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Stress and general anesthesia have an impact on the functional response of the organism due to the detrimental effects on cardiovascular, immunological, and metabolic function, which could limit the organism's response to an infectious event. Animal studies have formed an essential step in understanding and mitigating infectious diseases, as the complexities of physiology and immunity cannot yet be replicated in vivo. Using animals in research continues to come under increasing societal scrutiny, and it is therefore crucial that the welfare of animals used in disease research is optimized to meet both societal expectations and improve scientific outcomes. Everyday management and procedures in animal studies are known to cause stress, which can not only cause poorer welfare outcomes, but also introduces variables in disease studies. Whilst general anesthesia is necessary at times to reduce stress and enhance animal welfare in disease research, evidence of physiological and immunological disruption caused by general anesthesia is increasing. To better understand and quantify the effects of stress and anesthesia on disease study and welfare outcomes, utilizing the most appropriate animal monitoring strategies is imperative. This article aims to analyze recent scientific evidence about the impact of stress and anesthesia as uncontrolled variables, as well as reviewing monitoring strategies and technologies in animal models during infectious diseases.
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Introduction

The complex interplay of the immune system and physiology of infection can't be replicated in vitro and is very limited in ex vivo studies (1), meaning animal models are still essential to the study of infectious disease (2). Animal models are used to study infectious diseases in both human and veterinary medicine, but the results of these studies are vulnerable to a series of variables such as handling, cage environment, and technical procedures, which can generate varying degrees of stress (3). The physiological and immunological consequences of stress, in addition to other factors such as the induction of general anesthesia, have the potential to alter scientific outcomes resulting in less applicable science (4). Additional consequences of these uncontrolled variables in infectious disease research are poorer animal welfare outcomes (5). There is increasing societal scrutiny and expectations on how animal research is conducted by the general public, with increasing expectations that research involving animals is both well-justified and conducted in a manner that not only minimizes animal suffering but results in an overall positive welfare experience (6). Continually improving the applicability of science from the laboratory to real-world application is therefore crucial, in addition to enhancing animal welfare by adapting and further developing best-practice methods of laboratory animal care and management (5). Both objectives can be achieved via the identification and reduction of study variables.

Of the many variables that can impact upon studies of infectious disease, the effects of stress on immunity and disease susceptibility are well-documented (7, 8). Stress is a complex and multi-faceted process (chronic vs. acute, beneficial vs. adverse effects) and consequently, there are inherent difficulties in identifying what causes stress in different species under diverse study conditions (9). Stress experienced by animals in disease research can be caused by the disease itself and accompanying inflammatory responses (10, 11), as well as regular animal handling and repeated procedures and interventions (3–5, 12). The factors that cause stress also promote the organism's response as a homeostasis-related compensatory mechanism or returning to homeostasis, by modifying the physiological parameters and generating compensatory metabolic, hormonal or neurological responses that can alter study results (13–16). The impacts of stress can be detrimental to both animal welfare and scientific outcomes in animal models (17), but stress is certainly not the only significant cause of study variables in infectious disease research.

The administration of sedatives and anesthetics is a common requirement in animal studies for sample collection (18). Yet despite its accepted and regular use in animal studies of infectious disease, general anesthesia has multi-modal effects on immune system functioning (19). Although general anesthetics are known to interfere with the immune system causing immunosuppression, repeated and regular anesthetic events commonly occur throughout animal studies. Whilst the use of anesthesia plays a crucial role in the effective management of animal welfare and meeting scientific objectives, potential immunomodulatory effects of anesthetic induction should not be ignored. In addition, the induction of anesthesia often introduces its own negative impacts on animal welfare such as cognitive dysfunction (20). This dysfunction can present as a decrease in learning, memory capacity or inability to concentrate, only if the appearance of central inflammation and neuronal apoptosis is induced, where synaptic loss could promote neuroinflammation (21).

Accurately quantifying the impacts of stress and anesthesia as variables in animal models of infectious disease relies on the methods of assessment being used. In addition to the more traditional clinical and subjective assessment methods, recent developments in non-invasive monitoring technology are beginning to be adapted and utilized for the collection of physiological data in animal studies of disease. This includes the measure of heart rate and heart rate variability in rodent stroke models (22), the use of collar monitors for the identification of subclinical mastitis in dairy cattle (23), and the detection of respiratory disease in pigs using infra-red and conventional imaging (24). This multi-faceted monitoring approach leads to an improved understanding of disease, enhanced animal welfare via monitoring and humane endpoint refinement, and the potential to more effectively identify and mitigate the detrimental effects of stress and anesthesia on infectious disease study outcomes (25).

This review aims to describe how stress and anesthesia act as uncontrolled variables that impact upon scientific and animal welfare outcomes in animal studies of infectious disease. It discusses how the effects of stress and anesthesia can be understood and addressed during the planning and conduct of in vivo infectious disease studies, and presents novel recommendations for future research to better understand and mitigate the physiological and immunological impacts of stress, pain, and anesthesia. Current and emerging monitoring strategies and technologies to assess animal health and disease most effectively are described. In addition, this review presents recommendations for the future refinement and enhanced uptake of optimized monitoring strategies in experimental animal models of infectious disease.



Methodology

Literature was searched via PubMed, Google Scholar, and Scopus via keyword searches for all topics reviewed. For the analysis of animal monitoring methods between 2012/2013 to 2020/2021 a search of title, abstract, and key words on web of science was conducted using the following search categories: Veterinary Sciences, Infectious Diseases, Agriculture multidisciplinary, and Zoology. Animal monitoring methods were categorized and search terms used as described in Table 1.


TABLE 1 Categories of animal monitoring and search terms used per category.
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The impact of stress on infectious disease study outcomes

In the context of laboratory animals stress can be defined as a negative emotional experience accompanied by predictable biochemical, physiological, cognitive, and behavioral changes that are directed either toward altering the stressful event or accommodating to its effects (26). This definition is in line with the founding principles of humane animal research developed by Russel and Burch (27), which defines distress in laboratory animals as a central nervous state of a certain rank on a scale, in the direction of the mass autonomic response which if protracted, would lead to the physiologic stress syndrome (27). Animals maintained in laboratory conditions are often far removed from their evolved or natural environment, and this can predispose these animals to experiencing greater levels of stress (4). In addition, keeping animals in controlled environments away from stress factors may predispose animals to experience a greater degree of stress, resulting in neurobiological, hormonal, and metabolic compensatory responses that result in the development of chronic stress (16, 28).

The effects of chronic stress on immunity and disease susceptibility in humans and animals is well-established in the literature, as demonstrated in a study by Cohen et al. (29). The authors experimentally exposed healthy human volunteers to rhinoviruses with varied histories of experience with chronic stressors. Their results showed those individuals with recent long-term exposure to a threatening stressful experience demonstrated glucocorticoid receptor resistance and were at higher risk of succumbing to a viral infection. In addition, glucocorticoid receptor resistance predicted the production of higher levels of pro-inflammatory cytokines and disease among infected subjects. This is a clear demonstration of not only the effects of chronic stress on increasing the risk of disease susceptibility, but also the mechanisms that lead to reduced disease resistance. Zhou et al. (30) have also demonstrated compromised immunity due to chronic stress in animal cancer models. The authors applied chronic mild stress to mice with cancerous tumors undergoing immunotherapy and found that tumor regression occurred in mice undergoing immunotherapy, but this regression was attenuated in mice undergoing mild chronic stress (30). These results have implications for infectious disease research, where compromised immunity can result in altered disease outcomes.

Such altered disease outcomes were demonstrated by Gervasi et al. (31). The authors experimentally altered levels of the stress hormone corticosteroid via a hormone implant in two groups of zebra finches (10 finches implanted with low corticosterone devices and 10 finches implanted with high corticosterone devices), with a third control group of 10 finches not receiving any corticosteroid implants. Blood was collected from all finches prior to exposure to West Nile virus, with the average corticosterone level of control birds being ~15 ng/ml, low dose corticosterone group birds ~50 ng/ml, and high dose corticosterone group birds ~100 ng/ml (31). They found that although all birds became infected, only birds with elevated corticosteroid had viral loads at or above the infectious threshold. Further, no mortality was observed in control birds, whilst mortality rates of 40 and 70% were observed in low corticosterone and high corticosterone implanted finches, respectively. This suggests that immunosuppression caused by elevated glucocorticoid stress hormones leads to a higher susceptibility to disease. In a similar study in mice, Zhou et al. (32) inoculated cancer cells into mammary fat pads of control, stress, and stress + chewing groups where mice were provided wooden blocks to chew on whilst undergoing psychosocial stress. They found that psychosocial stress enhanced tumor growth, but chewing behavior markedly inhibited this growth by ameliorating the effects of stress, and in turn modulating stress hormones and their receptors (32). This highlights the importance of identifying and reducing chronic stressors in animal studies in order to prevent the development of physiological compensatory mechanisms that lead to chronic stress responses, such as impaired immune and altered metabolic, neurobiological, and cardiovascular functions (16, 28). As laboratory animal stress can result from many common animal husbandry, environmental, and procedural factors, there is considerable potential for everyday stressors to impact upon scientific outcomes in infectious disease studies (33).

Manual handling and blood collection are two such stressors that are known to cause stress-induced immunomodulation in laboratory animals. Balcombe et al. analyzed data from 80 published in vivo studies and determined changes in physiologic parameters correlated with stress (including elevated serum corticosterone, glucose, blood pressure, and heart rate) were associated with both manual handling and blood collection (34). Similar stress responses in mice resulting from noise pollution were also observed in a study by Jafari et al. (35). The authors compared glucocorticoid responses in 32 mice exposed to daily traffic noise (16 mice exposed daily during the light cycle, 16 mice exposed daily during the dark cycle) and equal numbers of control mice not exposed to noise. They found that mice exposed to traffic noise had significantly higher glucocorticoid levels than mice not exposed to traffic noise during both light and dark cycles, regardless of sex (35). Noise sources and levels in animal laboratories are numerous and varied, and can commonly include music, human voices, incidental noise from animal husbandry, and vocalization from other animals in the room (including distress vocalization). The demonstration of elevated glucocorticoid responses in mice exposed to traffic noise indicates the ease in which noise can act as a chronic stressor that has the potential to influence study outcomes and compromise animal welfare. This highlights the importance of identifying and mitigating chronic animal stressors in the laboratory, and indicates that the early recognition of stress factors could help to prevent, control, and diminish the effect of these elements as study variables. A study by Marcon et al. (36) investigated the effects of environmental enrichment of zebrafish responses to chronic stress. The authors submitted two groups of zebra fish, housed with or without environmental enrichment, to unpredictable chronic stress. They found that environmental enrichment attenuated the effects of chronic stress, with zebrafish provided with environmental enrichment displaying significantly less anxiety-like behaviors and reduced cortisol and reactive oxygen species compared to controls with no environmental enrichment (36). In all of these studies, the mechanism of activation of stress responses was found to be directly via the hypothalamic-pituitary-adrenal (HPA) axis in the form of enhanced production of glucocorticoids, or via neural network changes over time in response to enhanced activation of sympathetic nervous activity and chronic exposure to glucocorticoids, rendering glucocorticoid responses more sensitive to stress as described in Figure 1 (16, 28, 37–39).
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FIGURE 1
 Hypothalamic-pituitary axis (HPA) activation, sympathetic nervous system activation, and compensatory mechanisms in response to stress. Sympathetic nervous system activation occurs as the primary response to stress, followed by HPA axis activation where the stressor is prolonged or chronic. A negative feedback loop leads to compensatory mechanisms via the HPA axis in response to threats to homeostasis.


The HPA activation and stress responses observed in studies of laboratory animal stressors demonstrate poorer welfare outcomes for laboratory animals experiencing chronic stress. A study by Jin et al. (40) takes this a step further, by directly demonstrating the effects of heat stress on immunity and disease susceptibility in mice. The authors infected mice with H5N1 highly pathogenic avian influenza that were previously held in either thermoneutral conditions or placed under chronic heat stress. They found that mice subjected to chronic heat stress exhibited significantly reduced local immune responses in the respiratory tract, in addition to reduced dendritic cell maturation and reduced mRNA levels of IL-6 and interferon (40). Mortality rate and viral load in lungs was also significantly higher in mice that had experienced chronic heat stress, indicating chronic heat stress caused reduced immunity and increased viral susceptibility. When viewed as a whole, the literature demonstrates substantial and varying impacts of stress on HPA axis activity and immune responses in laboratory animals. When interpreting the effects of stress in the context of animal studies of infectious disease, it is important to consider whether the stressor is likely to be defined as acute or chronic as described in Figure 2 (29, 30, 34, 35, 40, 41). In infectious disease research, both immunosuppressive (commonly resulting from chronic stress) and temporary immunoenhancing /inflammatory (commonly resulting from acute stress) effects are equally important to identify, but understanding the effect is critical for both mitigation of the stressor and interpretation of potential impacts on study results (42). Whilst decreasing laboratory animal stress is crucial for reducing study variables, stress alone is not the only variable that influences outcomes in studies of infectious disease. The administration of preanesthetic drugs and those used for the maintenance of general anesthesia generate a physiological adaptation response that consists of metabolic, neuroendocrine, hemodynamic, immunological, and behavioral changes through the neurosecretion of chemical mediators, which also have the potential to influence the results of infectious disease research (16).
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FIGURE 2
 Effects of acute and chronic stress on glucocorticoid and immune responses in laboratory animals. Common routine stressors of laboratory animals include manual handling, blood collection, and noise. When these stressors are acute, enhanced glucocorticoid production via stimulation of the sympathetic nervous system and HPA axis result in an enhanced immune response. When stressors are chronic, the development of glucocorticoid resistance leads to immunosuppression. This primarily occurs via a decreased and altered leukocyte production in addition to a reduced production of anti-inflammatory cytokines via a negative feedback loop.




Physiological impacts of general anesthesia in infectious disease studies

Using anesthesia in animal studies of disease can be crucial for the management of animal welfare, operator safety, and the achievement of scientific objectives. This is particularly true for performing invasive procedures, or when conscious restraint or sample collections cause unacceptable stress (43). Whilst the benefits of anesthesia are significant, the use of sedatives, analgesics and anesthetics must be balanced with their own potential risks to animal welfare and altered study outcomes from anesthesia effects (4). Different authors mention that anesthetics can have a depressant effect on the immune, cardiovascular, and metabolic response in healthy animals (44–46). These effects are in addition to behavioral and cognitive deficits, neuroinflammation, and mitochondrial dysfunction (47–52). Figure 3 describes the commonly observed effects of anesthesia (44–46, 48–55).
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FIGURE 3
 Clinical and subclinical effects of anesthesia lead directly and indirectly to immunosuppression. Clinical effects are those that can be detected by monitoring and assessment, whilst sub-clinical effects are not readily detected. In both instances anesthetic effects either directly result in immunosuppression or result in further physiological effects that in turn result in immunomodulation, most commonly immunosuppression via a reduced inflammatory response. The incidence and significance of effects vary depending on the anesthetic agents used, time spent under anesthesia, species being anesthetized and degree of supportive care provided.


General anesthesia causes a multitude of physiological effects, which are apparent even in healthy animals. Reductions in arterial pressure of ~30% in healthy dogs have been reported after induction with propofol (5 mg/Kg over 30 s followed by a continuous infusion of 25 mg/Kg/h) (56), as well as medetomidine (0.01 mg/Kg), butorphanol (0.2 mg/Kg) and acepromazine (0.02 mg/Kg) (57). Mrazova et al. (57) further demonstrated an increased respiratory rate and decreased heart rate after fentanyl administration (0.01 mg/Kg), and decreased heart rate and respiratory rate after medetomidine administration in healthy dogs. In sick animals, the effects and potentially detrimental consequences of anesthesia can be exacerbated. A cohort study conducted by Brodbelt et al. (58) surveyed 117 veterinary practices in the United Kingdom, analyzing data obtained from 98,036 dogs, 79,178 cats and 8,209 rabbits that had been anesthetized and sedated using various anesthetic and sedation regimes. The authors found that in healthy animals with no pre-existing disease, the risk of death from anesthesia or sedation was 0.05% for dogs, 0.11% for cats, 0.73% for rabbits, and 3.8% for guinea pigs (58). However, these risks increased dramatically for sick animals-−1.33% (two–three-fold increase) for dogs, 1.40% (12–13-fold increase) for cats, and 7.37% (10-fold increase) for rabbits. This dramatic increase in mortality risk in sick compared to healthy animals illustrates the significantly enhanced impacts of anesthesia on compromised animals. Given that disease research models typically result in illness, the impact of anesthesia on animal welfare and resultant study outcomes in disease research is of concern. More specifically, the effects of a standard ketamine/xylazine mouse anesthetic regime were investigated by Schuetze et al. (59). By anesthetizing both young (2.14 ± 0.23 months) and aged (26.31 ± 2.15 months) mice with a standard dose, the authors found that 0 of the 26 young mice died under anesthesia, compared to 4 out of 26 aged mice (15.4% mortality) (59). In addition to the physiological variables that could be introduced to surviving mice in a disease study, the loss of such a large number of mice in a study can reduce statistical power, risking the ability to achieve study objectives (60). Studies into the mortality of commonly used research species that are not commonly anesthetized in veterinary practice, such as pigs, are needed to more accurately quantify the mortality rate of anesthesia in these species. This will allow for further understanding of anesthetic risk levels, which is important for study design and improved research animal management practices (61).

An important consequence of general anesthesia is a reduced ability to thermoregulate and maintain core body temperature within a thermoneutral zone. Contributing factors to this reduced thermoregulatory ability under general anesthesia include vasodilation leading to greater heat loss to the surrounding environment, changes to central brain structure activity, cooling effects of disinfectant application, and heat loss resulting from surgical penetration of the body cavity (62). These factors can be mitigated by the use of management techniques peri- and post-anesthesia such as effective warming and supportive care. However, where this is not optimized, the physiological and physical effects of anesthesia can be exacerbated (63). The ability to provide optimal supportive care to reduce the impacts of anesthesia in research animals is highly variable, and dependent on many factors. The core temperature of smaller animals (such as rodents) is relatively easy to maintain through portable heat mats and lamps and is largely deemed necessary and considered standard practice (64). Even short-term interruptions to thermoregulation from anesthetic induction can easily lead to serious complications or death in smaller species, due in part to the large surface-area-to-volume ratio of small mammals (65). For larger research animals (such as pigs and cattle) the management of anesthesia-associated issues is often more difficult, due to the increased complexity of providing effective warming and other means of supportive care to larger animals in the infectious disease research setting. Rodriguez-Diaz et al. (66) analyzed the incidence of perioperative inadvertent hypothermia in dogs and cats. The authors demonstrated that despite the standard use of warming equipment and supportive care protocols in veterinary practice, a high incidence of perioperative anesthesia-associated hypothermia was identified (66). Given that warming and supportive care for larger animals undergoing anesthesia in infectious disease studies is often less optimized compared to the clinical veterinary setting, it is reasonable to expect the incidence and severity of hypothermia to be even more pronounced than that identified by Rodriguez-Diaz et al. (66). Hypothermia has significant and wide-ranging effects on the immune response, with lowered core temperature driving anti-inflammatory/resolution-type effector functions (67). In animal infectious disease studies, using anesthesia and the associated varying degrees of hypothermia that can result (often at repeated timepoints) is therefore likely to impact upon the immune response to the diseases being studied, but further direct research is required to quantify these potential effects. Adverse neurological effects have been described during an induced hypothermic circulatory arrest for cardiac surgery (68), but this degree of hypothermia (reduction in core temp to 18 degrees) is not seen as a consequence of standard anesthesia (69).

Besides immunomodulation, anesthesia-associated hypothermia results in an increased risk of coagulopathies, most likely to occur via two mechanisms- reduced platelet function, and the functional impairment of several enzymes of the coagulation cascade and subsequent reduction in clot formation (70). This has significance for infectious disease studies in general, but even more specifically for the study of diseases that cause coagulopathies. Petrilli et al. (71) demonstrated a mechanism by which coagulopathic infectious disease morbidity outcomes are influenced by disruptions to the coagulation cascade. The authors retrospectively studied patients with COVID-19 and identified that elevated d-dimer levels were strongly associated with critical illness (71). D-dimer is a product of fibrin degradation and is only present in plasma as a result of activation of the coagulation cascade, as occurs after degradation of blood clots (72). The findings of Petrilli et al. (71) therefore demonstrate that increased coagulopathy and clot formation leads to increased morbidity in COVID-19 patients. Building on this observation, Wang et al. (73) studied retrospective cases of COVID-19 patients and found that elevated d-dimer is a significant component of disseminated intravascular coagulation, which develops due to abnormalities with the coagulation cascade and is a leading cause of in-hospital deaths in COVID-19 patients. These findings suggest that anesthesia-associated hypothermia could result in altered study outcomes in SARS-CoV-2 animal studies, by pre-disposing and increasing the susceptibility of research animals to coagulopathies and clot formation which in turn increases mortality risk (74). Additionally, hypothermia induces multiple cardiopulmonary effects including reductions in heart rate, respiratory rate, and systolic blood pressure (75). As COVID-19 can elicit severe acute respiratory syndrome and cardiac and lung injury, changes to cardiopulmonary function as a result of hypothermia may also increase disease susceptibility or lead to alterations in disease course and presentation (76). These effects may also be true for other infectious diseases that can result in coagulopathy such as Ebola, Dengue, and Chikungunya virus, but further investigation is required to determine this.

Whilst there is a distinct lack of research demonstrating how general anesthetic induction specifically affects infectious disease study outcomes, a recent study by Nash (77) reported on the administration of a low pathogenic strain of influenza to mice anesthetized with ketamine/xylazine and to a control group not administered anesthetic. They found that mice not administered anesthetic displayed very mild or no signs of disease, whilst anesthetized mice succumbed to disease (77). This study directly demonstrates the effects of general anesthesia on disease outcomes and shows the need for more direct studies in varied animal models of infectious disease. The impact of anesthesia on disease outcomes in mice was also demonstrated in an earlier study by Penna et al. (78). Mice were anesthetized with either ketamine or halothane and inoculated with a non-lethal Influenza A virus. They found that mice anesthetized with ketamine had higher viral titres 12 h post-inoculation, and a more rapid lung infiltration of neutrophils and monocytes suggesting differences in the recruitment of immunological effector cells (78). This study shows that different types of anesthesia can result in different immune responses, and therefore cause different disease outcomes. As there are multiple anesthetic combinations used in animal models of disease research, the variables and immunomodulation that can be introduced by different anesthetics are therefore many and varied.



Impacts of anesthesia-induced immunomodulation on infectious disease outcomes

The wide range of anesthetic combinations utilized in animal models of disease makes identifying the effect of every drug combination, on every species and animal strain, an impossible task. Instead, identifying the known immune-altering consequences of drug classes commonly used in infectious disease research demonstrates the wide-ranging impacts of routinely utilized anesthetics.


Alpha-2 adrenergic agonists

Commonly used alpha-2 adrenergic agonists include medetomidine, dexmedetomidine, and xylazine, acting on alpha-2 receptors in the central nervous system and peripheral tissues (79). The physiological impacts of these drugs, particularly on the cardiovascular and pulmonary systems, are well-described in laboratory and small animal medicine and most notably include hypotension/hypertension, bradycardia, and decreased cardiac output (80).

Literature on the immune effects of alpha-2 agonists in this field is less abundant yet studies from human patients demonstrate immunomodulation caused by alpha-2 adrenergic agonists (81–83). Wang et al. (84) analyzed 4,842 human surgical patients, approximately half of which were administered dexmedetomidine for anesthesia. They found that patients administered dexmedetomidine had significantly decreased interleukin (IL)-6 and tumor necrosis factor-α (TNFα) in the blood, and increased IL-10 (84). Compared to the control group the authors also found a significant increase in natural killer cells, B cells, CD4+ T cells and a significant decrease in CD8 T cells. Additionally, they observed an increase in the ratios of CD4:CD8 T cells. Overall, the administration of dexmedetomidine in the peri-operative period reduced hyper-inflammatory effects of surgery on the immune system, resulting in improved immune functioning. Interestingly, chickens administered clonidine, another alpha adrenergic agonist, at various doses demonstrated that higher clonidine doses resulted in increased circulating B cells and IgG levels (85). As IgG is critical to host protection during infection and virus neutralization (86), the increased levels caused by clonidine may also have an immunoenhancing effect. However, further studies are required to determine the binding mechanisms of the circulating IgG observed to determine this. Studies in sepsis (87) and myocardial injury (88) demonstrate anti-inflammatory effects of dexmedetomidine primarily as a result of reduced cytokine activity. Anti-inflammatory effects of dexmedetomidine in human infectious disease was also demonstrated by Hamilton et al. (89). The authors conducted a retrospective analysis of 214 adult human patients with severe COVID-19 requiring invasive mechanical ventilation and sedation. They found that risk of mortality was 58.2% lower in patients that were administered dexmedetomidine for sedation within 3.4 days of intubation compared to patients that were not (89). In addition to the reduction in pro-inflammatory cytokine production, dexmedetomidine has also been shown to reduce inflammation by suppressing catecholamine release (90, 91) and reducing immune cell activity and recruitment at sites undergoing inflammatory signaling (92, 93). Further studies in animal models are required to ascertain the anti-inflammatory effects of alpha-2 adrenergic agonists on various infectious disease models. Romifidine is an alpha-2 agonist used primarily in horses, and of which physiological effects have been studied and documented in the literature (94). There is an absence of studies on the effects of romifidine on the immune system, therefore the potential effects on infectious disease study outcomes are currently not known.

Alpha-2 agonists are also known to cause neuroendocrine changes, including blocking insulin release from beta cells and elevating blood glucose levels (95). These effects were demonstrated in a study by Connell et al. (96), who monitored blood glucose levels of diabetic and non-diabetic rats anesthetized with xylazine, medetomidine or pentobarbital. The authors found that both medetomidine and xylazine, but not pentobarbital, elicited marked hyperglycemia in non-diabetic rats. A study by Zhu et al. (97) demonstrates how hyperglycemia may impact upon infectious disease study outcomes. The authors conducted a retrospective, multi-centered study of 7,337 human cases of COVID-19, among which 752 had type 2 diabetes (97). They found that well-controlled blood glucose was associated with markedly lower mortality compared to individuals with poorly controlled blood glucose and hyperglycemia. For studies of infectious disease, this suggests that hyperglycemia induced by the use of alpha-2 agonists could alter disease course and severity and impact upon study outcomes. Alpha-2 agonist effects on beta cells also include the suppression of growth hormone and testosterone (98) and changes to serum prolactin, which acts as both a hormone and a cytokine and has been demonstrated to play an important role in autoimmunity (99). The effects of prolactin on infectious disease study outcomes are not known, and further studies are needed to determine both the effects of prolactin on infectious disease susceptibility and the neuroendocrine impacts of alpha-2 agonists in infectious disease studies.

Overall, the literature is increasingly demonstrating that alpha-2 adrenergic agonists have an overall anti-inflammatory effect on immune responses in relation to infectious disease outcomes. It is important to note that the bulk of research published on the immune altering effects of this drug class is based on single use administration. The immunomodulatory effects of repeated or chronic use, as is common in infectious disease animal studies, is not known and warrants further research.



NMDA receptor antagonists

N-methyl-D-aspartate (NMDA) receptor antagonists act by blocking NMDA receptors in the brain, which interact with the neurotransmitter glutamate (100). Ketamine is a commonly used NMDA receptor antagonist that is known to have a range of effects on the immune system. Takahashi et al. (101) conducted laparotomies on mice anesthetized with either sevoflurane or ketamine, followed by intraperitoneal administration of Escherichia coli to induce septicemia. The authors found that mice administered ketamine had suppressed TNF-α and reduced phagocytosis. Immunosuppressive effects of ketamine were also found in a study by Gao et al. (102), who isolated peripheral blood mononuclear cells from human blood samples and incubated the cells in either the presence or absence of ketamine. They found that ketamine inhibited Th2 cell differentiation, which are a key cell responsible for the regulation of humoral immune responses (102). Braun et al. (103) demonstrated further effects of ketamine in vitro by exposing human immune cells to various doses of ketamine. The authors found that ketamine induced apoptosis in lymphocytes via the mitochondrial pathway at lower doses, and via necrosis at higher concentrations (103). Additionally, a study by Zeng et al. (104) investigated the effects of ketamine both in vitro and in vivo, and found that ketamine inhibited the maturation of dendritic cells. The mechanism of this dendritic cell inhibition by ketamine was further explored by Laudanski et al. (105), who obtained monocytes from 36 human subjects and stimulated differentiation into immature dendritic cells in the absence or presence of ketamine at (100, 10 or 1 μg/ml for 5 days). The authors found that at 10 μg/ml or higher, ketamine diminished the differentiation of monocytes into immature dendritic cells in vitro (105). As a key role of dendritic cells is the presentation of antigen during infection, the results from both Zeng et al. (104) and Laudanski et al. (105) demonstrate ketamine to have immunosuppressive effects.

As ketamine is administered for non-anesthetic purposes such as chronic pain management, immunosuppressive and anti-inflammatory effects of ketamine have also been demonstrated over repeated use (106) including a reduction in pro-inflammatory cytokines IL-6, IL-1, IL-8 and TNF-α (107). Li et al. (108) further explored the effects of ketamine on hippocampal inflammatory cytokines in both acute and chronic administration mouse models. They found that in mice administered ketamine acutely or chronically, IL-1β and IL-6 levels were both elevated in the hippocampus (108). Additionally, levels of TNF-α were elevated in the single dose model, but significantly decreased in mice administered multiple dose or long-term ketamine. This finding of elevated inflammatory cytokines differs from the bulk of literature that demonstrates immunosuppressive effects of ketamine. This may be due to this study measuring hippocampal cytokine levels as opposed to serum levels, as changes in hippocampal cytokines have been shown to not be reflective of serum cytokine profiles (109). Whilst the measurement of hippocampal cytokines is appropriate to the objectives of this study, in the context of infectious disease serum cytokine levels provide a more relevant and accurate measure of cytokine activity due to differences in cytokine perfusion through the blood-brain barrier (110). The downregulation of systemic inflammatory cytokines by ketamine is also supported by the known mechanisms of ketamine-induced immunosuppression, which includes the downregulation of inflammatory cytokine-producing macrophages and associated protein activation factors (111). Ketamine affects a variety of key immune functions, with the literature demonstrating these effects of be overwhelmingly immunosuppressive even as the result of a single dose.



Inhalational anesthetics

Inhalational anesthetics provide the benefit of rapid induction and recovery, the ability to swiftly adjust anesthetic depth as required, and their suitability for use in a wide range of companion, laboratory and livestock animal species (112). Rapid recovery from inhalational anesthesia has the potential benefits of reduced physiological impacts (for example, a reduced incidence and severity of hypothermia) (53). However, immunosuppressive effects of commonly used inhalational agents still occur. Isoflurane, and sevoflurane have all been shown to decrease cytokines, neutrophil cell numbers and adhesion, macrophages and phagocytosis, and natural killer cell cytotoxicity (113). All of these immune effects result in isoflurane and sevoflurane being immunosuppressive. Desflurane is another volatile anesthetic that has also been studied for its effects on immune responses, as demonstrated by Kalimeris et al. (114). The authors compared bronchiolar lavage fluid from 27 pigs anesthetized with either desflurane, sevoflurane or propofol (nine pigs per group), or not anesthetized (an additional four pigs). They found that pigs anesthetized with sevoflurane and desflurane had decreased alveolar macrophages and increased lymphocyte counts compared to controls and pigs anesthetized with propofol (114). The results of these authors reaffirm the immunosuppressive effects of inhalational anesthetics on possibly local cellular immunity, which coincided with a study carried out by Woo et al. (115). The authors assessed immune responses in patients undergoing anesthesia with desflurane. They found that patients had higher levels of neutrophils after desflurane anesthesia, providing an immune protective response (115). In contrast to the literature on isoflurane, desflurane and sevoflurane, Arruda et al. (116) collected blood from patients before and after surgery with halothane anesthesia, and found significant increases in proinflammatory cytokines IL-6 and IL-8. The significantly higher degree of inflammation that halothane induces compared to other inhalational anesthetics has resulted in the largely discontinued use of halothane, as it is this increased production of pro-inflammatory cytokines that can lead to halothane-induced liver injury (117). Studies on desflurane indicate a combination of immunosuppressive and immunoenhancing effects, whilst the literature on isoflurane and sevoflurane demonstrates overwhelmingly immunosuppressive effects. The literature demonstrates that halothane has a substantial inflammatory effect on the immune response, leading to hyper-inflammation which can ultimately result in organ damage and a compromised immune response.



General anesthesia and viral proliferation

Besides these immunomodulatory effects of specific drug classes, the administration of general anesthetics can directly affect viral proliferation. A key mechanism of how this occurs is via changes to the balanced redox state, which shifts toward oxidant conditions during viral infection (118). Alternatively, a shift away from oxidant conditions, due to higher levels of antioxidants as part of the balanced redox stat, have variable effects on viral growth and can result in viral inhibition or facilitation (119). Erbas et al. (120) studied the effect of general anesthetic agents on the oxidant/antioxidant redox balance in human patients after surgery. They found that both sevoflurane and propofol significantly increased antioxidant levels, whilst desflurane significantly increased oxidant levels (120). Therefore, the antioxidant and immunomodulatory effects of desflurane, sevoflurane, and propofol are likely to affect health and disease outcomes and may affect scientific outputs in animal disease studies.



Opioids

Opioids act on mu and kappa receptors in differing ways; as agonists (e.g., morphine, fentanyl), agonist-antagonists (e.g., butorphanol), antagonists (e.g., naloxone), or partial agonists (e.g., buprenorphine) (121). The main opioid receptors are expressed by T lymphocytes and macrophages (122), making these immune cells susceptible to modulation by opioids via binding to mu receptors present on these cells (123). Morphine is the most used analgesic in humans and is known to have a wide range of immunosuppressive effects (124) but a more commonly used opioid in infectious disease animal studies is buprenorphine. In a study by Filipczak-Bryniarska et al. (125), mice were administered either buprenorphine, morphine or oxycontin and immune responses compared to baseline. The authors found that mice administered buprenorphine had an enhanced humoral immune response via B cell activation, compared to a reduced B cell response in mice administered morphine and no B cell response in mice administered oxycontin (125). Allen and Kendall (126) also investigated the immunosuppressive effects of buprenorphine, by inoculating mice with ovalbumin followed by either saline or slow-release buprenorphine. They found that antibody responses between control and treatment groups did not differ, though IL-10 was significantly higher in mice administered slow-release buprenorphine compared to the control group (126). This indicates that whilst buprenorphine did cause some degree of immune suppression via an increase in IL-10 (an anti-inflammatory cytokine), the effects on overall immune function was negligible.

Butorphanol is another commonly used opioid in laboratory animal medicine and is known to have dose-dependent anti-inflammatory and immunosuppressive effects (127). One mechanism of the anti-inflammatory action of butorphanol was demonstrated in a study by Luan et al. (128). The authors induced lung tissue injury in mice via sepsis resulting from intraperitoneal lipopolysaccharide injection, then administered butorphanol to one group of mice whilst the other group remained untreated. They found that mice administered butorphanol had lower numbers of pro-inflammatory and higher numbers of anti-inflammatory macrophages compared to untreated mice (128). A reduction in pro-inflammatory macrophages result in a reduction in IL-1β, IL-6, and IL-12, whilst an increase in anti-inflammatory macrophages causes an increase in cytokines including IL-10 (129). These cytokines, both pro-inflammatory and anti-inflammatory, play an important role in the immune response to pathogens, particularly for the development in humoral immunity (130). Modulation of cytokines by butorphanol may therefore affect study outcomes in animal models of infectious disease.

The literature shows that opioids, including commonly used veterinary opioids buprenorphine and butorphanol, can cause immunosuppression via a reduced production and proliferation of macrophages and T lymphocytes, with a subsequent modulation of cytokines. When combined with the changes to innate immunity via macrophage phagocytosis, both buprenorphine and butorphanol can alter the immune response to pathogens in infectious disease studies, potentially altering study outcomes by enhancing disease susceptibility.

Whilst the literature demonstrates that the majority of opioids have overwhelmingly immunosuppressive effects a notable exception is tramadol, an opioid utilized for analgesia. The immunomodulatory effects of tramadol have previously been shown to cause immunoenhancement via significantly enhanced NK cell activity and IL-2 production when administered acutely, but with ongoing chronic administration these immune effects disappeared (131). In other studies, the use of tramadol has been shown to preserve, but not stimulate, immune function when compared to other opioids such as morphine (132). This includes in vitro studies showing that morphine decreased monocyte phagocytosis but tramadol did not (133); morphine, methadone, and oxycodone inhibited IL-6 production but tramadol did not (134); that NK cell count decreases were less pronounced in gastric patients administered tramadol compared to morphine (135); and that tramadol administration reduced localized oedema and hyperalgesia without affecting immune mechanisms (136). Whilst the majority of literature demonstrates preservation of immune responses by tramadol, particularly with multiple or chronic administration, some studies have also shown immunosuppressive effects. Bastami et al. (137) investigated the in vitro effects of various opioids on TNF-α and IL-8 release. They found that tramadol had the greatest inhibitory effects on IL-8 and TNF-α release compared to morphine, ketobemidone and fentanyl (137). In the context of infectious disease research, tramadol demonstrates potential as an analgesic for moderate pain that results in less immunomodulation than other opioids. Further research is required to determine the effects of tramadol on disease presentation and course in animal models of infectious disease.



Local anesthetics

Local anesthesia is a useful tool for both the reduction or elimination of pain in minor procedures and as an addition to multi-modal anesthesia in more invasive surgical procedures (138). Local anesthetics work by blocking voltage-gated sodium channels, which suppresses action potentials in excitable tissues and in turn blocks the transmission of pain impulses (139). The effects of amide local anesthetics (including lidocaine and bupivacaine) on immune responses have been demonstrated in studies of human cancer patients. By reducing the pain response post-surgery and reducing the need for opioids, local anesthetics have been shown to reduce the incidence of tumor recurrence (140). In addition, Piegeler et al. (141) demonstrated direct effects of amide local anesthetics on cancer metastases. The authors incubated lung cancer cells with TNF-α in the presence or absence of amide local anesthetics (lidocaine and ropivacaine). They found that both ropivacaine and lidocaine inhibited tumor cell migration and had an anti-inflammatory effect (141). In the context of infectious disease research, an anti-inflammatory response may impact upon study outcomes, with both ropivacaine and lidocaine being shown to reduce TNF-α-induced upregulation of CD11b/CD18 surface expression on polymorphonuclear leukocytes (PMNs) (142). Another study by Kolle et al. (143) compared the effects of lidocaine and bupivacaine in vitro on PMNs, and also found a reduction in granulocyte defense mechanisms for both local anesthetics. These findings are likely to be more relevant for some infectious disease models than others; for example, where local anesthesia is applied to sites of viral inoculation, resulting in reduced PMN activity at the sites of viral replication. In most studies, the locally suppressive effects of local anesthetics on PMNs are unlikely to be of concern given the broad and systemic nature of many infectious disease animal models. Overall, local anesthetics are known for their ability to inhibit excessive inflammatory responses, particularly at the regional level, without causing excessive impairment to host immunity (144).

An additional consideration for the use of local anesthetics in animal models of infectious disease is the potential for an overall reduction in study variables introduced by pain or stress. Given that the use of local anesthesia is so effective at reducing both pain and stress responses (145, 146), the potential direct confounding effects are likely less than the indirect confounding effects of pain and stress if local anesthesia is warranted but not used. Further research comparing different anesthetic and animal management regimes (e.g., general vs. local anesthetic) is warranted in animal models of disease to determine the impacts of local anesthesia on infectious disease study outcomes.



Non-steroidal anti-inflammatory drugs

The use of non-steroidal anti-inflammatory drugs (NSAIDs) for the management of pain and inflammation in animals has the benefit of reduced immunomodulatory effects compared to corticosteroids, and act by competitively inhibiting the formation of the inflammatory mediator prostaglandin (147). This limiting of prostaglandin formation occurs via NSAID inhibition of cyclo-oxygenase enzymes, of which there are three forms; COX-1, a constitutive member of most tissues including gastrointestinal mucosa, platelets, endothelium, kidneys and uterus; COX-2, which is also constitutive but highly restricted under basal conditions but is upregulated significantly during inflammation; and COX-3, which is mainly expressed in the heart and cerebral cortex (148). Meloxicam is a commonly used NSAID in veterinary medicine and research that inhibits COX-2 (149), and has been demonstrated to effect the immune system by enhancing splenocyte IL-2 release and inhibiting the production of TNF-α, IL-10, and IL-4 in mice (150). In contrast, meloxicam has also been shown to increase TNF-α production in guinea pigs, due to the negative feedback control exerted by prostaglandins on TNF-α formation (151). Prostaglandins play a crucial role in immune responses by supporting activation of dendritic cells whilst suppressing their ability to attract naïve, effector and memory T-cells, modulating chemokine production, and inhibiting the attraction of proinflammatory cells while enhancing local accumulation of regulatory T-cells (152). As meloxicam suppresses prostaglandin release (153), this is likely to have at least some degree of immunosuppression during the infectious disease process. However, a study by Kolstad et al. (154) investigated the impacts of meloxicam, administered at the time of immunization, on antibody titres of mice. They found that use of meloxicam to manage immunization side effects did not affect antibody titres (154).

No effects on antibody titres post-immunization were also demonstrated in rabbits administered carprofen, another commonly used NSAID selective for COX-2 inhibition (155). Carprofen has also been shown to reduce TNF-α activity in rats in a subcutaneous pouch inflammatory model (156) and reduce inflammatory cell infiltrates and serum levels of IL-6 in a mouse model of venous thrombosis (157). These results demonstrate that carprofen and meloxicam have similar anti-inflammatory and immune suppressive effects (158), though whether these anti-inflammatory actions result in significant impacts on disease outcomes in wider studies of infectious disease is not known. Robenacoxib, is a NSAID that is highly selective for COX-2, resulting in its high concentration in and targeting of inflamed tissues (159). Robenacoxib at therapeutic levels has been demonstrated to significantly reduce both lameness scores and synovial fluid levels of C-reactive proteins (CRP), a marker of inflammation, in dogs with osteoarthritis, but not significantly affect CRP serum levels (160). This highly selective nature suggests that robenocoxib may introduce less variables as a NSAID for the management of localized pain and inflammation (e.g., post-surgery) followed by infection in some systemic animals models of infectious disease. However, as NSAIDs with higher selectivity for COX-2 have been shown to have higher risk of cardiovascular complications, their use in infectious disease models that induce cardiovascular compromise may increase the risk of these events occurring (161). Whilst non-selective COX-1 and COX-2 inhibiting NSAIDs (such as piroxicam) have a greater risk of gastrointestinal complications such as pain and bleeding due to their inhibition of COX-1 as well as COX-2 enzymes, transdermal delivery has been shown to significantly reduce these side effects (162). These may provide additional options in infectious disease models where cardiovascular impacts of highly selective COX-2 inhibiting NSAIDS may be of concern. Further research investigating and comparing effects of various NSAIDs in infectious disease studies is required to determine this.

The literature demonstrates that whilst the use of NSAIDs does cause immunomodulation, namely immunosuppression, the impacts on study outcomes in infectious disease studies are likely to be varied and at times negligible depending on the study objectives. The timing and use of NSAIDs should therefore be utilized where deemed necessary for the management of animal welfare and the control of potentially more confounding variables such as unresolved pain and excessive inflammation (158).



Pain and uncontrolled inflammation in infectious disease studies

Whilst the use of anesthetic and analgesia can cause immunomodulation, literature showing the significant immunosuppressive impacts of both pain and excessive inflammation (often from tissue trauma or surgery) is extensive (163–165). It is therefore crucial in animal research that in an attempt to reduce variables by avoiding the use of anesthesia and analgesia, that potentially more significant variables in the form of uncontrolled pain and inflammation are not introduced (166). Pain in the absence of tissue injury can suppress NK cell activity and mitogen induced cell proliferation (167, 168) and reduced antibody production (169). Surgical trauma, which commonly combines various degrees of tissue trauma and pain, has been well-demonstrated to cause a variety of immunomodulatory issues including the development of systemic inflammatory immune responses, compensatory anti-inflammatory immune responses, and overall immunosuppression resulting in enhanced disease susceptibility (170). It is therefore crucial that pain and excessive inflammation, for example post-surgery, are well-controlled in studies of infectious disease for the protection of animal welfare and reducing study variables. Despite the known immunomodulatory effects, choosing and administering adequate anesthesia and analgesia for the species and procedure should be a paramount consideration. To minimize negative animal welfare impacts and potential effects on study outcomes, care should be taken to select the least invasive procedures and regimes for achieving study objectives, and utilizing multi-model anesthesia and analgesia to reduce reliance on potentially more impactful drug classes such as opioids (171).

Regardless of the mechanism of effect of anesthetics and analgesics on immune functioning, or indeed whether the effect is immunosuppressive or immunoenhancing, their use can impact scientific outcomes in animal models of infectious disease (65). Where anesthesia and analgesia use are deemed essential for achieving scientific objectives, minimizing potentially more impactful variables such as pain and excessive inflammation, protecting animal welfare, and keeping regimes consistent wherever possible is important. Where different anesthetic or analgesic regimes are utilized, an understanding of their potential effects on disease progression and outcomes is crucial for identifying and understanding study impacts. One way of potentially identifying the effects of study variables, such as stress and different anesthesia regimes, is via the selection and use of appropriate and sensitive animal monitoring strategies (172, 173).




Methods of animal disease and welfare assessment

To assess health, disease state and welfare in infectious disease animal research, a wide range of assessment methods are utilized (174). To better observe and understand the potential effects of stress and anesthesia, the methods of assessment and data collection used need to measure parameters with adequate sensitivity (175). In disease studies, a standardized approach to the assessment of health, disease and welfare state can be difficult to implement due to the large variation in the mechanisms of action and immune responses induced by the diseases being studied (176). Figure 4 describes methods of animal assessment commonly utilized in animal models of disease separated into five broad categories of assessment techniques, and demonstrates the change in focus of these methods of assessment over the past 7–9 years.
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FIGURE 4
 Data collected from Web of Science. Search refined by categories of Veterinary Sciences, Infectious Diseases, Agriculture multidisciplinary, Zoology. Search conducted of title, abstract, and key words using these terms per category: *Machine learning animal disease, algorithm animal disease. ∧Subjective assessment animal disease, clinical scoring animal disease, grimace score animal disease, clinical assessment animal disease. ~Heart rate animal disease, rectal temperature animal disease, blood pressure animal disease, respiration. ∨Sensors animal disease, wearable animal disease. ¨Video monitoring animal disease, infrared monitoring animal disease, motion detection monitoring animal disease.


The increased prevalence in published literature of all methods of animal assessment in recent years is likely due to the heightened focus on animal welfare, leading to improved refinement of monitoring practices and increased reporting. Between 2012/2013 and 2020/2021, a search utilizing the same search parameters as used for Figure 4 shows a 48% increase in the term “welfare,” highlighting the increasing focus on animal welfare in research over the past 10 years. The specific broad categories of animal monitoring as represented in Figure 4 are explored in more detail below.


Subjective assessment and operator scoring

Subjective operator assessment of animals, for example using grimace scores and visual activity assessment, is widely utilized in animal studies of disease. The incidence of clinical assessment and operator scoring reported in the literature has increased by 96% between 2012/2013 to 2020/2021 (Figure 4). Of the five assessment categories discussed in this review, this category of assessment has seen the second lowest increase in recent years. Given the heightened focus on reporting of factors affecting research animal welfare, this increase is likely due to improved reporting in the literature, in addition to the increased use of this assessment method over time.

In recent years, the development of grimace scores has attempted to develop a more standardized approach to the assessment of pain in a range of laboratory species. These scoring systems were initially developed for laboratory mice but have since been expanded to a range of research animal species (177). Using the grimace score as a measure of pain and welfare in mice has resulted in an overall improvement and enhanced sensitivity for the assessment and detection of pain in a range of studies (178). More recently, Reijgwart et al. (179) compared facial musculature of ferrets pre- and post-surgery, to investigate and develop a ferret grimace score system. They found differences in facial musculature presentations and concluded that a ferret grimace score system could be useful in a multifactorial pain assessment (179). Similarly, a feline grimace score system has recently been developed by Evangelista et al. (180). They assessed cats post-operatively, and determined that the facial scoring system assessing ear position, orbital tightening, muzzle tension, whisker change, and head position was a valid and reliable tool for acute pain assessment in cats (180). Navarro et al. (181) developed a facial recognition scale for sows as a measure of pain, with observers reviewing photographs to score tension above eyes, snout angle, neck tension, temporal tension and ear angle. They determined that the scale was a useful tool for recognizing and assessing pain in farrowing sows, which indicates scope for employing such a facial pain assessment tool to further investigate its usefulness in infectious disease research in pigs (181). Benato et al. (182) expanded upon facial-based grimace scores by developing the Bristol rabbit pain score, encompassing demeanor, posture, locomotion, ears, eyes and grooming. A subsequent study by the authors where veterinary professionals used the scoring system to assess rabbits in acute pain determined it to be a suitable tool for quantifying pain in rabbits in a useful, valid and reliable way (183). One limitation of facial grimace scoring in infectious disease research is that clinical signs of disease that affect the face (eg, facial swelling in influenza) can make facial assessments less reliable (184). A pain recognition system such as the Bristol rabbit pain score may act as a more reliable pain measure in infectious disease research as it assesses more than just facial effects of pain, and should be investigated for use in infectious disease animal studies. There is scope to develop more holistic measures of pain and welfare assessment for laboratory animals in disease research that are more fit-for-purpose, with the potential to encompass facial, whole body and behavioral elements (185).

Behavioral scoring systems such as play and interaction scores are also commonly utilized in animal disease studies, which rely upon a visual assessment of activity level and behavior as judged by the assessor (186). These behavioral scoring systems are a useful tool in the identification and grading of disease impact, particularly for inquisitive and active species where changes in activity and behavior are readily apparent to the assessor. However, these scoring systems have limitations because they do not quantify the state of disease progression alone (187). They therefore must be utilized alongside the presence or absence of specific signs of disease for the particular disease model (188). This multi-faceted approach is an effective means of assessment of animals in disease studies, yet it is still prone to error and variability due to the inherent reliance on the subjective assessments of individuals. An understanding of the physiological mechanisms of the clinical signs exhibited can result in a more robust interpretation of health state, however the ultimate interpretation will depend on the assessor (188). The variability between research institutions will also vary as often the finer details of animal scoring systems and assessments are not published in the literature (189). This decreases the reproducibility of results in animal disease research. To enhance both scientific and welfare outcomes additional animal assessment methods should be implemented in infectious disease studies and details published, to complement existing subjective assessment methods.



Measurement of clinical parameters

Continual monitoring of clinical parameters such as body temperature and heart rate can be a useful means of data collection and health assessment in research animals (190). The prevalence of clinical parameter assessment in the literature has increased by 77% between 2012/2013 and 2020/2021 (Figure 4), which of the five categories of assessment discussed in this review is the lowest category to increase over the past 5 years. Due to enhanced reporting on welfare related aspects of animal studies, this increase could be reasonably attributed to an increase in the reporting of assessment methods, in addition to increased use to some degree. Whilst measurement of clinical parameters proves a useful monitoring strategy, it commonly requires the surgical implantation of telemetry devices where regular undisturbed data is required (191). The alternative is manual handling and disturbed measurements, which commonly leads to handling stress and artificially impacts clinical readouts (4).

Whilst the ability to collect this data via surgically implanted devices is invaluable in many disease studies, the effects of tissue trauma and surgery on the immune response has been well-categorized in the literature, with the strong consensus being that tissue damage from both trauma and surgery result in immunomodulation (38, 164, 192). Tissue damage caused by surgery results in the emission of large amounts of damage-associated molecular patterns, which induce a systemic cytokine and chemokine-mediated hyperinflammatory response (193). These responses typically result in immunoenhancement when these effects are acute, and immunosuppression when effects become chronic. However, hyperinflammation as a result of surgery can also result in acute tissue damage, resulting in increased disease susceptibility both acutely and chronically (170). This was demonstrated by Jia et al. (194) by conducting a meta-analysis of 25 articles, to investigate correlations between cytokine production capacity and the development of inflammatory complications post-surgery. The authors determined that elevated cytokine production capacity correlated with inflammatory complications post-surgery (194). This is consistent with previous theories that hyper-inflammation post-surgery triggers an anti-inflammatory compensatory immune response, causing immunosuppression and an increased risk of secondary complications (170). Whilst the degree of this response typically correlates with the degree of tissue damage, even minor surgery for telemetry implantation could be expected to result in a degree of hyperinflammation which, in addition to the welfare impacts of a surgical procedure, may affect disease study results (170).

The effects of a surgical procedure should therefore not be underestimated in animal disease studies and must be carefully weighed against the benefits of implanted telemetry devices. Using devices that capture multiple clinical parameters, as opposed to single measures like temperature alone, would assist in the risk/benefit assessment of surgically implanted devices, and result in better justification for the surgical procedures required for their use. Where surgical procedures are deemed important for achieving study outcomes, careful consideration of the time between surgery and disease induction should occur to minimize impacts on study objectives (195).



Sensors and wearable devices

Of the five categories of animal assessment and monitoring discussed in this review, the use of sensors and wearable devices has seen the most significant increase in published literature in recent years. From 2012/2013 to 2020/2021 the reported use of sensors and wearable devices has increased 1,025% (Figure 4), with the significance of the increase over time being as a result of limited reporting of this method in the literature using these search parameters in 2012–2013. This substantial increase strongly indicates a true increase in using these methods, more so than an increase in the reporting of assessment methods. Using sensors for physiological data collection in research has shown promise for the collection of some, but not all, metrics. González-Sánchez et al. (196) developed and trialed a circuit sensor system for the collection of heart activity and breathing pattern data using contactless sensors in mice, to avoid the need for restraint and sedation. Whilst they were able to collect breathing pattern data in a contactless manner, the system required a relatively complex set-up (196). This would likely prove to be an obstacle for many infectious disease studies, due to the restrictive nature of entry to rooms for troubleshooting complex technology (176). Equipment in disease studies must also be disposable or effectively decontaminated at the end of a study, and therefore complex equipment is often not well-suited or cost effective (176). In addition, González-Sánchez et al. (196) determined that heart activity could not be reliably monitored via the contactless system, and therefore required mice to stand on sensors to reliably collect data. Whilst still an effective means of data gathering that avoids the need for surgery, these results suggest that circuit sensor systems would not provide a practical and continual means of clinical parameter measurement in animal studies of infectious disease, and reliable data collection for multiple clinical parameters would still depend on anesthesia or handling.

In recent years, the uptake in wearable devices in the veterinary profession and amongst pet owners has increased (197). These devices typically involve sensor units attached to collars or bands for ease of use and a non-invasive means of monitoring clinical parameters. Heart rate variability (HRV) is being increasingly utilized for the measure of physiological and welfare state, and acts as a measure of cardiac autonomic modulation (198). The measurement of HRV can be conducted in various ways, including via the use of Holter-type monitors or electrocardiogram (199) using electrodes attached to the skin. Wearable monitors increasingly allow for these technologies to be used in a way that reduces the requirement for complex technological setups. These devices typically involve sensor units attached to collars or bands for ease of use. They can provide a non-invasive means of monitoring clinical parameters, including heart rate variability, and can be useful measures of pain (200) acute systemic inflammation (201) and stress (202). Despite the ease of use and apparent low welfare impacts, using wearable devices in animal disease research is not common practice. As with other technology-based data collection in disease research, complexity of set-up and use in the research setting, in addition to devices requiring disposal at the end of a study if they cannot be decontaminated, may be barriers to the uptake of wearable devices in animal disease research. In addition, the scarcity of published literature on the use of wearable devices in research animals may be a contributing factor to lack of validation of their effectiveness in off-label use for species commonly used in disease research.

A preliminary observational study by Paci et al. (203) demonstrated altered behaviors in a cat wearing a collar monitoring device compared to a control (no collar). Significant increases in grooming, scratching, biting, and head shaking were all observed with wearing of the collar, indicating discomfort. The authors propose that the focus on designing wearable data collection devices is on the user (human), more so than from the perspective of the animal wearing the device. For uptake of wearable devices in animal research, there is a need to ensure devices are indeed “non-invasive” from the experience of the animal. This ensures that wearability of devices is optimized, leading to real welfare benefits and optimized scientific outcomes by avoiding the introduction of altered behaviors that may influence study results. If these elements can be addressed, there is great promise in the ability to capture multi-parameter physiological data for the improvement of data collection, monitoring of animals, and refinement of humane endpoints in animal studies of infectious disease.

An area of research that has demonstrated successful development and uptake of wearable devices for physiological data collection is dairy cattle research. The successful implementation of wearable collars and devices in the research arena has led to uptake by dairy farmers for health management and production optimisation in dairy herds (204). For many other species used in research, the development of species-specific devices is likely not feasible due to a lack of market demand for such technology. The use and validation of devices already developed for production and companion animals may therefore be a cost-effective way to increase the uptake of wearable monitoring technologies in animal disease studies.



Video monitoring

Video monitoring has seen an increased prevalence in published literature of 325% between 2012/2013 and 2020/2021 (Figure 4). Whilst this is likely in part attributable to an increase in reporting of assessment methods, it also likely demonstrates a genuine increase in using video monitoring assessment. The desire to remove surgery (as required for implanted telemetry devices) as an experimental variable and improve upon welfare outcomes has more recently led to the advancement of less invasive vital sign and activity monitoring in research animals, via video-based assessments. As a result, the use and refinement of video monitoring in animal studies has increased significantly over the past decade, and is considered a useful tool for the non- or minimally invasive collection of behavioral data and clinical parameters in disease research (205).

Video monitoring systems are used in research to gather a wide range of metrics including respiratory rate, temperature via infra-red, heart rate, movement, and activity. These metrics can be a useful indicator of not only disease and inflammatory state, but also as a measure of pain and stress responses occurring via the autonomic nervous system (206). Infra-red thermography technology is being increasingly used in laboratory animal science to detect pain via skin surface vasoconstriction and vasodilation, in order to detect the effectiveness of analgesia and identify where pain may be causing confounding effects within studies (207). Optimized use of infra-red technology is dependent on a tailored approach to the species and study objectives. For example, pain and stress detection has been shown to be the most sensitive using ocular surfaces; aversive stimuli are more greatly detected via lowered tail and ear temperatures; and small mammal thermogenesis capacity can be most usefully measured via an interscapular window (208). The accuracy of infra-red detection can be affected by external factors such as wind speed, temperature, and humidity, requiring additional system processes to ensure consistency and accuracy of readings (209). Yet due to the commonly more controlled containment conditions of infectious disease research, the requirement for the control of these external variables is likely to be less. The presence, thickness and color of fur is another factor that can cause variability and lead to reduced reliability of readings (210). However, Loughin and Marino (211) determined that whilst the mean temperature of infra-red readings was lower in unshaved vs. shaved dogs, the thermal pattern was equally consistent. For infectious disease studies, where disease is commonly measured by comparing repeated measures throughout the disease course to healthy baseline data, the presence of fur would be unlikely to preclude the collection of valuable data (212). This was demonstrated by Schaefer et al. (213), who infected unshaved calves with type 2 bovine viral diarrhea virus and compared infra-red readings with unshaved, uninfected control calves. They found that infected calves displayed higher infra-red temperature readings prior to the onset of clinical disease or serum acute phase proteins, suggesting infra-red thermography successfully predicted clinical disease onset on calves (213).

Video systems vary significantly in cost and technological complexity, with simpler video setups commonly being restricted to temperature, movement, and activity monitoring. For the collection of these clinical parameters and metrics, video systems are an effective non-invasive method of collecting data on undisturbed animals. Yet the collection of additional parameters such as heart and respiratory rate generally requires a more technologically complex set-up and the requirement for animals to be still during measurement periods, leading to most studies using video monitoring for collection of heart and respiratory rate being conducted in anesthetized animals (214). In infectious disease studies, using video monitoring is uncommon, likely because of the need to anesthetize animals to gain a broad data set of clinical parameters. This presents additional safety risks to operators resulting from increased handling of infected animals, and an increased risk of sharps injury from parenteral anesthetic administration (215). Increasing the number of anesthetic inductions and/or time under anesthesia to measure clinical parameters via video systems also has potential detrimental effects on animal welfare and study outcomes, as already discussed in this review. Although anesthesia is not required or conducive for the collection of activity measurement, the measurement of activity in infectious disease studies is not common practice. This may be due to the technical aspects of activity monitoring via video capture, which commonly requires restrictive enclosure set-ups and for the body of the animal to represent much of the image (214). To overcome these issues, Oh et al. (216) temporarily placed individual ferrets infected with H1N1 and undergoing various antiviral treatments into a filming box daily. They found that video-tracking was more sensitive than manual behavior scoring in detecting activity changes, and that the video-tracking demonstrated that oseltamivir treatment alleviated the effect of influenza infection on activity in ferrets (216). These results demonstrate the value in incorporating the measurement of activity as a less subjective measure than operator assessments alone.

Overall, using video monitoring for the assessment of clinical parameters and activity metrics in animal research has progressed significantly in the past decade, yet the use of these technologies has not been adapted well to infectious disease research. Further studies into adapting technology to infectious disease research that is non-invasive and continuous, in addition to investigating the use of simpler technology that incorporates a range of measurements for real-time assessment, is required for the increased uptake of video monitoring in animal disease studies.



Machine learning and algorithms

There are a multitude of benefits to scientific outcomes and animal welfare by performing basic assessments of individual physical and physiological parameters in disease studies. However, the collection and assessment of individual metrics can be unreliable in capturing the complete disease and welfare state of an animal, and reliable predictions can be difficult to make (174). Therefore, a gold-standard approach to improving the assessment and prediction of disease outcomes is the incorporation of these metrics into machine learning algorithms (25). By feeding data of multiple physiological and behavioral metrics of a species into a machine learning program, algorithms can be developed that not only result in a more accurate assessment of overall health and disease state, but also allow for the prediction of short- and long-term outcomes of morbidity and mortality (217). By using algorithms in this way, animals can be identified as being at high risk of severe disease or death (218). Machine learning has also be utilized for pain and welfare assessment in animals, as has been done via the use of convolutional neural networks or facial action coding systems to detect pain in cats (219).

The development and use of machine learning algorithms in recent years, as described in Figure 4, has increased 867%. However, the small number of animal studies utilizing machine learning algorithms compared with other means of monitoring and assessment means that whilst a substantial percentage increase has occurred, this increase is inflated. The continued low relative use of this method of assessment demonstrates the significant potential for machine learning algorithms to be further adopted to improve animal welfare and scientific outcomes in disease research. An example of the benefits of machine learning algorithms is seen in a study by Mei et al. (220), who used published data from mouse models of stroke. They found large inter- and intra-model variance in humane endpoint determination and application due to varying animal models, lack of standardized experimental protocols, and heterogeneity of performance metrics (220). The authors then used previously published data on weight, temperature, and sickness scores from mouse models of sepsis and stroke and applied machine learning models to assess the usefulness of this method for parameter selection and endpoint definition across models. They found that the machine learning algorithms identified animals with a high risk of early death in both mouse models of stroke (male: 93.2% at 72 h post-treatment; female: 93.0% at 48 h post-treatment) and sepsis (96.2% at 24 h post-treatment), thus demonstrating generalizability of endpoint determination across models. Such research demonstrates the significant potential for machine learning algorithms in disease research, and strongly suggests the great potential of utilizing machine learning more broadly in animal models of infectious disease.

Hughes et al. (221) utilized machine learning and video footage to develop an algorithm for a model of Parkinson's disease in zebra fish. By improving the detection of early onset Parkinson's disease, they were able to improve data collection for the development of therapeutics (221). In addition, Ellmann et al. (222) developed a machine learning algorithm for the early detection of metastases in an experimental rat model, by utilizing various imaging data, tomography analysis and calculation of tumor-take rate. They found that the algorithm significantly outperformed the detection ability of each individual parameter, and that in addition the algorithm could be extrapolated for use with different organs or areas of multimodal and multiparametric imaging research (222). These studies further demonstrate both the feasibility and the potential for machine learning algorithms to be utilized more widely in animal disease research. In addition to this potential use of machine learning in future animal studies, there is also substantial opportunity for machine learning to be applied to existing data from previously conducted animal studies, which can then be refined as technology and the understanding of disease models advances.

Using behavioral and movement data collected via wearable sensors and video monitoring has also enabled the successful development of machine learning algorithms. Carslake et al. (223) equipped dairy calves with collar-mounted sensors and monitored their behavior with video cameras. They used sensor data and video observations to develop an algorithm to predict locomotor play behavior, which identified locomotor play (99.73% accuracy), self-grooming (98.18% accuracy), ruminating (94.47% accuracy), non-nutritive suckling (94.96% accuracy), nutritive suckling (96.44% accuracy), active lying (90.38% accuracy) and non-active lying (90.38% accuracy) (223). In animal disease research, the development of similar behavioral and movement algorithms would likely lead to an increased accuracy of detection of developing disease, by removing the subjectivity of operator assessments, combining several metrics, and allowing behavior and movement changes to be accurately detected over prolonged periods of time where animals are not disturbed by human presence.

The development and use of algorithms require specialist knowledge, in addition to the time investment of identifying and collecting the data required. However, the benefits of a significantly more accurate assessment of disease and improved predictions of humane endpoints holds great potential to improve both scientific outcomes and animal welfare. It is likely that the initial time investment to develop algorithms would lead to time savings in future studies utilizing the model by reducing the reliance on subjective operator assessments, and allowing for a more accurate and effective use of resources for animal monitoring. In addition, the potential for algorithms to be adapted between models would lead to further ease of development and application to a wider range of animal models in infectious disease research (224).





Future directions

A holistic approach to study design and animal management practices in studies of infectious disease is crucial to reduce the physiological and immune impacts of stress, pain and anesthesia. Studies should firstly be designed to minimize the number of potentially stressful interventions required to achieve study objectives (such as sample collection events). To reduce the impacts of necessary interventions on animal welfare and scientific outcomes, further research is required to establish methods that reduce stress and reliance on anesthesia, whilst not introducing additional or unmanaged pain. This can undoubtedly be challenging in the field of infectious disease research due to the requirement for strict safety and biocontainment protocols. Yet small time investments in animal management techniques in studies during the animal habituation phase can reduce stress and the degree of chemical and physical restraint, as demonstrated in the use of training and restraint slings in research mini-pigs (225). The development of species-specific positive reinforcement training protocols, combined with multi-modal anesthesia regimes (such as local anesthetic with additional sedation to effect if required), tailored to the high biocontainment environment, should be explored as alternatives to forced manual handling and general anesthesia for repeated sample collections (226). Assessing and quantifying the impacts of new animal management regimes on animal welfare, scientific outcomes and staff safety, compared to methods that rely more heavily on manual and chemical restraint, is required to encourage the development and uptake of improved methods of conducting infectious disease research. The use and validation of a broader range of monitoring strategies and technologies, in particular minimally invasive wearable devices and video monitoring systems for the capture of physiological data, will aid in the comparative assessment of new methods (227). Additionally, data captured from the use of monitoring technologies will aid in an improved understanding of the diseases under investigation, and allow for a greater focus on machine learning and algorithm development (228). This has the potential to enhance our understanding of infectious disease processes, and improve animal welfare by refining animal monitoring strategies and refining humane endpoints in high-impact disease models.



Conclusion

Stress and general anesthesia can result in reduced animal welfare and altered physiology and immunity. Both stress and general anesthesia have been found to cause immunomodulation, most commonly immunosuppression, which results in the introduction of variables in animal studies of infectious disease. Using general anesthesia in infectious disease research is integral where procedures or management practices cause undue or unmanaged pain or distress, but further research into improved management regimes for research animals is important to determine where anesthesia induction can be minimized without compromising animal welfare, increasing stress or causing pain and excessive inflammation to be poorly managed. Using monitoring technologies such as non-invasive wearable monitors, and the development of machine learning algorithms to better predict and manage disease and welfare, are required for a more multi-faceted monitoring approach in animal studies of infectious disease. This will lead to both a reduced reliance on subjective assessment measures and enhance our understanding of the effects of stress and anesthesia in disease studies. Further studies directly investigating the impacts of anesthesia and stress in infectious disease studies are required to improve research animal welfare and ensure greater science translatability from the laboratory to real world outcomes. This can be achieved by designing animal studies that use the least invasive techniques required to achieve study objectives; utilizing multi-modal anesthesia and analgesia to ensure pain, stress, and excessive inflammation are well-managed; and developing improved methods of animal management that result in less stress and a reduced reliance on anesthesia.
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