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Farm animals routinely undergo painful husbandry procedures early in life, including disbudding and castration in calves and goat kids, tail docking and castration in piglets and lambs, and beak trimming in chicks. In rodents, inflammatory events soon after birth, when physiological systems are developing and sensitive to perturbation, can profoundly alter phenotypic outcomes later in life. This review summarizes the current state of research on long-term phenotypic consequences of neonatal painful procedures in rodents and farm animals, and discusses the implications for farm animal welfare. Rodents exposed to early life inflammation show a hypo-/hyper-responsive profile to pain-, fear-, and anxiety-inducing stimuli, manifesting as an initial attenuation in responses that transitions into hyperresponsivity with increasing age or cumulative stress. Neonatal inflammation also predisposes rodents to cognitive, social, and reproductive deficits, and there is some evidence that adverse effects may be passed to offspring. The outcomes of neonatal inflammation are modulated by injury etiology, age at the time of injury and time of testing, sex, pain management, and rearing environment. Equivalent research examining long-term phenotypic consequences of early life painful procedures in farm animals is greatly lacking, despite obvious implications for welfare and performance. Improved understanding of how these procedures shape phenotypes will inform efforts to mitigate negative outcomes through reduction, replacement, and refinement of current practices.
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INTRODUCTION

Animals in intensive farming systems routinely undergo painful procedures in early life that involve some form of anatomical modification. These procedures are often done to prevent an animal welfare issue (e.g., beak trimming to reduce injurious pecking in laying hens), but are themselves harmful due to the pain, inflammation, and mutilation they cause. Painful procedures are among the most emotive of public concerns about animal welfare, and are subject to increasing voluntary standards or legislation depending on country (Phillips et al., 2009; Lundmark et al., 2013). Many of these regulations recommend or mandate that mutilations are performed at the youngest age possible, in many cases within the 1st week of life, to minimize tissue damage and improve handling ease (Table 1). For example, removing the horn buds on calves or goat kids when they are free-floating under the skin (disbudding) is less invasive than removing horns that have attached to the skull (dehorning; Stafford and Mellor, 2011).


Table 1. Common painful procedures performed in young farm animals.
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Although regulations often include analgesic provisions for certain procedures in mammals (i.e., disbudding, castration, tail docking, and mulesing), many only require pain control above a certain age (e.g., Council of Europe, 1988; New Zealand National Animal Welfare Advisory Committee, 2018; Animal Health Australia, 2020), despite empirical evidence that neonates feel pain (Mellor and Stafford, 2004; Mellor and Diesch, 2006). In addition, compliance with voluntary or mandated standards may be limited (Cozzi et al., 2015; De Briyne et al., 2016; Winder et al., 2018; Saraceni et al., 2021) and when they are followed, pain often persists far longer than the duration of action of available drugs. Thus, the vast majority of painful procedures are performed with inadequate or no pain relief, affecting many millions of animals each year.

Untreated or undertreated early life pain has been shown to disrupt brain development and corresponding behavioral functions across the life span in humans and rodents (Schwaller and Fitzgerald, 2014; Victoria and Murphy, 2016a,b; Grunau, 2020; Oldenburg et al., 2020; Williams and Lascelles, 2020). These long-lasting disruptions are mainly observed when inflammatory injuries occur early in life, when developing physiological systems are highly plastic and sensitive to perturbations, as mature animals treated in a similar manner do not develop these deficits to the same extent (Oldenburg et al., 2020). Thus, early life painful procedures in farm animals may alter the animal's developmental trajectory, with long-lasting behavioral implications. To date, the potential role of early life painful procedures on phenotypic development has been largely overlooked by animal welfare scientists and policy-makers.

The purpose of this narrative review is to summarize the current state of research on the long-term behavioral consequences of early life painful procedures. To this end, I review the literature on rat and mouse models (herein referred to as rodents), for which there is extensive knowledge in this area, and for common farm animals (cattle, pigs, goats, sheep, and chickens), for which few studies exist. I then discuss factors that modulate the relationship, and conclude with implications for animal welfare and priorities for future research.



LONG-TERM CONSEQUENCES OF NEONATAL INFLAMMATION IN RODENTS

Research on the long-term consequences of neonatal inflammation has been driven, at least in part, by the increasing number of babies admitted to neonatal intensive care units. These babies routinely undergo multiple painful procedures that trigger local inflammation and pain lasting for several hours or days (Anand, 1998; Britto et al., 2014). Inflammation during early human brain development has been associated with an increased risk of developing long-lasting cognitive and motor deficits, schizophrenia, autism, depression, anxiety, attention-deficit disorders, and altered pain sensitivity (Sarkar et al., 2019; Grunau, 2020; Williams and Lascelles, 2020).

Despite a clear relationship between neonatal painful procedures in the intensive care unit and later behavioral function, causality is difficult to determine due to the confounding co-morbidities necessitating this care. Therefore, a variety of rodent models have been developed. These models typically involve subjecting a neonate to an inflammatory injury in the 1st or 2nd weeks of life, which is roughly equivalent to a preterm or term human baby, respectively (Semple et al., 2013). The plantar incision model and repetitive needle prick model have been used to mimic surgical injuries and repeated heel lances, respectively, which are commonly performed in human neonates in intensive care. Other models simulate immune challenges by injecting an inflammatory agent such as carrageenan, complete Freund's adjuvant, or lipopolysaccharide at a single or multiple time points in early life. Following exposure to neonatal inflammation, animals undergo behavioral tests as juveniles (~20–34 days of age), adolescents (~35–59 days of age), or adults (~60 days of age on).

Compared to uninjured animals or animals that are injured later in life, rodents exposed to neonatal inflammation exhibit alterations in pain sensitivity, fear, anxiety, stress coping, spatial cognition, social behavior, and reproductive development that persist into or arise during adulthood and can have repercussions for the next generation. I discuss these consequences in the following subsections.

Although a comprehensive review of the evolutionary mechanism behind these inflammation-induced developmental changes is beyond the scope of this paper, life history theories have proposed that early life stress accelerates the individual's developmental trajectory in ways that confer a survival advantage (Callaghan and Tottenham, 2016). Specifically, it may be adaptive to rely less on the parent and achieve self-sufficiency earlier in an unpredictable or dangerous environment. However, while accelerated maturation may confer benefits in environments where long-term survival is uncertain, there are likely latent costs to this developmental trajectory that may manifest as greater vulnerability to stress-related disorders in later life (Callaghan and Tottenham, 2016).

The proximate mechanisms underlying the long-term phenotypic consequences of early life inflammation are still unclear, but may be due to developmental changes in a variety of neurobiological pathways, including the hypothalamic-pituitary-adrenal axis, central and autonomic nervous systems, immune system, cardiovascular system, sleep and circadian system, oxidative stress, gut microbiome, microglial activity, epigenetics, and brain structure and function. These physiological mechanisms are beyond the scope of this paper and have been reviewed elsewhere (Schwaller and Fitzgerald, 2014; Victoria and Murphy, 2016a,b; Agorastos et al., 2019; Grunau, 2020; Oldenburg et al., 2020; Williams and Lascelles, 2020).


Pain Sensitivity

Persistent alterations in pain sensitivity following early life painful procedures are well-documented [reviewed in Beggs (2015), Victoria and Murphy (2016a), Walker (2019), and Williams and Lascelles (2020)]. This effect manifests as a hypo-/hyper-sensitive profile, in which neonatally-injured animals are less sensitive to brief mechanical or thermal noxious stimulation compared to controls, but more sensitive to severe or persistent injury experienced later in life (Moriarty et al., 2019; Walker, 2019; van den Hoogen et al., 2020). This is consistent with the cumulative stress (multi-hit) hypothesis, which proposes that individuals exposed to early life stress are more susceptible to subsequent stressors (Walker et al., 2009a; Peña et al., 2019; Sarkar et al., 2019). Age may also be a vulnerability factor for hyper-sensitivity, as stress accumulates over an animal's lifetime. In agreement, neonatal inflammation in humans is associated with reduced basal sensitivity in childhood that transitions to enhanced pain sensitivity in adolescence and adulthood (Williams and Lascelles, 2020). While it is generally accepted that early life inflammation is a risk factor for heightened acute pain later in life, its influence on chronic painful conditions remains unknown (Williams and Lascelles, 2020).



Fear

Fear motivates behaviors that occur on exposure to an explicit threat in the animal's immediate environment. Neonatal inflammation effects on fear processing have been assessed using fear conditioning paradigms, which involve measuring an animal's learned association between a foot shock and a particular context (e.g., a room) or cue (e.g., auditory tone). If the animal learns this association, they will respond to the conditioned stimulus (context or cue) with a characteristic freezing posture. Neonatal inflammation attenuated conditioned freezing in adolescence and early adulthood, suggesting an impaired memory for fear stimuli (Davis et al., 2018, 2020, 2021; Xia et al., 2020). This effect appears to reverse with age, as older adults that experienced inflammation early in life showed sustained fear responses to a conditioned cue (Doenni et al., 2017) or context (Tishkina et al., 2016). Similarly, middle-aged rats exposed to repetitive hot-plate stimuli as neonates learned an active avoidance task faster than controls (Bernardi et al., 1986). Cumulative stress may also induce enhanced fear memory, as neonatal rats subjected to repetitive needle pricks in conjunction with maternal separation, a potent early life stressor, froze more to a conditioned stimulus in adolescence compared to undisturbed controls (Davis and Burman, 2020).

This finding—an initial attenuation in fear behavior following neonatal inflammation that is reversed by age and/or cumulative stress—parallels the hypo-/hyper-responsive profile observed for pain sensitivity discussed above. Alternatively, this effect could be due to differences in pain sensitivity to the foot shock. As previously discussed, neonatal inflammation can reduce or heighten future pain sensitivity, which could lead to attenuated or enhanced responses to a conditioned fear stimulus, respectively. However, this does not appear to be the case in studies that tested for this possibility (Bernardi et al., 1986; Tishkina et al., 2016; Doenni et al., 2017).



Anxiety

Anxiety motivates behavioral responses to potential, signaled, or ambiguous threat. Anxiety behaviors in rodents are commonly assessed using the elevated plus/zero maze and open field tests. These tests are based on rodents' aversion to open and elevated spaces, with animals that spend less time on the open sections of an elevated maze, or in the center of an open field, interpreted as being more anxious. Neonatal inflammation in the 1st postnatal week decreased anxiety in juvenile and adolescent rodents (Anseloni et al., 2005; Rico et al., 2010; Lima et al., 2014; Chen et al., 2016; Bukhari et al., 2018; Zuke et al., 2019). This effect reverses in adulthood, with neonatally-injured rodents exhibiting increased anxiety compared to controls (Anand et al., 1999; Walker et al., 2004, 2009a, 2011, 2012; Roizenblatt et al., 2010; Negrigo et al., 2011; Sominsky et al., 2012b, 2013; Butkevich et al., 2017; Berkiks et al., 2018; Custódio et al., 2018). Some exceptions have been reported, with adult rodents exposed to early life inflammation exhibiting no change (Comim et al., 2016; Bukhari et al., 2018; Ranger et al., 2019; Mooney-Leber and Brummelte, 2020) or a reduction in anxiety behavior (Victoria et al., 2013, 2015).

Intriguingly, these age-dependent effects mirror the hypo-/hyper-responsive profile for pain sensitivity and fear described above. Stress, which accumulates with age, may precipitate anxiety in neonatally-injured animals, a hypothesis which is supported by several findings. For example, a noxious or stressful experience in adulthood unmasked anxiety behavior following early life inflammation (Walker et al., 2009a; Low and Fitzgerald, 2012). Similarly, while neonatal inflammation decreased anxiety in male adult rats, this pattern reversed after food deprivation or induction of periodontal disease (Breivik et al., 2002). The expression of anxiety behavior following neonatal inflammation also depends on the behavioral paradigm used (Tishkina et al., 2016) and whether the animal is from a low- or high-anxiety line (Claypoole et al., 2017). The 1st postnatal week appears to be a critical period for persistent effects in rodents, as injuries incurred in the 2nd week resulted in a transient increase in anxiety that resolved by adulthood (Schellinck et al., 2003; Anseloni et al., 2005; Spencer et al., 2005; Dinel et al., 2014; Doenni et al., 2017). However, few studies have examined whether inflammation incurred beyond the 2nd postnatal week influences anxiety behavior, and it is possible that critical windows of plasticity emerge later in development (Reh et al., 2020).



Stress Coping

The forced swim test is widely used for assessing stress coping strategies in rodents. When rodents are placed in water without an escape route, they adopt either an active coping strategy of climbing and swimming, or a passive strategy of floating, the latter of which has been linked to stress-related disorders like depression and autism (Commons et al., 2017). Neonatal inflammation in male rodents did not alter behavior in the forced swim test during development (Rico et al., 2010; Dinel et al., 2014; Tishkina et al., 2016), but increased passive coping in adulthood (Doosti et al., 2013; Dinel et al., 2014; Comim et al., 2016; Tishkina et al., 2016; Butkevich et al., 2017; Berkiks et al., 2018; Custódio et al., 2018). Only 2 of these studies included females, with different results between species; neonatal inflammation increased passive coping in adult female rats (Doosti et al., 2013) but not mice (Custódio et al., 2018). A few studies have reported more active coping in male and female rats exposed to neonatal carrageenan (Anseloni et al., 2005; Victoria et al., 2013, 2015). However, chronic stress reversed this effect, consistent with the cumulative stress hypothesis (Victoria et al., 2015). Overall, these results suggest that neonatal inflammation may be a risk factor for altered stress coping in adulthood.



Spatial Cognition

Several studies have examined how neonatal inflammation affects spatial cognition using a water maze task, in which the animal is placed in a pool of water and must rely on spatial cues to find a hidden escape platform. Rodents that were exposed to neonatal inflammation learned the location of the platform at the same rate (Williamson and Bilbo, 2014; Henderson et al., 2015; Ranger et al., 2019) or faster (Mooney-Leber and Brummelte, 2020) than controls. However, they were less able to remember the platform's location for long periods of time (Harré et al., 2008; Henderson et al., 2015; Mikhailenko et al., 2015; Nuseir et al., 2015, 2017; Chen et al., 2016; Peng et al., 2019; Ranger et al., 2019; Mooney-Leber and Brummelte, 2020; Butkevich et al., 2021). Long-lasting spatial memory deficits in neonatally-injured rats have also been observed in other behavioral paradigms [radial 8-arm maze: Anand et al. (2007), object-in-place memory test: MacRae et al. (2015b), and context-object discrimination: Bukhari et al. (2018)].

Some exceptions to this pattern have been observed. A few studies reported no effect of neonatal inflammation on spatial memory in a water maze (Schellinck et al., 2003; Stolp et al., 2011; Lee et al., 2016) or Y-maze task (Dinel et al., 2014). Other have found that spatial memory deficits associated with early life inflammation are only revealed after rats are exposed to a second immune challenge in adulthood (Bilbo et al., 2005a,b, 2006), consistent with the cumulative stress hypothesis. Importantly, an immune challenge in adulthood did not impair memory in rats that did not experience neonatal inflammation, demonstrating the role of the early developmental period in modifying adult behavior. In further support of the cumulative stress hypothesis, chronic stress accelerated the onset of memory deficits in adult rats exposed to neonatal carrageenan (Henderson et al., 2015). Overall, there is compelling evidence that neonatal inflammation impairs memory, but not initial acquisition, of a spatial task during development and adulthood, and that this deficit is unmasked or amplified by stressors in later life.



Social Behavior

Early life stressors cause long-lasting social deficits (Spencer, 2017), and painful procedures are no exception. Neonatal inflammation reduced social interactions in male and female rodents during development (MacRae et al., 2015a,b; Doenni et al., 2016; Lee et al., 2016; Burke and Trang, 2017; Kentner et al., 2018) and adulthood (Breivik et al., 2002; Carlezon et al., 2019; Smith et al., 2020), and heightened social reactivity and lowered aggression in adolescent male mice (Granger et al., 2001). Conspecifics directed less contact toward neonatally-injured animals, suggesting that early life inflammation may not necessarily decrease social interest directly, but rather increase the likelihood of social rejection (MacRae et al., 2015a,b). Sex-specific deficits in social discrimination have also been observed; neonatally-injured adult females have a harder time discriminating between a novel and familiar conspecific (Smith et al., 2020), whereas the opposite effect is reported in adult males (Anand et al., 1999).

While these studies show a clear link between early life painful procedures and altered social development, only staged dyadic interactions have been evaluated to date. More ecologically relevant tests that assess how well animals cope in a group are needed to better understand the long-lasting social implications of early life painful procedures.



Reproductive Development

In male rats, lipopolysaccharide injected in early life delays sexual maturation (Mayila et al., 2018) and reduces sperm presence (Walker et al., 2011). In females, neonatal lipopolysaccharide has been reported to both delay (Knox et al., 2009; Walker et al., 2011; Wu et al., 2011) and accelerate (Sominsky et al., 2012a; Kentner et al., 2018) puberty, as indicated by vaginal opening and first estrus. Regardless of whether puberty was delayed or accelerated, however, neonatally-injured females had fewer follicles and greater incidence of irregular estrus cycling compared to saline-treated controls, suggesting lower reproductive capacity (Wu et al., 2011; Sominsky et al., 2012a).

Inflammation during early life can also compromise adult sexual behaviors, with females displaying less receptive behavior and more rejections toward males and receiving fewer mounts (Walker et al., 2011). Neonatally-injured males made fewer mounting attempts toward females (Walker et al., 2011; Mayila et al., 2018) and spent less time investigating a swab laced with the scent of an estrus female (Carlezon et al., 2019).



Intergenerational Effects

Early life painful procedures not only alter behavioral development, but can have long-lasting repercussions for their offspring. Higher mortality and morbidity have been observed in litters born to neonatally-injured mothers (Sominsky et al., 2012a). Female offspring in these litters displayed increased corticosterone at 2 weeks of age, increased catch-up growth and delayed emergence of the first estrus cycle (Sominsky et al., 2012a). Catch-up growth during critical developmental periods increases the long-term risk of diseases, such as obesity, type-2 diabetes and cardiovascular diseases (Singhal, 2017). Poor maternal care may account, at least in part, for the impaired growth and development of female offspring. Indeed, rat dams that experienced neonatal inflammation engage in less maternal care than saline-treated dams (Walker et al., 2012).

Further, pups of parents exposed to neonatal inflammation are more anxious and sensitive to pain compared to control litters (Walker et al., 2012). This effect is partly due to deficits in maternal care, but is also transferred through the paternal line, suggesting that epigenetic mechanisms play a role in the intergenerational transmission of neonatal inflammation-induced phenotypes.




LONG-TERM CONSEQUENCES OF EARLY LIFE PAINFUL PROCEDURES IN FARM ANIMALS

Unlike rodent models of neonatal inflammation, painful procedures in young farm animals involve permanent anatomical alterations, including the full removal of horn buds or testes, and partial removal or mutilation of tails, ears, skin, teeth, and beaks within the first few months of life. In the following subsections, I summarize our current understanding of pain associated with these procedures, and the limited research on persistent behavioral changes in later life.


Disbudding

Disbudding, the destruction of horn-growing tissue to prevent horn growth, is routinely practiced on dairy cattle and goat farms, and to a lesser extent in beef herds, to avoid horn injuries to animals and humans and reduce space requirements. Disbudding is performed by applying a heated iron or caustic paste to the horn bud, resulting in a third-degree thermal or chemical burn, respectively. Both methods cause acute behavioral and physiological pain responses in calves and goat kids (Stock et al., 2013; Winder et al., 2017; Herskin and Nielsen, 2018; Hempstead et al., 2020; Reedman et al., 2020). Burns from hot-iron disbudding take 6–13 weeks to re-epithelialize in calves (Adcock and Tucker, 2018a; Adcock et al., 2019) and 5–9 weeks in kids (Alvarez et al., 2019). The wounds remain sensitive to mechanical stimulation throughout this time, if not longer (Adcock and Tucker, 2018a; Alvarez et al., 2019; Casoni et al., 2019). Calves also experience ongoing pain (i.e., pain in the absence of stimulation) for at least 3 weeks after disbudding (Adcock and Tucker, 2020a; Adcock et al., 2020).

Calves increase use of a shelter for at least 3 days after disbudding, which may reflect reduced sociability (Gingerich et al., 2020). Three weeks after disbudding, calves were more likely to prioritize suckling over risk avoidance compared to non-disbudded controls (Adcock and Tucker, 2021). These motivational changes likely arise from the pain and inflammation of still healing wounds. However, it is intriguing that these results mirror the reductions in social interactions and anxiety seen in adolescent rodents exposed to neonatal inflammation. It would be interesting to explore whether these effects persist or how they might evolve beyond the healing period.

A few studies have evaluated behavioral consequences of disbudding after the wounds have healed. Disbudded calves initiated more agonistic body contacts as adults than horned cattle (Knierim et al., 2015; Lutz et al., 2019), although the opposite pattern was reported during a food competition test (Reiche et al., 2020a). Compared to horned cattle, calves disbudded around 2 months of age had lower stress responses to an adrenocorticotropic hormone challenge at 11 months (Reiche et al., 2020b), and spent more time inactive at 9–12 months of age (Reiche et al., 2020a). Disbudding also resulted in sex-dependent changes in exploration of a novel object at 10–11 months of age (Reiche et al., 2020a). These behavioral differences were attributed to the presence/absence of horns, but the possibility that nociceptive input from disbudding may have also influenced development of these behaviors deserves consideration.

Only one study has evaluated whether age at the time of disbudding affects behavior in later life. Heifers disbudded at 3 or 35 days of age had a greater cardiac, but not behavioral, response to vaccine injections at 11 months of age compared to heifers disbudded at 56 days of age (Adcock and Tucker, 2020b). This finding provides preliminary evidence that disbudding at earlier ages may increase pain sensitivity in later life. However, the lack of a non-disbudded control (e.g., naturally polled animal) to serve as a baseline means it cannot be ruled out that heifers disbudded at 56 days of age may have been hyporesponsive to the injections.



Castration

Male farm animals are routinely castrated to reduce aggressive and sexual behavior and to achieve more desirable carcass characteristics. Physical methods include surgically removing the testicles, applying a rubber ring at the base of the scrotum, or crushing the spermatic cords with a clamp. Regardless of the method used, castration causes acute pain in calves, piglets, lambs, and goat kids (Rault et al., 2011; Coetzee, 2013; Stafford, 2017; Graves et al., 2020; Prunier et al., 2020). Surgical incisions take between 4 and 11 weeks to heal in beef calves, and behavioral and physiological changes indicative of pain are present for several weeks, with the most persistent changes seen after the rubber-ring method [reviewed in Adcock and Tucker (2018b)]. Calves castrated in the 1st week of life heal faster, but have more prolonged inflammation and are more sensitive around the wound site compared to calves castrated at 10–11 weeks of age (Norring et al., 2017). Studies of longer-term pain and healing after castration are lacking in pigs, lambs, and goat kids. Neuromas, which are abnormal growths of nerve tissue that may be associated with chronic pain (pain that persists beyond healing), have been reported at the site of castration in horses (Bengtsdotter et al., 2019), but have yet to be confirmed in other species.

Evaluating effects of castration in later life is difficult due to the confounding reduction in testosterone, which regulates the expression of many behaviors (Rault et al., 2011). In addition, castrated males live relatively short lives compared to their species' lifespan, with castrated pigs, sheep, and goats typically slaughtered under 1 year of age, and beef steers by 2 years of age. Surgical castration resulted in lower slaughter weights in pigs compared to immunocastration, a nonsurgical method that consists of a 2-dose administration of anti-gonadotrophin-releasing hormone vaccine (Morgan et al., 2019). Lower slaughter weight may be associated with behavioral differences, but this was not examined. There is some evidence that castrating soon after birth increases sensitivity to noxious stimuli later in life; lambs castrated at 1 day of age had greater pain responses to tail docking 1 month later than those castrated at 10 days of age (McCracken et al., 2010).



Tail Docking

Partial amputation of the tail with a cold knife, cautery knife, or rubber band is routinely performed in piglets and lambs, but for different reasons. Piglets' tails are docked to prevent tail biting, an injurious and undesirable behavior. In lambs, tails are docked to reduce the risk of flystrike, a painful condition, although there is sparse evidence to support this rationale (Sutherland and Tucker, 2011; Orihuela and Ungerfeld, 2019). Tail docking is also performed on some dairy cattle operations because it is thought to improve udder cleanliness. However, this purported benefit has been widely disproven and legislative and non-legislative initiatives have resulted in the practice being discontinued on dairies in many countries (Sutherland and Tucker, 2011).

Tail docking is an acutely painful procedure that may induce chronic pain (Sutherland and Tucker, 2011). Neuromas have been observed in docked tails of lambs (French and Morgan, 1992), piglets (Simonsen et al., 1991; Herskin et al., 2015; Sandercock et al., 2016), and heifers (Eicher et al., 2006). Tail-docked pigs and cattle have long-term sensitivity in the tail stump (Di Giminiani et al., 2017; Troncoso et al., 2018). Further, genes involved in inflammatory and neuropathic pain were upregulated for at least 16 weeks following tail docking in piglets (Sandercock et al., 2019).

Cows that were docked as adults at 18 months of age responded similarly to an adrenocorticotropic hormone challenge at 5 years of age as cows with intact tails (Phipps et al., 1995), but long-term effects of docking young calves has not been evaluated. Ewes that were tail-docked at 3- to 4-d of age showed more behaviors indicative of pain during parturition as adults than undocked ewes (Clark et al., 2014). Further, rams preferred tailed ewes as sexual partners over ewes that were docked at 60 days of age (Orihuela et al., 2018). However, in these studies, potential long-term effects of the tail docking procedure itself cannot be disentangled from effects due to the presence/absence of a full-length tail, which may serve important behavioral functions.



Identification

A variety of methods are used to identify animals or ownership, including tagging, notching, or tattooing ears soon after birth (cattle, sheep, goats, and pigs), or by hot-iron or freeze branding at older ages (cattle). All methods are performed without anesthesia or analgesia across species, despite causing pain of varying severity and duration (Lay et al., 1992a,b,c; Schwartzkopf-Genswein et al., 1997a,b,c; Leslie et al., 2010; Numberger et al., 2016; Lomax et al., 2017). Ear tags may result in local inflammation and severe and persistent ear lesions in sheep (Edwards et al., 2001) and pigs (Bergqvist et al., 2015). Hot-iron cattle brands take longer than 10 weeks to heal and are sensitive during this time (Tucker et al., 2014a,b). Radio frequency identification methods that involve sensors implanted in the skin, peritoneum, or rumen are expected to cause less tissue damage and milder pain than other methods, but studies on this technique are scarce (Prunier et al., 2020). No studies have evaluated whether identification methods influence behaviors later in life.



Tooth Resection

Piglets have 8 needle teeth that may be clipped or ground shortly after birth to limit lesions on siblings and the sow's teats. Tooth resection causes acute behavioral and physiological changes (Sutherland, 2015; Prunier et al., 2020), a temporary reduction in weight gain (Weary and Fraser, 1999), as well as mouth lesions, including hemorrhages, abscesses, pulp cavity openings, and fractures, that have been observed for at least 7 weeks (Hay et al., 2004), with effects most marked after clipping compared to grinding. Piglets spent more time lying and less time suckling, playing, and fighting on the 1st day after teeth clipping compared to intact piglets, but no behavioral changes were observed at later points during lactation (Fu et al., 2019). The possibility of behavioral changes after weaning has not been investigated.



Mulesing

In Australian Merino sheep, the wrinkled, wooly skin around the perineum is commonly removed to reduce the incidence of flystrike. This procedure, called mulesing, results in smooth scar tissue that does not grow wool, thus reducing the collection of urine and fecal matter which attracts blowflies. Physiological and behavioral changes, including hunched standing and reduced feeding and activity, occur in the hours after the procedure (Edwards et al., 2011; Fisher, 2011). Wounds take at least 4 weeks to fully contract (Lomax et al., 2008), and altered gait, growth, and behaviors for up to 3 weeks have been reported (Hemsworth et al., 2009). Behavioral effects beyond the healing period have not been explored.



Beak Trimming

Beak trimming is performed in the egg industry to reduce the incidence of cannibalism and injurious pecking. Trimming was traditionally done by removing the tip of the beak with a heated blade, but this method is increasingly replaced by infrared beak treatment, which consists of applying a non-contact infrared energy source to the beak tissue of day-old chicks, causing the tip to fall off after a couple weeks. Signs of acute pain have been observed after beak trimming in day-old chicks, but there is little evidence for prolonged pain (Gentle, 2011). In older birds, however, behavioral changes consistent with pain, including reduced activity, feeding, and preening, are observed for at least 6 weeks after trimming with a heated blade (Gentle, 2011; Glatz and Underwood, 2021). Neuromas, possible evidence of chronic pain, were observed in beaks trimmed with a heated blade (Breward and Gentle, 1985; Lunam et al., 1996), but were absent in infrared-treated beaks (McKeegan and Philbey, 2012; Struthers et al., 2019). Neuromas eventually resolved in beaks trimmed within the 1st week of life, but persisted in older birds (Glatz and Underwood, 2021). Thus, there is clear evidence that trimming soon after hatching reduces the risk of long-lasting pain compared to trimming at older ages. Whether beak trimming in young birds alters behavioral development is unknown.




MODULATING FACTORS


Injury Etiology

The inflammatory response is triggered by endogenous molecules released by physical trauma (damage-associated molecular patterns; DAMPs) or molecules from foreign microbes (pathogen-associated molecular patterns; PAMPs; Gong et al., 2020). In rodents, neonatal inflammation is modeled by physical trauma (e.g., repetitive needle stick, plantar incision, and formalin injection) or injection of PAMPs (e.g., lipopolysaccharide, complete Freund's adjuvant; Tizard, 2021). These models elicit unique inflammatory pathways with potentially disparate developmental effects (Walker, 2013). Painful procedures in farm animals involve physical trauma, and so provoke a DAMP-mediated inflammatory response, that likely differs depending on the type of injury (e.g., burn vs. hemorhage: Pantalone et al., 2021). Pathogen exposure at the time of injury or later during wound healing, eliciting PAMP-mediated inflammation, is also possible.

The severity or repetitiveness of physical trauma, or dosing protocol of foreign substance, is also important, as sustained or multiple episodes of inflammation have more marked effects on development than a mild or single episode in humans and rodents (Oldenburg et al., 2020). Painful procedures in farm animals are often severe enough to generate prolonged inflammation and even symptoms of chronic pain, as discussed in the previous section. In addition, multiple painful procedures are often done concurrently. For example, piglets routinely undergo tail docking, tooth resection, ear notching/tagging, and castration (if males) on the same day. Thus, in general, the inflammatory response elicited by painful procedures in farm animals is likely much more severe than most rodent models, suggesting that adverse developmental consequences could be more pronounced. In addition, painful procedures in farm animals involve physical modification, which could influence behavioral development independent of inflammation.



Age at Injury

Many physiological systems are functionally immature at birth and are shaped by experiences during critical periods of development, allowing the animal to uniquely adapt to their environment. Thus, individuals are vulnerable during this time to stressors that may permanently alter adult phenotypes. In rodents, the 1st postnatal week is a critical period in which noxious stimulation can affect behavioral development, with fewer and less pronounced effects observed when injuries were incurred in the 2nd week (Walker et al., 2009b). However, the plasticity of physiological systems peaks at different times during development, resulting in a staggered emergence of critical windows of vulnerability beginning in the prenatal period through adolescence (Reh et al., 2020). For example, rats that were injected with lipopolysaccharide at 14 or 21 days, but not at 7 or 28 days, had attenuated fever responses to an immune challenge as adults, suggesting that different aspects of the adult phenotype are affected by injury at distinct critical time points (Spencer et al., 2006).

Farms animals are born or hatched in a more mature developmental state and undergo less neurologic development postnatally compared to humans and rodents (Wood et al., 2003), and thus may be less vulnerable to long-term developmental programming as neonates. However, the few studies conducted in precocial species (e.g., sheep, squid) found that early life painful procedures altered adult phenotypes, suggesting the presence of critical sensitive periods during development (Clark et al., 2014; Howard et al., 2019). Indeed, the importance of the early postnatal environment for adult performance and welfare is increasingly recognized in farm animals (Reynolds and Vonnahme, 2017). As physiological systems peak in plasticity at different time points (Reh et al., 2020), assessing multiple long-term outcomes of painful procedures performed at ages spanning birth through adolescence is needed to understand the timing of critical periods during development and implications for welfare.



Age at Testing

Rodent studies consistently suggest that behavioral outcomes following neonatal inflammation change over the lifespan. Opposite effects are often observed in adolescence and adulthood, reflecting the transition from stress hyporesponsiveness to hyperresponsiveness (e.g., Chen et al., 2016). In other cases, disruptions appear in adolescence and resolve by adulthood, while others manifest only after puberty (e.g., Walker et al., 2004; Fan et al., 2011; Dinel et al., 2014; MacRae et al., 2015b). The mechanisms behind this time-dependent emergence of behavioral effects are unclear, but indicate the importance of including assessment points throughout the lifespan to fully understand the long-term consequences of painful procedures.



Sex

Some, but not all, rodent studies evaluating males and females report sex-specific effects of early life inflammation on behavior later in life. However, it is difficult to draw conclusions about which sex is more susceptible, as effects are often contradictory (Negrigo et al., 2011; Walker et al., 2012; Lee et al., 2016; Smith et al., 2020). Some of this variability could reflect fluctuation in gonadal hormone levels across the estrous cycle, which modulates behavior, and is often cited as a reason for excluding females (Walf and Frye, 2006; Chari et al., 2020). Indeed, the rodent literature on early life inflammation has focused heavily on males, although this is changing as funding agencies increasingly mandate the inclusion of sex as a biological variable in preclinical studies (Mogil, 2020).

Animal production systems are typically female-skewed, as females produce milk and eggs, and more females than males are needed to breed the next generation. Many males are slaughtered at an early age or culled immediately after birth (e.g., unwanted male chicks in the egg industry), and only a small proportion are kept for breeding. Thus, long-term effects of painful procedures may be particularly relevant for female farm animals as they live longer lives, on average, than their male counterparts. Given sex differences observed in rodents, studies should include females whenever possible and use caution when extrapolating results between sexes.



Pain Management

Long-term behavioral consequences following early life inflammation in rodents have been prevented or mitigated by peri-operative analgesic treatment with morphine (Bhutta et al., 2001; Henderson et al., 2015; Victoria et al., 2015), sucrose (Nuseir et al., 2015, 2017), melatonin (Berkiks et al., 2018), indomethacin (Lee et al., 2016), or ketamine (Anand et al., 2007). A sufficient duration of analgesia is critical for modulating long-term effects, as treating intra-operative, but not post-operative pain, still results in behavioral disruptions later in life (Walker et al., 2009b; Burke and Trang, 2017; Ririe et al., 2021).

These findings have important implications for pain management in farm animals, as early life procedures are often done with inadequate or no pain relief. Painful procedures in farm animals typically generate prolonged inflammation and pain, such that analgesic treatment at the time of the procedure may not be enough to mitigate long-term effects. Indeed, local anesthesia and analgesia given at the time of disbudding ameliorates acute pain (Herskin and Nielsen, 2018), but does not abolish behavioral changes and pain sensitivity in the following days and weeks (Adcock and Tucker, 2018a, 2020a, 2021; Casoni et al., 2019; Gingerich et al., 2020). Currently, there are no strategies for managing long-term pain in farm animals, which may reflect under-recognition of the issue, lack of long-acting drugs, and impracticalities of a multiple-dosing protocol. Developing practical and safe analgesic therapies that relieve pain for its entire duration could have welfare benefits that persist throughout the lifespan.



Environment

Maternal care may protect against adverse consequences of early life inflammation (Walker et al., 2003). Rodent dams showed a transient increase in maternal care, spending more time on the nest and nursing, when their pups were exposed to inflammatory pain compared to dams of control litters (Hood et al., 2003; Davis et al., 2020). Pups that received more maternal care in the immediate hours after inflammation were less likely to exhibit social impairments as adults (Hood et al., 2003). However, dams were more likely to neglect their pups on subsequent days, indicating a trade-off to the initial enhancement in maternal care (Hood et al., 2003; Anseloni et al., 2005; Roizenblatt et al., 2010). Environmental enrichment also appears to buffer against social deficits induced by early life inflammation (MacRae et al., 2015b).

The young of farm animals are often raised without maternal contact (e.g., dairy calves, chicks), or are weaned from their mother at an early age (e.g., piglets, lambs, and goat kids). The rearing environment may also be characterized by nutritional stress, due to early weaning or restricted milk/feed allowances. Maternal and social deprivation, nutritional restriction, and early weaning considerably alter brain development, with long-term adverse behavioral consequences (Cantor et al., 2019; Costa et al., 2019). It is possible that these developmental disruptions could mask or exacerbate long-term effects of painful procedures. However, inflammation and social stress may influence development through different mechanisms that do not necessarily exacerbate each other (e.g., Mooney-Leber and Brummelte, 2020), although this requires further study.




WELFARE IMPLICATIONS

Evidence from rodents suggests that early life painful procedures predispose animals to heightened pain sensitivity, greater expression of fear, anxiety, and passive coping behaviors, and impaired spatial memory in adulthood, particularly following additional stress exposure. Long-lasting impairments in social behavior and reproductive development are also observed. Discrepancies in this pattern may reflect differences in etiology, age at the time of injury and time of testing, sex, pain management, or rearing environment.

Equivalent research in farm animals is lacking, despite obvious potential consequences for animal welfare and productivity. To date, research shows that early life painful procedures in farm animals produce prolonged pain, which may develop into a chronic state that persists after healing. There is some preliminary evidence that these procedures can influence the animal's developmental trajectory in similar ways as rodents (e.g., McCracken et al., 2010; Clark et al., 2014; Adcock and Tucker, 2020b). However, results can be difficult to interpret due to confounding anatomical modifications or potential chronic pain that accompany these procedures. Studies that compare the long-term effects of performing a procedure at different ages are needed to disassociate effects due to developmental programming from anatomical changes. In addition, studies that compare long-term behavioral and physiological outcomes in animals receiving different pharmacological interventions (e.g., short- vs. long-lasting analgesia) will provide insight into causal mechanisms.

The role of neonatal experiences in shaping adult phenotypes is increasingly recognized in farm animals. A growing body of literature indicates that stress during early life has long-lasting consequences for welfare and performance; however, to date, studies have focused on stressors such as maternal or social deprivation, nutritional restriction, and thermal stress (Roland et al., 2016; Cantor et al., 2019), and the long-term effects of early life painful procedures have not been considered. Painful procedures have been justified on the grounds that their benefits outweigh the costs, the latter of which is typically characterized in terms of acute pain. Re-evaluating these costs and benefits, in light of the long-term effects of early life inflammation in rodents, is critical to making informed decisions that maximize animal welfare. To fully understand their welfare implications, studies on painful procedures should consider behavioral outcomes throughout the lifespan (e.g., pain sensitivity, anxiety, fear, stress coping, cognition, social behavior, and reproductive development, among other outcomes), as well as health and performance correlates.

In the long-term, painful procedures are not socially sustainable, as public concern for farm animal welfare continues to grow (Fernandes et al., 2021). Ultimately, the goal is to phase out painful procedures through the development of improved housing, management, and breeding practices (e.g., Knierim et al., 2015; Scheper et al., 2016; Nicol, 2018; Yunes et al., 2019; Brien et al., 2021; Gascoigne et al., 2021). In the short-term, continued research on strategies to refine current practices is needed, including greater analgesic coverage, modifications to the rearing environment such as increasing maternal and social contact and nutritional allowances, and performing the procedure with the most appropriate method and at an age that is least detrimental to short- and long-term welfare. Providing practical support to farmers through extension efforts will be critical for successfully adopting sustainable practices.



CONCLUSION

Neonatal painful procedures in rodents have detrimental sensory, affective, cognitive, social, and reproductive effects throughout the lifespan, which may persist into the next generation. Although painful procedures are a key welfare issue in farm animals, most studies have focused on the short-term consequences, and potential long-lasting developmental outcomes of early life inflammation are generally not considered. Future research on the effects of neonatal painful procedures on behavior in later life, as well as the underlying mechanisms and modulating factors, will be critical for generating best practice recommendations that safeguard animal welfare.
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Disbudding 8wk <8mo  3-10d

Castration NI <7d  <7d <7d 1d-6wk

Tail docking NP 1-3d 1d-6wk
Identification® NI NI NI <2wk NI

Tooth resection - 1d

Mulesing® 2-12wk

Beak trimming <10d

Recommended ages for performing the procedlures are based on the Canadlian Codes of
Practice (National Farm Animal Care Council, 2021), except for mulesing, which is based
on the Australian Animal Welfere Standards and Guidelines for Sheep (Animal Health
Australia, 2016). NI, recommended age ot indicated

Tail-docking of dairy cattle is widely opposed by veterinary and industry groups and is
banned in most of Europe, New Zealand, and some US and Australian states.
bidentification methods include ear tagging, ear notching (common in pigs), and branding
(common in beef cattle). Identification is typically performed at the same time as other
routine procedures (disbudding, castration, tail docking, and teeth clipping).

Mulesing is the process of removing the skin folds around the breech area to stop wool
growth, thereby preventing flystrike. Routine mulesing is only practiced in Australia.
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