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Assessment of Reticulocyte Count as a Prognostic Indicator for Canine Ehrlichiosis: Implications for Diagnostic and Therapeutic Strategies


ABSTRACT:
[bookmark: _Hlk176086921][bookmark: _Hlk176086969]Canine ehrlichiosis is increasingly recognized in India, with significant implications for canine health. It is a tick-borne disease, caused by Ehrlichia canis. It is prevalent in various regions, particularly in areas with high tick populations. Anaemia is one of the most common and important manifestation of this disease. Anemia results from the destruction of red blood cells and bone marrow suppression. The prevalence of canine ehrlichiosis correlates with the density of tick vectors and can be exacerbated by environmental factors. Canine anemia can be classified as either regenerative or non-regenerative. It reduces blood oxygenation capacity and can lead to acute blood loss and haemolysis. Objective of the study was, investigating the prognostic value of reticulocyte counts in dogs with ehrlichiosis. The study involved 212 dogs screened between February 2023 and March 2024. Risk factors such as age, sex, breed, and season were recorded. Canine ehrlichiosis was diagnosed by finding morula stages in monocytes and neutrophils in thin blood smear examination. The pathogen was confirmed through PCR-based molecular examination. Reticulocyte count was performed through supravital stain new methylene blue (NMB). Reticulocytes contain ribosomal RNA, which is less condensed than in mature erythrocytes. NMB has a high affinity for ribosomal RNA, resulting in a blue coloration of these immature cells. This staining reaction makes reticulocytes clearly distinct compared to mature red blood cells under a microscope, facilitating their identification and quantification.The study found that the haematological parameters of infected dogs were significantly lower than healthy dogs. The mean ±SE values of Hb, TEC, PCV, and corrected reticulocyte were significantly lower (p<0.001) in infected dogs compared to healthy dogs. These findings suggest that significantly lower values of Hb, TEC, PCV, MCV, MCH, MCHC, and corrected reticulocyte indicate anaemia, normocytic, normochromic anaemia, and non-regenerative anaemia. It can be concluded than in canine ehrlichiosis, anemia is one of the most common finding accounting aprox 28% of total diagnosed cases. Accurate anemia characterization is key for diagnosing and treating ehrlichiosis.
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INTRODUCTION:
Anaemia is a prevalent and complex clinical condition in veterinary medicine, particularly within the realm of canine health. It presents significant diagnostic and therapeutic challenges due to its multifaceted nature, requiring a thorough understanding of its pathophysiology, etiology, clinical manifestations, diagnostic strategies, and treatment modalities. Anaemia is broadly defined as a reduction in the number of circulating red blood cells (RBCs) or a decrease in haemoglobin concentration, which diminishes oxygenation capacity of blood [1]. The condition is not monolithic; rather, it encompasses a range of underlying mechanisms that can significantly impact diagnostic and therapeutic approaches in veterinary practice. In veterinary diagnostics, anaemia is typically categorized based on its underlying pathophysiological mechanisms [2]. These classifications are essential for accurate diagnosis and effective treatment planning. The primary types of anaemia are broadly categorized into regenerative and non-regenerative forms, each with distinct causes and implications. Regenerative anaemia is characterized by swift production of red blood cells in response to anaemia [3]. Therefore, this process involves the release of immature red blood cells, known as reticulocytes, into the peripheral blood [1]. The presence of reticulocytes indicates that the bone marrow is actively responding to the increased demand for RBCs. Regenerative anaemia is frequently associated with acute blood loss and hemolysis [3]. In both the conditions, hemolytic anaemia, the increased destruction of RBCs stimulates the bone marrow to release reticulocytes, reflecting a regenerative response. The characterization of anaemia in dogs is a fundamental aspect of veterinary medicine, requiring a deep understanding of its diverse causes, clinical presentations, and management strategies [4]. The complexity of anaemia necessitates a systematic and comprehensive approach to diagnosis and treatment [5]. As advancements in veterinary medicine continue to evolve, ongoing research and improvements in diagnostic and therapeutic techniques will further enhance our ability to address this intricate condition effectively. Understanding and managing anaemia in dogs not only improves the prognosis and quality of life for affected patients but also contributes to the broader field of veterinary haematology. Future research endeavours will undoubtedly refine our diagnostic capabilities and therapeutic approaches, paving the way for more effective management of anaemia in canine practice. The characterization of anaemia in dogs is a fundamental aspect of veterinary medicine, requiring a deep understanding of its diverse causes, clinical presentations, and management strategies. The present study was carried out with the objective of characterization of anaemia in dogs affected with Ehrlichia canis.
2. Materials and Methods:
[bookmark: _Hlk176087045]A total of two hundred twelve (212) dogs were screened in the present investigation, which were presented to TVCC, DUVASU, Mathura between February, 2023 to March, 2024. For risk factor investigation for the study, age, sex, breed and season of the year were recorded at each time of sampling. Percentage positivity of ehrlichiosis was recorded on the basis of age. Dogs were divided into 3 categories, category 1 (0-6 months) category 2 (6-12 months) and category 3 comparising more than year old. Similarly, percentage positivity of ehrlichiosis was recorded on the basis of Breed. For that dog were categorized into 12 breeds i.e., Labrador, Rottweiler, Non-descript,  Pitbull, Spitz, Pug, Doberman, Saint bernard, Shih tzu, Bull mastiff and Beagle. In the present study percent positivity in dogs was recorded on the basis of season. For that dog were categorized in 4 categories summer (March- June), monsoon (July-September), autumn (October-November), and winter (December-February). The diagnosis of canine ehrlichiosis was done by finding the morula stage in monocytes as well as neutrophils in thin blood smear examination after staining with Giemsa stain. The samples were confirmed for the presence of the pathogen by PCR based molecular examination.  The blood was collected from dogs under the ethical standards and guidelines of the Institutional Animal Ethics Committee (IAEC) and due permission was received from the ethical committee of the University via. voucher no. IAEC/23-2/5 dated 25-02-2023.
2.1. Screening of dogs suspected for Ehrlichia 
Preliminary diagnosis was done on the basis of observation of classical signs of ehrlichiosis in dogs. Based on results of previous studies, clinical signs considered for screening which include mucosal pallor, high fever, vomiting, bleeding diathesis- cutaneous and mucosal petechiae and ecchymoses, hind limb /or scrotal oedema, icterus, epistaxis, melena, hematemesis, hyphaema, nervous signs, ascites, weight loss, ocular abnormalities, splenomegaly, depression. Microscopic examination was done by detection of morulae in monocytes and neutrophils in thin blood smear and buffy coat smear after staining with Giemsa stain. Dogs having symptoms of ehrlichiosis or having hematological changes signifying for the disease but negative for blood and buffy coat smear examination were further confirmed by polymerase chain reaction test.
2.2. Blood collection from confirmed cases of Ehrlichia
Blood samples from suspected dogs were utilized in the present analysis. For haematological studies, diagnosis of pathogen and reticulocyte count. Approximately, 2 ml of blood from representative dogs were collected from cephalic or saphenous vein in vacutainer tubes containing EDTA as anticoagulant under aseptic situation. The blood for serum required for biochemical parameters i.e., ALT , AST, ALP, BUN Creatinine, were collected in a 5 ml capacity test tubes without anticoagulant and were allowed to stand undisturbed in a slant position for about 1 hour. 
2.3. Evaluation of haematological parameters
Haematological parameters such as haemoglobin (Hb), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), total erythrocyte count (TEC), and haematocrit (HCT) were measured using an automatic haematology analyser (Nihon Kohden Cell Counter). Furthermore, the methodology for the remaining two factors is explained in different sections.
[bookmark: _Hlk174877635]2.4. Evaluation of reticulocyte count
The reticulocyte count was performed based on the property of ribosomal RNA to react with isotonic solution of a supravital stain new methylene blue (NMB). When blood was mixed and incubated with this stain, RNA in the reticulocytes gets precipitated as dark blue network or reticulum. A relative count of reticulocytes was taken against the number of RBCs and expressed as the percentage of RBC. Briefly, 20 µL of 1% NMB dye solution was taken in an eppendorf tube followed by addition of 25 µL of blood sample and mixing through pipetting. The tubes were kept for incubation at 37 ℃ for 10-15 minutes duration. Post incubation a gentle mixing followed by thin smear preparation was carried out. Fixed and well dried smears were examined under 100 X magnification for the presence of reticulocytes. A minimum of 1000 RBCs were screened for the presence of reticulocytes at each time. The reference range for non-anaemic dogs is 0 to 1.5% reticulocytes. A reticulocyte count >1.5% indicates reticulocytosis regardless of the HCT. If an anaemic dog does not have reticulocytosis, the anaemia is either non-regenerative or the onset has been too recent (within 2-3 days) for a regenerative response to be evident in blood. 
Following formula was used to assess the adequacy of the regenerative response in relation to the severity of the anaemia

2.4. Evaluation of corrected reticulocyte percentage (CRP)
CRP values compensate for the degree of anaemia, The CRP is calculated using following formula

Reference ranges for CRP are < 1% in the dog.

3.0 Result
3.1. Haematological parameters in response to ehrlichiosis
In the present study different haematological parameters of the infected animals were compared with the healthy animals to determine the type of anaemia caused by the Ehrlichia. The Mean ± SE values of Hb (gm/dl) of healthy and infected dogs were 12.40±0.82 and 8.01±2.88, respectively at the day of presentation. Test of significance showed that Hb (gm/dl) of infected animal group was significantly (P<0.0001) lower than that of control group on the day of presentation. The Mean±SE values of TEC (×106/µl) of healthy and infected dogs were 6.38±0.72 and 3.48±1.10 respectively at day of presentation. Test of significance showed that TEC (×106/µl) of infected animal group was significantly (P<0.0001) lower than that of control group on the day of presentation. The Mean ± SE values of HCT (%) of healthy and infected dogs were 40.64±2.12 and 23.18±8.82, respectively at day of presentation. Test of significance showed that HCT (%) of infected animal group was significantly (P<0.0001) lower than that of control group on the day of presentation. 
The Mean±SE values of MCV (fL) of healthy and infected dogs were 62.82±1.44 and 62.62±5.11, respectively at day of presentation. Test of significance showed that the MCV (fL) of treatment groups were non-significantly different from the control group on the day of presentation. The Mean± SE values of MCH (pg) of healthy and infected dogs were 21.96±0.58 and 23.42±2.77, respectively at day of presentation. The test of significance showed that MCH (pg) of treatment groups were non-significantly different from the control group on the day of presentation. The Mean±SE values of MCHC (gm/dl) of healthy and infected dogs were 35.16±0.48 and 36.18±1.71, respectively at day of presentation. The test of significance showed that MCHC (gm/dl) of all the treatment groups were non-significantly different from the control group on the day of presentation. 
The Mean±SE values of corrected reticulocyte (%) of healthy and infected dogs were 2.08±0.39 and 0.41±0.32, respectively at day of presentation. Test of significance showed that Corrected reticulocyte (%) of infected animal group was significantly (P<0.001) lower than that of control group on the day of presentation. 
Significantly lower value of Hb, TEC, PCV in infected dogs in comparison of healthy dogs is indicative of anaemia. Non-significant difference in MCV, MCH, MCHC between healthy and infected dogs is indicative of normocytic, normochromic anaemia.  Significant lower value of corrected reticulocyte (%) in infected dogs in comparison of healthy dogs is indicative of non-regenerative anaemia. 
[image: ]
Fig. 1. Graphical presentation of Hb (gm/dl) showing significant difference (p<0.0001) between infected and healthy dogs at the day of presentation
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Fig. 2. Graphical presentation of TEC (106/µL) showing significant difference (p<0.0001) between infected and healthy dogs at the day of presentation
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Fig. 3. Graphical presentation of HCT (%) showing significant difference (p<0.0001) between infected and healthy dogs at the day of presentation



Fig. 4. Graphical presentation of Corrected Reticulocyte (%) showing significant difference (p<0.001) between infected and healthy dogs at the day of presentation
4.0:	Statistical assessment
The resulting mean and standard error values were first assessed for homogeneity and normalcy using the Levene and Shapiro-Wilk test. Values that exhibited homogeneity were then subjected to a two-tailed t-test using GraphPad Prism software. The significance level was set at 5 percent (p=0.05). Parameters showing significant difference were presented graphically in result section. All the graphs were prepared through GraphPad Prism software

5.0. Discussion
Among the various hematologic abnormalities, anaemia is the most common finding, accounting for 28% of canine [6], which is mostly non-regenerative [7, 8]. “It can be a manifestation of an underlying disease or, more rarely, a cause in itself. There are three main pathophysiologic mechanisms for anaemia: increased erythrocyte destruction, increased loss through haemorrhage, decreased production of erythrocytes or some combination of these events” [6]. For the identification of the mechanism and the type of anaemia, it is essential to distinguish between these mechanisms, which entirely depends upon laboratory procedure [6]. In the investigative scheme for anaemia, the determination of the basic mechanism producing the anaemia is the first order of procedure. On many occasions, more than one mechanism may coexist in producing anaemia, so that the order for investigation and management strategy may become complicated by contradictory laboratory determinations. Whether or not a dog becomes symptomatic for anaemia will always depend on the etiology of anaemia, the acuity of onset, and the presence of other comorbidities. 
[bookmark: _Hlk175041474]The present study has recorded thrombocytopenia and anaemia as the most common haematological abnormalities in canine ehrlichiosis. Although, veterinary clinicians have different approaches to diagnose and characterize anaemia, but most common practice is to firstly assess the severity and then determine if the bone marrow is functioning or whether the bone marrow is the cause of the anaemia. Characterization of anaemia is a very important diagnostic and therapeutic aspect in management of canine ehrlichiosis as it guides to uncover the correct cause and then appropriate treatment [9].
“The maturation of reticulocytes into erythrocytes begins in the bone marrow and ends in the peripheral blood and spleen, with an intensive remodelling of the cell surface, the cytoskeleton, and a decrease in cellular material” [10]. “These transformations allow the erythrocyte to acquire its biconcave shape that ensures stability and flexibility as it moves in the blood networks, until macrophages of the reticuloendothelial system remove it” [11]. “The immature, anucleate erythrocytes, known as reticulocytes, are more abundantly discharged from the bone marrow into the bloodstream in response to anaemia resulting from haemolysis or loss of erythrocytes.  Detection and identification of immature anucleate erythrocytes verifies whether the bone marrow is responding to the anaemia by increasing erythrocyte production in a regenerative response” [12]. “The reticulocytes are evaluated by the presence of ribonucleic acid in the cytoplasm of immature erythrocytes. The more immature the cell, the more RNA it will contain. If the anaemia is regenerative, there will be an above-normal number of reticulocytes in peripheral blood. In contrast, mature RBCs, which are no longer synthesizing haemoglobin, contain very small amounts of or no RNA” [13].
The findings of the present study showed the presence of non-regenerative anaemia in all dogs confirmed for canine ehrlichiosis. In present investigation, the determination of bone marrow response was based presence of reticulocyte in the peripheral blood smear, which was used to calculate reticulocyte production index (RPI). Parallel to current findings [14]. also concluded non-regenerative anaemia, thrombocytopenia, and leukopenia in chronic ehrlichiosis. They also stated that hematologic dyscrasia may result from bone marrow suppression and destruction of blood cells.
Non-regenerative anaemia in canine ehrlichiosis might be indicative for poor bone marrow function in these dogs. In many previous studies, bone marrow involvement in ehrlichiosis was confirmed through presence of inclusions of E. Canis in bone marrow and non-regenerative anaemia in a super acute infection of ehrlichiosis in dogs [15]. In support of findings of current investigation, previously Simone et al. [16] also concluded that E. canis develops parasitism in the bone marrow with detection of inclusions of various stages of E. canis during the acute phase of disease. Based on their findings of normocytic normochromic anaemia, thrombocytopenia along with stages of E. canis in bone marrow aspirates 15 days post infection; they stated that bone marrow examination may be more useful in diagnosis and evaluation of recovery of clinically affected dogs.  Present findings are also well supported from a recent study of Gad Baneth [17], who stated that dogs in the chronic ehrlichiosis may develop severe haematological abnormalities as their bone marrow becomes hypocellular at this stage.  Steven and Allison [18], has written that primary bone marrow disease or failure from any cause can lead to non-regenerative anaemia and pancytopenia, while with diffuse marrow involvement, granulocytes are affected first, followed by platelets and finally RBCs.

“Haematological changes and related clinical signs in ehrlichiosis vary as per the stage of stage of the disease, which depends on the duration and response of dog for the infection. As per available literature in canine ehrlichiosis, following an incubation period of 1 to 3 weeks, three typical phases of the disease may develop sequentially: acute, subclinical, and chronic” [21]. “The acute phase can last 2 to 4 weeks; some dogs that show clinical improvement in this stage may remain persistent subclinical carriers for months and years” [19]. “The subclinical phase follows the acute stage, where there are no clinical signs; therefore, not require veterinary attention. However, on screening may show subnormal platelet concentrations at this stage” [22]. Some, but not all infected dogs may advance to a chronic phase, where the clinical signs are more severe. Unfortunately, the acute and chronic phases are not always easy to distinguish in clinical practice, because many of the clinical signs are similar. A complete blood count and bone marrow aspiration may assist in diagnosing the chronic severe form of the disease.
In regards to anaemia in ehrlichiosis Remo-Lobetti [23], stated that in the acute disease although there is destruction of progenitor and proliferative cells in the bone marrow but bone marrow is usually hypercellular suggestive that there is also cell destruction in the peripheral blood. As the erythrocyte lifespan is long, the anaemia in early stage is usually mild or absent. The organism can also trigger a secondary immune mediated haemolytic anaemia. In the chronic phase of the disease pancytopenia is evident because of stem cell injury with an associated hypocellular bone marrow, which appears to be more common in the German shepherd dog. Dogs in the chronic phase exhibit bone marrow hypoplasia and severe pancytopenia [24]. No studies have fully elucidated the different responses of dogs to infection or the factors that induce some dogs to develop the chronic severe form of the disease [25]. In the similar way consistent thrombocytopenia, mild to moderate normochromic normocytic nonregenerative anaemia in acute stage of disease was previously recorded by Waner [22].  He also stated that during the subclinical phase the dogs continue to harbour the rickettsia, presumably in the spleen and only mild changes may be detected in their haematological parameters without obvious signs [19]. Chronic pancytopenia phase is characterized by bone marrow hypoplasia and impairment of bone marrow production of all blood elements, resulting in a pancytopenia, where dogs suffer from a severe nonregenerative anaemia, leukopenia and thrombocytopenia. In some dogs the effect may be selective, with only one or two of the blood elements being severely reduced. Many of dogs in this stage do not respond to treatment with the antibiotic doxycycline [19]. 
Previous studies have investigated the pathogenesis of the anaemia during acute phase and stated that destruction of erythrocytes was shown to occur during the late incubation period and the acute phase of the disease, Harrus [19], and immunological mechanism may involve in the destruction of erythrocytes [19, 20, 21]. Ehrlichia infections have been implicated in diverse pathological conditions that appear to be immune related. These conditions include glomerulonephritis, Codner [26], hepatitis, Sehdev and Dumler, [27], uveitis Massa [28], meningoencephalitis and polyarthritis [29]. On the basis of result of current investigation, it may be concluded that the effects of E. canis on the circulating blood cells are accompanied by bone marrow suppression and/or destruction, occurring to a greater or lesser extent, depending of the stage of the disease and as a result may be associated with deficient production of one or more of the blood elements. In the acute phase, the non-regenerative anaemia is probably indicative of a malfunction of erythropoiesis as the bone marrow is unable to compensate for the peripheral destruction of erythrocytes. The anaemia seen during the acute phase of disease might be due to the lack of erythropoietic response and may have attributes similar to that of anaemia of inflammatory disease, where the anaemia is classically mild to moderate, normocytic normochromic and nonregenerative [22]. In the case of anaemia of inflammatory disease, the anaemia results from both a decreased erythrocyte production and a decreased erythrocyte survival. This pattern would fit the picture seen during acute canine ehrlichiosis taking into account that the incubation period is shorter than the lifespan of the erythrocyte, indicating a direct effect of the Ehrlichia on the circulating erythrocytes during the first few days after infection together with a depressed erythropoiesis.
The possibility that bone marrow destruction and/or suppression may also be immune mediated cannot be discounted and need further investigation in this regard. Evidences for immunopathological effects on the bone marrow in the pathogenesis of canine ehrlichiosis may be suspected in the milder acute clinical disease course and attenuated effects on all the blood cells in splenectomised dogs artificially infected with E. canis, compared with dogs with intact spleens [19]. Same panel of scientists advocated splenectomy may have attenuated the aberrant immune response usually seen in ehrlichiosis with a resultant milder disease and less severe effects on the circulating blood cells. This may be assumed that the effects of Ehrlichia on the bone marrow have a generalized hematopoietic suppressive nature, or alternatively that no pluripotential stem cells are available despite the induction for increased cell production that may be expected under these conditions.
Conclusion: 
Anaemia is the most common hematologic abnormality in dogs, accounting for 28% of cases. It can be a manifestation of an underlying disease or a cause itself. The diagnosis and management depend on the etiology of anaemia, onset acuity, and other comorbidities. Thrombocytopenia and anaemia (89.92%) are the most common haematological abnormalities in canine ehrlichiosis. Characterization of anaemia is crucial in diagnosing and treating canine ehrlichiosis, as it helps uncover the correct cause and appropriate treatment. Ehrlichiosis can develop into three phases: acute, subclinical, and chronic. The pathogenesis of anaemia during the acute phase is accompanied by bone marrow suppression and/or destruction. Further investigation is needed to determine if bone marrow destruction and/or suppression may be immune-mediated.
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