 (59-478) 220 (48-450)
MPV (i) 60-11.4 89(75-10.2) 7.7 (63-10.7) 7.5 (6.0-11.4)
PCT (%) 006-0.33 0.12(0.08-0.15) 0.13 (0.05-0.40) 0.16 (0.05-0.30)
PDW (%) 18.45-73.6 58.8 (51.1-74.77 42.7 (18.2-73.6P° 475 (20.2-59.31°

Smean = 1.96 SD. %0 Letters identify differences among groups for P-values < 0.05.
Donkeys were divided in three groups according to age: group A (foals, animals below 1 year of age), group B (young animals, from 1 to 3 years of age), and group C (adult animals,
over 3 years old), and hematological parameters were indicated by median (2.5th—97.5th percentiles) or by mean + 1.96 SD.
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Biochemical parameters

Electrolytes
Na* (mmol/L)

K+ (mmol/L)

CI~ (mmol/L)

Ca2* (mg/dL)

Phos (mg/dL)

Mg?* (mg/dL)
Enzymes

ALP (UI)

ALT (UI/L)

AST (UIL)

GGT (U

Protein metabolism
TP (g/dL)

ALB (g/dL)

BUN (mg/dL)

CREA (mg/dL)
Energy metabolism
GLUC (mg/dL)
CHOL (mg/dL)

TGL (mg/dL)

All donkeys (n° = 78)

128.0-152.0
42-59
96.0-120.0
12.6-17.0
2077
1626

85.8-302.4%
14.0-23.0

158.9-371.15
26.0-69.0

55-9.3%
15-38

7.0-36.0
0.1-0.7

28-107
42-131
10-83

Group A (n° = 15)

145 (182.4-166.9)
50(4.2-59°
107.0 (98.4-122.98
16.7 (13.0-20.07*
6.1(4.2-951
2.0 (1.6-3.1)

285.9 + 612
17.0(15.0-21.3)
272 (194.9-370.9)
49 (20.7-65.8)°

6808
2.6 (1.8-4.4)
240 (5.1-58.5)
0.40 (0.10-0.60*

84.0 (608-118.8)°
102.0 (72.1-158.7)*
37 (17.3-78.0)

$mean = 1.96 SD. #0°Letters identify differences among groups for P-values < 0.05.
Donkeys were divided in three groups according to age: group A (foals, animals below 1 year of age), group B (young animals, from 1 to 3 years of age), and group C (adult animals,

over 3 years of age), and biochemical parameters were indicated by median (2.5th—97.5th percentile) or by mean + SD.

Group B (n° = 36)

139 (125.4-149.4)>
48(4.3-5.9)
103.0 (93.6-111.1)
14.1(12.0-15.7)°
352661
19(1.6-237

216.7 +74.5°
17.0(139-21.1)
247.5 (155.6-851.6)*
37.5 (25.7-69.7)

731120
2.1(1.3-2.7P
13.5(4.9-25.7)
0.35 (0.09-0.74)%°

58.5 (27.5-88.6)°
61.0 (40.5-99.0)°
28 (2.0-62.5)

Group C (n° = 29)

136 (130.0-148.6¢
4.6(4.3-6.3P
101.0 (96.0-109.3
14.6 (13.1-16.5)
27 (1.9-4.08
2.1(1.8-220

2476 £77.7
17.0(14.7-24.8)
288 (179.0-369.4°
32.0 (26.0-63.7)°

80+06°
2.4 (1.9-3.0p°
16,0 (5.0-22.3)
0.2(0.10-0.40°

50.0 (27.4-73.5)°
57.0 (48.4-79.9P°
32.0(8.0-85.7)
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ID sampling Time-point

0 10min before foaling
T 1h after 1st colostrum suck
T2 1h after 2nd colostrum suck
T3 12h from foaling

T4 1 day from foaling

T5 2 days from foaling

T 3 days from foaling

17 5 days from foaling

T8 7 days from foaling

1] 14 days from foaling

T10 21 days from foaling





