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Abstract

Rhesus macaques (Macaca mulatta) are widely used in biomedical research due to their
phylogenetic proximity to humans and their ability to perform complex cognitive tasks.
Optimising their welfare is essential from both an ethical and a scientific perspective. However,
welfare concern due to their extensive stays at research facilities is increasing and led to the
introduction of the concept of cumulative experience (defined as the net impact of all events
that affect adversely, positively and by way of amelioration, the welfare of the animal over its
lifetime). The importance of assessing cumulative experience in laboratory macaques has been

highlighted in research regulation.

To address this need, my thesis aimed to assess the cumulative experience of laboratory
rhesus macaques involved in neuroscience experiments and to identify factors that could be
impacting it. To accomplish this, I used new, validated behavioural and neuroimaging
indicators of cumulative experience, as well as currently used indicators of welfare based on
body weight and alopecia. | refined the use of the behaviour Inactive not alert to maximise its
sensitivity and specificity as a marker of cumulative experience by testing different durations
as well as estimating the number of sessions required to assess reliably the frequency of the

behaviour.

Neither the neuroimaging indicator nor the weight measures showed any signs of
cumulative experience in the study subjects. However, | found an increase in alopecia and the
frequency of Inactive not alert behaviour over time. The behavioural data suggest that this
latter effect is likely to be caused by experimental procedures. However, the effect is small,

compared to other factors known to have a detrimental impact on the welfare of macaques.

This is the first study revealing a cumulative negative effect of experimental procedures

on laboratory macaques. Implications of these results and next steps are discussed.
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Chapter 1. General introduction

1.1. Importance of rhesus macaques in biomedical research

Humans have been relying on the use of animals since the very beginning of society,
from their use in agriculture, clothing and leisure, to transport and medicine. The development
of industry and technology has completely changed how humans live, but the dependency on
animals has remained. Our society uses animals for a multitude of services almost as much as
ancient societies did, however, the public opinion on their use has evolved since then, and
animals’ extensive use has led to concerns about their wellbeing. One of the fields that raises

the most concerns is the use of animals, as models of human beings, in research.

Concerns about the welfare of laboratory animals have come a long way since some of
the first reported animal experiments started in the 17" century (Weatherall, 2006). The
evaluation of the ethical issues concerning animal experimentation used to be delegated to
theologians and philosophers, outside science and far from public interest (Mellor & Reid,
1994). However, the balance between the harm and the benefit of animal experimentation has
always been questioned, and the concern has been slowly growing. In the last few decades,
there has been a huge increase in the general public concern about the welfare of laboratory
animals which is reflected in the recent changes in the legislation that regulates their use
(Animal Welfare Act, 2006; Ares, 2022; Directive 2010/63/EU). This increase is a result of the
growing understanding, from both the general public and the scientific community, of animal
emotions and their ability to suffer (Webster, 1995).

Among the different species used in scientific experiments, the biggest public and
scientific concern is related to the welfare of non-human primates (NHPs) (Bateson, 2011).
The number of NHPs used in research is difficult to calculate since some subjects are re-used,
used for breeding purposes, or involved in projects that are not published (Carlsson et al.,
2004). Carlsson and colleagues (2004) estimated that the annual worldwide use of non-human
primates is between 100,000 and 200,000, which would represent less than 0.1% of all the
animals used in research. NHPs involved in research include Prosimians, New World and Old-
World monkeys, with the latter being the most used worldwide (65%) (Pickard, 2013) (Figure
1). In the United Kingdom (UK), the most common species are macaques (Macaca mulatta
and Macaca cynomolgus), and common marmosets (Callithrix jacchus); Prosimians and
baboons (Papio sp), have not been used in the UK since 1991 and 1998, respectively

(Weatherall, 2006). Moreover, the use of great apes is banned in the UK. This ban was
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announced in November 1997 and followed the argument that the greater susceptibility to
suffering of great apes compared to other NHPs is not compensated for by the added benefit of
having models closer to humans. For other primates, their susceptibility to suffering is
considered to be outweighed by the added benefit of having a model closer to humans
compared to non-primate models. According to the Annual Statistics of Scientific Procedures
on Living Animals Great Britain (Home Office, 2020) in 2020, the total number of procedures
carried out in NHPs in the UK was the lowest since 2008 with a total of 2393 procedures. Most
of the NHPs are used in microbiology studies (26%), followed by neuroscience (19%),
biochemistry (12%) and pharmacology (11%) (Carlsson et al., 2004).

New world Old world

Prosimians Apes
monkeys monkeys S
o RIS L & CSS"
(9\\0 & & q,o(\ SV

Present

Millions of years ago

Figure 1. Simplified family tree diagram of primate evolution.

Although the number of NHPs used in research is low compared with other commonly used
animal models, the concern about their welfare is significantly higher due to their evolutionary
proximity to humans. This proximity is key for some biomedical research; the similarities in
physiology, neuroanatomy, reproduction, development, cognition and social abilities with

humans allow advances in crucial research fields. But this proximity also suggests high
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sentience, self-awareness, and human-like suffering (Hau & Schapiro, 2006; Summerhoff,

1990), which raises more ethical concerns than with most other animal species (Pickard, 2013).

Consequently, installing stricter regulations on the use of NHPs that will decrease their
use and potentially increase their welfare in the EU and UK has been recently studied
(SCHEER, 2017). However, implementing stricter regulations is recognised to endanger the
welfare of the research animals, as it conceivably prompts a transfer of the research with NHPs
to countries with lower animal welfare standards. Therefore, stricter restrictions in the

regulation of animal model use have been discarded for the near future.

Accordingly, the scientific case for the use of NHPs in the UK has been thoroughly
studied and a need for a regular update on potential alternatives was reflected in the Directive
2010/63/EU. The alternatives to NHP models considered are human studies, in vitro methods
(i.e., organ in a chip), in silico techniques (i.e., computer modelling) and the use of other animal
models considered to entail fewer welfare concerns (Weatherall, 2006). In the specific case of
neuroscience research, NHPs are used when other animals lack the brain structures or
neurotransmitter systems being investigated, or their visual or motor abilities, functional
connectivity or cognitive and behavioural abilities are too dissimilar from those of humans
(SCHEER, 2017). One of the most promising alternatives to NHPs in neuroscience is the use
of computational models; these are still in early stages of development and are currently being
improved with the use of animal studies. As for in vitro alternatives, researchers have been
studying the use of brain organoids which has proved to be useful for the study of disease
modelling, transcriptomics, drug screening, brain evolution and electrophysiological studies
(Weatherall, 2006). Although the field is progressing rapidly, these organoids are still far from
simulating the complexities of the human brain (Chiaradia & Lancaster, 2020). Moreover, on
top of the current methodological limitations, ethical concerns will need to be considered if the

organoids were to be developed to reach a close resemblance to the human brain.

In conclusion, there have been major and promising advances in the development of
non-invasive approaches to study many areas of medicine without the need for NHPs, but all
these methods are still in the early stages of development. Therefore, at least in the near future,
the use of NHPs in research is the only approach possible for addressing certain crucial medical
and scientific challenges. As such, the animal welfare community’s focus must be on ensuring

the best possible welfare for all the non-human primates used in research (Weatherall, 2006).



Late reports also highlight the acceptance of the general public of using animals for
biomedical research when the so-called 3Rs principle is followed, and with a full replacement
of the NHPs as a future aim (SCHEER, 2017). The 3Rs stand for Replace, Reduce, Refine and
represent more humane animal research. The framework was developed over 50 years ago and,
in the UK, the National Centre for the Replacement, Refinement and Reduction of Animals in

Research (NC3Rs) is the national organization responsible for advancing the 3Rs.

As there are currently no alternatives to replace NHPs in many areas of neuroscientific
research, the remaining 2Rs (i.e., Reduction and Refinement) are critical (Bonini, 2019).
Reduction is already fully implemented around the UK and EU countries, with many studies
using two or three animals (SCHEER, 2017). Therefore, the focus should be on refinement.
Husbandry, experimental procedures, and data collection technologies are the main areas
highlighted in need of refinement (Bonini, 2019).

On top of the 3Rs principle and the strict legislation assuring that NHPs are only used
when no other method is available, the use of these animals in biomedical research is also
regulated with a “harm-benefit assessment”. This is a case-by-case approach based on a
utilitarian argument of balancing harm versus benefit. The main justification follows the idea
that the number of NHPs used in the research is very small compared to the large number of
humans who will benefit from it. This assessment is a critical step in the authorisation process
under the (Directive 2010/63/EU) to grant licenses to projects involving animal research
(Quigley, 2007). This approach has been challenged (Quigley, 2007; Rossi, 2009) but it is still
part of the current regulation.

To sum up, researchers who want to use NHPs in their research must consider all the
points summarised above and demonstrate that the use of these animals is fully justified. Their
case must be accepted by two independent bodies: 1) the Animal Welfare and Ethical Review
Body (AWERB) of the institution where they conduct their research and 2) the Home Office’s
Animals (Scientific Procedure) Inspectorate which will get advice from the Animals in Science
Committee (ASC). On top of those, funders of the science might also ask for an additional body
such as the NC3Rs to ethically assess the project proposals.

Ensuring the optimal welfare state of the NHPs used in research is not just important
from an ethical perspective, but it is also essential from a scientific point of view (Poole, 1997).
Poor welfare of an animal model decreases the quality of the research due to the variability in



welfare states induced between and within the subjects. Additionally, it might be generating

results that may not be representative of a healthy human being (Bayne & Wirbel, 2014).

As in neuroscience experiments using NHPs the sample size is commonly limited to a
few individuals, and differences between subjects are assumed to not pose an important impact
on the results. Nevertheless, ensuring the welfare of each subject in order to reduce the within-
subject variability caused by potential welfare issues can be critical to the validity of the results.
Many neuroscience tasks rely on behavioural measures as proxies for a variety of neural
processes. As welfare is known to impact the behaviour of the animals, variability of the
behaviours within subjects could have an impact on the results obtained from the neuroscience
tasks. Moreover, the welfare of the animals can have a direct impact on their ability to learn,

which could slow down and bias the results of neuroscience tasks.

Poor welfare of the animal model can even increase the financial expenses of the study,
as a result of unexpected veterinary procedures, increased duration of the experiment or

increased minimum sample size required (Pickard, 2013).

1.2. Definition of cumulative experience

Traditionally, NHP welfare has been monitored by assessing the potentially detrimental
effect of individual stressors (Pickard, 2013). However, from research fields such as medicine,
we know that repeated exposure to stressful events can have a cumulative impact on humans’
health. For example, repetition of minor concussions can have major long-term effects on rugby
players’ health (Thornton et al., 2008). Depressive disorders can result from repeated exposure
to stressful events in humans, even if each one, in isolation, seems harmless (Young & Korszun,
2010). As such, it should be expected that the cumulative effect of minor aversive stressors
might potentially have harmful consequences on the welfare of laboratory animals (Pickard,
2013). Research facilities can have many aversive stressors that can affect the animal models
housed there. These can come from both the experiments themselves (e.qg., fluid restrictions or
surgeries) as well from the general husbandry of the animals (e.g., veterinary procedures or
housing). To avoid underestimation of potentially harmful stressors, their long-term impact

should be taken into consideration.

In neuroscience research, the underestimation of the harmful effects of procedures
could be even greater than in other fields. The tasks which NHPs have to perform for
neuroscience research commonly require extensive training. Therefore, the scientific value of

the subjects increases with the time they have spent in the facility and the training received. As



a consequence, the NHPs in this field can stay for several years in research facilities (Jennings
etal., 2009), which increases the probability of suffering from the cumulative effect of repeated
stressors (Pickard, 2013).

To acknowledge this cumulative effect, a new concept was introduced by the EU
(European Union) Directive (Directive 2010/63/EU), termed cumulative experience.
Cumulative experience is defined as “the net impact of all events (procedurally and husbandry-
based) and the effects that affect adversely, positively and by way of amelioration, the welfare
of the animal over its lifetime” (ASRU, 2015). The cumulative experience, therefore, includes
not only all the negative events throughout the animal’s lifetime but also the positive events.
Positive events such as social interaction or a healthy lifestyle could improve their welfare and
buffer the effect of the negative events. Including them will give a more holistic view of the

life experience of the NHPs.

The cumulative experience concept has already been established and its use is growing.
However, the potential cumulative effect of repeated procedures that may be affecting NHPs
involved in research has not yet been investigated. The first study investigating this effect used
qualitative data provided by self-reporting practitioners, with the only objectively measurable
indicators of the NHPs” welfare being their body weight (ASC, 2015; Pickard, 2013).

In a recent advice note from the Animals in Science Regulation Unit (ASRU, 2015),
the need for objective, long-term studies that investigate the cumulative effect of repeated
husbandry and experimental procedures was highlighted. The main obstacle to the completion
of such studies is the lack of a standardised method to assess the cumulative experience of
NHPs.

1.3. Animal welfare and affective states

Up to this point, we have been referring to welfare as it is currently understood by
modern society. Nevertheless, the definition of welfare (or wellbeing) has evolved profoundly
during the last decades, and it is thus essential to explain what we will regard as welfare here.
Traditionally, welfare in both human and non-human animals has been used as a synonym for
physical health. For many years, the lack of observable diseases and injuries was enough to
acknowledge an individual as healthy and in good welfare. However, insight into mental health
has changed the understanding of welfare in humans, and consequently in non-human animals

(Dawkins, 1980; Departmental Committee on Experiments in Animals, 1965).



The early Animal Act of 1911 already recorded the mental side of welfare by including
words such as “infuriate” and “terrify” when addressing the animals’ suffering. However, it
wouldn’t be until decades later that the UK legislation would focus on the psychological side
of animal welfare, by separately defining mental suffering and stress caused by non-physical
origin (Committee on Cruelty to Wild Animals, 1951; Departmental Committee on
Experiments in Animals, 1965). A cornerstone for this change in regulation was the publication
of Animal Machines (1964) by Ruth Harrison, a book that aimed to expose the reality of

animals’ lives in intensive poultry and livestock farming.

In 1965, the “Report of the Technical Committee to Inquire into the Welfare of Animals
Kept Under Intensive Livestock Husbandry Systems”, known as the Brambell report, stated
that “An animal should at least have sufficient freedom of movement to be able without
difficulty, to turn around, groom itself, get up, lie down and stretch its limbs”. These
recommendations later expanded into a more detailed list of needs, known as “Brambell’s Five
Freedoms”, and they were the initial step for a wider range of frameworks and definitions of

animal welfare (Mellor & Beausoleil, 2015).

In 1979 (FAWC), the Five Freedoms framework, as currently known, was created to
ensure the mental and physical needs of all animals are met: freedoms from (1) Hunger and
Thirst, (2) Discomfort, (3) Pain, Injury or Disease; (4) freedom to Express Normal Behaviour

and (5) freedom from Fear and Distress.

The Five Freedoms framework was then extended to further develop what is included
in the last term: fear and distress (Mellor & Beausoleil, 2015). To develop the extended list of
terms within the “distress” domain, behavioural, physiological and neuroscience studies were
considered, and it is divided into two groups: states linked with internally generated inputs and
states linked with external circumstances. These frameworks contributed to the origin of

research into the internal states of animals.

Dawkins (1980, 2006, 2017) went a step further by, not just including mental well-
being in the definition of welfare, but also stating that good welfare requires that animals

experience positive emotions and have what they want.

Over the last two decades, multiple other frameworks and definitions of animal welfare
have been developed depending on the aim of interest (McCulloch, 2012; Mellor & Reid,
1994). Fraser (1997, 2008) combined some of these with a three-dimensional approach by

defining welfare according to three components: (1) the animal’s normal biological function,
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which would refer to its physical state, (2) the animal’s emotional state, and (3) the animal’s

ability to express natural behaviours.

For the present study, the reasoning was made as to the following: since poor physical
health is usually accompanied by negative mental well-being (Wolfensohn & Honess, 2005)
while negative mental well-being is not always accompanied by poor physical health
(McFarland, 1989), the sole dependence on physical health as an indicator for welfare is not
enough to discard poor welfare. Therefore, our welfare focus will be on the mental well-being

or, so-called, affective states of the animals.

The affective states are internal states described by humans as feelings. Human studies
have shown that these states have a valence (they can be positive or negative) and can also
differ in arousal (reviewed in Mendl et al., 2010). Therefore, describing affective states with
two underlying dimensions (i.e., arousal and valence) (Figure 2) can help researchers
conceptualize the structure of internal experiences (Mendl et al., 2010).

Arousal
Tense % Excited
Angry Delighted
High-Arousal High-Arousal
Erastrated Negative-Valence Positive-Valence Happy
P Neutral » Valence
Depressed Low-Arousal Low-Arousal Content
Negative-Valence Positive-Valence
Bored Relaxed
Tired v Calm

Figure 2. Two-dimensional diagram of affective state. The left side of the figure represents a

negative affective state and the right side represents a positive affective state. The upper side



of the figure represents a high arousal level of the affective state, while the lower side represents
a low arousal level. The words outside the blue circle indicate possible locations of specific
affective states. Adapted from Mendl et al., 2010.

The affective state of the animals can also be divided depending on the time window of
interest: acute vs long-lasting affective states. Acute affective states can last between seconds
and hours, and long-lasting affective states can be anything from days to years after the

exposure to the stressor.

The cumulative experience of an individual can be assessed through the variation of the
long-lasting affective states during the lifetime of the animals. Alternatively, when the only
available information derives from the acute affective states, investigation of their variation
over time can also provide valuable information about the cumulative experience (i.e.,

sensitisation/habituation effects).

1.4. Welfare indicators for non-human primates

Affective states are private subjective experiences fully accessible only to the individual
experiencing them (Dawkins, 1980; McFarland, 1989); these affective states are unique to
those individuals. Even when all individuals are exposed to the same stressors in the same
environment during the same period of time, different ultimate affective states are expected
from each individual. This difference is explained by differences in genetics,
personality/temperament, and coping styles (e.g., active vs passive; escape, remove, search or
wait) between the individuals impeding reliable assessment of the potential affective states

based on the environmental factors.

Thus, the most reliable method to assess the affective state in humans is to use linguistic
self-report (Mendl et al., 2010). The inability to use this method is one of the main struggles
when assessing the affective states of non-human animals. As an alternative, animal welfare
scientists use welfare indicators. The main indicators proposed for assessing NHP welfare are
(1) body weight (2) alopecia (3) physiological indicators, (4) behavioural indicators, (5)

hippocampal indicators and (6) telomere biomarkers.

1.4.1. Body weight

Body weight is a commonly used indicator of long-lasting affective states. Most NHPs
are weighed on a weekly or even daily basis. It is an easy, fast, and non-invasive method used
in most animal research facilities. A sharp change in the weight of an animal can indicate a

variety of mental and physical conditions and being overweight has been related to several
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disorders in NHPs (Wolfensohn & Honess, 2005). However, the affective state of the animal
can be compromised with no perceivable changes to its body weight, reflecting a lack of
sensitivity (defined as the measure for how strong a stimulus has to be, before the indicator
reacts to it). Similarly, a change in the body weight might be caused by factors unrelated to the
affective state of the animal (e.g., age, diet), manifesting the lack of required specificity
(defined as the narrowness of range of factors by which it will be affected). Consequently,
although body weight can provide useful information, it is not a reliable indicator of cumulative
experience in NHPs.

1.4.2. Alopecia

Alopecia, which is the lack or loss of hair in otherwise hair-covered parts of the body,
is another indicator used to assess long-lasting affective states. Alopecia is a common condition
in captive NHPs colonies. A study by Kramer and colleagues (2010) found that 48% of the
rhesus macaques in the colony investigated had alopecia at some point in their medical history,
with some studies showing an even higher prevalence (Steinmetz et al., 2005). Some of the
suggested causes of alopecia include hormonal dysregulations, bacterial infections, nutritional
deficiencies, stress and age (Honess et al., 2005; Lutz et al., 2013). Alopecia is therefore often
considered an indication of poor psychological well-being (Luchins et al., 2011). Standardised
alopecia indices (Bellanca et al., 2014; Honess et al., 2005) can provide the tools for an easy,
relatively fast, visual, non-invasive assessment of the alopecia status of an animal. Despite the
potential advantages of its use, the sensitivity and specificity to the changes in the affective
state of the animal might not be sufficient to be used as a unique indicator of cumulative
experience. The sensitivity to minor changes in the affective state is unknown and it is not
specific to factors related to cumulative experience (e.g., seasonal effect). Therefore, results

obtained with this indicator will require careful interpretation.

1.4.3. Physiological approaches

For many years, physiologists have been the leading scientists dealing with the concept
of “stress” (Dawkins, 1980). Consequently, previous research placed a great focus on the
physiological measures of affective state (Novak et al., 2016). The most used physiological
biomarker to evaluate animals’ affective state is the level of glucocorticoids. Glucocorticoids
are steroid hormones commonly known as stress hormones. In many mammals including
NHPs, the main glucocorticoid is cortisol and therefore it is the one commonly measured by
researchers. Cortisol synthesis in NHPs is increased in response to acute stressful events such

as exposure to unfamiliar environments or restraint (Reinhardt et al., 1991). Studies have also
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found increases in cortisol levels after exposure to chronic stressors such as decreased
photoperiod, relocations to unknown habitats and maternal separations (Davenport et al., 2006;
Fairbanks et al., 2011; Qin et al., 2015). Researchers can measure cortisol levels with a variety
of techniques depending on the time window of interest, retrospectively, in a non-invasive
manner (Novak et al., 2013). Saliva samples can be taken to measure acute cortisol levels
(hours), faeces samples can be used for daily cortisol measurements and hair samples can be
collected to measure the long-term (annual) accumulation of cortisol levels. This allows for
assessing both the acute affective states and cumulative experience of the animals.

Nevertheless, multiple studies have found conflicting results. Cortisol levels have been
observed to increase in positively valenced arousing situations such as reward, excitement, or
sexual intercourse, as well as to remain at baseline levels after exposure to chronic stressors
(Camus et al., 2013; Hennessy et al., 2014; Miller et al., 2007). Therefore, since the cause for
the increase of the cortisol level may not be solely related to a negative affective state, it should

not be used as a singular indicator of poor welfare in animals (Ralph & Tilbrook, 2016).

Another physiological indicator of affective states proposed for NHPs is the adrenal
secretion of dehydroepiandrosterone sulphate (DHEAS). This hormone is unique to primates,
and it has not been as deeply studied as cortisol. Nonetheless, the variation of DHEAS is stated
to parallel cortisol during acute stress responses and to be more sensitive to chronic stress
(Maninger et al., 2010). However, trying to assess the affective states of the NHPs with the
concentrations of DHEAS entails the same difficulty in terms of the interpretation of the
valence of the affective state.

In conclusion, even though physiological indicators are objectively measurable and can
give a reliable measure of the arousing level of the affective state, they are not specific to

negative valence.

1.4.4. Behavioural approaches

Changes in the behaviour of NHPs have also been proposed as indicators of affective
states. Until the last few decades, a part of the scientific community was reluctant to use
behaviour as an indicator of affective states due to the potential anthropocentric
misinterpretation (Dawkins, 1980). However, many advances have since been made in the

understanding of individual behaviours.

A common approach to assessing affective states by behavioural methods consists of

measuring all possible behaviours in search of significant changes (Camus, et al., 2013; Gray
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etal., 2016; Smith et al., 2006). This approach has been used for both assessments of acute and
long-lasting affective states. However, the use of this approach can lead to important biases

and result in both false positives and false negatives.

The first limitation of this approach is inherent to the study design of behavioural
studies. Behavioural studies have a specific time window when the behaviours are observed.
Because time is limited, the number of behaviours that the animal can display, and the time
dedicated to each of them is also limited. Consequently, when multiple behaviours are
investigated, any type of perturbation, associated with negative or positive valence, is going to
induce changes in behaviour frequencies. Therefore, understanding how changes in different
directions of all behaviours are indicative of changes in the affective state of the animal can

prove very challenging and lead to false positives.

A second limitation originates from the loss of sensitivity during the statistical analysis
of many behaviours due to the correction for multiple comparisons needed. This can lead to
false negatives by discarding changes in behaviour that indicate changes in the affective state
but are not statistically significant due to the low alpha value imposed by the correction for

multiple comparisons.

Accordingly, the field is moving in the direction of identifying specific behaviours as

indicators of negative and positive affective states.

1.4.4.1. Stereotypic behaviours

One common example of these indicators of negative affective states are stereotypic
behaviours. Stereotypies are repetitive and invariant behaviours mostly observed in captive
animals (Mason & Rushen, 2008). They are a group of heterogeneous behaviours, some of
which have been hypothesised to indicate negative affective states (Wolfensohn & Honess,
2005). In NHPs, pacing is the most common stereotypy and has been used to assess both acute

and long-lasting affective states.

Pacing is a locomotive stereotypy mainly defined as repetitive walking. Pacing has been
observed at a higher frequency in animals in captivity than in wild populations (Kroshko et al.,
2016). Consequently, this stereotypy is often interpreted as an indicator of a negative affective
state in many animal species. However, recent studies in macaques have found that pacing
frequency decreased after the animals were exposed to stressors (Peterson et al., 2017; Poirier,

Oliver, et al., 2019), while another study with capuchin monkeys found no relation between
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pacing and negative affective states (Pomerantz et al., 2012). The inconsistency between the
results emphasizes the need for further study of this stereotypic behaviour in NHPs. The use of
pacing as an indicator of affective states before the full understanding of its cause could lead
to false positive and false negative results (Poirier et al., 2019).

1.4.4.2. Displacement behaviours

Another commonly used indicator of affective states are displacement behaviours.
Displacement behaviours in non-human primates are a group of self-directed behaviours that
are displayed with no apparent ecological context or that seem irrelevant to the ongoing activity
of the animal (Maestripieri et al., 1992; Schino et al., 1996). The main behaviours considered
as displacement behaviours in NHPs are body-shaking, self-grooming and self-scratching
(Schino et al., 1996). These behaviours fulfil a function when displayed in an appropriate
context, and thus it is the context that will determine if the behaviours constitute displacement
behaviours. Increases in these behaviours have been observed in primates after high levels of
neighbour vocalizations, social rank uncertainty or spatial proximity of adominant male (Baker
& Aureli, 1997; Castles et al., 1999; Schino et al., 1990), suggesting that they might be
indicators of negative short-lasting affective states associated with high arousal similar to
anxiety in humans (Figure 2). This interpretation is reinforced by pharmacological studies
using anxiogenic and anxiolytic treatment as a response to acute stress. Researchers observed
an increase in the display of the behaviours when the subjects were treated with anxiogenic
drugs and exposed to an acute stressor; and the opposite response was observed when treated
with anxiolytic drugs (Maestripieri et al., 1992; Schino et al., 1996). The effect found was
dose-dependent, meaning that there was a significant difference between the control and the
treatment group and that, additionally, the dose differences had a significant effect on the
frequency of the behaviours in the expected direction. This constitutes a full pharmacological

validation.

However, although the response to acute stress has been studied, we have no
information regarding the assessment of the integration of long-term experiences in these
behaviours. Therefore, displacement behaviours can only be used as indicators of acute

affective states and not as indicators of cumulative experience in NHPs.

Scratching behaviour has also been proposed to be used independently as an indicator
of acute stress. Scratching has been found to increase when animals were exposed to stressful

situations such as separation from an infant, unreconciled conflict, and aggression (Aureli et
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al., 1997; Castles et al., 1999; Maestripieri, 1993; Majolo et al., 2009; Schino et al., 1990). A
more recent study’s preliminary results found increases in scratching behaviour in Geoffroy’s
spider monkeys (Ateles geoffroyi) when the animals were isolated, in an uncertain situation and
when the mothers were not in close proximity to their infants (Dell’Anna et al., 2022). In
pharmacological studies, scratching has been observed to decrease in female macaques when
treated with lorazepam anxiolytic drug (Schino et al., 1991). An increase in the frequency of
this behaviour was also found when macaques were treated with the anxiogenic drug FG7142
(Major et al., 2009). However, the increase was not dose-dependent and the difference between
doses was just significant at the highest dose. In conclusion, scratching, though not fully
pharmacologically validated gathers favourable evidence for its use as a potential indicator of
acute stress in NHPs. Furthermore, this behaviour could be especially useful when the use of
displacement behaviours is not feasible, such cases include comparisons between socially
housed and single-housed animals, in which case the frequency of self-grooming behaviour
(one of the displacement behaviours) is expected to increase due to the absence of allo-

grooming in the single-housed animals, which could cause biases in the measures.

Yawning tends to be considered a displacement behaviour by many researchers (Troisi,
2002). Thus, it has also been suggested as an indicator of acute stress. Behavioural studies
revealed animals display yawning after acute social stressors such as the proximity of a
dominant male and risk of aggression (Carpenter & Schultz, 1940; Darwin, 1872; Hadidian,
1980; Schino et al., 1990; Zuckerman, 1932). A pharmacological study using Beta CCE (an
anxiogenic drug) failed to observe an increase in yawning systematically (Lagarde et al., 1990).
On the other hand, in another study, the anxiogenic drug FG7142 was found to increase the
frequency of yawning when animals were treated with a medium dose of the drug (Major et
al., 2009). However, no main effect of the drug was found, and the low and high doses of the
drug failed to significantly change the frequency of the behaviour, which may suggest a false-
positive result. Therefore, more evidence is needed to understand the role of yawning in
connection to acute stress. As for the integration of long-lasting experiences, there is no

evidence suggesting that yawning could be used as an indicator of cumulative experience.

1.4.4.3. Affiliative behaviours

Non-human primates, as social species, may be involved in affiliative behaviours for
up to 20% of their day (Henazi & Barrett, 1999). Thus, understanding the relationship between

the affective states and affiliation can play a pivotal role in a better understanding of the
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affective states of the animals. Hence, researchers have been investigating affiliative
behaviours in a number of different scenarios. The display of affiliative behaviours in NHPs
has been observed to increase after being exposed to social stressors. This phenomenon is often
called “social buffering” (Kikusui et al., 2006) and has been proposed to act as a coping
mechanism. Grooming was found to increase after the animals were exposed to the stressor of
food competition in a large group of rhesus macaques (de Waal, 1984) and chimpanzees (de
Waal & van Roosmalen, 1979). In captivity, Affiliative behaviours were also found to increase
in rhesus macaques when reunited with their cage mate after being separated during the night,
a situation suggested (but not confirmed) to cause acute stress as it increases the frequency of
displacement behaviours (Cassidy et al., 2020). However, pharmacological studies found no
change in affiliative behaviours after treatment with either anxiolytic or anxiogenic drugs
(Schino et al., 1996). On the other hand, in a study with vervet monkeys, separation anxiety
increased affiliative behaviours and antidepressants prevented such increase (Marais et al.,
2006). To our knowledge, affiliative behaviours have not been found to increase after exposure
to a stressor in a non-social context. Therefore, current evidence suggests affiliative behaviours
might be an indication of exposure to social stressors, instead of representing a general acute
negative affective state. Another element to consider is linked to the coping hypothesis. If the
coping behaviours are efficient and deal fully with the effect of the stressor presented, the net
impact on the affective state of the animal is neutral. In this case, affiliative behaviours would
not be useful markers of a negative affective state, but potentially they would indicate exposure
to a stressor. Nevertheless, more research will need to be undertaken to understand the factors

affecting the behaviours.

1.4.4.4. Inactive behaviour

Long-lasting negative affective states can also be assessed by investigating depressive-
like behaviours. This type of behaviour was first observed in NHPs when researchers were
seeking to create an animal model of human depression (Harlow & Zimmermann, 1959). The
animal models displayed inactivity and withdrawn behaviour, with the latter being defined as
low interest in the surrounding environment. The behaviour of inactivity was often linked with
a hunched posture (Harlow & Zimmermann, 1959). Depressive-like behaviour has
subsequently been experimentally induced in NHPs using stressors that also cause depression
in humans, such as social isolation and the shortening of the photoperiod (trigger of seasonal
depression) (Hennessy et al., 2014, 2017; Li et al., 2013). The behaviour has also been
pharmacologically validated with anti-depressant drugs (Perera et al., 2011; Qin et al., 2015).
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For instance, Perera and colleagues (2011) have shown that treating macaques with
antidepressants prevented the display of depressive-like behaviour in subjects that were

repeatedly exposed to social isolation (two days a week for 15 weeks).

In another study by Qin and colleagues (2015), researchers attempted to create an
animal model of Seasonal Affective Disorder. This disorder, often known as seasonal
depression, is a common mood disorder that affects humans, and it is related to the shortening
of the photoperiod. After three months of exposure to a short photoperiod (5 hours per day
instead of 12), the frequency of depressive-like behaviour was found to have increased in all
subjects. Subsequent treatment with an antidepressant drug returned the frequency of the
behaviour to baseline levels.

The display of depressive-like behaviours is not limited to a result of experimental
manipulation. NHPs in many types of laboratory facilities have been observed to display this
behaviour spontaneously. The appearance of this behaviour has been observed in indoor single-
housed animals (Camus et al., 2013; Shively et al., 2005), indoor socially housed animals
(Camus et al., 2014; Shively et al., 2005; Xu et al., 2015) and outdoor socially housed animals
(Camus et al., 2014; Hennessy et al., 2017). The wide display of the behaviour in the absence
of any experimental stressor suggests that it may be sensitive to subtle stressors.

1.4.4.5. Cognitive bias tests

One suggested approach for the study of cumulative experience using behaviour is by
using cognitive bias measurements. This approach is based on the fact that decision-making is
known to be influenced by background long-lasting affective states. Ambiguous situations will
tend to be judged positively by an animal with a positive affective state, and negatively by an
animal in a negative affective state. The derivations in judgement dependant on the affective
states are known as cognitive biases. These derivations can be measured to obtain information
about the long-lasting affective state of the animal. In a study by Bethell and colleagues (2012),
The subjects that had been exposed to events that could potentially affect their affective state
were found to experience shifts in their cognitive bias. These results suggest that the use of
cognitive bias is a promising method for assessing cumulative experience. However, the main
obstacles to the wide use of this method are the requirement for extensive training of the
subjects and the difficulty to repeat the measure over time to track changes in the long-lasting
affective states (Paul et al., 2005).
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As a solution to the extensive training required by judgement bias tests, another type of
cognitive test has been proposed: attention bias tests (Bethell et al., 2012). These new tasks
rely on emotionally charged stimuli, thus significantly reducing the need for training. Human
studies suggest that individuals stare for longer at an aggressive face when they are in an
anxious-like state (Bar-Haim, 2007). Therefore, monkeys can be presented with an image of
an aggressive and a non-aggressive monkey face, while their attention is being measured.
Although these tasks could give us some insight into the animals’ affective states, they access
distinct emotion-cognition interactions compared to judgement bias tests (Bethell et al., 2016).
A recent study investigated the changes in attention after exposing the NHPs to stressors and
found very low reproducibility in attention bias scores (Howarth et al., 2021). Moreover, it is
currently unknown the time window in which a stressor can influence the attention of the
animals, as well as the type of stressors they are sensitive to (i.e., social stressors).
Consequently, more research will need to be conducted before attentional bias tests can be used

as indicators of cumulative experience in NHPs.

Hence, from all the behaviours summarised above, displacement behaviours seem to be
the most reliable indicators of acute negative stress, and depressive-like behaviours appear to

be the most reliable indicators of cumulative experience.

1.4.5. Hippocampal markers

Novel approaches to assess the cumulative experience are also being considered. One
of them is using a hippocampal biomarker. A recent paper by Poirier and colleagues (2019) has
shown that hippocampal biomarkers are valid measures of cumulative experience in non-

human mammals and humans unable to self-report their well-being.

Stress affects the hippocampus at different spatial scales. At a microscopic level, the
rate of new neuron incorporation and the structure of mature neurons have been observed to be
sensitive to stress (Fanselow & Dong, 2010; Moser & Moser, 1998; Strange et al., 2014). At a
macroscopic level, the local amount of grey matter (i.e., where the cell bodies of neurons are
more highly concentrated) in the anterior region of the hippocampus and its relative size, seem
to be sensitive too (Abbott et al., 2014; Arnone et al., 2012, 2013; Frodl et al., 2008; Koolschijn
et al., 2009).

Comparative studies between behavioural tests using long-lasting affective states and
rates of neurogenesis, local amount of grey matter and hippocampal volume in non-human

animals, demonstrated a correlation between the hippocampal markers and the behavioural
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studies. Moreover, the hippocampal biomarkers followed the hypothesized direction when
animal models were treated with anti-depressant drugs or exposed to anxiogenic or

depressogenic situations (Morais et al., 2017; Santarelli et al., 2003; Snyder et al., 2009).

Experimental animal studies using chronic stressors resulted in a decrease in the
different hippocampal biomarkers of the subjects studied (Jackowski et al., 2011; Mitra et al.,
2006; Perera et al., 2011). Furthermore, when animals were chronically exposed to situations
that induce positive affective states, the hippocampal biomarkers were observed to increase
(Kozorovitskiy et al., 2005). In addition, the hippocampal biomarkers have been observed to
depend on the interaction between the exposure to the event and the genetic background of the
animal exposed (leraci et al., 2016; Mitra et al., 2006). Therefore, the markers seem to reflect
the individual response to the event, considering the differences in vulnerability to stress.
Finally, the markers seem to be successfully integrating the experiences of the animal subjects
over time, at least during a considerably long-time window (months/years) (Kim et al., 2013;
Lietal., 2017; Morais et al., 2017).

Accordingly, the hippocampal biomarkers seem to match theoretical assumptions and
encompass all facets of the construct, validating them as proper cumulative experience
indicators (Poirier et al., 2019).

Several factors unrelated to the affective states are known to influence the hippocampal
biomarkers reviewed. Some of these factors include intrinsic individual differences (i.e., age,
sex, total brain volume and genotype) that can be controlled for with statistical analysis and an
appropriate study design. Other confounding factors such as the potential effect of acute
stressors (Schoenfeld & Gould, 2012) or learning processes (Fanselow & Dong, 2010) could

be dealt with during the processing of the images and statistical analysis (Poirier et al., 2019).

This approach also involves certain limitations. The use of this method requires MRI
equipment and experts in neuroimaging to measure hippocampal plasticity at a macroscopic
level, which most facilities will not have access to. On top of this, the animals involved in the
research need to be trained and endure invasive surgical procedures or be anaesthetised and
fully supervised by a veterinary team. Finally, the processing and analysis of the obtained data
require time and specialist skills. In conclusion, hippocampal biomarkers, despite their limited
accessibility, are a very promising approach to assessing cumulative experience and can be

used to assess the impact of procedures routinely used in neuroscience experiments.
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1.4.6. Telomere markers

Another novel approach to assessing the cumulative experience of NHPs consists of
examining telomeres. Telomeres are DNA-protein complexes that are located at the end region
of chromosomes. The main function of these structures is to protect the coding regions of DNA
from damage. The length of these complexes shortens over time with every cell division. The
rate of telomere shortening is increased by several mechanisms linked to stressful events:
oxidative stress, inflammation and cortisol levels (Bateson & Poirier, 2019). In addition, some
evidence suggests that exposure to some events can induce increases in the telomere length
(Bateson & Nettle, 2016). It has been suggested that the telomere shortening rate could be used

to estimate the cumulative experience of NHPs (Bateson et al., 2015).

However, most of the studies investigating this potential marker produce cross-
sectional, correlational data, and might be underpowered (Pepper et al., 2018). In addition,
recent studies show that there is a high measurement error when investigating the change in
the telomere length which will be an obstacle to achieving the required sensitivity (Nettle et
al., 2021). Therefore, although promising, more research should be done on the validation of

telomere length as a marker for cumulative experience.

1.5. Aims and conclusions

The main three aims of my project were the following:

1. Determine whether the welfare of laboratory macaques used as an animal model of
healthy humans decreases over years (negative cumulative experience).
2. Identify the procedures having a long-lasting effect on the welfare of the subjects.

3. Assess the effect of these procedures (negative versus positive).

To achieve the stated aims, | chose two main indicators to assess the cumulative
experience of the animals. From all the indicators discussed above, several achieved the criteria
for use as indicators of cumulative experience: depressive-like behaviour and the hippocampal
markers. The depressive-like behaviour marker has the features to be an adequate method to
assess the negative affective states of laboratory NHPs. Accordingly, depressive-like behaviour
will be the behavioural indicator chosen for the current project.

Hippocampal biomarkers also seem promising as indicators of cumulative experience
and have been chosen as such in this study. From the different markers proposed, we decided

to select a macroscopic hippocampal marker that would allow us to assess the cumulative
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experience in vivo, in a relatively non-invasive manner repeatedly through the subjects’
lifetime. Specifically, the local amount of grey matter in the anterior hippocampus will be the

marker used.

In addition to these two indicators, weight and alopecia were also used as traditional
indicators of cumulative experience. The hypothesis was made that these two latter indicators
would not be sensitive and specific enough to assess subtle changes in the cumulative
experience of the animals, as will be compared to the results obtained with the depressive-like

behaviour and hippocampal biomarker.

These four indicators were used during the project to study the potential cumulative

effect of repeated husbandry and experimental procedures in NHPs.
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Chapter 2: General methods and materials

2.1. Ethical statement

All studies were conducted at the Comparative Biology Centre at Newcastle University
and approved by the Home Office for regulated work, as appropriate (PPL: 70/7976;
PC6981D63, 60/4431; PABADA450E; PA2C18B73). All work was performed in accordance
with the EU Directive (2010/63/EU), ASPA (1986) and the NIH Guidelines for Care and Use
of Animals for Experimental Procedures (National Institutes of Health, 2011). The animals
used in this study were kept at the research facility as a result of their involvement in other
existing experimental projects. None of the animals was kept solely for the purpose of the

present study.

2.2. Subjects of study and husbandry

A total of 31 laboratory rhesus macaques (Macaca mulatta) participated in the project
(11 females and 20 males). The age range was between 3 and 17 years old, and the weights
were between 4.23 and 19.3kg (Table 1).

All the animals involved in the project belonged to the Newcastle University research
facility which complies with the NC3Rs Guidelines for “Primate Accommodation, Care and
Use” (NC3Rs, 2017). Typically, animals were housed as pairs or trios in cages. Single-housed
macaques are exceptional cases in the Newcastle University research facility. Social isolation
caused by single housing is known to have detrimental consequences on the welfare of NHPs
linked with pronounced changes in their behaviour (Charbonneau et al., 2022; Perera et al.,
2011). However, due to veterinary and husbandry reasons, some animals were singly housed
for a period of time. Some of the veterinary reasons for single housing included injuries
requiring temporary protection from contact with cage mates, or instances of resistant bacteria
infections resulting in isolation to limit the spread. As for the husbandry reasons, some animals
were hostile to all attempted pairings with a cage mate with instances of severe fights that
would endanger both animals’ wellbeing. As a result, on those occasions, isolation was
considered the best viable housing option. The dimensions of the cages (2.1 x 3.0 x 2.4 m)
exceeded the minimal space requirement under the UK legislation of 1.8 m? per animal. The
vertical dimension of the cages enabled the animals to jump, run and climb, and exhibit inherent
behaviours like escaping during playful or agonistic interactions (Reinhardt, 2008). The cages
were located in a facility with over 20 individuals with whom the subjects had visual and

auditory contact. Cages had a plain floor covered with wood shavings and they were enriched

21



with swings, ropes, shelves, and natural light (see Figure 3 for reference). Subjects were
provided with daily foraging opportunities as the food offered was spread over the floor, as
recommended by NC3Rs primate welfare guidelines (2017) and LAREF (Reinhardt et al.,
2007). Several studies found that macaques prefer food that requires effort to obtain (Line et
al., 1989; Reinhardt, 1994a). Spreading their food over the floor encourages their cognitive and
motor skills as they move when looking for food and allows them to display foraging and
manipulative activities that are part of their natural environment (Bonini, 2019). On top of this,
the use of this method can help reduce the tension and aggressive behaviours between cage
mates as it disperses them around the enclosure (Bryant et al., 1988; Wolfensohn & Honess,
2005). This feeding method has also been observed to decrease detrimental self-directed
behaviours like hair-pulling (Blois-Heulin & Jubin, 2004; Bryant et al., 1988).

Novel floor objects were introduced regularly in all the cages, with 2-week rotations.
As well as this, aerial enrichment was changed monthly. In addition to natural light, the facility
had artificial light on a 12h light/dark cycle. The humidity was set at approximately 24% and
the temperature at 20 °C to better resemble conditions of native habitat (i.e., India, Bangladesh,

Pakistan, Nepal, Myanmar, Thailand, Afghanistan, Vietnam and southern China).
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Figure 3. Enrichment at Newcastle University’s non-human primate facility. Swings, ropes,
shelves, and plain floor covered in wood shavings can be observed in the cages prepared for

rhesus macaques.

All the subjects were raised in UK breeding centres: Medical Research Council’s
Centre for Macaques (CFM) and The Defence Science and Technology Laboratory (DSTL).
The macaques were housed with their mothers for at least six months (mean weaning age=

1.7yo) and with other juvenile individuals until they were adolescents (Table 1).
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Table 1. Subject information compiled by: Subject number, Sex (F: Females and M: Males), breeding centre, date of birth (DOB), arrival at

Newcastle, date of first procedure, weaning date, weight range during the length of the present project (in kilograms), date of first collected record

for the study, the participation dates in which each subject was involved in the present project and the group the subjects are part of (“Early” vs.

“Late”).
) ) ) ) Date of
) Breeding Arrival at  Date of first Weaning ) ) S
Subject Sex DOB Weight (kg) first Participation dates Group
centre NcL procedure age

record
1 M DSTL  01/04/2002 17/06/2005  01/10/2005 02/10/2002 15.9t019.26 14/11/2014 27/05/2014 to 05/06/2017 Late
2 M DSTL  08/04/2002 17/06/2005  23/10/2005 09/09/2003 16.42to 17.87 11/11/2022 23/04/2014 to 18/07/2014  Late
3 M DSTL  17/02/2004 17/01/2007  11/11/2022 07/12/2004 11.11to 15.74 02/06/2014 02/06/2014to 11/12/2014 Late
4 M DSTL  15/12/2005 28/08/2008  01/04/2009 05/09/2006 11.11to 16.61 11/11/2014 12/05/2014 to 23/10/2016 Late
5 M DSTL  18/12/2005 28/08/2008  01/04/2009 05/09/2006 8.26 to 16.46 13/11/2014 02/06/2014 to 16/10/2018 Late
6 M DSTL  03/03/2005 28/08/2008  01/04/2009 05/09/2006 7.08to 10.675 31/05/2014 10/06/2014to 11/01/2021 Late
7 M DSTL  19/12/2005 28/08/2008  01/04/2009 05/09/2006 11.82to 14.5 25/11/2014 03/06/2014 to 07/12/2015 Late
8 M DSTL  12/12/2005 28/08/2008  01/04/2009  05/09/2006 8to11.12  25/05/2014 12/05/2014 to 06/11/2017 Late
9 M DSTL  14/05/2006  25/03/2009  01/06/2009 18/01/2007 12.87 to 16.48 22/04/2016 22/04/2016 to 22/10/2019  Late
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Date of

Subject Sex Breeding DOB Arrivalat — Date of first  Weaning Weight first Participation dates Group
centre NcL procedure age orocedure

10 M DSTL  06/02/2006  25/03/2009  01/06/2009 07/12/2006 81t017.35 24/05/2014 24/05/2014 to 07/12/2020  Late
11 M DSTL  13/12/2006 22/07/2009  01/12/2009 15/11/2007 11to 18 21/05/2014 21/05/2014 to 24/09/2019  Late
12 M  DSTL 01/06/2006 22/07/2009  20/10/2009  13/06/2007 4.23t0 12.46 20/10/2009 13/11/2017 to 12/10/2018 Late
13 M CfM 22/07/2008 12/05/2011  01/06/2011 11/05/2011 10.69to12.99 29/05/2014 10/11/2014 to 29/04/2016 Late
14 M  DSTL 15/07/2008 18/08/2011  10/10/2011 29/06/2009 10.99 to 15.64 14/04/2015 14/04/2015 to 25/01/2021 Late
15 M  DSTL 02/11/2009 08/01/2013  23/01/2013 15/09/2010 10.93to 13.58 30/05/2014 30/05/2014 to 16/11/2019 Early
16 M CfM  04/07/2010 22/10/2013  27/01/2014 09/05/2013 4.23t012.46 31/05/2014 31/05/2014 to 03/03/2020 Early
17 M CftM 27/01/2011  24/03/2014  01/05/2014 23/03/2014 5.64t013.8 17/11/2014 17/11/2014 to 25/11/2020 Early
18 F CftM 26/07/2010 19/01/2015  01/09/2015 09/05/2013 5.88t08.89  14/10/2015 14/10/2015 to 12/12/2019 Early
19 F CftM 16/06/2009  19/01/2015  01/09/2015 09/05/2013 6.6t011.6  29/10/2015 29/10/2015 to 27/11/2020 Early
20 F CfM 11/04/2012  14/07/2015  23/10/2017 03/07/2014 538t09.5  27/11/2017 27/11/2017 to 14/05/2021 Early
21 F CfM  19/02/2012 14/07/2015  03/01/2017 03/07/2014 6.26t09.86 12/12/2017 30/03/2018 to 21/11/2020 Early
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Date of

Subject Sex Breeding DOB Arrivalat — Date of first  Weaning Weight first Participation dates Group
centre NcL procedure age orocedure
22 M CfM 14/05/2012  14/07/2015  01/02/2017 10/04/2014 5.32t012.2 23/10/2015 23/10/2015 to 24/10/2020 Early
23 F DSTL  23/04/2011 08/03/2016  06/03/2017 25/06/2012 6.88to 10.78 24/04/2017 24/04/2017 to 15/02/2020 Early
24 F DSTL  27/05/2011 08/03/2016  06/03/2017 25/06/2012 6.41t09.9 27/04/2017 27/04/2017 to 12/09/2019 Early
25 F CfM  30/05/2013 18/04/2017  05/02/2018 01/05/2015 6.3t09 12/12/2017 03/06/2018 to 23/02/2020  Early
26 F CfM  04/02/2012 18/04/2017  25/06/2018 23/09/2014  5.6t08.19  12/12/2017 12/06/2018 to 23/02/2020 Early
27 M CfM  10/10/2015 06/12/2018  03/03/2021 01/02/2017 6.6t010.72  18/12/2018 07/07/2019 to 31/01/2021 Early
28 F CftM 16/10/2015 06/12/2018  26/04/2021 25/01/2017 5.01t08.33  18/12/2018 29/07/2019 to 01/02/2021 Early
29 M CftM 18/11/2014 06/12/2018  26/04/2021 04/07/2016 7.61to 14.26 18/12/2018 01/08/2019 to 04/02/2021 Early
30 F CftM 19/06/2015 30/05/2019  10/09/2020 20/11/2017 6.13t07.18 19/01/2020 19/01/2020 t012/11/201  Early
31 F CfM  12/08/2014 30/05/2019  10/09/2020 24/08/2015 4.67t06.69 20/01/2020 20/01/2020 to 14/11/2021 Early
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Animals at the facility underwent daily visual checks by the technicians. Any concerns
about their activity level, fur condition, faeces, food and fluid intake were referred to the
veterinary team. Additionally, the veterinarian staff collected blood samples annually from all

the animals at the facility for health screening.

The subjects of this study were involved in neuroscience and behavioural experiments
as animal models of humans throughout the duration of the study. Some of these studies
included acute single and multi-unit electrophysiological recordings and brain imaging (MRI
and fMRI), electroencephalography (EEG), transcranial ultrasound stimulation (TUS),
behavioural tasks requiring eye-fixation, etc. The inclusion criteria were the following:

1. Subjects were animal models of healthy human beings. This criterion excludes animals
used as a model of human diseases or injuries, since the former were the animals with
long stays in research facilities, and whose cumulative experience is in question.

2. Subjects were expected to stay at the research facility for several years. A short stay in
the research facility might not allow for the investigation of the cumulative experience

of the subjects.

The project started in 2014 with the subjects that fitted the explained criteria. However,
new subjects were incorporated during the project which led to the creation of two distinct
groups of subjects within our sample. The two groups were differentiated according to the time
between their first procedure at the Newcastle facility and the first data we collected from them.

The groups were labelled “Late” and “Early” (Figure 4).

1. Group “Late”: The subjects included in this group were investigated during the middle-
to-late stage of their experimental life. The animals incorporated at the beginning of the
project (2014) comprise most of the subjects in this group, unintentionally, resulting in
older animals which had been at the facility for some months or years. This group
included 14 subjects, all of them males (Table 1).

2. Group “Early”: This group of subjects was studied during their early up to late
experimental life and included animals that arrived at the facility once the project had
already started. As a result, these subjects tended to be, on average, younger than the
subjects in the “Late” group. Changes in neuroscientific research trends and legislation
also had an impact on the specific characteristics of the sample. This resulted in a higher
number of females in this group, as well as an increased weaning age for subjects in this

group. Finally, the animals included in the “Early” group were more likely to have been
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bred at the CfM breeding centre than at the DSTL. This group included 17 subjects (6
males and 11 females) (Figure 4).

A Arrival to First experimental End of
Newcastle procedure experimental life
Early group Late group

Time between 1st procedure and 1st data collection (years)

Number of Subjects

‘ 4 5 6 7 8 Q 10
Time between 1st procedure and 1st data collection (years)

Figure 4. Diagram of the two groups of subjects included in the dataset according to the time
between the 1% procedure and the 1% data collected for the present study. Subjects from the
“Early” group are represented in blue and subjects in the “Late” group in orange. Panel A
displays the diagram for the division between the “Early” and the “Late” groups of subjects.
Panel B shows the number of subjects according to the time in years between the 1% procedure

and the 1% data collected for the present study.

2.3. Behavioural recording

The behaviours were recorded using remotely controlled video cameras (Cube HD
1080, Y-cam Solutions Limited, Twickenham, UK; Axis HD Cube and M1065-L, Axis
Communications AB, Lund, Sweden). Blue Iris Video Management Software

(https://blueirissoftware.com/) was used to automate the recording times. The cameras were

located outside the enclosures of the animals at a distance of 1.5m-2.5m from the cages to

provide a wide view of the cage as well as avoid being in reach of the subjects.

Recordings started 15 minutes after the light was switched on in the primate facility and
lasted for 45 minutes in each session. The lights were switched on in the facility automatically

from 6:15 to 7 am and were switched off 12 hours and 30 minutes later.
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The early morning was chosen as the ideal time for the behavioural data collection for

the following reasons:

1. It was the only period during daylight when the focal subjects and their cage-mates were
guaranteed to be together in their home cage.

2. The human presence was significantly lower than at any other time during daylight
hours.

3. The 15-minute lapse between the light switching on and the start of the data recording
aimed to ensure that the monkeys were all fully awake. The macaques were not expected

to be asleep during the early morning (Reite et al., 1965).

For analysis purposes, the 45 minutes per session were divided into 1-minute time bins,
in which the presence (1) or absence (0) of a pre-defined list of behaviours was encoded. The
frequency of the behaviour was calculated as the proportion of 1-minute time bins in which the
behaviour was observed, on a scale from 0 to 1. Due to the enrichment devices and the location
of the cameras in the facility, the focal subject was not always visible to the observer. On the
occasions in which the focal subject was not visible for more than two seconds, the time bin

was encoded as out-of-sight.

The data were encoded by a total of 11 observers, each of them encoding differing
numbers of sessions. All observers underwent extensive video training, followed by a formal
assessment. During this assessment, the accuracy of the new observer encoding was compared
with the encoding of an expert observer and an inter-rater reliability score was calculated. For
observers who encoded video recording for many months, the formal assessment was repeated
after 6 months, and an intra-rater reliability score was calculated to ensure there was no drift in
the identification of the behaviours over time. All the observers encoded the recordings while

having no prior knowledge regarding the life history of the focal subjects.

Cohen’s Kappa score, commonly used to measure inter- and intra-rater reliability, is
known to be highly sensitive to the frequency of the behaviour, resulting in unrealistically high
reliability for the commonly observed behaviours, and low reliability for the rare ones (Cicchetti
& Feinstien, 1990). Due to the nature of our data, extreme frequencies are common. Therefore,
we used the Maxwell R.E. coefficient (Maxwell, 1977), which has been shown to deal
efficiently with extreme values and to be more sensitive (Feng, 2013). R.E. coefficient of more
than 80% was achieved both after the training phase and at the end of the encoding, indicating
a strong inter- and intra-rater reliability (mean R.E. coefficient range per session 81.9-100;
absolute R.E. mean=96.18).
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2.3.1. Refinement of Inactive not alert behaviour as an indicator of cumulative experience

Following the literature review (see section 1.4.4 on behaviours as welfare indicators in
non-human primates), the best behavioural indicator of cumulative experience was determined
to be the so-called depressive-like behaviour. Previous studies have used a wide range of
definitions for this behaviour, with some problematic aspects such as the need for intervention
or specific environmental stimuli (e.g. ‘rejecting social advances’, ‘socially withdrawn’, ‘lack
of responsivity to environmental events’), or requiring some baseline measure to identify the
behaviour (e,g, ‘Increased levels of immobility’, ‘Reduced alertness’) (Table 2). We aimed to
create an objective, operational definition of the depressive-like behaviour to be used as an
indicator of cumulative experience based on definitions that were previously used in the
literature (Table 2).

Table 2. Compilation of previous definitions used in the literature that represents a depressive-

like Inactivity behaviour.

Reference Label Definition
Baker et al., 2012 Inactive Passive, awake or asleep
Seated head lower than shoulder’s line body posture in
Camus et al., ) )
2013 Slumped which monkeys appear to be withdrawn from the
environment
Depressive- or Increased levels of immobility, a slumped body posture
Camus et al., ) ) ] ] )
2014 anxiety-like in which they appear to be withdrawn from the
behaviours environment
Clarke et al., ) )
1988 Depressed posture  Huddling over or lying down

Hennessy et al.,
2014

Withdraw

Sitting in hunched position with head below shoulders
and eyes open for at least 30 s while not engaging in

any behaviours

Hunched posture

Sitting with head the same level or lower than the
shoulders; arms and limbs huddled to the centre of the
body; no movement of the body or the four limbs; eyes
open or unable to determine whether the eyes are open

or not. When huddling, the animal can yawn or scratch.
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Definition

Relaxed posture with body resting on a horizontal
surface. Weight is not supported by limbs; eyes are

open.

Sitting or lying with eyes closed (observations made
during daytime); if sitting, head must be above

shoulders to differentiate from hunched posture.

The back is strongly curved, with the point of maximum
curvature slightly more anterior than in relaxed sitting.
The legs and arms are tucked close to the body, the
forearms resting on the knees, hands hanging in front.
The head is low, slightly withdrawn, and often resting
between the knees.” The tail is curled round the side of
the body. This is the common resting position of
animals of middle rank.

Small groups of monkeys sit together to sleep in this
posture, the chin of one animal resting on the back of
its neighbour.

If the animal is alerted, its face is raised: the more
subordinate animals tend to keep the head low and
look out from under their brows, while the more
dominant ones raise the head above the shoulders. The
arms may be put to the ground as an intention

movement of locomotion.

Reference Label
Lie
Hennessy et al.,
2014
Day time sleep
Hinde & Rowell, o
Hunched sitting
1962
Lietal., 2013 Huddling

Sitting alone on the floor with head down, displaying
no interest in the external environment; a self-directed

behaviour

Pereraetal., 2011 Anhedonia

Alone and immobile, slumped or collapsed body
posture, lack of purposeful eye movements or
responsiveness to environmental stimuli, rejecting

social advances.

Polanco, 2021 Withdrawn

Facing a corner for an extended period of time; usually
acting socially withdrawn, for at least 30 seconds
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Reference Label

Definition

Reinhardt, 1994 Depression

Reduced alertness and interest in otherwise favoured

food treats

Sat in a slumped or collapsed body posture, with open

Shively & Behaviour termed _ o
) ) eyes, accompanied by a lack of responsivity to
Willard, 2012 depressive ]
environmental events
) Slumped or collapsed body posture, relatively
Shively et al., ) ) o _
1997 Depressed unresponsive to environmental stimuli to which other
monkeys are attending
Shively et al., Slumped or collapsed body posture accompanied by a
Depressed o _
2005 lack of responsivity to environmental events, eyes open
Potential life-

_ threatening signs
Smith et al., 2006

Not alert/not responding

Potential signs of

clinical issues

Hunched posture

Lying on cage floor (responsive)/lethargic

Truelove et al.,
2017

Withdrawn or self-

directed

Inactivity: Animal is asleep or is stationary and not
engaged in any active behaviours other than directing
attention through looking, and so forth.

Self-directed stereotypy: Repetitive and ritualistic
behaviours directed at animal’s own body that do not
involve locomotion. Examples include eye behaviours
(for example, eye poking), self-clasping, rocking,
swaying, digit sucking, mouthing, skin pulling, and tail
rubbing or grasping.

Huddle: Inactive, hunched seated position with head at
lower than shoulder level; may include the chin close to

or touching the chest.

Therefore, the final definition of the Inactive not alert behaviour for the present study

was the following: sitting or lying stationary and alone, while not looking at objects or

individuals (eyes may be open or closed), and not doing anything else. This behaviour will

subsequently be referred to as Inactive not alert behaviour. The decision regarding whether

eyes open or closed is a pragmatic one to allow quantifying the behaviour even when the eyes

of the monkeys are not visible.
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The chosen method to measure the behaviour (i.e., presence or absence) required a
minimum duration to consider the behaviour as displayed. Since the minimal duration is rarely
mentioned in the previously used definitions, and when it is, no justification is provided, a
preliminary analysis was conducted. The duration of the behaviour required a long enough
duration to be specific to the affective state of interest and avoid false-positive results, such as
including instances when the subject is observing an object on the floor. On the other hand, a
relatively long duration is likely to detect only the most extreme cases of negative affective
states, leading to flooring effects, and reducing the sensitivity of the behaviour as a welfare
indicator. Therefore, considering that the duration of the unit of analysis is 1 minute, durations
of 2 seconds, 5 seconds and 10 seconds were investigated. The frequency, defined as the
proportion of 1-minute time bins in which the behaviour was observed (on a scale from 0 to 1)
of the three behaviours was highly correlated (Pearson’s r>0.8). However, the 2-second
duration did not allow for distinguishing between the behaviour of interest and a direct gaze at
an object on the ground (which is normally a rapid gaze within 5 seconds of duration followed
by a movement toward the object) and was thus rejected. As a result, the 5-second and 10-
second durations were initially selected. The minimum durations of 5 and 10 seconds of the

behaviour showed similar variability across the subjects that displayed them (Figure 5).

More than 5 seconds More than 10 seconds

Number of subjects
Number of subjects

0 0-5% 5-10%  10-15% 15-20% 20-25% More 25% 0 0-5% 5-10%  10-15% 15-20% 20-25% More 25%
Frequency range Frequency range

Figure 5. Variability between the display of the two durations of Inactive not alert behaviour.
The figure shows how many subjects displayed on average the behaviour Inactive not alert at
the following frequency and frequency ranges: 0%, 0-5%, 5-10%, 10-15%, 15-20%, 20-25%
and more than 25% of the investigated time when the duration of the behaviour was encoded
as left) >5 seconds; right) >10 seconds at every 1-minute time bin. The frequency was defined
as the proportion of 1-minute time bins in which the behaviour was observed, on a scale from
Oto1l.
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Informed by this analysis (Figure 5), a conservative approach was followed. The longest
duration (10 seconds) was chosen for having a higher likelihood of being specific to the

affective state of interest (i.e., negative valence).

In addition to Inactive not alert, Inactive alert behaviour was also encoded. This
behaviour was defined as sitting or lying stationary while looking at objects or individuals
inside or outside the cage, and not doing anything else, for more than 10 seconds. The use of
this behaviour aimed to offer information regarding the general inactivity of the subjects. This
type of inactive behaviour is not associated with the affective state of the animals and is
displayed when the animals are engaged in collecting information about their physical and
social environment. However, an increase in this behaviour over time could also be indicative
of a general ageing process (Mechling & Netz, 2009). Previous studies have encoded Inactive
not alert and Inactive alert as one combined behaviour. Since Inactive alert behaviour is not
associated with a negative affective state, combining the two behaviours might have decreased
the sensitivity of the behaviour as a welfare indicator.

In the same manner, as with Inactive not alert, no reference duration was found in the
literature for Inactive alert behaviour. In this case, the 10-second duration was chosen to mirror

the duration of the Inactive not alert behaviour as a control.

See Figure 6 for a visual distinction between “Inactive not alert” (Figure 6.A) and

“Inactive alert” (Figure 6.B) behaviours.

A)

Figure 6. Subject displaying a) Inactive not alert behaviour; b) Inactive alert behaviour.

During preliminary control analysis, the behaviours Inactive alert and Inactive not alert
were found not to be correlated suggesting, as predicted, that they reflect two distinct

behaviours (Pearson's r=0.294) (Figure 7).
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Figure 7. Correlation between Inactive not alert and Inactive alert behaviours. The observed
frequency of the Inactive not alert behaviour is represented in the x-axis and the frequency for
the Inactive alert behaviour in the y-axis. The frequency was defined as the proportion of 1-

minute time bins in which the behaviour was observed, on a scale from 0 to 1.

The behaviour Inactive not alert can be displayed both alone and in physical contact
with a cage mate. Previous studies have interpreted the physical contact with a cage mate as
affiliation behaviour (Aureli, 1992; Baker et al., 2014; Das et al., 1998; Judge et al., 2011,
NC3Rs, 2022.) and, thus, associated it with a positive affective state. Since the affective state
associated with the Inactive not alert behaviour when displayed with a cage mate is unknown,
the decision was to encode the two sub-types of behaviours separately. In order to preserve the
specificity of Inactive not alert behaviour as an indicator of a negative affective state, the
subsequent analyses of the behavioural indicator were restricted to the instances when the focal
subject displayed the behaviour alone, not in physical contact with the cage mate(s). Moreover,
by excluding the instances when the behaviour is displayed in contact with a cage mate, the
indicator can be used with both single-housed and social-housed macaques (as well as to

compare them).

2.3.2. Other behaviours investigated
The present project has been active since 2014, gathering a large amount of data that
can potentially be used for other projects. Therefore, when analysing the video recordings,

additional behaviours to Inactive not alert behaviour were encoded. Encoding multiple
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behaviours would allow us to assess the welfare of the animals with other behavioural indicators

in the case that studies arise suggesting that other behaviours could be indicative of a negative

affective state. Furthermore, these additional behaviours may assist with the investigation of

other scientific questions. The behaviours used throughout my thesis are listed subsequently

(Table 3).

Table 3. Ethogram for the relevant behavioural categories encoded in the behavioural approach

of the project. The behavioural indicator of a long-lasting negative affective state, Inactive not

alert, is underlined.

Behavioural item

Description

Inactive not alert

Sitting (sometimes with head lower than the shoulders) or lying
stationary and alone, while not looking at objects or individuals (eyes
may be open or closed), and not doing anything else, for more than 10

seconds.

Inactive alert

Sitting or lying stationary and alone, while looking at objects or
individuals inside or outside the cage, and not doing anything else, for

more than 10 seconds.

Inactive not alert

with a cage mate

Sitting (sometimes with head lower than the shoulders) or lying
stationary with a cage mate, while not looking at objects or individuals
(eyes may be open or closed), and not doing anything else, for more

than 10 seconds.

Inactive alert with

a cage mate

Sitting or lying stationary with a cage mate, while looking at objects
or individuals inside or outside the cage, and not doing anything else,

for more than 10 seconds.

Self-groom

Stroking, picking, or otherwise manipulating own body surface
(excluding head post and margins).

Self-scratching

Scratching the skin with nails.

Body shake A dog-like shake of the whole body.
) Open the mouth widely, teeth exposed, lips retracted without
Yawning o
vocalisation.
paci Repetitive (at least twice) walking the same path in the cage with no
acin
J interruption of more than 2 sec.
Out-of-sight The subject is not visible for more than 2 sec.
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2.4. Factors suspected to impact the cumulative experience of the subjects

| aimed to investigate the impact of environmental factors on the long-lasting affective
state of the animals. As the subjects were housed in a controlled environment, the number of
factors that could have had an impact was limited. After discussion with the researchers,
technicians, and veterinarians in charge of the laboratory rhesus macaques, a consensus was
reached, and five husbandry and experimental factors were identified as potentially impacting
the long-lasting affective state of the animals (Table 4). In addition to these five factors, the
potential effect of ageing was also investigated. These factors were suspected to be associated

with a neutral, negative or positive effect on the long-lasting affective state of the subjects.

Table 4. Summary of the hypothesised impact of environmental, husbandry and experimental
factors on the welfare of the NHPs. The symbol “+” refers to a positive impact on the welfare
of the NHPs. The symbol “-” refers to a negative impact on the welfare of the NHPs. The term

“neutral” refers to neither a positive nor a negative impact on the welfare of the NHPs.

Predicted impact on

Factor Definition
the welfare
Experimental Number of days the subject was involved )
involvement in an experiment +
Number of days under non-steroidal anti- )
NSAID )
inflammatory drug treatment +
_ Number of days the subject was )
Ketamine ) ) ]
anaesthetised with Ketamine drug +
Number of dura scrapes performed on the
Dura scrapes _ -
subject
Antibiotics Number of days under antibiotic treatment -
neutral
Ageing Age of the subject in days -
+
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The first factor we suspected to have an impact on the cumulative experience of the
animals is their involvement in experiments. This factor integrates a multitude of events that
could potentially have a negative impact on the welfare of the animal such as social separation
from the group (with the deprivation of visual and olfactory contact with conspecifics), head
restraint or transport. However, other events might have a beneficial impact such as social
interaction with the researchers, control over rewards or cognitively enriching tasks. The long-
term effect of all these events has not been studied and thus, the net potential effects of this
factor on the cumulative experience of the animals are unknown. Finally, as a result of
involvement in experiments, the animals will be exposed to other more invasive and potentially
detrimental factors that may impact their welfare (i.e., the need for antibiotics, surgeries, or
anti-inflammatory drugs). These aspects will be covered by the other factors investigated, which

will be explained subsequently.

When it comes to the predictors of NSAID and Ketamine, no a priori hypothesis was
made of their impact on the long-lasting affective state of the animals since previous studies
supported both directions. The NSAID factor integrates the number of days the animals
received a non-steroidal anti-inflammatory drug. Since depressive disorders are suspected to be
related to inflammatory processes (Hennessy et al., 2017), the treatment with NSAIDs could
have an anti-depressant impact on the affective state of the animals. However, the NSAID factor
does not only integrate the potential effect of the drug but also the association with events
hypothesised to be detrimental such as fights and pathologies. Consequently, no prediction was

made on the direction of the effect of this factor.

Similarly, ketamine, a sedative commonly used to induce anaesthesia, would normally
be hypothesised to have a negative impact on the long-lasting affective state of the animals,
since extended exposure to anaesthetics might cause neurodegeneration and behavioural
deficits in NHPs (Paule et al., 2011). Nonetheless, ketamine has also been observed to hold
neuroprotective (Hudetz & Pagel, 2010) and anti-depressant effects in humans (Browne &
Lucki, 2013). As the literature supports both a positive and a negative impact of ketamine on

the long-lasting affective state of the animal, no a priori predictions were made.

Scrapes and Antibiotics factors were hypothesised to have a detrimental impact on the
welfare of the subjects. Antibiotics were given to the subjects because of events such as
surgeries, infections or fight-related injuries which are considered negative for the welfare of
the animals. Therefore, this factor was predicted to have a negative impact on the long-lasting
affective state of the animals. The number of dura scrapes (Scrapes), an invasive surgical

procedure required for intra-cerebral electrophysiological recordings, was also predicted to
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pose a detrimental impact on the welfare of the subjects. This procedure might not only be
detrimental by itself (Pfefferle et al., 2018), but is also highly correlated with the number of
intra-cranial electro-physiological recordings performed on the animal, a factor which causes
micro-injuries of the brain tissue and may also have a detrimental impact on the cumulative

experience of the subjects.

Additionally, since | aimed to investigate the change in affective states of the animals
over time, the potential effect of ageing was also considered in the analysis. Ageing is a natural
event and, therefore, the potential impact on the long-lasting affective state of the animals could
be considered neutral. However, this factor could also integrate the effect of other husbandry-
related factors (e.g., captivity, cage-cleaning) that increase over time and are not included in
the other predictors. Captivity is predicted to induce a negative effect on the cumulative
experience of the subject, as it limits the range of behaviours they can express as well as the
social relationships they can form (Animals in Science Committee, 2017). For the other events
integrated into this category, such as cage-cleaning, no a priori hypothesis of their impact was
made, as there are no known studies investigating their effect. On the other hand, the time at
the research facility could also have induced habituation to potential negative stressors,
resulting in an ultimately positive impact on the welfare of the animal. This factor is also
predicted to cause non-welfare related variations in some of the indicators used. Ageing is
known to increase inactivity in humans (Mechling & Netz, 2009) and is expected to have the
same impact on other animals like rhesus macaques. Therefore, an increase in the Inactive not
alert behavioural indicator could be explained by a general increase in inactivity due to natural
ageing. Alopecia is known to increase with age in many species with macaques being one of
them (UNO, 1986); therefore, an increase in alopecia with age, unrelated to a decrease in
welfare, is predicted. However, for these two indicators, we have no detailed data regarding the
exact age at which the ageing process might start impacting them. Therefore, we cannot discard
that for the specific age range present in this study, ageing has no non-welfare impacts. As for
weight, rhesus macaques are expected to grow and thus increase in weight until the ages of 6
to 8. Consequently, an increase in weight unrelated to the affective state of the animals is
expected during those ages. Moreover, an absence of an increase in weight during those ages
would be indicative of a suboptimal welfare status. As for the other indicators, no non-welfare

related effect is expected to be caused by ageing.

These factors were extracted retrospectively from veterinary and technicians’ records.
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2.5. Statistical analysis

All our analyses focused on investigating within-subject effects. We aimed to compare
the difference in the frequency within each subject when exposed to the two conditions (Chapter
3) and over time (Chapters 4, 5 and 6). To focus on the within-subject effect, “Subject” was
declared as a random effect in all the models of this project. However, this method is not enough
to eliminate the between-subject effects. Therefore, on top of this, all the independent variables
used in the models were within-subject mean centred. This method consisted of subtracting the
mean subject value from each data point (Figure 8). This method was the best option to analyse

the current dataset as found during simulation analyses.

Between-subject Within-subject
effect effect

y; = Bs(mean (X)) + By(X;mean(X)) + Constant

T

Within-subject centring
Or
Mean-centring
Figure 8. The formula describes within-subject mean-centring. The X indicates the value of
each independent variable, and the 3 is the slope (coefficient) value of each independent

variable. The Y represents the dependent variable, in this case, the welfare indicator.

The statistical analysis of the data of all the studies was performed using the statistical
programme R, version 4.0.5, with the exception of the analysis for the MRI data (Chapter 6).
The p-value was calculated with the ImerTest (Kuznetsova et al., 2017) package, implementing
Satterthwaite's method for denominator degrees of freedom which are found to produce fewer
Type 1 errors (Luke, 2017). The statistical significance was set at an a-value of 0.05 unless
stated otherwise. The normality of the data was assessed by using the descdist function in R
(Delignette-Muller & Dutang, 2015), which assessed the distribution of the residuals of the
model and determined which type of probability distribution should be used. All the statistical

coefficient results will be shown with no standardization unless stated otherwise.

When assessing the fit of the models that investigated the factors responsible for the
variability in the indicators, we used a model comparison approach. All the predictors were
included in an original model, and subsequently, the model comparison was done using
Akaike’s information criterion (AIC) approach allowing for the comparison of all the possible
combinations of predictors simultaneously. This approach estimates the rank of the models
based on their AIC value with the lowest value indicating a better fit for the data. Therefore, it
is based on the goodness of fit of each model, and not on the significance level of the predictors.
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A small difference between the AIC values of different models implies that the models are
competing in fit, with an AIC difference of fewer than 2 units indicating that the models are
considered to be equally as good in explaining the variability of the data. This method also
favours the model with fewer predictors to control for oversaturation (Symonds & Moussalli,
2011). Once the best (or multiple best) model is identified, this model is tested against a null

model.
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Chapter 3: Acute effect of fluid control on the affective state of rhesus
macaques

3.1. Abstract

Rhesus macaques are widely used in biomedical research due to their phylogenetic
proximity to humans and their ability to perform complex cognitive tasks. Some studies require
a large number of trials and therefore a high motivation from the subjects. To achieve this, fluid
availability can be controlled in the home cage, and subsequently used as a reward during
experimental tasks. Whilst previous studies have shown no significant physiological impact on

the animals, the potential psychological effect of this routine procedure is still debated.

Using an unprecedented sample size of 28 socially housed adult macaques (11 females
and 17 males), this study aimed to investigate the acute effect of fluid control on macaques’
welfare using a behavioural approach. We recorded the home-cage behaviour of animals
enrolled in fluid control protocols due to their participation in unrelated neuroscientific and
behavioural experiments. The protocols involved a maximum of 5 consecutive days of fluid
control followed by a minimum of 2 days of free access to fluid. During the fluid control
condition, animals had controlled access to fluid in their home cages and unlimited access to
fluid as a reward during the experiment. Behaviour was recorded in the early morning for 45
minutes/day. Two conditions were investigated: after at least 12 hours of fluid control and after
access to fluids ad libitum. Animals’ affective state was assessed by quantifying the frequency
of (1) pharmacologically-validated behavioural indicators of anxiety (i.e. self-scratching, body
shaking and self-grooming); and (2) behaviours suspected to indicate a negative acute affective
state but still lacking proper validation (e.g. pacing, yawning, Inactive not alert behaviour). 700
hours of video footage were analysed, covering up to 6 years of intermittent fluid control. Using
generalised linear mixed models and a within-subject mean-centring approach, we disentangled
the between- and within-subject effects of fluid control and control for the effect of time.
Bonferroni correction was applied to control false-positive results (Bonferroni, 1936).

We found no effect of fluid control on the frequency of any behaviour, nor any
indication of habituation or sensitisation over years. This study suggests that the fluid control
protocol, as implemented in this study, does not have a negative impact on the acute affective

state of macaques.
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3.2. Introduction

3.2.1. Background

Non-human primates have the ability to perform complex cognitive and behavioural
tasks that require high manual dexterity and behavioural flexibility. Together with their
phylogenetic proximity to humans, these abilities make NHPs highly valuable animal models
in neuroscience research (See Chapter 1, section 1.2). Many behavioural tasks implemented in
neuroscience experiments require a large number of consecutive trials to obtain scientifically
reliable results. However, such a high number of trials is only reached when the NHPs are
highly motivated to perform them. Neuroscientists generally use one of two methods to increase
the motivation of the NHPs: fluid control or food control. Depending on the nature of the task
that needs to be performed by the NHP, one method will be favoured over the other. These
methods consist of using small amounts of fluid or food during the experimental tasks as
positive reinforcement (i.e., rewards). The use of fluid control is favoured when (1) the nature
of the experiment does not allow chewing movements that can induce electrical noise and
motion artefacts (e.g., electrophysiological recordings, neuroimaging experiments), (2) the
reward needs to be automatically and accurately quantifiable, (3) the reward needs to be
forwarded without the animal seeing it, (4) the reward is automatically forwarded with a
controlled and standardized equipment often with a specific time resolution (5) the experimental
sessions are long and require an extensive number of small rewards to be forwarded (Prescott
et al., 2010; Willems, 2009).

In the UK, most food control protocols will schedule the food intake, while the fluid
control protocols might require limiting the amount of fluid the animals can consume outside
the experiments per day (Prescott et al., 2010; Willems, 2009). Although fluid control
paradigms have been found to pose no negative welfare impact at a physiological level (Yamada
et al., 2010; Gray et al., 2016), the psychological impact of the procedure is still debated
(Desimone et al., 1992; Orlans, 1991; Prescott et al., 2010; Westlund, 2012).

3.2.2. Previous studies
Gray and colleagues (2016) investigated the effect of fluid control on the welfare of four
male laboratory rhesus macaques using 13 different behaviours as welfare indicators. They
compared free access to fluids to a fluid control protocol of two differing durations: 5 versus 7
consecutive days. They hypothesised that if there was a negative impact of fluid control on the
animal’s welfare, the frequency of the behavioural indicators would increase significantly. They
found a significant decrease in the frequency of the behavioural categories referred to as
inactivity, social, locomotion, self-grooming, self-directed behaviours, body shaking and
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yawning; and no significant change in the rest of the measured behavioural categories when the
animals were fluid-controlled with either duration. Therefore, they concluded that the
investigated fluid control protocols posed no welfare concern to the laboratory macaques.
However, there are several limitations to consider. The sample size was small and included only
male macaques. Additionally, the free access condition period occurred during a time when
none of the animals at the facility were taking part in experiments and the human presence was
lower than usual, which might have compromised the comparability between the control
condition and fluid-controlled conditions. Finally, some of the behavioural categories chosen
as welfare indicators were not validated as indicators of short-term negative affective states and

might have not been sensitive enough to detect changes in the affective state of the animals.

In 2014, Hage and colleagues also investigated the effect of fluid control, in this case,
on the welfare of seven laboratory male macaques. They compared a 12 consecutive day fluid
control protocol with a free access condition of two different durations: 2 days and 9 days of
free access to fluid. They used 11 behavioural categories as welfare indicators that were
measured at the beginning (day 1 to 5) and the end (day 8 to 12) of the fluid control periods.
The behaviours were measured while the animals were in their home cage, just after they had
been involved in experimental tasks. They found no significant change in the frequency of the
investigated behaviours between the two durations of free access condition neither for the
beginning of the fluid control period nor for the end, concluding consequently, that the fluid
control used had no negative impact on the welfare of the animals. In this study, there were also
some limitations to consider. Firstly, the behaviours were always recorded during periods of
fluid control, and if the effect of fluid control on the welfare was transient, this comparison
might not be sensitive to detect any effect of the differences in the duration of the free access
periods. As in the case of Gray and colleagues (2016), the sample size was small and did not
include any female macaques. The behavioural categories chosen as welfare indicators might
have also not been sensitive enough to detect changes in the affective state of the animals.
Lastly, the behaviours were encoded using a human observer instead of a video recording

device, which is known to bias the behaviour displayed by the animals (Iredale et al., 2010).

Using cortisol as the welfare indicator instead of behavioural measures, Pfefferle and
colleagues (2018) investigated the effect of fluid control on 16 male laboratory macaques before
and after the animals were exposed to a stressor. In this case, their fluid control protocol
restricted the access to fluids for the experimental task, with no extra fluid available in the home
cage, regardless of the amount consumed during the experiment. In this study, they found a

significant increase in the cortisol measures before the exposure to the stressors when the
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animals were fluid-controlled, concluding that the fluid control protocol might be having a
detrimental impact on the welfare of the animals. Nonetheless, as previously explained (See
section 1.4.3), cortisol measures might be reflecting a change in the arousal of the affective
state of the animals and not in the valence, which would hinder the interpretation of the obtained

results.

On top of discussed concerns, all of the studies above focused on the effect of fluid
control over a short time period. Gray’s (2016) study recorded the behaviours over a total of 4
months and Hage’s (2014) study over 5 months, while Pfefferle and colleagues (2018),
conducted the collection of the samples for each subject within the same day. None of the three
studies considered potential habituation or sensitisation to the fluid control by implementing a
time dimension into their analysis. Considering that NHPs involved in neuroscience research
can be in fluid control protocols for several consecutive years, investigating the effect of fluid
control protocols over a long time seems key to ensuring the welfare of the animal models.

Consequently, due to the contradictory results and limitations found in previous
research, this study aimed to investigate the acute effect of fluid control on the welfare of a
large number of laboratory macaques using behavioural indicators. As a secondary aim, we

planned on investigating potential habituation and sensitisation to fluid control over the years.

3.3. Methods and materials

3.3.1. Animals and husbandry

A subset of the dataset described in Chapter 2.2 was used for this study. The animals
that were singly housed during the recording were excluded from this analysis. These data were
excluded as in the current dataset most chronic single housing occurred during the last months
of the animal’s experimental life. Therefore, the non-homogeneous distribution of a factor
known to have a detrimental impact on the welfare of the animals (See Chapter 2, section 2.2)

could bias the analysis of the data.

The dataset was also restricted to animals for which behavioural data were recorded in
both conditions (ad libitum water vs. fluid control). All included animals had at least two
sessions where the individuals had free access to fluid and two sessions where they were

subjected to fluid control for at least the previous 12 hours.

3.3.2. Fluid control protocol
Fluid control protocols differ between institutions as well as between projects. The
animals in this study were all subjected to the same fluid control protocol.

45



For this protocol, a daily minimum amount of fluid is identified per individual.
Considering the ad libitum water intake as the starting point, the researchers slowly decrease
the daily fluid available in the home cage and quantify the number of trials the animals perform
until the animal reaches the motivation required to perform the necessary number of trials in
each experimental task. An absolute minimum computed according to the weight of each
subject also limited the lower limit of daily fluid that could not be reduced. Across the sample,
the minimum varied between 150 and 400 ml/day.

This minimum must always be reached and can be surpassed during the experiments. If
the animals do not reach the minimum during the experiments, the amount left to reach it is
provided at the end of the experimental day when the animals are back at their home enclosures.
Animals can only be fluid-controlled for five consecutive days, which must be followed by at

least two days of ad libitum water access at their home enclosures.

3.3.3. Indicators of acute negative affective state

As described in section 1.4.4.2 the only validated indicators of acute negative affective
state for rhesus macaques are displacement behaviours (self-scratching, self-grooming and
body shaking). Therefore, this indicator was the primary outcome measure used in this chapter

to investigate the acute effect of fluid control on the welfare of laboratory macaques.

However, in case of a negative result in the primary analysis, secondary analyses, using
potential indicators of acute negative affective state, were planned. These potential indicators
were Yawning, Pacing and Inactive not alert behaviour. Research done with these three
behaviours is described in sections 1.4.4.1, 1.4.4.2 and 1.4.4.4.

To avoid the limitations described in section 1.4.4, regarding the risk of false positives
and false negatives as well as the loss of sensitivity, we only used potential indicators with
strong evidence supporting their use and which are independent of each other. For this reason,

we did not include self-scratching and affiliative behaviours.

Self-scratching would not be independent nor more sensitive than the category of
displacement behaviours (see section 1.4.4.2). Therefore, it would not pose any benefit to using

it in the present analysis.

Affiliative behaviours were not included for several reasons. This behavioural category
has been interpreted as an indication of both good and bad welfare status (see section 1.4.4.3),
considered in most research facilities as an indication of a healthy relationship between the

NHPs displaying them. Moreover, all the studies revealing increases in affiliative behaviours
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after the subjects have been exposed to a stressor show (1) initial increases in displacement
behaviours, implying that affiliative behaviours would not offer additional information to
displacement behaviours, and (2) they have always been related to stressors of a social nature,
which is not the case for our study. Finally, affiliative behaviours have also been suggested as
coping mechanisms, which could hinder a reliable interpretation of the results (see section
1.4.4.3).

3.3.4. Statistical analyses

The data were modelled using linear mixed models with the Ime function from the nime
package (Pinheiro et al., 2011). The distribution of residuals was found to be non-normal for
all the following models of yawning behaviour (kurtosis > 7), pacing behaviour (kurtosis > 7)
and Inactive not alert behaviour (skewness > 2, kurtosis > 7). Therefore, the dependent variable

was transformed via a square root for all the models that include those behaviours.
The analysis of the data was done in three steps that will be explained subsequently.

3.3.4.1. Effect of condition

The first analysis consisted of investigating the effect of fluid control on the frequency
of displacement behaviours. This effect of the condition was investigated by using general
linear mixed models in which the independent variable was the condition (i.e., ad libitum vs.

fluid-controlled) and the dependent variable was the frequency of the behaviour.

If fluid control was having an acute detrimental impact on the affective state of the
subjects, we predicted that the fluid control condition would increase the frequency of the

behavioural indicators used.

3.3.4.2. Effect of consecutive days of fluid control

During the second analysis, we investigated the effect of consecutive days of fluid
control on the frequency of displacement behaviours. For this analysis, only sessions during the
fluid control condition were included. The maximum number of consecutive days of fluid

control in the investigated protocol was five.

This effect was investigated by using general linear mixed models in which the
independent variable was the number of consecutive days under fluid control (i.e., from one

day to five days) and the dependent variable was the frequency of the behaviour.
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In this case, if there was a detrimental impact of consecutive days of fluid control on the
affective state of the animal, we predict to observe a significant increase in the behaviour over
the consecutive days of fluid control.

3.3.4.3. Effect of years of intermittent fluid control

The third step of the analysis investigated the acute effect of fluid control when animals
are subjected to it over years. With this analysis, we aimed to investigate any potential

habituation and/or sensitisation processes.

The effect of years of intermittent fluid control was investigated by using general linear
mixed models in which the independent variable was the total number of days since the first
fluid control of the subject in interaction with the condition, and the dependent variable was the

frequency of the behaviour.

A second analysis was done to investigate potential sensitisation and/or habituation
effects on fluid control. For this, we used the two groups of subjects present in our data set:
subjects who had been investigated years after their first fluid control (i.e., involvement in any
experiments) and subjects who were investigated weeks or months after their first exposure to
fluid control (see section 2.2). This gave us the opportunity to investigate the effects of fluid
control in two time windows: an early effect and a late effect. This in turn could unmask

potential sensitisation and/or habituation effects to the fluid control.

For this second analysis, the model will consist of a triple interaction between three
independent variables: the condition, the days since the first fluid control and the group of the

subject (“Early” vs “Late™).

The diagram below shows the predicted changes in the frequency of the behavioural
indicator in the case of habituation and sensitisation (Figure 9). Panel A illustrates the scenario
in which subjects are habituated to fluid control, which is displayed by a decrease in the
frequency of the behaviour over time during the fluid-controlled condition and a decrease in
the frequency difference between the two fluid control conditions (Figure 9.A). However, this
scenario can only be confirmed in panel B (Figure 9.B), where the effect of the fluid control
condition is investigated per group of subjects (“Early” vs “Late”). This scenario would be
illustrated in the following manner: the “Early” group of subjects would display a decrease in
the frequency of the behavioural indicator over time when they are fluid-controlled, together
with a significant interaction between the frequencies of the two fluid control conditions. This
latter interaction could be visualized with a significant decrease in the frequency difference

between the two fluid control conditions over time. In addition, we would observe no change
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in the frequency of the behavioural indicator over time for the “Late” group in any of the

conditions, nor any significant difference between the frequencies in each condition.

In the case of a sensitisation scenario, the first analysis of the effect of years of
intermittent fluid control would reveal an increase in the frequency of the behavioural indicator
overtime during the fluid control condition, together with an increase in the frequency
difference between the two fluid control conditions (Figure 9.C). For confirmation, the analysis
illustrated in panel D (Figure 9.D) would be performed. In this analysis, the “Early” group
would display an increase in the frequency of the behavioural indicator during the fluid control
condition and a significant interaction between the two conditions. Once more, this latter
interaction could be observed visually in the illustration by an increase in the frequency
difference between the two conditions over time. Finally, the “Late” group would display no
change in the frequency of the indicator over time and a significant difference in the frequency

of the behaviour between the two conditions.
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Figure 9. Diagram of predicted changes in the frequency of the behavioural indicator in the
case of habituation and sensitisation to fluid control. Habituation scenario when investigating
all subjects together (panel A). Habituation per group of subjects (panel B). Sensitisation
scenario when investigating all subjects together (panel C). Sensitisation per group of subjects
(panel D).

For the two models of this analysis, the results will be shown after scaling due to the

small size of the unit in these analyses (e.g., days).
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3.4. Results
The final data set consisted of 932 daily sessions from a total of 28 laboratory rhesus
macaques: 17 males and 11 females. 53.7% of the sessions were part of the ad libitum condition.

3.4.1. Displacement behaviours

The difference in the frequency of displacement behaviour between the “Fluid-
controlled” and ad libitum condition was not significant (3=-0.006, SE=0.01, DF=903,
F=0.358, P=0.549) (Figure 10) suggesting no acute detrimental impact of fluid control on the
welfare of the subjects.
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Figure 10. Effect of condition on the frequency of displacement behaviours. The frequency
was defined as the proportion of 1-minute time bins in which the behaviour was observed, on a
scale from 0to 1. The ad libitum condition is shown in blue and the “Fluid-controlled” condition
in red. Each coloured dot represents a session, and the data is jittered for illustration purposes.

The black dots represent the average per condition.
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Fluid control could have had an impact only after several consecutive days. Therefore,
the change in the frequency of the behaviour over the five maximum days of fluid control was
investigated. This analysis included only fluid controlled sessions (n=430). The frequency of
the behaviour did not increase over the consecutive days of fluid control (3=-0.013, SE=0.005,
DF=403, F=7.294, P=0.007), but it decreased significantly (Figure 11). The average frequency
after five days of consecutive fluid control was lower than the average frequency during the ad

libitum condition.
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the “Fluid-controlled” condition in red. Each coloured dot represents a session, and the data is
jittered for illustration purposes. The black dot represents the average frequency of the ad
libitum condition, and the black line represents the change in average frequency for the
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Next, the change in the frequency of the behavioural indicator was investigated over the
years of intermittent fluid control. No interaction was found between the years since the first
fluid and the fluid control condition of the subjects (“Fluid-controlled” vs ad libitum) (3=-0.006,
SE=0.005, DF=901, F=1.959, P=0. 162) (Figure 12.A).

Lastly, we investigated a potential habituation and sensitisation effect of fluid control
by investigating the effect of fluid control over the years separately for the two groups of
subjects (“Early” vs “Late”) (Figure 12.B). No significant three-way interaction was found
between the days since the first fluid control, the effect of the condition and the group of the
subjects (3=0.009, SE=0.006, DF=898, F=2.404, P=0.121).
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Figure 12. Effect of fluid control on the frequency of displacement behaviours over days since
the first fluid control (A) and when divided into the “Early” (left side of the graph) and “Late”
(right side of the graph) groups (B). The ad libitum condition is shown in blue and the “Fluid-
controlled” condition in red. Each coloured dot represents a session. The frequency was defined
as the proportion of 1-minute time bins in which the behaviour was observed, on a scale from
Oto1l.
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As no significant negative effect of fluid control was found on displacement behaviours,
the three steps would be repeated for each potential indicator of acute negative welfare proposed
(i.e., Yawning, Pacing and Inactive not alert behaviour). For the analysis of the potential

indicators, | corrected for multiple comparisons using the Bonferroni correction (Bonferroni,
1936). After the correction, the a value was reduced to 0.016.
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3.4.2. Potential indicators of acute negative affective state

3.4.2.1. Yawning

Yawning behaviour frequency did not change according to the fluid control condition
(%=0.002, SE=0.008, P=0.806) (Figure 13.A). The consecutive days of fluid control did not
increase the frequency of the behaviour (3=-0.002, SE=0.004, DF=403, F=0.412, P=0.520)
(Figure 13.B). The analysis of the effect of years of intermittent fluid control showed no
significant interaction between fluid control and the days since the first fluid control (3=-0.004,
SE=0.004, DF=901, F=1.15, P=0.282), (Figure 13.C). Finally, the triple interaction between
the days since the first fluid control, the effect of condition and the group of the subjects
revealed no significant results (3=0.003, SE=0.005, DF=898, F=0.592, P=0.441) (Figure 13.D).
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frequency was defined as the proportion of 1-minute time bins in which the behaviour was

observed, on a scale from 0 to 1.
3.4.2.2. Pacing

For the analysis of the Pacing behaviour, the data set was restricted to the animals that
displayed Pacing behaviour at any of the investigated sessions. As a result, the data was reduced

to 665 sessions with 19 subjects (7 females and 12 males).
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The frequency of Pacing behaviour was not found to be influenced by the fluid control
condition of the subjects (3=-0.009, SE=0.019, DF=645, F=0.256, P=0.612) (Figure 14.A). The
number of consecutive days under fluid control showed no signs of having an impact on the
frequency of Pacing behaviour (3=-0.017, SE=0.009, DF=273, F=3.117, P=0.078) (Figure
14.B). The frequency of the behaviour in both conditions is decreasing over the years, with no
significant interaction between the two conditions (B= 0.008, SE= 0.008, DF=643, F=1.03,
P=0.310) (Figure 14.C). When the two groups of subjects were divided, the interaction between
conditions, days since the first fluid control and the group of the subject was not significant (R=
0.008, SE=0.010, DF=640, F=0.644, P=0.422) (Figure 14.D).
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Figure 14. Changes in the frequency of Pacing behaviour. (A) Effect of condition (fluid-
controlled vs ad libitum). (B) Over the consecutive days of fluid control. (C) Over time, starting
with the first date of fluid control. (D) Over time, with the two groups of subjects. Each coloured
dot represents a session, and in panels A and B the data is jittered for illustration purposes. The
frequency was defined as the proportion of 1-minute time bins in which the behaviour was

observed, on a scale from 0 to 1.
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3.4.2.3. Inactive not alert

Inactive not alert behaviour frequency was not significantly higher in the “Fluid-
controlled” condition than in the ad libitum condition (8=0.009, SE=0.013, DF=903, F=0.438,
P =0.508) (Figure 15.A). The frequency of Inactive not alert behaviour did not increase
significantly over the consecutive days of fluid control (3=0.014, SE=0.007, DF=103, F=3.956,
P =0.047) (Figure 15.B). The analysis of the effect of years of intermittent fluid control revealed
no significant interaction between the fluid control condition and the days since the first fluid
control (B=-0.003, SE= 0.006, DF=901, F=0.304, P =0.581) (Figure 15.C). The last analysis
on the effect of intermittent fluid control with the two groups of subjects showed no significant
interaction between the condition, the groups of subjects and the days since their first fluid
control (R=-0.01, SE= 0.007, DF=898, F=1.671, P=0.196) (Figure 15.D).
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purposes. The frequency was defined as the proportion of 1-minute time bins in which the

behaviour was observed, on a scale from 0 to 1.

3.5. Discussion

Fluid control protocols are broadly used in a multitude of research facilities with
laboratory rhesus macaques. If this protocol was to have a negative impact on the welfare of
the animals the consequences for the research community could be crucial. It is therefore

imperative to reach a solid conclusion about the potential impacts of this protocol.

The fluid control condition showed to have no impact on displacement behaviours; nor
did it on the potential indicators of acute negative affective state. This result suggests that fluid

control has no impact on the acute affective state of the investigated animals.

Our analysis of the effect of consecutive days of fluid control, revealed similar results,
with no significant increases in the welfare indicators over the consecutive days of fluid control.
These results suggest that the use of fluid control consecutively, up to a maximum of five
consecutive days, poses no detrimental impact on the affective state of the animals.

Finally, the intermittent use of fluid control over an extensive period (up to 11 years)

had no significant impact on the frequencies of the indicators of acute negative affective state.

In conclusion, our results suggest that the fluid control protocols, used at Newcastle
University, have no acute negative impact on the affective state of the laboratory rhesus
macaques. These results concur with most of the results found in previous studies that
investigated this effect by using behavioural welfare indicators (Gray et al., 2016; Hage et al.,
2014).

In the study by Gray and colleagues (2016) the frequency of most of the behavioural
indicators they investigated did not change when the animals were subjected to fluid control
protocols. Moreover, fluid control protocols were associated with decreases in the frequency of
some of the behaviours (i.e., yawning, self-grooming and body shaking). This is consistent with
the results we obtained with yawning and displacement behaviours with decreases in the
frequency of the behaviours during the fluid control condition. This decrease in frequency over
time may be explained by a decrease in uncertainty which could affect positively the affective
state of the animals. This interpretation is explained subsequently. When the animals are fluid-
controlled, it is almost certain that they will be participating in experiments the following day.
However, when they have access to fluid ad libitum, there are multiple possible scenarios of

what will happen the following day (e.g., no involvement in experimental tasks, veterinary
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check, change of home cage, an experimental task at the home cage). Rhesus macaques are
known to prefer the routine, thus, having the certainty of what they can expect the following
day might be beneficial for the valence of their affective state.

Our results contrast, however, with the conclusions reached by Pfefferle and colleagues
(2018), in which they interpreted increases in cortisol in fluid-controlled animals as signs of
exposure to mild stressors. Nonetheless, it is important to highlight, that the fluid control
protocol used in Pfefferle’s study did not allow the NHPs access to fluid at the home cage even
when the daily limit was not reached during the experimental task. This differs from the
protocol used in the present study and the protocols of both Gray and colleagues (2016) and
Hage and colleagues (2014). This singularity in Pfefferle’s (2018) protocol might negatively
impact the affective state of the animals and explain the conflicting results between our results
and the ones obtained by their study. On the other hand, those contrasting results might arise
from the difficulty in interpreting cortisol measures due to the limitations described in section
1.4.3. Cortisol measures have shown conflicting results with both increases and decreases when
the animals were exposed to stressors known to have a detrimental impact (Camus et al., 2013;
Hennessy et al., 2017; Miller et al., 2007). Therefore, the interpretation of cortisol measures as

a sole indicator of a stress response might not be reliable.

The validated indicator of acute negative affective states that we used, displacement
behaviours, is predicted to be more sensitive to negative affective states with high arousal (see
section 1.4.4.2). As a consequence, solely with displacement behaviours, it is not possible to
reject the hypothesis that fluid control might be having a negative impact on the affective state
of the subjects since it might be impacting the subjects’ negative affective state with a low level
of arousal. Nevertheless, the results obtained with the potential indicator Inactive not alert
behaviour might support the lack of a detrimental impact of fluid control. Inactive not alert
behaviour is commonly considered an indicator of long-lasting negative affective states at a low
arousal level (see section 1.4.4.4). However, the considerable day-to-day variability in the
frequency of this behaviour we found in our results suggests that it might also be sensitive to
acute changes in the affective state of the subjects. Therefore, the combined results of both
Displacement behaviours and Inactive not alert behaviour point in the direction of a lack of
impact of fluid control protocols on the subjects’ acute affective state of both high and low

arousal levels.

Recent advances in animal welfare science have helped with the development of
cognitive bias tests for the assessment of the valence of the affective state of NHPs (see section

1.4.4.5). These tests can provide valuable information regarding the affective state of the
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animals; thus, their use could be proposed to elucidate further potential concerns about the use
of fluid control protocols. However, their use is not compatible with the present study for three
reasons: (1) studies that have investigated judgement bias tests indicate that the affective state
being measured is long-lasting, often described as mood; (2) judgement bias tests require
training, which on top of being time-consuming and not suitable for some research facilities,
might also require the use of additional fluid control; (3) lastly, as previously discussed (see
section 1.4.4.5), judgement bias test cannot be used to test the impact of repeated procedures,
which is the case of fluid control protocols. Finally, the results obtained by the present study
failed to find any indication of a potential negative impact of fluid control on the subject’s
welfare. Therefore, even if the explained obstacles could be overcome, we do not anticipate
discording results.

3.6. Conclusion

In this study, we used an unprecedented number of subjects to address the need for
conclusive data on the effect of fluid control protocols on the welfare of laboratory rhesus
macaques used in neuroscience research (Prescott et al., 2010). The availability of longitudinal
data offered us additional information about how this protocol could impact the animal’s
welfare in the long term. We used the most reliable and pharmacologically validated indicators

of acute negative affective state, as well as additional potential indicators of this affective state.

These data failed to show any detrimental impact on the Newcastle University fluid
control on the welfare of laboratory rhesus macaques.
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Chapter 4: Traditional methods as indicators of long-lasting negative
affective state (weight and alopecia)

4.1. Abstract
Research facilities require indicators of welfare that are reliable but also practicable.

Body weight and the level of alopecia are two indicators that are often considered as such.

In the present chapter, we used body weight and alopecia levels as indicators of
cumulative experience of 28 laboratory rhesus macaques. The indicators were collected
between 2014 and 2021. Weight measurements were taken weekly, and alopecia scores were
annual. Alopecia was scored as the presence or absence of any hair loss in the whole body of

the animals.

Body weight did not indicate any detrimental weight loss and results of weight gain
were not quantifiable due to limitations of the study design. We found a significant increase in
developing alopecia over time, which does not seem to be caused by age, but by the involvement
of the subjects in the experiments. Our results, therefore, suggest a potential negative

cumulative experience caused by involvement in experiments.

Nevertheless, the limitations to be considered are discussed further in the present

chapter.
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4.2. Introduction

The welfare of NHPs in scientific facilities is pivotal to the research conducted.
However, the assessment of this welfare is not straightforward (see section 1.3). In large
facilities with hundreds of animals, it is important to have measures of welfare that don’t require
specialist skills or equipment and are non-invasive and fast. Two indicators that fulfil these
criteria are weight and alopecia, which are recorded in most biomedical NHP facilities.

4.2.1. Weight

Body weight has been traditionally used as an indicator of welfare for rhesus macaques,
and its use has been recently recommended (Prescott et al., 2022; Truelove et al., 2020). In a
facility with hundreds of individuals, it is one of the only animal-based indicators considered

feasible to measure by staff (Truelove et al., 2020).

Body weight has been suggested to be affected by a multitude of welfare-related factors
including anxiety (Meishvili & Chalyan, 2021), depression (Jarczok et al., 2018; Qin et al.,
2015; Shively et al., 2005), early life experiences (Contia et al., 2012), poor immunological
function (Wolfensohn & Honess, 2005), social rank (Zehr et al., 2005) and fluid control
(Prescott et al., 2010).

Traditionally, weight loss has been considered the main measure of weight concern in
animal models. However, with a growing literature body on the risks of being overweight in
humans (Rand & Macgregor, 1990; Wadden & Bray, 2018; World Health Organization, 2021),
and the benefits of weight loss (Swencionis et al., 2013), weight increases are now also being
considered as welfare indicators. Therefore, currently both underweight and overweight are
considered indicators for the welfare of macaques (Kemnitz & Francken, 1986; Shively &
Clarkson, 1987), with underweight requiring a 10% loss of body weight to be normally
associated with detrimental welfare (Lanz et al., 2013; Smith et al., 2006). As for overweight,
there is no current agreement in the literature on the limits considered to be indicative of
negative welfare in NHPs.

Regarding psychological wellbeing, both anxiety and depression have been observed to
affect the body weight of macaques in opposing directions. In a study by Meishvili & Chalvan
(2021) overweight was associated with state anxiety in cynomolgus macaques (Macaca
fascicularis). On the other hand, rhesus macaques with induced seasonal affective disorder,
which causes depressive symptoms, were observed to decrease in weight in the study by Qin

and colleagues (2015).
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Other factors were found to affect the weight of NHPs such as the impact of stress-
related to hierarchy and social rank. However, such factors have revealed conflicting results
with observed lower weights for subordinate individuals (Wolfensohn & Honess, 2005), higher
food intake by subordinate females when there is food availability and specific diets
(Michopoulos et al., 2012; Wilson et al., 2008), as well as lack of difference in body weight
between ranks (Shively & Day, 2015). Therefore, while those factors might explain some
between-subject variability, there is no clear trend in within-subject variability. Another factor
contributing to between-subject variability is early life experiences. Early life experiences have
been found to create disturbances and reductions in the sexual dimorphism that causes the
weight difference between males and females in macaques (Contia et al., 2012; Wallen, 1996).
Finally, fluid control has been suggested to cause weight decreases due to dehydration as well
as weight gains as a consequence of binge eating (Prescott et al., 2010). However, no weight
gain nor detrimental weight loss was found to be associated with fluid control when investigated

in laboratory male rhesus macaques by Gray and colleagues (2016).

Nevertheless, the following must be taken into consideration: The animals at the
Newcastle research facility, as at many other facilities, have limited access to food, as it is
controlled by the facility staff based on the recommendations of the veterinarians. As a
consequence, the following analysis has an important limitation for interpreting a potential
overweight scenario. With limited availability of food, the subjects are not able to eat ad libitum,
which will restrict their potential to become overweight, restricting, as a consequence, the
reliability of overweight as an indicator of a negative affective state. Moreover, it is common
practice at the facility for the veterinarians to recommend dietary restrictions to individual

animals when it is considered they have reached unhealthy weights.

We predicted that if there was cumulative experience caused by husbandry and/or

experimental factors, we would observe underweight tendencies in the subjects over time.

4.2.2. Alopecia

Alopecia, aka hair loss, is a common condition found in NHPs. This condition can be
caused by multiple factors such as ageing (Beisner & Isbell, 2009; Steinmetz et al., 2006),
genetics (Ratterree & Baskin, 1992), seasonality (Isbell, 1995; Steinmetz et al., 2006), friction
due to housing characteristics (Beisner & Isbell, 2008, 2009; Novak et al., 2014), hormonal
variation (Lair et al., 1999) or pregnancy (Lutz, 2021; Lutz et al., 2019). However, alopecia
can also be caused by pathological and stress-related factors. This, together with the evidence
showing that alopecia has been more frequently observed in captive than wild populations of

macaques, reaching up to half of the captive population, (Lutz et al., 2013), leads to it being
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commonly associated with negative welfare (Novak et al., 2017) and used as an indicator of

long-lasting negative affective state.

Some of the welfare-related mechanisms suggested as influencing alopecia are
nutritional imbalances (Novak & Meyer, 2009), infections (Baker et al., 1971) and certain
behaviours that induce hair loss (Beisner & Isbell, 2008). Potential nutritional imbalances and
infections are routinely assessed by the veterinary team at the Newcastle facility to ensure the
correct course of treatment. As for the latter mechanism, the main behaviour investigated
concerning alopecia in laboratory NHPs is the so-called hair-pulling or hair-plucking behaviour
(Luchins et al., 2011). Hair-pulling is the removal of hair with either hands or teeth and can be
self-directed or directed towards another individual (Heagerty et al., 2017; Reinhardt et al.,
1986). This behaviour differs from grooming as it pulls out the hair of the animals instead of
solely brushing it and cleaning it of parasites or external particles (Heagerty et al., 2017;
Luchins et al., 2011). This behaviour has been suggested to be caused by stress and therefore
related to welfare concerns (Pomerantz et al., 2013).

As part of the stressors behind the direct mechanisms causing alopecia the following
have been suggested: social rank (Beisner & Isbell, 2009), single-housing (Lutz et al., 2003)
and early life stress (Contia et al., 2012). However, it has been hypothesised that many other

stressors can also induce this condition.
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Figure 16. Diagram of mechanisms and causes for alopecia in laboratory rhesus macaques.
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In conclusion, the current literature body on NHP alopecia is quite ambiguous, with
diverse causes and mechanisms suggested as being responsible for the variability in alopecia
(Figure 16). However, many of these factors can be controlled to ease the interpretation of the
results (Novak et al., 2017). In the current study, alopecia will be used as an indicator of a
negative long-lasting affective state. Non-welfare related factors will be controlled for either in
the experimental plan (e.g., friction, seasonality, pregnancy) or in the statistical analysis (e.g.,

ageing, genetics).

4.3. Methods and materials

4.3.1. Weight

The weight of all rhesus macaques at the Newcastle University animal facility is
registered by technicians weekly. In addition, animals’ weights are also recorded by the
researchers before being transported to the laboratory rooms for performing experimental tasks.
Consequently, all the subjects have one to five weight data entries a week recorded in the diaries
at the NHPs unit.

For this project, the individual subject weight data was extracted from the unit diaries
for the individual’s time window of interest, considered as the years when the animals were

part of the current project (see Table 1).

In addition to this dataset, | also had access to the weight data from The Medical
Research Council Centre for Macaques (CfM) primate breeding unit. This breeding unit is one
of the two units providing the rhesus macaques to the Newcastle research facility. The animals
at CfM live in groups and are not involved in any experimental procedures. They are commonly
weighed at least once a year during routine health checks. The access to the CfM data brings
this project an optimal opportunity to compare baseline weights of animals within the same
genetic pool since most of the animals at the Newcastle facility (51%) were bred at this breeding
centre. As the changes in weight with age were expected to be non-linear, they could not be
controlled statistically. Instead, | restricted my comparative analysis to age-matched groups
within each sex. The pregnant animals were also excluded from the analysis. In summary, the
CfM data was used as a control to investigate the baseline weight curve that laboratory rhesus
macaques of a similar genetic pool should follow.

4.3.2. Alopecia
Alopecia was scored annually, during November, in a visual manner while the animals
were in their home cages. November was chosen for two reasons: (1) the coat of the animals is

full during the winter months which would allow us to avoid hair loss due to the seasonal effect
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and (2) NHPs undergo annual health checks in late November — early December, during which

some parts of the animal’s hair is shaved which could bias the alopecia scores.

The scoring was done with a combined version of the protocols developed by Honess
and colleagues (2005) and Bellanca and colleagues (2014). The former study scored the coat
condition of the animals’ back qualitatively on an ordinal scale from 1 to 5, where a score of 1
is defined as “Very good coat condition” and 5 as “Back completely bald (more skin visible
than hair-coat)” (Honess et al., 2005) . Bellanca and colleagues (2014) favoured a more
complex approach, considering the percentage of the body affected by hair loss and its pattern
of it (i.e., Thinning, patching, bare). A preliminary data collection with each scoring system
was conducted which revealed that the intra-rater reliability with the Bellanca method did not
reach desirable standards. However, although the intra-rater reliability of the Honess method
was favoured, the absence of information for the hair condition of the limbs, head and tail that
this protocol excluded, was considered suboptimal. Therefore, the final decision was to use the
Honess protocol with an additional score per subject for the whole-body coat condition. The

main reasons for including the whole body were the following:

1. The hair in the animal’s back is longer than in other areas of the body. The length of the
hair can prevent the observer from visualising bald patches of the skin.

2. The animals do not have full access to their backs. If the loss of hair was caused due to
self-hair-pulling, the back would not be the most reliable indicator of this behaviour as
it is furthest from their reach.

The home cages of the animals are highly enriched which could potentially cause
difficulties in reliably scoring the alopecia visually from outside the cages. As a control, in the
last data collection year (2021) the animals were scored in alopecia twice on the same day; once
in their home cages before being taken for the annual health checks, and a second time while
there were anaesthetised minutes later. Scoring the alopecia while the animals were

anaesthetised enabled us to observe closer the whole-body coat of the animal.

The data set was restricted to subjects with at least 3 alopecia values over the

investigated period of time.

4.3.3. Statistical analysis
The data analysis of all the studies that investigated the cumulative experience of the
laboratory rhesus macaques (Chapters 4, 5 and 6) followed approximately the same main
analysis structure. First, the change of the indicators over time was investigated, in addition to
some control analysis for the effect of ageing that differed between the indicators. If a
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significant change in the indicator was found over time, which suggested a negative impact on
the long-lasting affective state of the animals, we proceeded to investigate which factors could
be responsible for that effect.

4.3.3.1. Weight

The data were modelled using Linear Mixed Effects models with the Imer function from
the Ime4 package (Bates et al., 2022). “Subject” was declared as a random effect in all the
models. Despite the fact that the aim was to investigate changes in weight over time within each
subject, in this case, as the change in weight does not follow a linear trend but a sigmoid curve
(Wolfensohn & Honess, 2005), the within-subject mean centring of the predictor variable was

not possible. Results, therefore, reflect a mixture of within- and between-subject effects.

4.3.3.2. Alopecia

The data were analysed using generalized linear mixed models with the glmer function
in the Ime4 package (Bates et al., 2022), applying random intercept (Subject). A binomial family
with a maximume-likelihood estimation was used to assess significance values when a given
fixed effect was excluded from the model. The dependent variable was the binarized alopecia
score (i.e., 0 vs. 1) and the independent variable was the within-subject mean-centred time in

years that the subject has spent in the facility.

4.4. Results

4.4.1. Weight

10860 weight values from 28 subjects at the Newcastle facility were extracted covering
a total of seven years of data (January 2014 — December 2021). The data set included 11 females
and 17 males. Subjects had an average of 386 entries (min=16, max=519) depending on the
length of time each animal was part of the project and the number of visits each animal had to
the experimental room. The high number of data points might entail overpowering during the
statistical analysis which might increase the probability of achieving significance levels for very

small effect sizes.

The average weight of the animals was 10.1kg (SD =2.82kg). However, there was
variability between subjects, as the minimum recorded weight was 4.23kg and the maximum
was 19.26kg. As expected, sexual dimorphism played a major role in this variability. Within

the females, the average weight was 7.8kg, compared to 11.1kg among the males.

The CfM data included fewer data points per subject (mean=9, min=2, max=45) with a

total of 2999 weight values, but a much larger number of subjects, (n=319) of which 237 were
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females and 82 were males. The average weight was 8.28kg (SD=2.55) and it ranged from

2.9Kkg to 19.6kg. The average weight for females was 7.48kg and for males 10.3kg.

The first step of the analysis included investigating the effect of the facility of origin
(CfM vs Newcastle) on the weight of the animals while controlling for the predicted effect of
Sex. Subjects at Newcastle facility were revealed to be significantly heavier (3=1.45, SE=0.316,
DF=1037, F=21.025, P=5.08e-06) even when controlling for Sex differences (3=1.14,
SE=0.306, DF=932, F=13.93, P=0.0002) (Figure 17).
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Figure 17. Weights of the animals at each facility. The subjects from the Centre for Macaques
(CfM) facility are shown in green and subjects from the Newcastle (NcL) as shown in orange.
Females are on the left and males on the right side of the figure.

The Newcastle data for the male macaques showed a binomial distribution of weights
(Figure 17), which we suspected to be caused by the difference in the breeding centre origin of
the animals (e.g., genetics, early life experience differences, etc.). Therefore, the same analysis
was repeated by removing the data from the animals that came from the DSTL breeding centre
(Figure 18). After removing these subjects, the weight difference between the CfM and the
Newcastle subjects is not significantly different ($=0.459, SE=0.354, DF=1086, F=1.678,
P=0.195). As it cannot be discarded that the differences in change of weight over time might
be caused due to the breeding centre of origin (CfM vs DSTL), the subsequent models were
investigated solely on subjects bred at the CfM breeding centre.
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Figure 18. Weights of the animals at each facility when the subjects from the Newcastle facility
bred at the DSTL breeding centre are excluded. The subjects from the Centre for Macaques
(CfM) facility are shown in green and subjects from the Newcastle (NcL) as shown in orange.
Females are on the left and males on the right side of the figure.

The following step was to investigate the change of weight over time at the facility.
Most of the subjects included in the data set (Table 1) were within an age range when they are
expected to increase in weight as part of their natural growing pattern (Wolfensohn & Honess,
2005). Therefore, an increase in weight was expected regardless of any potential changes in the
long-lasting affective state. As a consequence, the measure used to assess the welfare was not
the absolute weight of the animals, but the difference in change of weight between Newcastle,
where animals are exposed to experimental procedures, and a baseline growth curve of captive
laboratory rhesus macaques not exposed to experimental procedures. To do this, the CfM data
set was used to investigate the fluctuations that the weight data followed for their rhesus
macaque population. General linear models were built using the time they have spent at the
facility (in years) as a single predictor of the change in Weight. To determine the optimal degree
of the polynomial function, a model comparison was performed between models including
various degrees, from 1 to 5. The use of larger polynomial degrees was avoided to prevent

overfitting the model.

The analysis with the CfM data set which aimed to investigate the curve that best fitted

the data showed that the polynomial of 4" degree was best. This model produced an AIC of
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7971.3 which was significantly lower (P<0.001) than the model with the orthogonal polynomial
degree of 3 (AIC=8002.3).

Sexual dimorphism is known to be present in rhesus macaques (Wolfensohn & Honess,
2005) and to have an impact on the weight difference between sexes. Therefore, the interaction
of time with the sex of the subject was investigated. As predicted, sex was found to have a
significant impact on the change of weight (3= 2.87, SE=0.176, DF=363, F=267.126, P< 2.2e-

16). Therefore, the subsequent models were investigated independently for males and females.

The next step was to investigate the difference in weight between the Newcastle and the
CfM animals over time. To do this a model was created with weight as the dependent variable
and with an interaction between two predictors: (1) Time evaluated at the polynomial degree
found to be the best fit with the CfM data, and (2) the breeding centre from which the data point
comes from (i.e., CfM vs Newcastle). This model revealed significant interactions between age
and the origin of the facility for the male (8= 77.524, SE= 7.37, DF=1568, F=137.82, P< 2e-
16) (Figure 18 right), and female subjects (B= - 4.781, SE= 1.32, DF=4152, F=31.12, P< 2e-
16) (Figure 18 left). However, as illustrated in Figure 19, the differences were extremely small
and limited in time, with all NcL weights within the normal range of CfM data. The statistical

significance of the results is therefore likely to be due to the analysis being overpowered.
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Figure 19. Weight of female (left) and male (right) macaques at Newcastle facility (red) and
CfM breeding centre (green).

Due to the lack of a clear and biologically significant indication of being underweight,

no further analyses were performed.
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4.4.2. Alopecia
The alopecia dataset was composed of a total of 118 scores from 25 subjects (15 males
and 10 females). 8 out of 25 subjects did not reveal any type of alopecia, neither with the whole

body nor with the back scoring.

First, the reliability of the alopecia scores was investigated by calculating the correlation
between the scores obtained during the observation of the animal’s coat when the animals were
awake in their home cages with the scores taken while the animals were anaesthetised (Whole
body r=0.88, Back r=1).

As an exploratory analysis, the correlation between the back and whole-body scores was
calculated (r=0.799). 25% of the scores revealed some degree of alopecia in the back of subjects
while 42% of the scores revealed alopecia over the whole body of the subjects. Therefore, as
predicted, the scores collected at the whole-body level seem to be more sensitive to alopecia

and thus, the following analyses were restricted to this measure.

The distribution of the scores across the subjects and data points was visualized (Figure
20). Most of the scores were 1 (perfect coat) and the maximum score collected was 3. Due to
the lack of variability, the alopecia scores were binarized with 0 being defined as "No signs of

alopecia” and 1 being defined as “Alopecia present”.
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Figure 20. Variability of alopecia scores across different years and subjects. The x-axis
represents the score of the alopecia incidence per collected sample, and the y-axis represents

the number of subjects for which that score was collected.
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The probability of developing alopecia increased significantly over time (3=0.316,
SE=0.1456, DF=1, LogLik= -76.615, P=0.023) (Figure 21).

Probability of alopecia

Time (years)

Figure 21. Probability of being scored as presenting alopecia at the whole-body level (from 0

to 1) over within-subject mean centred time (in years).

To investigate the factors responsible for the change of alopecia over time, a subsequent
model was created. The dependent variable was again the binarized alopecia score, and the
independent variables were the within-subject mean centred factors suspected to impact the
cumulative experience of the NHPs (Table 5). A multi-model inference approach was used with
the AIC method to assess the influence of each of the factors using the function model.sel from
the MuMIn R package (Barton, 2022). Models had low multicollinearity (Variance Inflation
Factor <10) when tested using function vif, (package car) (Fox, John & Weisberg, 2011). The
process of model selection revealed six models that should be considered equally good to
explain the change in alopecia scores (A AIC<2) (Table 5). The factor Scrapes was not kept in
any of these models. The only factor included in all the six models was the involvement of the
subjects in experiments. This predictor was revealed to induce a statistically significant increase
in alopecia in all the best models. The other factors included in the best models were Age,
Ketamine, Antibiotics and NSAIDs. None of these predictors reached the significance level of
0=0.05.
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Table 5. Models found to best fit the increase in the incidence of alopecia over time. The
parameters estimate (R), Standard error (SE) and p-value (P) are provided for each variable. The
models are ordered according to their A AIC value calculated from the difference between the

top-most model’s AIC (lowest AIC from all possible combinations) and each models’ AIC

value.
Involvement
in Age Ketamine Antibiotic NSAID A AIC
experiments
R=1.375
SE=0.503
P=0.006
R=2.531 3=-0.440
SE=0.982 SE=0.072 0.13
P=0.010 P=0.162
R=2.326 3=-0.098
SE=0.905 SE=0.073 0.32
P=0.010 P=0.181
R=2.269 3=-0.167 3=0.017
SE=0.899 SE=0.099 SE=0.016 1.11
P=0.011 P =0.090 P =0.282
3=1.628 3=-0.007
SE=0.70485 SE=0.014 1.87
P=0.020 P=0.591
R=2.674 R=-0.292 3=-0.055
SE=1.024 SE=0.400 SE=0.093 1.98
P=0.009 P=0.465 P=0.554

4.5. Discussion

4.5.1. Weight
The fluctuations of the subject’s weight were explored by using the data from the Centre

for Macaques (CfM) breeding centre as a baseline growth curve. The hypothesis was that the
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subjects’ weight would divert from the baseline growth curve with exposure to husbandry

and/or experimental procedures over time.

The obtained results indicate no signs of being detrimentally underweight in subjects

investigated when compared to the baseline CfM growth curve.

Regarding potential overweight concerns, the results cannot be reliably interpreted. As
subjects at Newcastle facility, and at most (if not all) research facilities, do not have ad libitum
access to food sources, the maximum weights they can reach is dependent on the food provided.
In addition, the animals that veterinarians considered to have reached the level of being
unhealthily overweight are routinely put under dietary restrictions to control their maximum
food intake. Consequently, the weights the animals can reach in the higher end are controlled.
Furthermore, the starting date of the dietary restrictions recommended by the veterinarian staff
coincides with the decrease in weights of the Newcastle subjects.

On the other hand, the animals at CfM are also exposed to similar controls to their diet,
with the additional factor of inhabiting large groups, which, depending on their social rank, can
further limit their access to food resources.

Finally, it should be considered that the effect at the group level could be masking
individual negative impacts. Weight could reflect negative cumulative experiences both with
weight loss and weight gain. There is no indication suggesting that all the subjects investigated
would display a negative cumulative experience in weight in the same direction, thus, hindering

the reliability of interpreting visually the net results at a group level.

These results match with the data obtained by Pickard (2013) who investigated for the
first time the cumulative experience of laboratory macaques at multiple research facilities using
body weight. They found no signs of negative cumulative experience and no association of
body weight with a specific surgical procedure in 9 out of 10 subjects.

Regarding the subjects bred at the DSTL breeding centre, a reliable baseline dataset is
needed to statistically analyse the potential cumulative experience reflected in body weight over
time. Therefore, at the moment, the data of such subjects cannot be interpreted.

4.5.2. Alopecia

The quantification of alopecia was used as an indication of negative cumulative
experience in the investigated sample size, with the hypothesis that if there was any detrimental
impact of husbandry and/or experimental procedures on the welfare of the animals, an increase

in the probability of developing alopecia would be observed. The results found in the present
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study indicated that the probability of being assessed as displaying alopecia was found to
increase over time. This is the first reported evidence suggesting negative cumulative

experience in laboratory rhesus macaques.

There are several non-welfare related factors found to influence the probabilities of
developing alopecia. These factors include genetics, ageing, seasonality, friction with the cage
substrate and/or other objects, and pregnancy (Beisner & Isbell, 2009; Isbell, 1995; Lair et al.,
1999; Lutz, 2021; Lutz et al., 2019; Novak et al., 2014; Ratterree & Baskin, 1992; Steinmetz et
al., 2006). All of these known factors were controlled for in the present analysis. The first of
these factors, genetics, was controlled for by restricting the analysis to a within-subject analysis.
This was performed during the statistical analysis where the factor subject was considered as a
random effect and all the predictors were within-subject mean-centred. The effect of ageing
was investigated by adding age as one of the predictors in the model which investigated the
factors responsible for the variability in the probability of developing alopecia. Confounds with
seasonality were avoided by collecting samples only during late autumn when the coat of the
animals is expected to be at its fullest (Novak & Kessler, 2009). As all the home cages shared
the same features (e.g., substrate, enrichment and materials), none of these factors should have
an impact on the results of the analysis, even when the subjects changed their cage. Finally,
none of the animals at the facility were pregnant nor had been pregnant during their stay at
Newecastle and thus, the known effect of the reproductive status in females was controlled for.
Therefore, as the factors known to influence the probability of alopecia in rhesus macaques
were controlled for, the potential changes in the alopecia scores could be explained by changes
in the welfare of the animals. Furthermore, a recent study by Polanco and colleagues (2021)
found hair-pulling (referred to as self-plucking), one of the main mechanisms known to cause
alopecia in NHPs, to be the best indicator of cumulative experience for laboratory rhesus

macaques out of the behaviours investigated.

Our result contrasted with the study by Novak and colleagues performed in 2017. In this
study, they photographed the coat condition of the animals and categorized them into <5% hair
loss and >30% hair loss and found no changes in the alopecia status of rhesus macaques over
time from the former to the latter status. The ages of their subjects ranged from 4 to 24 years
old (mean=9.8y0). They suggested that the severity and not only the presence of alopecia should
be considered when using this indicator to assess welfare in NHPs. However, this study had
only two sampling periods 6 to 8 months apart, which might have not been enough to observe
differences in alopecia. Furthermore, due to the sampling periods, a potential effect might have

been masked by a seasonal effect. Finally, the division of the alopecia status chosen (<5% hair
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loss vs >30% hair loss) might not be specific enough to assess small changes in the cumulative

experience of the animals.

The observed increase in the probability of displaying alopecia over time was not
unforeseen since ageing is known to increase hair loss (Beisner & Isbell, 2009; Steinmetz et al.,
2006). However, the ages at which this effect begins to be revealed are not delineated.
Therefore, to control for the potential effect of ageing, the effect of this factor was also
investigated during the statistical analysis in addition to potentially detrimental husbandry and
experimental procedures. The results showed no significant effects of ageing on the probability
of displaying alopecia in the group of subjects investigated. A matching lack of effect of ageing
in alopecia was found in baboons (age range 4-23yo, mean = 9.6yo) (Lutz, 2021), where a

similar alopecia scoring protocol with binarized scores for the statistical analysis was utilised.

A study by Beisner & Isbell (2009) found increases in alopecia in captive rhesus
macaques caused by ageing (age range 3 to >15yo0, mean =8.2 yo). However, this study only
included females, which had had previous and recent pregnancies, a factor known to increase
alopecia and found to interact significantly with age in the same study. This study controlled
for the current reproductive status of the subjects, as well as the seasonal effect, the rank, and
the floor substrate of the home cage of the subjects. The differences in past reproductive status
(i.e., if the subjects have been recently pregnant) might explain the differences between ours
and the results found by Beisner and Isbell (2009).

In the study by Steinmetz et al. (2006), they also reported increases in alopecia with age.
The association between alopecia and age was investigated with a Pearson’s correlation analysis
and included infants who showed almost no signs of alopecia, juveniles, and adults. The
inclusion of infants might cause differences with the analysis performed in the present study,
where all of the subjects were above 3 years old. But more importantly, the Steinmetz and
colleagues (2006) correlation study did not control for the multitude of factors that could be
impacting the welfare of the animals over time, which would therefore be integrated into their
age factor. As a consequence, the results that were reported might be representing an increase

in alopecia over time, which might not be caused by ageing.

In the current study, the best factor found to explain the increase in hair loss over time
was the involvement of the subjects in experiments. Involvement in experiments includes
various events that could be perceived as stressful and therefore induce a detrimental impact on

the welfare of the animals. Some of these events include transport between the cage and the
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experimental room; separation from conspecifics; and head restraint. Further studies will be

required to disentangle the effects of the numerous events integrated into this factor.

As for the other factors included in the models found to best explain the increase in
alopecia (i.e., age, ketamine, antibiotics and NSAID), none of them was found to have a
significant impact on the probability of developing alopecia over time. A bigger sample size

might be beneficial to better understand the potential effect of these other factors.

Finally, the size of the effect found for the involvement in experiments in alopecia
appears to be small (Chen et al., 2010).

In conclusion, a small negative cumulative experience was revealed by the investigation
of alopecia incidence, and such a negative effect seems to be driven by the subject’s
involvement in experiments. Further considerations discussing the interpretation of the alopecia

results and its implications are discussed in Chapter 7.
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Chapter 5: Inactive not alert as an indicator of long-lasting negative

affective states in laboratory rhesus macaques

5.1. Abstract

The lack of an objective method to assess enduring negative affective states is a current
obstacle to improving the welfare of non-human primates in research. We propose the
behaviour Inactive not alert as a welfare indicator of enduring negative state in rhesus

macaques.

The behaviour is defined as sitting or lying stationary with no visual contact with objects
or individuals and not engaging in any other action for at least 10 seconds. In the past, this
behaviour has been experimentally induced by exposing macaques to stressors known to cause
depression in humans and has been pharmacologically validated with antidepressants.
Therefore, the literature suggests that the display of this behaviour is related to a long-lasting
negative affective state associated with low arousal (depressive-like state). We refined the use
of the behaviour Inactive not alert to maximise its sensitivity and specificity as a marker of
cumulative experience by testing different durations, as well as estimating the number of
sessions required to assess reliably the frequency of the behaviour.

Using video recordings of home-cage behaviour of 25 laboratory rhesus macaques
housed in a relatively enriched environment, we report an increase in this behaviour frequency,
over the years. Further analyses suggest that this effect is caused by experimental procedures.
However, the effect is small, compared to other factors known to have a detrimental impact on
the welfare of macaques. This is the first study revealing a cumulative negative effect of

experimental procedures on laboratory macaques.
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5.2. Introduction

As discussed in depth in Chapter 1, rhesus macaques are widely used animal models in
biomedical research. Due to the nature of the experiments they are involved in, they tend to stay
for years in research facilities which consequently exposes them repeatedly to potential
stressors. Both from an ethical and a scientific perspective, it is essential to investigate the
impact that repeated exposure to potential stressors can have on the welfare of the animals in

the long term.

One of the main difficulties in tackling this question has been the lack of a reliable
indicator of a long-lasting affective state. As described in Chapter 1, inactive behaviours (i.e.,
depressive-like behaviours) have been used in previous studies as indicators of long-lasting
negative affective states in NHPs. However, this behavioural indicator has not been
standardized, which hinders its reliability, sensitivity and specificity. In this study, I refined the
use of the inactivity behaviours as indicators of a long-lasting affective state by (1)
standardizing the definition of the behaviour, (2) testing different durations and (3) estimating
the minimum number of sessions required to assess reliably the frequency of the behaviour as

seen in Chapter 2 (section 2.3.1).

Using the refined inactivity behaviour, I aimed to study the long-lasting affective state
of rhesus macaques staying at research facilities and to identify factors that could be impacting
it.

5.3. Methods and materials

5.3.1. Behavioural indicator

In this study Inactive not alert was determined as the behavioural indicator of a long-
lasting negative affective state. As previously described (see 2.3.1), Inactive not alert behaviour
is defined as sitting (sometimes with head lower than the shoulders) or lying stationary and
alone, while not looking at objects or individuals (eyes may be open or closed), and not doing
anything else, for more than 10 seconds. In addition, Inactive alert behaviour was used as a
control for general inactivity. This latter behaviour was defined as sitting or lying stationary
and alone, while looking at objects or individuals inside or outside the cage, and not doing

anything else, for more than 10 seconds (see 2.3.1).

5.3.2. Dataset: Inclusion and exclusion criteria
For the present study, the dataset described in section 2.2 was used. The unit of analysis

was Time point, defined as a 5-week period approximately every six months. To obtain the
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frequency of Inactive not alert behaviour per Time point, the frequency of all the sessions that

were analysed within each Time point, was averaged within a 5-week period.

A pilot study was performed to determine the number of sessions needed to accurately
estimate the frequency of the behaviours at each Time point. The frequency was defined as the
proportion of 1-minute time bins in which the behaviour was observed, on a scale from 0 to 1.
In this pilot study, eight sessions of 45 minutes corresponding to 8 different days were analysed.
The frequency of the behaviour was plotted according to the total number of sessions analysed,
showing that the frequency obtained remained stable after the inclusion of five sessions in the
analysis (Figure 22). Based on the data from the pilot study, the target number of sessions to be
analysed per Time point was set to five, while Time points where less than 3 sessions could be

recorded were discarded.
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Figure 22. Frequency of the Inactive not alert behaviour, defined as the proportion of 1-minute
time bins in which the behaviour was observed, on a scale from 0 to 1, according to the total
number of sessions analysed for, A) Subject 21 during October/November 2014 and B) Subject
8 during October/November 2016. The black vertical line represents the minimum number of
sessions used as a criterion to obtain a reliable estimation of the frequency of the behaviour,
and the dashed black vertical line represents the ideal number of sessions for the latter purpose.
The rest of the coloured lines represent the frequencies of the behaviour for each possible

combination of sessions.
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In order to increase the quality of the analysed data, the dataset was restricted according

to six criteria:

1.

For each session, the focal animal had to be visible during at least 50% of the one-
minute time bins. This choice was made to limit underestimating the frequency of
behaviours that might potentially be displayed disproportionally in parts of the cage not
easily visible in the video recordings.

All the sessions were within a 5-week range of each Time point. The long-lasting
affective state of the animal is not expected to change over this time scale, therefore by
including sessions within a 5-week range we aimed to have an accurate representation
of the affective state during this period of time.

Sessions occurring less than 3 days after the subject was anaesthetised were removed.
Anaesthesia could affect the behaviour of the animals, by decreasing their mobility for
example. Therefore, by removing the sessions recorded after anaesthesia we aimed to
reduce the potential changes in the behavioural indicator which are not related to the
affective state of the animals, but the physiological changes caused by the anaesthetics.
All Time points included at least 3 sessions. This choice was made based on the pilot
data, which suggested that a smaller number of sessions would make the estimation of
the frequency unreliable (Figure 22).

All subjects included a minimum of three Time points. As our interest lies in a within-
subject analysis of the change in the frequency of the behaviour over time, fewer than
three Time points could not offer us enough information about the variability of the
behaviour over time.

None of the subjects had been singly housed for longer than a month consecutively

previous to the recorded sessions.

In addition to this set of data, | also used a secondary data set from three singly housed

subjects that had been singly housed for longer than a month due to veterinary or husbandry

reasons. This additional data set was used to determine the effect size of a factor known to have

a negative impact on the welfare of the animal (i.e., chronic single housing) when assessed by

the Inactive not alert indicator known. This dataset followed the same criteria presented above

except for criterion number 6.

Finally, an additional analysis to increase the quality of the present study was to control

for factors that could impact the acute affective state of the subjects. This was achieved by

investigating the potential effect of fluid control on the welfare of the included subjects, which

is the main acute repeated factor expected to have a detrimental welfare impact. No effect of
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fluid control was found on the acute affective state of the animals, discarding this factor as a
driver not only for any changes in the acute affective state of the animals but also for changes
in the frequency of Inactive not alert behaviour.

5.3.3. Environmental factors

We investigated the effects of factors identified as potentially detrimental to the
cumulative experience of the laboratory rhesus macaques in the variability of the behavioural
indicator (Table 4). The total number of each factor (e.g., number of days under antibiotic
treatment or number of days being involved in experiments) was extracted per Time point. To
compute this number, first, the dates of all the sessions included within each Time point were
averaged. Then, the cumulative number of each factor was calculated until that newly computed

average date.

5.3.4. Statistical analyses

We used Linear Mixed Effects models with the Ime function from nlme package
(Pinheiro et al., 2011). The dependent variable of the models was the frequency of Inactive not
alert behaviour, defined from 0 to 1. The dependent variable was transformed via square root
to follow normality.

As the aim of the analyses was to investigate the within-subject effect of potentially
detrimental factors on the frequency of the behavioural indicator, I declared “Subject” as
random effects and | subject-mean-centred all the explanatory variables (see section 3.3.4).

5.4. Results

5.4.1. Descriptive statistics
The combined data set included a total of 989 sessions across 179 Time points with
subjects from both groups (“Early” and “Late”). A total of 25 subjects were included, of which

15 were males and 10 were females.
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The average number of sessions per Time point was 5.3 (range 3 to 9) (Figure 23). Most
of the Time points included in the analysis (% 82) were based on at least 5 sessions, which was
previously determined as a reliable number of sessions to obtain a consistent frequency of the

Inactive not alert behaviour per Time point (Figure 23).

Number of sessions
[ T % T = 3 R I e e T = s T o I s e T = s T o s O s N < s i O s I = e e R

10 15
Time point

Figure 23. Number of sessions per Time point (approximately every six months) included in

the statistical analysis. Each panel represents a subject.
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The frequency of Inactive not alert ranged from 0 to 0.802 (mean=0.086, SD=0.131),
with 24 out of 25 subjects displaying the behaviour at least during one of the sessions (Figure
24).
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Figure 24. Frequency of Inactive not alert behaviour over time (in years). The frequency was
defined as the proportion of 1-minute time bins in which the behaviour was observed, on a scale
from O to 1. Zero represents the subject’s arrival at the Newcastle facility. Each colour panel

represents a subject.

The behaviour Inactive alert was displayed by all the subjects with a frequency ranging
from 0.006 to 0.869 (mean= 0.3197, SD=0.212).

5.4.2. Effect of time

We first investigated the change in the behaviour frequency over time, with time defined
as the number of years since arriving at the Newcastle facility (Figure 25). The linear mixed
model revealed a significant increase in the behaviour over time (8=0.046, SE=0.007, P<.0001).
In order to test whether this effect could be explained by ageing, we investigated the change
over time in the combined frequency of Inactivity behaviour, which showed no significant
increase (Figure 26, Inactive alert combined with Inactive not alert behaviour when the subjects
were alone and with the cage mate) (8 =0.01, SE=0.008, P=0.226).
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Figure 25. Frequency of Inactive not alert behaviour over the years at the Newcastle facility.
The frequency was defined as the proportion of 1-minute time bins in which the behaviour was
observed, on a scale from 0 to 1. The x-axis is within-subject mean-centred. Each colour
represents a subject.
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Figure 26. Frequency of the combined inactivity behaviour over the years at the Newcastle
facility. The frequency was defined as the proportion of 1-minute time bins in which the
behaviour was observed, on a scale from 0 to 1. The x-axis is within-subject mean-centred.

Each colour represents a subject.

85



To enable me to interpret biologically the size of the effect of time, | investigated the
effect of chronic single-housing (known to have a detrimental impact on the long-lasting
affective state of the animals) in a small dataset with subjects that had been consecutively
single-housed for longer than a month. This data set included a total of 14 Time points of 3
male subjects. The frequency of the Inactive not alert behaviour was found to increase at a rate
of 0.11% per year (Figure 27).
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Figure 27. Frequency of Inactive not alert over the duration of the chronic single housing in
years. The frequency was defined as the proportion of 1-minute time bins in which the
behaviour was observed, on a scale from 0 to 1. The x-axis is within-subject mean-centred.
Each colour represents a subject.

5.4.3. Effect of environmental factors

The subsequent analysis aimed to investigate the factors responsible for the observed
increase in the behavioural welfare indicator (Inactive not alert) over time. The effect of these
factors was tested in the combined data set after the removal of the sessions where the subject

was singly housed (see section 4.3.3). This data set included 158 Time points of 24 subjects

from both groups.

A linear mixed model was performed with the six factors suspected to impact the
cumulative experience as predictor variables (Table 4). In this model the VIF factor of the
predictor Age was above 10, suggesting high multicollinearity. As the main potential
multicollinearity concern derives from the factors of Aging and Involvement in experiments,

restricting the analysis to subjects who were investigated before and after being involved in
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experiments was predicted to reduce the multicollinearity. Thus, we repeated this analysis with

the “Early” group of subjects only.

This group included a total of 91 Time points and 15 subjects. The average frequency
of Inactive not alert across the subjects was 0.067 (SD=0.105). The frequency of the behaviour
Inactive not alert also increased significantly over time for this group (R =0.043, SE=0.009,
P<.0001). We conducted a model which integrated all the identified factors suspected to impact
the cumulative experience of the NHPs (Table 4). The new VIF calculation on the model
revealed that all the predictors were below 10. The full linear mixed model was followed by
model selection using the function dredge from the MuMIn R package (Barton, 2022).

The model selection approach revealed four models considered to be an equally good
fit to explain the increases in the frequency of the behavioural indicator (A AIC<2) (Table 6).
The factor involvement in experiments was present in all these models and was associated with
a significant increase in the behavioural indicator. The other factors included in the models
were Antibiotics, Ketamine and NSAIDs. These three factors were associated with a decrease
in the behaviour over time, and none of them reached statistical significance. The factors
Scrapes and Age were not kept in any of the models considered to be best at explaining the

variability in the behavioural indicator.
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Table 6. Models found to best fit the increase in the frequency of Inactive not alert over time.
The parameters estimate (13), Standard error (SE) and p-value (P) are provided for each variable.
The models are ordered according to their AAIC value calculated from the difference between
the top-most model’s AIC (lowest AIC from all possible combinations) and each models’ AIC

value.

Involvement in

) Antibiotics Ketamine NSAID A AIC
experiments

R=0.140
SE =0.028

P <.0001

R=0.161 R =-0.001
SE =0.035 SE =0.001 1.10
P <.0001 P =0.286

R =0.188 } =-0.004

SE =0.061 SE =0.005 1.41
P <.0001 P =0.3607

R =0.164 ’ =-0.001
SE =0.051 SE =0.001 1.89
P <.0001 P =0.5536

5.5. Discussion

This study investigated the impact that long stays in research facilities can have on the
cumulative experience of laboratory rhesus macaques involved in neuroscience research. This
was accomplished by measuring the subjects’ changes in the frequency of the refined
behavioural indicator of welfare Inactive not alert. The frequency of the Inactive not alert
behaviour revealed high variability, with both increases and decreases over the years. However,
the results show that on average, the frequency of Inactive not alert behaviour significantly
increased over the years. In parallel, no signs of a significant increase were found in the
combined frequency of both types of inactivity (Inactive not alert and Inactive alert). These
results may suggest that the observed increases in Inactive not alert are not due to ageing and,
thus, that the welfare of the subjects is deteriorating over time. This interpretation is further
reinforced by subsequent analyses which showed that age was not the explanatory factor for
this increase. However, this effect was further explored in the subsequent analysis in which the

effect of ageing was investigated in combination with the other potential predictors. There is
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no standardized frequency of Inactive not alert behaviour in the literature at which the long-
lasting affective state of the subjects is considered to be compromised, as the emphasis is
currently given to the relative change in the frequency over time. To benchmark the effect size,
I compared the estimated value of the effect of time on the Inactive not alert frequency to the
estimated value of a factor known to be detrimental to the welfare of the animals: single
housing. Single housing was found to increase the frequency of Inactive not alert by 11% per
year, compared to the 3% per year increase found over time in the investigated sample.

We aimed to explore the causes of the Inactive not alert behaviour variation. The impact
of several factors that were hypothesised to induce such variation was tested.

The best predictor for the increase in the frequency of Inactive not alert behaviour was
the involvement of the subjects in experiments. This predictor showed a significant impact on
the frequency of the behaviour through all the models considered to best explain the increase

of the behavioural indicator over time.

No a priori hypothesis of the effect of this predictor was made since it integrated
multiple factors that could potentially have had opposing effects. The animals included in this
study were involved in different experiments that required them to participate in behavioural
tasks, be MRI scanned or be part of electrophysiological experiments. These experiments
required transport from the home cages to the laboratory where the experiments take place, as
well as head-restraint in the laboratory. All of these events could have a detrimental impact on
the cumulative experience of the animals. The involvement in experiments can also provide
social interaction with the researchers, in addition to control over the rewards they obtain when
performing the various tasks, which could be beneficial for the animals. Finally, the transport
to and from the experimental room could also offer the subjects the possibility to satisfy their
curiosity and explore unknown parts of the facilities, inducing a positive impact on their
affective state. The current results indicate a net negative impact of experiment involvement,
suggesting that the potentially detrimental events that are integrated into this factor are not being
fully compensated by the potentially enriching events.

Further discussion of these results is accomplished in Chapter 7.
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Chapter 6: Local amount of grey matter in the hippocampus as an
indicator of cumulative experience in laboratory rhesus macaques

6.1. Abstract

Hippocampal biomarkers are a promising approach to assessing cumulative experience
in animals. They have been recently validated as sensitive and specific to the valence of the
affective state of the animals, and they have been proven to integrate the impact of events on

the affective state of the animals over time.

In this chapter, | used a macroscopic hippocampal biomarker to assess the cumulative
experience of laboratory rhesus macaques. | investigated this in 15 adult rhesus macaques (10
males and 5 females) that | scanned using magnetic resonance imaging (MRI) every six months
over up to 7 years. | used a voxel-based morphometry technique to extract the age effect and
investigate the effect of factors suspected to impact negatively on the welfare of the subjects.

We found no signs of negative cumulative experience in the laboratory rhesus macaques

investigated.

Limitations of the present study are discussed in the present chapter.

90



6.2. Introduction

As reviewed in section 1.4.5, hippocampal biomarkers are one promising approach to
assessing cumulative experience in non-human primates (Poirier et al., 2019). This biomarker
can be measured macroscopically via Magnetic Resonance Imaging (MRI), and
microscopically via post-mortem analyses of the brain (see section 1.4.5 for details on the
biomarkers). The microscopic level is more accessible as it does not require specialist
equipment or training of the animals. However, it is invasive, and it only allows for between-
subject analysis in cross-sectional studies. On the other hand, the macroscopic approach is less
accessible but allows for the measurement of the biomarker longitudinally within subject. As
currently there is no absolute value of the hippocampal biomarker that can be interpreted in
terms of good or bad cumulative experience, the interpretation must be done relatively,
assessing the changes in the cumulative experience within-subject, or between groups. From
this standpoint, the macroscopic level of analysis appears to be a better candidate, as it allows
the measurement of cumulative experience within subject, thus, requiring a smaller sample size,
and the opportunity of assessing the effect of repeated procedures. Moreover, as it allows for
the assessment of the cumulative experience during the lifetime of the animal, it grants the
researcher the opportunity to make changes that can lead to the improvement of the welfare of
that same animal. In this project, MRI was used as a non-invasive method to assess

macroscopically the local amount of grey matter in the hippocampus of the animals.

6.3. Methods

6.3.1. Subjects

The subjects were selected from the total pool of subjects presented in Table 1. In
addition to the inclusion criteria presented in section 2.2, for this study the animals were
required to be trained and habituated to be scanned in the MRI, and to have a head-post implant
that would ensure they are motionless (to avoid movement artefacts) during the procedure, and

to have no metallic implants which are not compatible for the MRI use.

6.3.2. MRI image acquisition and processing

Two types of structural MRI images (T1- and T2-weighted) were acquired every six
months for seven years, from Spring 2014 to Autumn 2021, at the Newcastle University facility.
T1-weighted and T2-weighted images refer to the two most used MRI sequencies that differ in
the amount of time between the pulse frequencies applied to the same slice and in the time
between the delivery of the radio frequency pulse and the receipt of the echo signal. The two
images provide different contrast images (i.e., Cerebrospinal fluid is dark on T1-weighted

images and bright on T2-weighted images) and the use of both in the in the analysis can improve
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the overall quality of the final image. All the MRI images were acquired using a Bruker vertical
scanner with a 4.7 T field strength. The animals were awake and in an upright position during
the acquisition of the scans.

The T1- and T2-weighted images were processed using the VVoxel Base Morphometry
(VBM) computational neuro-anatomic technique. This method allows computing the local
amount of grey matter in each voxel (three-dimensional pixel) of an MRI scan (Kurth et al.,
2015). MRI images were pre-processed with an in-house pipeline (AutoMacq) developed by
my collaborator N. Kindred (Kindred et al., in prep.), using a combination of scripts from the
Statistical Parametric Mapping software, version 12 (SPM12,
https://www.fil.ion.ucl.ac.uk/spm/software/spm12), implemented in MATLAB (R2016A) and
the FreeSurfer software (version 6.0.0). For each individual subject, the pre-processing

consisted of the following main steps:

1) Manual reorientation of all the T1 and T2 images, matching the orientation and
coordinate origin of the Salem and Logothetis macaque atlas (2012).

2) Serial longitudinal co-registration (i.e., method used to align multiple images to ensure
the spatial correspondence of anatomy across different images) of the images acquired
at different Time points, resulting in a subject-specific mean image, as well as time-
point specific images where the amount of grey matter in each voxel was encoded
relative to the value in the corresponding voxel of the mean image (Jacobian
determinants). This step is required because the subjects differed slightly in their
scanning position from one time point to the consecutive; this position difference was
amplified in some occasions as a consequence of the subject’s growth and additional
head-implants.

3) Initial segmentation (differentiating the white matter, grey matter, cerebrospinal fluid
and non-brain tissues in the images) of the mean image to automatically obtain a brain
mask (binary image distinguishing brain from non-brain tissues).

4) Debiasing and refinement of the mask to ensure no brain tissue is excluded nor non-
brain tissue included.

5) Final segmentation of the mean image, allowing for calculation of the mathematical
transformation to co-register the subject-specific images (mean image and time-point

specific ones) to the Salem and Logothetis atlas (2012).

6.3.3. Statistical analysis
The statistical analysis of the data was performed in SPM12 and was restricted to the

hippocampus, using an explicit mask of the anatomical structure, bilaterally. First, a general
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linear model was run in each subject dataset to estimate the slope of the age effect. Subject-
specific images encoding the slope of the age effect in each voxel were then co-registered to
the atlas, using the output of step 5 and smoothed using a 1mm Full-Width Half Maximum
(FWHM) Gaussian kernel. Finally, a group-level General linear mixed model was run to assess
whether the slope of the age effect of each subject could be explained by the number of factors
the animal had been exposed to between the first and last scan (Table 4). This analysis was
limited to the hippocampus, using an explicit mask of the bilateral anatomical structure.
However, due to the unforeseen circumstances caused by the COVID-19 pandemic, the number
of subjects included in this study was much lower than expected (original target sample
size=25). This caused changes not only in the statistical power of the study but also in the
intended statistical analyses. A smaller number of subjects increased the chances of overfitting
the model planned to investigate the effect of the five factors (Table 4) on the grey matter
volume of the hippocampus. To avoid overfitting, the effect of each predictor was investigated
separately. As a result, five models were created (one for each predictor to be tested:
Involvement in experiments, Scrapes, NSAID, Ketamine and Antibiotics). P values were
adjusted using the familywise error (FWE) correction to account for the fact that one statistical
test was performed per voxel (Mirman et al., 2018) and the o value was decreased to 0.01 using
the Bonferroni correction to take into account that 5 models were run per voxel (Bonferroni,
1936).

6.4. Results

Following a visual examination of the MRI scans, two subjects were excluded, resulting
in a dataset of 15 subjects (10 males and 5 females). The first subject was removed due to
enlarged ventricles, and the second subject due to a visible large inflammation which resulted

in an enlarged ventricle over time.

The analysis of the factors identified as potentially posing a detrimental impact on the
cumulative experience on the NHPs revealed no significant effect on the hippocampal

biomarker investigated (Table 7).

Table 7. Coordinates (position of voxel in the MRI image) and statistics of the voxel with the
highest grey matter change caused by the factors suspected to affect the cumulative experience

of the subjects.

Coordinates Peak level
Factor

mm mm mm Prwe P unc.
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Involvement in

] 14 17 -0.5 0.995 0.047
experiments
Ketamine 14,5 16.5 -0.5 0.984 0.028
Antibiotics 14,5 17 -0.5 0.962 0.019
NSAID -8 14 1 0.254 0.001
Scrapes -15.5 15 9.5 0.955 0.018

6.5. Discussion
In this chapter, | aimed to investigate the cumulative experience of laboratory rhesus
macaques using a macroscopic hippocampal biomarker of cumulative experience: the local

amount of grey matter in the hippocampus.

We did not find any evidence supporting the hypothesis that the age effect was
influenced by the number of procedures the animals had been exposed to. However, there are

certain limitations to consider.

The hippocampal biomarker has proven to be highly sensitive to changes in the affective
states of the animals, with significant changes in the local amount of grey matter of rodents
observed even just hours after exposure to mild stressors (Morais et al., 2017). However, it is
crucial to consider that even though the biomarker is sensitive, different methods to measure
this biomarker have different levels of precision. The acquisition and processing of MR images
induce noise and artefacts which generate a measurement error that can hinder the sensitivity
of detecting effects, particularly when those effects are small. This limitation can be overcome
with a large sample size. In human MRI studies, the typical sample size is around 25 subjects,
our original target sample size, and it has been argued that even such a size might lead to
underpowered studies in some circumstances (Szucs & loannidis, 2020). However, as
mentioned before, the Covid pandemic significantly reduced the number of animals available
for this study (n=15), resulting in a lack of power. We, therefore, interpret our results as

inconclusive.
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Chapter 7: General discussion
At the beginning of this thesis, I outlined three main aims | planned on achieving. In the
present chapter, | evaluate how the work presented throughout this thesis has tackled those
aims. Afterwards, | put forward future research directions and recommendations that could
expand my work and aid in the advancement of the field of captive primate welfare.

7.1. The cumulative experience of laboratory rhesus macaques

The first aim of this project was to assess the cumulative experience of laboratory
macaques. To achieve that aim, | used a multidisciplinary set of cumulative experience
indicators, and | investigated the change of those indicators in data covering up to seven years

of the life of 15 to 30 laboratory rhesus macaques.

Four different indicators were used, of which, two showed evidence of negative
cumulative experience in the laboratory macaques. These indicators were alopecia incidence
and frequency of Inactive not alert behaviour (often termed as a depressive-like behaviour).
Both the probability of developing alopecia and the frequency of Inactive not alert behaviour
increased significantly over time. The study of Inactive not alert behaviour also indicated that
the observed increase might be associated with negative welfare and not with ageing. This is
evidenced by the lack of increase in general inactivity behaviours, which are known to be
associated with ageing but not with a negative affective state. Furthermore, the additional
analyses that investigated the effect of age in both the alopecia and inactivity studies failed to
find any effect of age. The evidence leads to the conclusion that the observed increases in the
indicators of a negative affective state are not caused by ageing (i.e., a welfare-wise neutral
process), and might be associated with a deterioration of welfare over time.

The indicators that provided no conclusive evidence, in favour or against negative
cumulative experience, were weight loss and the local amount of grey matter in the
hippocampus. Weight gain was discarded due to the limitations in the study design. To
understand the conflicting results between indicators, we must highlight the strength and

limitations of each.

In this study, both body weight and alopecia were considered non-specific (changes in
these indicators can be caused due to factors not related to the affective state of the animal) and
non-sensitive (changes in the affective state might not always be reflected by changes in the
indicator), yet they revealed different results. The first limitation of the use of weight as an
indicator of cumulative experience in laboratory macaques is the inability to attribute weight

gain to a change in the welfare state. At research facilities, each subject receives a regulated
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quantity of food per day, appointed by the veterinary and technical staff. Animals have the
control to eat less than the total amount of food they are offered. However, they do not have
control over the maximum amount of food they can consume. Therefore, they do not have the
ability to increase in weight freely. In conclusion, the lack of subject control over the maximum
amount of consumable food prevents the reliable use of weight gain as an indicator of
cumulative experience. Weight is also known to be regulated in many animal species according
to their perceived risks (i.e., risk of starvation vs. costs of impaired locomotion arising from too
much fat) (Halsey, 2018). The lack of current knowledge on the potential weight regulation
strategies of laboratory rhesus macaques would hinder reliable interpretations of weight loss
and gain as indicators of welfare. Another limitation when investigating changes in body weight
over years is the non-linear shape of the indicator. For different life stages, different growing
rates (changes in body weight over time) are expected, and that rate is predicted to vary per
individual. On top of this, the fact that variability in both directions (overweight and
underweight) could be indicative of a welfare impact, adds another layer of difficulty, since
individual effects can be masked at the group level. In this regard, the use of alopecia incidence
is an easier indicator of cumulative experience to interpret. The welfare impact of alopecia is
expected to be linear and can only be interpreted in one direction, this is, an increase in alopecia
incidence will be associated with a negative cumulative experience. However, unlike body
weight, alopecia might be suffering from a flooring effect. The qualitative nature of the
measure, in addition to the inability to encode the condition as better than the “perfect
condition”, might not enable the detection of subtle changes in the affective state of the animals
unless they are in a negative valence state (cannot assess a change from a neutral to a positively
valenced affective state).

As for the Inactive not alert behaviour, it was effectively refined as an indicator of
cumulative experience and revealed a negative cumulative experience in the studied subjects.
The refinement of this behaviour increased its sensitivity and specificity to the negatively
valenced affective states of rhesus macaques. This was accomplished by optimising the minimal
duration of displaying the behaviour and by distinguishing it from behaviours not associated

with negative affective states (Inactive not alert with cage mate and Inactive alert).

Finally, the hippocampal indicator used in this project is known to be sensitive and
specific to the negatively valenced affective state of the animals. However, as explained in
section 6.5, the measurement error during the acquisition and processing of the MR images

decreased the sensitivity of the approach significantly. This loss of sensitivity was not possible

96



to balance out as planned, due to the unpredictably small sample size. Therefore, the results

obtained with this indicator are deemed inconclusive.

To better understand this combination of results, it is also important to highlight the size
effect of the cumulative experience found. Using the effect of single housing (known to be
detrimental to the welfare of NHPSs) in the behavioural indicator frequency as a comparison, we
found that the size of the change in cumulative experience is small. This finding concurs with
the effect found in the study of alopecia incidence (Chen et al., 2010). This small effect size is
consistent with the lack of negative cumulative experience found in the body weight and
hippocampal indicators when we consider their limitations in terms of sensitivity and reliability.

7.1.1. Previous studies investigating the cumulative experience of laboratory rhesus
macaques

A recent paper by Wegener and colleagues (2021) investigated the effect of laboratory
procedures on rhesus macaques and reported that no indication of cumulative experience was
found to be caused by laboratory procedures. The conclusion reached by Wegener and
colleagues (2021) might seem to conflict with our results, however, to understand the joint
results of both studies, we must direct our attention to the sensitivity and specificity of the
indicators used. The Wegener (2021) study used both indirect measures of plasma cortisol
levels with the neutrophile/lymphocyte ratio (N/L) as well as attributes of appearance and
behaviour. As reviewed previously (section 1.4.3), the physiological measures traditionally
considered as indicators of welfare, such as the hormonal indicator used in the Wegener (2021)
study, have been shown to reflect the levels of arousal of the affective state, rather than its
valence, and might not be sensitive for long-lasting affective states (Otovic & Hutchinson,
2015; Paul et al., 2005; Ralph & Tilbrook, 2016). Additionally, from the eleven attributes of
behaviour and appearance used (coat, skin, orifices, nutritional status, mucosal membrane,
behaviour at rest, behaviour in motion, solitary behaviour, social behaviour, behaviour in
presence of observer and behaviour in presence of staff), three could be marginally comparable
to the ones used in the present study: coat reflecting alopecia, nutritional status as weight and
solitary behaviour as the behavioural indicator. These attributes were scored at four levels. In
the nutritional status, both underweight and overweight were considered a welfare concern, and
in the solitary behaviour, they included different categories of behaviour than are present in our
ethogram. For example, apathy, which could be somewhat comparable to the Inactive not alert
behaviour, is considered as less disturbed healthiness than the stereotypical behaviours. The
change over time of the individual attributes is not reported; however, they report a small but

significant increase in scores when comparing the animals before and after being involved in
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experiments. Due to the grouping of the categories and the qualitative approach used in the
Wegener study, the sensitivity and specificity are likely to have been lower than in the present
study. Moreover, the use of human observers, known to alter the behaviour of the animals,
might have caused an underestimation of the frequency of the investigated behaviours.
Therefore, considering the small size of the effect found in our studied subjects, their results

concur with our findings.

Similarly, Pickard (2013) investigated the presence of cumulative experience in several
macaques across facilities and found no signs of cumulative experience. In this case, the only
quantitative measure used was weight. In addition to the limitations of weight mentioned in the
previous chapter (Chapter 4), this result is concordant with the results we obtained when using

weight as an indicator of cumulative experience.

With the aim of identifying risk factors that could negatively impact the welfare of
laboratory macaques, a series of studies have been investigating the effect of various husbandry
procedures on the incidence of behaviours traditionally associated with low welfare status
(Baker etal., 2012; Gottlieb et al., 2015; Lutz et al., 2003; Rommeck et al., 2009). These studies
found that the probability of displaying abnormal behaviours (Lutz, 2013), self- injurious
(Baker et al., 2012; Rommeck et al., 2009), stereotypic behaviours (Gottlieb et al., 2015) and
anxiety-like behaviours (Baker et al., 2012) was significantly higher for animals that
experienced single-housing at an early age, longer periods of single housing, were nursery
reared and had a high number of blood draws. The results from these studies concur with the
revealed negative cumulative experience caused by experimental procedures found in the
present project. However, two main aspects that might hinder the compatibility between the
two studies should be considered: (1) some of the behaviours found to be associated with the
potentially detrimental factors might not be representing the long-term affective state of the
animals (i.e., anxiety-like behaviours) or the valence of it (i.e., stereotypic behaviours); (2) due
to the differences in legislation between the USA and UK, the animal facilities at the
summarised studies differ significantly from the facility in the present project (Newcastle
facility containing bigger cages, more enrichment), as does the early life experience of the
subjects (Newcastle subjects being weaned at a later age and being always mother reared).
Finally, a potential lack of the reliability in the analysis of these studies has also been

highlighted due to the failure to replicate some of the study results (Baker et al., 2013).

In conclusion, previous studies revealed trends in the direction of the results found in
the present study: a small but significant negative cumulative experience in laboratory rhesus

macaques that seems to be driven by experimental involvement.
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7.1.2. Factors influencing the cumulative experience
The second aim of this study was to identify the procedures which have a long-lasting
effect on the welfare of the subjects, and the third and last aim was to assess the direction of

this effect. In this section, | tackle both aims.

7.1.2.1. Involvement in experiments

Both indicators of cumulative experience that revealed an increasing negative net
impact of experiences over the lifetime of the subjects (i.e., alopecia and Inactive not alert
behaviour) concur on the factor that best explains that increase: involvement in experiments.
This factor integrates several events that could explain its negative impact on the welfare of the

macaques.

The first of the events suggested as a detrimental event for the welfare of laboratory
macaques is fluid control (Prescott et al., 2010). The long-lasting physiological effect of this
procedure has been investigated by Wegener and colleagues (2021) who found no indication of
the negative impact of fluid control in the blood samples collected. However, to my knowledge,
there is no study investigating the long-term psychological impact of fluid control protocols.
Nevertheless, the study performed in Chapter 3 might aid in its understanding. When
investigating the acute impact of fluid control on the welfare of the subjects, we found no acute
effect of fluid control, no effect of consecutive days of fluid control (up to 5 days) and no signs
of habituation nor sensitisation over the years. Therefore, considering the lack of acute impact
of fluid control, even after several years of fluid restriction, and the absence of detrimental
impact on the physical health of the animals, this procedure seems unlikely to be responsible

for the negative cumulative experience we observed.

Transport to and from the home cage is another of the events integrated within the
involvement in experiments factor. In this facility, the animals are trained with positive
reinforcement to willingly move from the home cage to a mobile chair that allows the researcher
to take the animal from the animal unit to the various laboratories. In this chair, their movement
is limited but they can slightly move their head, as well as their limbs inside the chair, which
allows them to observe the animals and environment around them. Individual preferences might
play a role in the response of the animals when exposed to different environments for the first
time, both offering them excitement and enrichment opportunities as well as causing them a
negative stress response (Gottlieb & Capitanio, 2013). However, over time they are expected

to habituate. Potential anxiety responses are also typically considered by the staff working with
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these animals to ensure minimal impact on their welfare. Therefore, the net impact of this event

over time is not suspected to be significant, at least at a group level.

Closely correlated with the transport, the event of social separation from the cage mates
could also be having a negative impact on the welfare of the subjects. However, most social
separation studies have been restricted to infant-mother separations, or adolescent macaques
(Truelove et al., 2017). Therefore, even if this event is known to be highly detrimental, this
negative impact is expected to be smaller if not null when it comes to the separation from non-
related adult conspecifics (Mineka & Suomi, 1978). On the other hand, rhesus macaques are
highly social animals, and the deprivation of visual and olfactory contact with other macaques

could potentially be detrimental even if only for a few hours a day.

When animals are involved in experiments, they will inevitably spend more time with
human beings. This event might constitute an enriching event cognitively and socially, in a
contrast with the potential lack of stimulation available at their home cages. However, this event
might also be perceived as a taxing experience. But, in the same way as the transport event, this

effect is probably transient, with the animals habituating to potential detrimental impacts.

Most of the subjects that were involved in experiments in the Newcastle facility were
head-restrained during the experimental tasks. Some of these tasks involved acute single and
multi-unit  electrophysiological recordings and brain imaging (MRl and fMRI),
electroencephalography (EEG), transcranial ultrasound stimulation (TUS), behavioural tasks
requiring eye-fixation, etc. These tasks required the subjects to be awake and relied on the lack
of movement of the animal’s head to reduce the artefacts in the data. Moreover, in the case of
the former task (acute single neuron electrophysiological recordings), the movement of the head
can also be a risk to the health of the animals through brain injuries (Isoda et al., 2005; Lanz et
al., 2013) as well as the stability and quality of the recordings themselves. Therefore, the use of
this method is favoured. However, head-restraint is suspected to have a detrimental impact on
the welfare of macaques, as a result, the maximum duration of head-restraint is stated in the
licenses required for the use of this procedure. A study by Clarke and colleagues (1988)
investigated the response of rhesus macaques to physical restraint both by collecting cortisol
samples and encoding behavioural responses. They found an increase in cortisol levels after the
restraint compared to the pre-restrained levels and reported behavioural displays of struggle and
increases in the duration of “passive-eyes closed” behaviour, which was considered an indicator
of depressive-like behaviour. The physical restraint in the Clarke and colleagues (1988) study
was significantly more severe than the head-restrain common in neuroscience research and the

animals were not trained for it. Moreover, this study aimed to investigate the acute impact of
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this event on the welfare of the animals. Therefore, further research is needed in order to discard

the potential cumulative impact of this procedure.

During the experimental tasks, the subjects had control over the rewards (food or fluid)
that they were given, in addition to being involved in cognitive tasks considered to be enriching.
These two events are suspected to have a positive impact on the welfare of the rhesus macaques.
Since the cumulative experience found through the present study was negative, the potential

positive impact of these events might have been surpassed by other negative events.

Finally, the main additional events integrated into involvement in experiments will
therefore be the experiments themselves. | briefly mentioned the experimental procedures the
animals in this study were involved in (e.g., ephys, fMRI, EGG, TUS, eye-fixation). These
experiments were not considered painful for the animals and most of them were non-invasive
procedures routinely performed on humans. Moreover, the invasive aspect of those procedures
was already controlled for in the other factors investigated in this study (e.g., Scrapes).
Nevertheless, the individual cumulative impact of each of these procedures has not been, to my
knowledge, investigated in rhesus macaques. Lastly, the sole event of being repeatedly involved
in experiments might, in itself, already be inducive of a negative affective state independently

of the nature of said experiment.

As observed, the factor Involvement in experiments is a complex one, and disentangling
all the events integrated within is a challenge that could not be achieved solely in the present
study. However, social separation from the cage mate and head restrain seem to be the best

candidates responsible for the negative cumulative experience observed in our subjects.

7.1.2.2. Other potential factors suspected to impact cumulative experience

None of the other factors investigated in this project was revealed to have a statistically
significant impact on the changes of the cumulative experience indicators used. However, it is

not yet possible to discard completely the potential impact of these factors.

Three out of the four welfare indicators were investigated according to the six factors
(Involvement in experiments, NSAID, Ketamine, Scrapes, Antibiotics and ageing) suspected to
impact the welfare of the subjects: alopecia, Inactive not alert behaviour, and local amount of
grey matter in the hippocampus.

During the statistical analysis of alopecia and Inactive not alert behaviour, five and four
statistical models respectively were found to be equally as good as to explain the changes in the

indicators over time. All of these models included involvement in experiments, which

101



reinforces the argument of this factor being the main, if not the only, factor inducing the
negative cumulative experience. However, five other indicators were included in these models:
Age, Ketamine, Antibiotics and NSAID. Ketamine and NSAID were both associated with a
positive cumulative experience during both the analysis of alopecia incidence and Inactive not
alert behaviour change. Therefore, it is unlikely that these two factors are drivers of the negative
cumulative experience observed over time. Antibiotics was found to be associated with a
negative cumulative experience in the analysis of Inactive not alert behaviour, and with a
positive one in the analysis of alopecia incidence, rendering the results unreliable to interpret.
In the specific case of age, as previously described, the results from the present study do not

support it as the driving factor behind the negative cumulative experience.

Scrapes factor was discarded from the analyses of both Inactive not alert and alopecia
indicators. Due to the predicted risks associated with this factor, the lack of observed effect of
this factor was unforeseen. This lack of effect could be explained by the reduced variability of
this factor when compared to the other factors investigated. Dura scape surgeries are not as
common as ketamine sedations or treatment with NSAIDs or antibiotics in the Newcastle
research facility. In addition, the lack of observed impact in the analysis of Inactive not alert
behaviour should be taken with extra caution. Due to the high correlation between age and
involvement in experiments, the decision was made to use the so-called “Early” group of
subjects to avoid multicollinearity biases in the study of the factors responsible for the increase
in behaviour over time. Although this decision allowed for the analysis of the data, it also
included a few limitations. As previously explained (see section 2.2), the “Early” group of
subjects was not as involved in experiments as the “Late” group. This difference implies that
the variability of the factor Scrapes, which requires long-term involvement in experiments, was
not as frequent as in the “Late” group. As a result, the interpretation of this factor might be
inaccurate, not allowing to reject the hypothesis that this factor has no negative cumulative
experience impact on the study subjects

Finally, even though none of the factors was revealed to have a significant impact on
the age effect on the volume of grey matter change in the hippocampus, this might be due to a

lack of sensitivity resulting from a small sample size.

In conclusion, while not significant, the impact of NSAID, Ketamine, Scrapes and
Antibiotics cannot be completely discarded. Nonetheless, considering the relatively small effect
size of the cumulative experience, and the compelling results suggesting involvement in
experiments as the main driver of this negative effect, we do not predict a large impact of the

other investigated factors.
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7.2. Recommendations for the assessment of the cumulative experience of non-
human primates

Throughout the duration of the present project, I have acquired knowledge on the
assessment of the cumulative experience of laboratory rhesus macaques involved in
neuroscience experiments. In this section, | will share some recommendations to aid the welfare

assessment of these animals in other facilities.

7.2.1. Body weight
Body weight has been recently recommended as a welfare indicator for laboratory
rhesus macaques (Prescott et al., 2022; Truelove et al., 2020). After careful consideration during

the present project, | believe this indicator should be used with caution.

Body weight increases during the first years of the life of rhesus macaques as a
biological mechanism of growth and stabilizes after 5-8 years of age. The ratios of body weight
increase per year can be related to welfare. However, the natural growth rate will vary per
individual, as does the exact age when it will stabilize. Individual differences are related to sex,
genetic background (subspecies), pregnancy status, early life experiences, diet type, rank, living
environment (outdoors vs. indoors), etc. Obtaining a reliable baseline growth curve from

animals that share all these characteristics is, in most cases, highly improbable.

One way of dealing with this limitation is by using body fat percentage, or body
weight/height ratio. As these refined measures do not tend to change within-subject over time
(except for pregnant females), they ease the interpretation of the data, as well as set more clear
limits for the exact values at which the welfare of the animal starts to be at risk. Of course, these
measures will also vary due to the same factors affecting the absolute body weight measure. On
top of the limitations that still need to be considered when using this indicator, the use of body
fat or body weight ratios removes the main advantage of this indicator. Body weight is
considered an easy, non-invasive, fast method of assessing welfare. If the animals need to be
assessed based on body fat or being measured in height, they will most likely need to be

anaesthetised or trained to obtain a reliable measure, which hinders these advantages.

Additionally, a more complex limitation of this indicator needs to be considered. Both
weight gain and weight loss can be indicative of exposure to detrimental stressors for the
welfare of the animals. This lack of unidirectionality in the indicator hinders the interpretation
of the measures when used as raw body weight and/or as a refined measure. At an individual
level, very clear ranges of body weight need to be defined to reliably assess if a weight loss is

indicative of a positive cumulative experience (when the animal is within the optimal
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individualised weight range) or indicative of a negative experience (when the animal is
distancing from the optimal individualised weight range). When the analysis is done at a group
level, the individual displays of negative cumulative experience through body weight (weight
loss vs. weight gain) might be masked at the group level. There is no evidence suggesting that
all subjects in the facility should follow a specific direction. Moreover, an individual might be
reflecting cumulative experience variation through body weight in different directions as a
response to the type of stressor or life stage. This limitation is evidenced by the diagnostic
criteria for major depressive disorder in human beings, which includes both weight gain and

weight loss as one of the main five criteria broadly used (Regier et al., 2013).

Finally, the intrinsically controlled environment of the research facilities does not allow
for ad libitum consumption of food. The maximum amount of food will be controlled by the

human staff. Therefore, interpretations of weight gain should be made with caution.

7.2.2. Alopecia incidence

During our study, we used a customised alopecia protocol to investigate the incidence
of alopecia in our population of subjects. Comparative analysis between our custom protocol
with other previously used protocols suggests the former might be more sensitive to changes in

alopecia incidence, at least given the same circumstances.

In our study, we compared the Honess and colleagues (2005) protocol of scoring the
alopecia level from 1 to 5 on the back of the animals, and our protocol which mixed the Honess
and colleagues (2005) method with the Bellanca and colleagues (2014) protocol, which
investigates the alopecia of the whole body of the animal (more detail in section 4.3.2). The
incidence of alopecia was found to be higher when using the whole-body measure, than when
restricting the analysis to the back. This result suggests the whole-body analysis of the alopecia
is more sensitive. A few reasons for this increased sensitivity were hypothesised in section
4.3.2. We consider that depending on the question and characteristics of the study, the use of a
whole-body score of alopecia should be considered to increase the sensitivity of the study and

avoid potential biases.

7.2.3. Inactive not alert behaviour

After careful deliberation over the existing literature on behavioural indicators of
welfare, we considered depressive-like behaviours to have two dimensions that are highly
valuable for their use as an indicator of cumulative experience: (1) sensitivity to long-lasting
affective states, (2) sensitivity to negatively-valenced affective states. In addition, a third

dimension, which is not required to be used as an indicator of cumulative state, but should be

104



considered when interpreting the results, is (3) the sensitivity to affective states with low levels

of arousal.

The sensitivity to long-lasting affective states of this behaviour is evidenced by studies
such as the ones by Qin and colleagues (2015), where the frequency of this behaviour was only
significantly increased after months of exposure to a stressor linked to human depression (i.e.,
shortened photoperiod). Additionally, the study performed by Perera and colleagues (2011)
found that the frequency of the depressive-like behaviour was affected by treatment with anti-
depressant drugs, known to only have long-term effects on the affective state, as opposed to an
acute one. However, our results suggest that in addition to being sensitive to long-lasting
affective states, this behaviour might also be sensitive to acute affective states. This is suggested
by the variability in the frequency of the behavioural indicator of inactivity between sessions
that are recorded within the same week or month. Factors affecting the acute affective state of
the animals might be responsible for this variability.

The sensitivity to negatively valenced affective states has also been evidenced by studies
that induced the display of this behaviour by exposing the animals to stressors linked to human
depression such as social isolation or a shortened photoperiod (Harlow & Zimmermann, 1959;
Hennessy et al., 2014, 2017; Li et al., 2013; Qin et al., 2015) and by the above-mentioned

pharmacological validation using anti-depressant drugs (Perera et al., 2011).

Regarding the arousal level, this behaviour is associated with, the data is not conclusive.
The inactive and hunched form of the behaviour suggests an association with a low-level
arousal affective state. However, human studies show high comorbidity between disorders
commonly considered as having a low level of arousal (i.e., major depressive disorder) and
others with high-level arousal (i.e., generalized anxiety disorder) (Hirschfeld, 2001), which
emphasises the complexity of delineating arousal levels according to their commonly associated
behavioural forms. In addition, pain (which on many occasions might be associated with an
affective state with a high level of arousal, due to inducing an accelerated heart rate) has also
been found to be associated with some forms of inactivity behaviour in rhesus macaques
(Polanco, 2021, not peer-reviewed). Therefore, the arousal level of depressive-like behaviour
is currently unknown. However, from a welfare perspective, the arousal level of the behaviour
is irrelevant, since the aim is to assess the valence of the affective state. In conclusion,

depressive-like behaviours are suitable indicators of cumulative experience.

Nonetheless, however advantageous the use of this behaviour might be, its use as an

indicator of a negative affective state has not yet been fully explored. One of the reasons behind
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this is that the lack of a standardized definition and sampling method compromises its reliability

and comparability as a welfare indicator.

In this study, we refined the use of this behaviour to increase their sensitivity and
specificity to long-lasting, negatively valenced affective states, as well as to increase their
comparability between studies. The behaviour was refined and made operational by testing
different durations, as well as estimating the number of sessions required to assess reliably the
frequency of the behaviour. In addition, the refined behaviour does not require information
regarding baseline behaviour levels, nor is dependent on external stimuli. To improve the
comparability, we termed this behaviour Inactive not alert and developed a standardized

definition based on the previous terminology used in the literature.

We investigated the correlation between this Inactive not alert behaviour with Inactive
alert behaviour to test the hypothesis that the Inactive not alert behaviour is not reflecting a
non-welfare related inactive behaviour. We found no correlation between the behaviours, which
suggests that indeed these two behaviours are reflecting different underlying factors and should

be differentiated in future studies.

The observed high frequencies of Inactive not alert behaviour in the present study
significantly surpass the expected ones, based on the testimonies of the staff at the facility (i.e.,
researchers, technicians and veterinarians) and the variability reported by previous studies
(Polanco, 2021, not peer-reviewed). This is even more surprising when considering that the
facility at which the author’s investigated subjects are housed is highly enriched and follows
some of the highest standards of animal welfare for laboratory rhesus macaques. The high
welfare standards of this facility are further evidenced by the low incidence of alopecia when
compared to other facilities (Honess et al., 2005), the lack of underweight animals and the
almost virtual absence of display of abnormal behaviour within the subjects, which is not the
norm in other facilities (Polanco, 2021, not peer-reviewed). This suggests two main concerns:
(1) the presence of a human observer might have made the research community drastically
underestimate the frequency of this behaviour (Hennessy et al., 2014) and, (2) the duration of
the behaviour is critical to allow enough variability in the frequency of the behavioural indicator

to analyse the behaviour reliably.

The refined definition of the behaviour developed in this study, which includes a
specific and optimized duration, resolves the first of the concerns. Moreover, the wide use of

the refined duration would also allow further comparability between studies.
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Regarding the second concern, the use of remote video recordings would avoid the bias

caused by human observation. The use of remote video recording has further benefits:

1. It might encourage larger sample sizes, as it does not require a researcher to be in person
during the collection of the video data.

2. Itallows for a better quality of results since multiple observers can encode the recording
with no logistical limitations. In this way, inter-and intra-observed reliability can be
assessed and guaranteed.

3. Itallows for reproducibility studies between research centres which might aid to identify
suboptimal methodological designs and, in turn, improve the quality of the studies.

4. It encourages collaborative studies by sharing video recordings between research
groups. This also tackles the reduction aspect of the 3Rs, since the same recording can
be used for different research questions without the need for additional animal subjects.

5. It would allow for automatic recognition of the behaviours using deep learning
algorithms which would, in turn, increase the power of the studies by analysing high
magnitudes of behavioural data pragmatically impossible to analyse with human

observers.

The main potential limitations of the use of remote video recording in some research
facilities are the required large digital storage space, the lack of facilities to record remotely in
the animal units, and the risk of misuse of the video recordings by activists, which might
discourage some research staff to integrate this approach in their facilities. However, rapid
technological and digital security advancement in those areas is promising, envisaging a prompt

solution.

Due to pragmatic decisions required for the encoding of the behaviour, the following
limitation must be considered when interpreting the results: the Inactive not alert behaviour, as
currently encoded, cannot be distinguished from sleep. In the present study, this limitation was
controlled with the scheduling of the recording times, which were restricted to the early
morning when the animals were not expected to sleep. It was also considered that if the animals
were asleep during these unexpected times, this specific sleep behaviour might be
representative of a failure to sleep during the night or of excessive sleep. Both of these events
(i.e., insomnia and hypersomnia) are considered in humans as one of the main five criteria for
the diagnosis of major depressive disorder (Regier et al., 2013) and could, thus, also be
associated with a negative affective state in NHPs. However, if the behaviour is to be encoded
during other times of the day, it is pivotal to consider the inability to distinguish between

Inactive not alert and sleep.
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As aresult, | suggest the use of the Inactive not alert behavioural indicator when aiming

to assess the long-lasting negative affective states in rhesus macaques.

7.2.4. Macroscopic hippocampal biomarker

Despite the multiple advantages of using the macroscopic measure of the local amount
of hippocampal grey matter as an indicator of cumulative experience (see section 1.4.5), the
technical side of this method might need further development if it aims to decrease

measurement error and allow studies to have high sensitivity with a low number of subjects.

Currently, a collaborative approach between multiple research facilities sharing MRI
data (e.g., PRIME-DE) might be the most feasible direction for using this hippocampal
indicator. A collaboration would maximise the sensitivity without hindering the reduction of

subjects supported by the 3Rs principles.

7.2.5. Further promising biomarkers

Novel promising techniques relevant to animal welfare science are steadily emerging
from a wide range of scientific fields. One of these novel techniques is the application of
epigenetic knowledge to assess detrimental impacts of the environment on the cumulative
experience of non-human animals. When an individual is exposed to a stressor, it concatenates
measurable epigenetic effects such as methylations (da Silva et al., 2022). The use of
Epigenetics biomarkers to assess animal welfare in farmed animals is rapidly spreading.
However, the study of these biomarkers has been limited to a few species such as pigs and
chicken (da Silva et al., 2022; Hao, Cui, et al., 2016; Hao, Liu, et al., 2016; Pértille et al., 2017,
2020). The promising results (da Silva et al., 2022) highlight the value of investigating its
potential use in laboratory NHPs.

7.3. Recommendations for the refinement of husbandry and experimental
procedures to improve the welfare of laboratory rhesus macaques

The results obtained in this study aim to inform future decisions in the field of non-
human primate welfare research as well as in the use of non-human primates as animal models

in biomedical research.

Ensuring the best possible welfare status of the animal model is required from both an
ethical and a scientific standpoint. Many of the studies requiring NHP models are publicly
funded which reinforces the responsibility of easing the growing concern from the general
public regarding their use by guaranteeing high welfare standards. This ethical requirement is
also recognised in the legislation that regulates the use of these animals as models in research.

From a scientific point of view, higher welfare of the animal model will decrease the noise in
108



the results obtained with it, decreasing, in turn, the number of trials (and/or subjects) required
for such experiments (see section 1.1), once again, highlighting the importance of the welfare

of the animals involved.

The present project revealed signs of cumulative experience associated with the
subjects’ involvement in experiments. These results suggest that the welfare of the animals is
deteriorating over time and can have important implications for the research community and
open a discussion of potential refinements in husbandry and experimental procedures to reduce
this effect. The present study aspires to inform the decisions of future study designs that will
investigate these potential refinements, in order to prioritize research projects and support data-

driven research.

The first result to be considered for future decision-making is the factor found to be the
main driver for this decrease in welfare over time: involvement in experiments. Previously |
have outlined the potential singular events within this factor that might be responsible for this
effect. Here | suggest potential refinements to said individual events, as well as future studies

that may aid in understanding this negative impact.

An initial study that would further the understanding of the effect of experiments on the
welfare of the animals is the assessment of the cumulative experience of laboratory rhesus
macaques when they are not continuously involved in experiments. Such a study would shed
light on the cumulative nature of this factor and assess the potential benefits of implementing
no-experimentation periods for the animal models. These no-experimentation periods, during
which the laboratory animals would not be involved in experiments, would aim to have a
positive impact on the affective state of the animal, and restore the cumulative experience of
the subjects to pre-experimentation periods. The present study does not include enough data

during non-experimental periods that would allow a reliable analysis to answer this question.

Head-restraining is one of the events within the involvement in experiments that might
be driving the negative cumulative experience. Within this event, two components must be
considered: (1) the headpost implant and side effects caused by it (i.e., pain caused by
undetected infections during head restraint), and (2) the physical restraint that might be a source
of psychological distress. The potential detrimental impacts of the implant are already being
investigated by working on refinement strategies that will decrease the incidence of infections
(Lanz et al., 2013; Ortiz-Rios et al., 2018). An additional measure that might alleviate the
detrimental impacts of this implant is its routine monitoring. This monitoring can be done using

X-Ray imaging (as done when a complication is suspected) and utilizing the instances when
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the animal is anaesthetised for other motives, such as, during the annual health monitoring.
Regarding the potential impact of physical restraint, a study investigating multiple durations of
experimental sessions that require this type of restraint might be informative.

Social separation is another single event suspected to be the driver of the negative
cumulative experience. The animals are separated from their cage mates for transport to
experimental rooms. The development of experiments that can be performed in the home cage
while in the presence of a cage mate is a promising alternative to avoid social separation. These
types of experiments are already in use in some research groups. Two main developments are
needed to ensure the spread of this technology: (1) the advancement in equipment that can be
used in the home cage without the presence of a researcher (i.e., cheaper strong experimental
testing equipment), (2) face recognition technology that would enable multiple animals to be in
the experimental area at the same time, while reliably detecting which subject is performing the
experiment, and (3) the development of wireless chronically implanted data acquisition devices
that would enable electrophysiological data acquisition in the home cage. The second point is
pivotal since the experimental tasks need to be customised to the skills and training level of

each subject.

Equally as relevant for the prioritisation of future welfare studies, | subsequently present
the factors that failed to induce a negative impact on the welfare of the animals. These results
will provide the information needed for a data-driven decision that allows a more proficient

allocation of resources for future studies.

The first of these results involves the use of fluid control protocols. These protocols
showed no signs of having a negative impact on the welfare of the animal models, not when
enforced acutely, nor consecutively (with a maximum of five consecutive days), nor in an
accelerating or decelerating manner (i.e., habituation and sensitisation). These results, aim to
settle the current concern about these widely used protocols (Prescott et al., 2010) both for the

scientific welfare community and/or the public.

A commonly considered detrimental event for the welfare of laboratory non-human
primates is fights between cage mates. In the present study, we investigated the impact of these
fights by using the treatment with NSAIDs and antibiotics as a proxy. Most of the fights are
considered to have a negative impact causing injuries that are subsequently treated with anti-
inflammatory drugs. The lack of effect found with the factor NSAID suggests that the impact

of these fights is very small, if not null. Therefore, the current husbandry practices enforced by
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the facility (separation of animals often involved in fights) seems to balance out or reduce the

potential impact of this event.

7.4. Concluding remarks

The present work shows evidence supporting cumulative negative experiences in
laboratory rhesus macaques. Through a multidisciplinary use of welfare indicators, we
identified that the animal’s involvement in experiments is likely the factor responsible for
driving the cumulative negative effect. Our data do not support fluid control protocols to be the
main event responsible to cause a negative impact on the cumulative experience of the animals.
In addition, we discussed the potential individual events integrated within the involvement in
experiments that might be responsible for the negative cumulative impact; and we put forward
recommendations to tackle those events, as well as proposing future studies that might aid to
disentangle them. Finally, informed by the obstacles encountered during the present work, I
developed recommendations for the assessment of cumulative experience in laboratory

macaques.

The results obtained in this study also highlighted the following: the methods used to
assess welfare need to be highly sensitive to the affective state of interest. The area of animal
welfare research has been developing fast in the last decades. The public pressure to ensure the
welfare of non-human primates accelerated the research in this area and assisted significant
improvement in laboratory animal welfare standards. As the overall welfare standards improve,
we must develop methods that are sensitive to more subtle changes in the affective state of the
animals. The present study accomplished this through different approaches (i.e., the alopecia
scoring method was refined by increasing the area of study, and the Inactive not alert behaviour
was refined by creating an operational definition informed by a variety of preliminary analyses).
The presented work has illustrated the potential to improve existing approaches and develop
highly sensitive indicators. These new indicators have been shown to be successful in

identifying areas for improvement within laboratory non-human primate welfare.

This work aims to encourage refinement in experimental techniques and result in an
improvement of the welfare of the laboratory rhesus macaques, used models of healthy humans
in neuroscience research, across research centres. Finally, animal welfare research commonly
prioritises the study and identification of factors having detrimental impact on the welfare of
the animals. However, overlooking the positive dimension of the valence of animal’s affective
states might be hindering critical advancement in animal welfare science. Therefore, further

research into potential enhancers of positive cumulative experience and the identification of
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indicators sensitive and specific to positive affective states should also be considered in future

studies.
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Appendix A

Permission to use images from rhesus macaques and NHP facility

Permission granted by Paul Dearden on 31st May 2022 to use Figure 3 and Figure 6 for
the purpose of the present work (Figure 28).

Re: NHP unit and macaque photos

Paul Dearden <paul.dearden@newcastle.ac.uk>

Tue 31,/05/2022 11:43

To: Janire Castellano Bueno (PGR) <) Castellano-Bueno2@newcastle.ac.uk>;Michelle Clayton Wood
<Michelle.ClaytonWood @newcastle.ac.uk>;Kathy Murphy <Kathy.Murphy@newcastle.ac.uk:

Dear lainire,

Please accept this email as confirmation that you have approval to use the photographs in your thesis.

Regards

Paul

Paul Dearden
I am currently working between home and campus, you can call me on 07811101829

Business Manager of Operations
0191 2086188 / paul.dearden@ncl.ac.uk

MNewcastle University

Comparative Biology Centre, Medical School,
Mewcastle upon Tyne, NE2 4HH, UK
www.ncl.ac.uk

Visit the CEC Intranet for guidance, resources and support and keep up to date with current news on the CEC
Researcher News page.

**If you require advice regarding urgent Home Office matters and you do not receive a response within 3
working days please call me**

Figure 28. Email by Paul Dearden on 31st May 2022 granting permission to use Figure 3 and

Figure 6 for the purpose of the present work.
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