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Abstract

Refining the housing and husbandry of laboratory rats is an important goal, both for ethical reasons and to allow
better quality research. We conducted a mapping review of 1,017 studies investigating potential refinements of
housing and husbandry of the laboratory rat to assess what refinements have, and haven’t, been studied, and to
briefly assess whether there is evidence to support any impact on rat welfare. Among the many refinements studied,
the majority involve changes to the cage, but some also involve alterations to the wider environment. The effects of
these refinements were assessed using a range of readouts, many of which are difficult to interpret from a welfare
perspective. Preference studies, which are easier to interpret, provide evidence that rats prefer complex
environments, including shelters and multiple objects, which offer different areas/resources allowing the rat to
engage in diverse behaviours. The reporting of methodology in papers was often poor, indicating that studies were
potentially subject to biases. Given that many refinements co-occurred, it was often difficult to tease apart which
ones were most beneficial for rat welfare. Effects of refinements were also moderated by a number of factors
including age, sex, strain, and photoperiod. Altogether our findings show that a one-size-fits-all approach to
refinements is not appropriate, because different refinements will impact different rats in different ways. Our review
has also produced a database of >1,000 articles that can be used for further and more detailed analyses. Our findings
have also highlighted areas where future research is likely to be valuable, including refinements to rat transport,
handling, and the use of training.
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Introduction

The welfare of rats used in scientific research is a major concern. In 2017, a total of 1,146,299 rats were used in
scientific procedures in the European Union alone?; refining the housing and husbandry of these animals to enhance
their welfare is thus an important goal. Aside from an ethical obligation to ensure good welfare, it has been suggested
that improving the welfare of research animals might help to improve the quality of science?™. In addition, the general
public have indicated that their support for animal research is dependent on the good welfare of research animals®.

A potentially large number of refinements can be applied with the aim of improving rat welfare and it is important to
know which are effective, which have little impact, and which may even be detrimental. However, poor
reproducibility is a widely accepted problem in animal research®’, and single studies of refinements can vary greatly
in their reliability and generalisability. Evidence synthesis is the cornerstone of evidence-based assessment, and
involves comprehensively compiling and reviewing results from multiple studies to allow the identification of
potential biases or areas of poor knowledge, and ultimately the drawing of solid conclusions with external validity®°.
Despite their importance, such syntheses and reviews remain relatively rare in animal welfare science. A complete
review of potential refinements to the housing and husbandry of laboratory rats has not previously been
undertaken; yet such a review is likely to be extremely valuable in identifying robust findings, detecting knowledge
gaps and weaknesses in study designs, and summarizing current knowledge without the need of using additional
experimental animals.

To this end, we aimed to collect, compile and review research on refinements to the housing and husbandry of
laboratory rats to assess the available evidence on the types of refinements that might improve laboratory rat
welfare and identify potential knowledge gaps warranting further research. For this purpose, we searched the
literature to identify studies with rats that involved manipulations to housing or husbandry, which could potentially
act as 3Rs refinements. Interpreting study findings in terms of changes in welfare depends on how welfare is
conceptualised. While welfare has been defined in a number of ways, the experience of positive and negative mental
states is arguably a key determinant of welfare!®**, Accordingly, we considered that animals have good welfare
when they experience positive affective states, while animals with poor welfare experience negative states.
However, measuring affective states and hence welfare is challenging because we cannot simply ask animals how
they feel. To date, two main approaches have been used for animal welfare assessment®>.

One approach involves interpreting changes in behavioural, physiological, or neurophysiological ‘welfare indicators’
in affective terms'®¢18 |n the existing literature, such inferences typically rely on assumptions or intuitions about
what is likely or unlikely to induce positive or negative affective states, or about human-to-animal translatability. For
example, an indicator may be considered to measure a particular emotional state if consistent changes in that
indicator occur when animals are exposed to manipulations that we assume will induce that state (for example,
assuming that chronic mild stress will induce a depression-like state)!*?1. Additionally, indicators that change
consistently in animals receiving pharmacological substances that have antidepressant/anxiolytic properties in
humans are generally considered to reflect a relatively positive state?>2%, Finally, behavioural, neurophysiological or
cognitive changes that are reliably observed in humans reporting negative moods or emotions may also be
translated to animals as markers of negative affective states'®2%23, There are a vast number of outcome measures
based on these approaches, with many new measures in development. However, because of the assumptions these
measure rely on, outlined above, and the varying levels of validation they have received, drawing conclusions about
affective states based on these measures is not always straightforward.

The other approach — assessing ‘motivation and preference’— ‘asks’ animals what they want, for example by testing
preference or evaluating motivation to access or avoid specific resources?>?°, Following operational definitions of
animal affect!’3%%1, it can be inferred that resources (in our case refinements) that animals prefer or work to access
are rewarding and generate positive affective states (and hence good welfare), whilst those they work to avoid are
aversive and generate negative affective states (and hence poor welfare). Preferences can be assessed by measuring
the number of times animals visit, or how much time they spend in, different environments when presented with
two or more choices. The preferred environment is assumed to be the one(s) that they choose most or spend the
most time in. Consumer demand tasks can be used to measure how hard animals work to access a particular



resource, with the assumption that animals will work harder to obtain more preferred resources. Conditioned place
preferences can be used to assess how much time an animal will spend in an area that is associated with, but doesn’t
contain, a particular resource, with the assumption that animals spend more time in areas associated with preferred
resources.

Accordingly, we aimed to collect and review the literature on potential refinements to rat housing and husbandry to
answer the following questions: (1) What refinements for rats have, and haven’t, been studied? (2) How have these
refinements been studied? (3) What conclusions can be drawn about these refinements from studies (particularly
from those assessing motivation or preference)? Given the breadth of these research questions and the size of the
housing and husbandry literature, we took a mapping review approach to achieve these aims. Mapping reviews are
high-level reviews that tackle broad questions; they contain more global and brief analyses of the resulting data than
other types of review, such as systematic reviews*.

Results

The initial search revealed 84,288 articles, which reduced to 70,372 articles after de-duplication. There were 1,105
articles that met the criteria for inclusion following abstract-based selection, and a total of 1,017 articles that met
the criteria for inclusion and from which data were extracted (Fig 1) — these 1,017 articles are detailed in
Supplementary Table 1. Reasons for exclusion at the full-text stage were that: the research did not investigate a
refinement (n=46); the research was not empirical (n=17); the research was not conducted on rats (n=8); the
refinement did not relate to housing or husbandry (n=7); there was insufficient information about the refinement
(n=4); the research did not investigate preference or compare a control and treatment group (n=4); the full article
was not in English (n=2). These articles spanned nine decades, with the earliest article published in 1944 and most
recent in 2020. The number of published articles was the greatest in 2015 — with 53 articles published (Fig. 2).

The majority of studies used only male rats (60.2%); just 10.5% of studies used female animals only, and the
remainder either used both (27.4%) or did not report this information (1.87%). Albino rats (for example Sprague
Dawley, Wistar or Fischer 344) were the most commonly used (77.6% of the studies); hooded rats (such as Long
Evans, Lister Hooded or PVG/c) were used in 16.3% of studies.

The PREPARE and ARRIVE guidelines for planning and reporting of research involving animals highlight the
importance of methods to reduce bias (including randomisation and blinding) and to assess power (such as running
power calculations) in experimental design®*34. However, reporting of these important components of reliable
research was largely the exception rather than rule in the articles: 50.6% reported randomisation (with evidence that
the proportion of articles doing so decreased over time; rho=-0.254, P=0.040), 14.1% reported blinding (with
evidence that the proportion of articles doing so increased over time; rho=0.619, P<0.001), and only 3.8% of articles
provided a justification for their sample size (with evidence that the proportion of articles doing so increased over
time; rho=749, P<0.001). Thus, while there is some evidence for an improvement in the quality and reliability of
research over time, there is a risk that many of the studies were affected by some degree of biased data collection
and/or were under-powered.

Refinements that have been studied?

A wide range of putative refinements have been tested (these are summarised in Table 1 and Fig. 3). They most
commonly involve manipulations of the rat’'s home cage, such as the provision of objects, shelter, or increased
space. But they also include changes to many different aspects of housing and husbandry such as the colony room
environment, handling, and social conditions. Many manipulations were studied concurrently with others,
particularly cage-mate number, cage type, and cage contents.

Outcome measures used to study the refinements. The 30 most common ‘welfare indicator’ outcome measures
identified here (Fig. 4), excluding preference which is discussed in more detail below, spanned behavioural tests
(such as open field, elevated plus maze), physiology (such as body weight, CORT), and neurophysiology (such as



neurotrophin levels, neurogenesis). In more than 50% of cases, several outcomes were measured. Some outcome
measures were commonly assessed in the same article. For example, we found that 70.7% of articles measuring food
intake also measured body weight; 51.3% of articles that used a novel object test also used an open field test; 64.7%
of articles that measured heart rate also measured blood pressure; 59.0% of articles that measured adrenal weight
also measured body weight; 65.4% of articles that measured water intake also measured body weight; 69.2% of
studies that measured water intake also measured food intake; 72.7% of articles that measured organ weight also
measured body weight; 75.9% of articles that measured blood pressure also measured heart rate, and 50.0% of
articles that assessed maternal behaviour also used an open field test.

A summary of the number of studies using each outcome measure for each refinement is provided in Supplementary
Table 3 to allow identification of areas where further study and/or meta-analysis might be valuable. Many of the
refinements have been studied using a broad range of outcome measures. Cage contents, cage type, cagemate
number, foraging opportunities, and neonatal handling have been studied using all of the 30 most common outcome
measures, whereas cage controllability, group composition, reiki, temperature, and transportation have been
studied using fewer than five of these outcome measures.

Studies assessing preference or motivation for refinements. In total, 60 articles studied preference or motivation,
the large majority of which involved assessing rats’ choices (85.0%) — such as the resource/food they opted to
use/eat, time spent engaging with a particular resource compared with other resources, or time spent in particular
areas with different resources. To assess preference or motivation, 10.0% of these studies used consumer demand
tests and 5.0% used conditioned place preference tests (Fig. 5).

Preference for cage contents. Preference studies investigating the provision of cage contents largely found positive
results, revealing that rats generally show a preference for objects within their home-cage. Specifically, one study
found that rats showed a significant preference for a range of items (plastic pipe, wood platform, wood chips, and
paper) compared to no items*®. When presented with different items (wooden block, plumbing fixture, white light,
large soup can, metal walls, golf ball, two acrylic calls, two acrylic blocks, sandwiched mango pit, small soup can,
bone-shaped rawhide, wood block with holes, caged peach pit, large wood ball, wood dowel or small wood balls),
rats showed a preference for wooden blocks®. Rats also showed a preference for a ‘high complexity’ cage that
contained multiple different types of chains*’. However, some studies showed that the preference depended on
different aspects of these objects: when given a choice between different objects made from Lego, rats preferred a
shelter to a box, which was preferred to a post and car, and when given a choice between large and small Lego
objects, rats preferred the larger objects3®3°, Rats were also found to spend more time in contact with enrichment
items when provided with multiple items simultaneously compared to individual provision of each item (nylabone,
retreat, wooden block, ladder, crawl ball)®. Similarly, rats were found to spend more time interacting with natural
objects (rocks, sticks, dirt) as opposed to artificial objects (plastic toys)*!, and spent more time interacting with
objects in a cage containing multiple different objects of different types as opposed to multiple objects of the same
type*. Yet, a preference for objects within the cage was not always observed, with one study finding that rats
showed a preference for an empty compartment compared with a compartment containing six different objects
(such as chains, ladders and blocks of wood)*®.

The studies also identified that rats showed a preference for cages with a shelter. In particular, they preferred a cage
with a shelter compared to an empty cage***°; a cage enriched with biting stick, nesting material, and shelter
compared to a cage without these items — although there was no difference in preference between this type of
enrichment and an ‘extra-enriched’ cage that also contained a shelf and raised lid “¢; another study found that rats
preferred an empty solid plastic box to a semi opaque Perspex one for use as a shelter (which, in turn, was preferred
to a clear Perspex box, which was preferred to a vertical partition)?. In terms of substrate, rats showed a preference
for wide soft paper strips (40 cm x 10 mm) over narrow soft paper strips (40 cm x 5 mm), which in turn were
preferred to coarse paper strips*’. The two consumer demand studies showed that rats will work to obtain access to

a nest and running wheel®, and will work harder to access a cage with a nest-box (with or without nesting material)



than to access an empty cage®. The one conditioned place preference study found that rats develop a preference
for the after-effects of wheel running®.

Several articles also identified preferences that were moderated by factors relating to the rat or their environment,
although these moderators were only found by studies assessing preference for different substrates within the cage.
Specifically, when given a range of bedding materials (wire mesh, wood chips and filter paper, sawdust (small),
sawdust (large), wood shavings (small), wood shavings (large)), both male and female rats showed an avoidance of
smaller particle sawdust; but male rats showed a preference for large wood shavings, while females showed no
preference 5. Similarly, preference for bedding material (100% aspen, 25% corncob: 75% aspen, 50% corncob:50%
aspen, 100% corncob) depended on time of day, with rats showing avoidance of 100% corncob during the light
phase and a preference for 25% corncob during the dark phase®?. When given a choice between aspen vs. corncob,
and paper strips vs. corn husk, rats raised on corncob bedding showed no preference in terms of overall dwelling
time but did have a preference for defecation on corncob bedding, whereas rats raised on aspen showed a
preference for aspen bedding compared to corncob bedding®. Rats also showed a preference for paper strips in
terms of dwelling time, but a preference for defecating on corn-husk®. In one study, Brown Norway males and
females, Wistar females, but not Wistar males showed a significant preference for cages with either paper particles
or wood shavings over those with wire mesh or sawdust®.

Two of the twenty-four identified studies considering cage contents provision found a null result. One study, using a
consumer demand test, found that motivation to access a larger cage, a cage with pillars, and a cage with novel
objects was not significantly higher than motivation to access a standard cage®. The other study, using a choice test,
found that rats did not have a preference for a metabolic cage containing an enrichment device, which provided
shelter and increased floor area, compared to a metabolic cage without this device; instead, the rats showed a
preference for the tunnel connecting these cages®®.

Preference for temperature. Some studies found a clear and significant preference for a particular temperature in
rats, such as a preference for 27°C (versus 30°C and 33°C)°"*8, a preference for 24°C (versus 18°C and 30°C)*°, and a
preference for 19.2+/-5.2°C when placed in a temperature gradient from 10°C to 40°C®°. However, the majority of
the identified studies investigating thermopreference found that preference depended on a moderating factor.
Photoperiod moderated temperature preference in three choice tests, with rats preferring cooler temperatures
during the dark phase®%3, Three choice studies also found strain differences in temperature preferences: Sprague
Dawleys preferred lower temperature than Fischer rats, Long Evans preferred lower temperatures than Sprague
Dawley and Fischer rats®3%°, Body weight®®, previous experience®”, and the presence of nesting material also altered
temperature preferences in choice tests®®. One study also found that rats showed no preference for an area of a
cage that contained a warm plate®.

Preference for cage type. Rats were found to prefer cages with solid floors rather than grid floors, particularly during
periods of rest’, and another study found that rats would work as hard to access a solid floor as they would to
explore a novel environment — with rats lifting up to 83% of their own body weight to access these areas’’. However,
a number of moderators for cage type preference were identified, which included strain, methods, age, and other
housing or husbandry factors. In choice tests, rats largely preferred solid to mesh flooring, but Brown Norway rats
preferred cages with wire mesh floor for eating and drinking, and juveniles more often spent time on wire floors*.
Similarly, female rats showed a preference for an area with bedding material over an area with a grid floor both
during the day and at night, while male rats only showed a preference for bedding material during the day and
preferred the grid floor at night 72. When given an option between a small, medium, and large arena in a choice test,
the time spent in each arena depended on the size of the rat’'s home-cage and whether or not they were housed in
isolation; paired-housed rats in large cages showed a preference for larger areas, whereas isolated rats housed in
large cages showed a preference for the smaller area’®. One study found that in the light phase, stainless steel cages
— which offered increased darkness — were preferred, but in the dark phase, animals raised in stainless steel cages
showed a preference for steel, while animals raised in polycarbonate cages showed no preference’®. Likewise,
another study found that preference for polycarbonate versus steel cages was complex, with moderators including



the presence and location of a cage hopper, transparency of the cage walls, and photoperiod; the main conclusion of
this study was that preference for low illumination in the cage drives preference”. One of the identified studies
found a null result: when rats were provided with areas of different heights (80 mm, 160 mm, 240 mm, and 320
mm), they showed no clear preference and instead split their time fairly uniformly between the different areas’®.

Preference for foraging opportunities. With regard to foraging opportunities, the studies showed that rats exhibited
a preference for: different flavours of food presented simultaneously”’, pelleted over powdered food’®, many small
pellets compared to one large pellet’, smaller compared to larger food items more generally®’, flattened food
(covering a larger surface area) compared to rounded food (covering a smaller surface area)”, red coloured food
compared to yellow, green, black, or white food®, and novel food®. Rats were also found to prefer feeding from a
foraging device (a raised metal dish which required rats to move gravel to access the food) in terms of both time
spent feeding and amount of food, compared to feeding from a standard food hopper, or from a food hopper that
limited the feeding area to 4.5% of that available in a standard food hopper, and from an area with a standard food
hopper in addition to gnawing sticks; however, no preference for total dwelling time was observed between these
four areas®. Preference for rough food compared to pureed food was found to change over time, with rats initially
preferring a rough food mixture and then preferring pureed food®. Likewise, one study found that rats accustomed
to standard, hard food pellets showed a preference for soft food compared to hard food, but this preference was
weaker in rats accustomed to powdered food®:.

Preference for other refinements. One study showed that rats would press a lever that resulted in tickling
significantly more than they would press on a bar that had no consequence, suggesting rats were motivated to be
tickled®>. However, while rats showed a conditioned place preference for one odour associated with tickling, no
conditioned place preference was observed when a different odour was used®. Similarly, another study found no
conditioned place preference for tickling?®’.

Regarding ventilation, rats showed avoidance of cages with 120 air changes per hour compared to 50 and 80 air
changes per hour®® (although it is possible that this manipulation altered other aspects of the rats’ environment such
as temperature and humidity), and preferred a CO, concentration of 3% compared to 1% and 5% in choice tests®.
Rats showed no preference for an air speed of either 0.2m/s or 0.5m/s in a choice test®,

Rats were found to work harder to access a group of three familiar rats than to access an empty standard home
cage®. For cage-mate number, a quadratic relationship was identified by one study with preference, according to a
consumer demand test, peaking at 5 rats compared to the other options tested: 0,1,3 and 11 cage-mates®. Sex
moderated preference for social contact in a choice test: female rats showed a greater preference for contact with
another rat while males did not show this preference®.

Preference for different types of lighting was moderated by photoperiod, strain, and other aspects of housing and
husbandry. One study found that a preference for opaque areas was only observed when rats were inactive in the
light period, and when laboratory personnel were present®?, Another study found that overall rats had a preference
for the darkest cage (when none, one quarter, half, or three quarters of cage covered with black tape) but that this
preference was most pronounced in albino rats in the light phase’®. The one preference study for noise identified
that silence was preferred to speech, which was preferred to radio, which was preferred to white noise®. Regarding
olfactory stimulation, rats showed an overall preference for other rats that smelled similar to themselves in a choice
test: cologne-odoured group preferred cologne-odoured rat, normal-odoured rats preferred normal-odoured rats,
and methyl salicylate-odoured rats showed no preference®.

Discussion

Refining the housing and husbandry of laboratory rats is an important goal. The implementation of any refinement

should have a strong evidence base because it makes no sense to spend time and money on refinements that have

no benefits to rats, and we need to be certain that any changes we make are not detrimental to welfare. However,

given that one swallow does not make a summer, data synthesis is critical to draw conclusions. Here, we conducted



a mapping review of studies investigating potential refinements of housing and husbandry to assess what
refinements have, and haven’t, been studied, how they have been studied, and to examine what conclusions can be
drawn from these articles. To this end, we performed an extensive search of the literature that identified over
85,000 initial records and resulted in 1,017 articles for review.

A summary of the refinements studied in the identified articles. We found that a broad range of refinements have
been studied. The majority of these refinements focussed on changes to the cage itself, such as adding enrichment
objects, increasing the cage size, or changing the number of cage-mates, but there were also many other types of
refinements, including those that altered aspects of the rats’ environment such as noise or lighting, human-rat
interactions such as tickling, gentling, and neonatal handling, and provision of playpens. However, many of the
refinements (particularly those relating to housing such as cage contents and cage type) co-occurred, making it
difficult to tease apart the specific aspects that are most beneficial to rat welfare.

The rationale for the manipulations studied was often unclear. For example, altering cage contents was the most
common refinement, with arbitrary objects most commonly used as enrichment; however, it is unclear why such
objects might be beneficial to rats beyond the novelty or perceptual/tactile stimulation they provide. Although its
potential benefit to rats seems clearer, addition of shelters to the cages, which serve a particular function by
providing rats with a refuge, was less commonly studied. Likewise, it is unclear why two studies investigated the
performance of reiki on rats given that reiki is considered to be a pseudoscience. In many cases, the poor or unclear
rationale of the study may reflect the fact that the primary aim of the studies was not necessarily to study potential
refinements to rat welfare (but to instead study pup development, mood disorders, or learning for example, with a
view to translating those findings to humans). However, to apply the 3Rs when studying rat welfare and to reduce
the number of rats used for experiments, we suggest developing a good scientific rationale to select potential
refinements for a study.

A summary of the results of studies of preference / motivation. Overall, the results of the preference studies
reviewed here suggest that rats prefer complex environments that provide them with different areas to engage in
different behaviours ( in order to fulfil different functions). It is clear that rats require a shelter (an enclosed area
that is entirely dark), given that several studies showed that rats have a preference for and will work to access
shelters, and a study that manipulated lighting in the cage showed that rats prefer to spend time in a dark area when
laboratory personnel are present and during the inactive period. In addition to a shelter, studies that looked at
preferences across multiple objects showed that rats preferred larger objects, which provide climbing opportunities;
and hence climbing opportunities of some kind should be provided. Multiple types of smaller objects might also help
to increase complexity in the cage, as suggested by two studies showing that rats prefer these refinements. Areas
without any objects may also be valuable given that one study found that rats prefer a cage with no objects. One
preference study suggested that rats may benefit from provision of a running wheel. Providing rats with different
areas of different sizes would also be ideal to account for differences in preference for open spaces across rats.
Likewise, our result show that the substrate in the cage clearly fulfilled different purposes; therefore it may be
valuable to provide multiple types of substrate in different parts of the cage, so that these substrates can be used in
different ways — for example for nesting (where longer soft paper strips may be preferred), for defecating, and for
general locomotion. Providing rats with multiple options in terms of substrate and cage contents would also account
for preferences that shift with photoperiod, sex, age, or just individual differences, and allow for different levels of
behavioural thermoregulation to be achieved in accordance with different temperature preferences. Due to the low
numbers of studies and the lack of clear results, it is difficult to draw any solid conclusions about the number of
cage-mates or degree of social contact that might be preferable, about the use of odours as potential enrichment, or
the use of tickling.

A summary of the non-preference outcome measures used to study the refinements, and their relevance to
welfare. A broad range of non-preference outcome measures were used in the reviewed studies to assess the
effects of housing and husbandry interventions on the affective states and welfare of rats. The most common of
these outcome measures included behavioural measures of anxiety- or depression- like states: elevated plus maze



(where an increased proportion of time in the open arms is considered to reflect reduced anxiety®), open field test
(where an increased proportion of time in central area is considered to reflect reduced anxiety®®), light/dark box
(where an increased proportion of time in the light area is considered to reflect reduced anxiety®’), forced swim test
(where increased immobility is thought to reflect decreased depression®), and sucrose preference test (where
increased consumption of sucrose solution relative to water is thought to reflect decreased depression). There is
some evidence supporting the use of these measures. For example, some anxiolytic drugs alter behaviour in the
elevated plus maze® open field!?, and light/dark box®’, and some antidepressant drugs alter sucrose preference and
behaviour in the forced swim test. However, the use of these measures is also subject to a number of criticisms. For
example, antidepressants that are used to treat generalised anxiety disorder in humans do not consistently produce
changes in elevated plus maze, open field, or light/dark box behaviour'®1?, suggesting that these tasks may not
capture all features of anxiety-like states. Similarly, immobility in the forced swim test is now considered to reflect
an adaptive and learnt response that allows the animal to conserve energy and hence prolong survival, as opposed
to reflecting depression-induced helplessness!?71%4 Moreover, the ethics of the forced swim test has been under

105 recently and studies have challenged the validity of the sucrose preference test by showing
106,107

increasing scrutiny
that humans with depression show no reduction in their preference for sucrose over water

Physiological indicators of stress-like states, such as cortisol levels, heart rate, and blood pressure, were also among
the most commonly used outcome measures. However, while these measures may rise in stressful situations and
hence may reflect stress-like states, they can also increase in situations that are neutral or even rewarding!®18108-110,
which complicates their interpretation in terms of measure. Some of the most common outcome measures used
were neurobiological measures that have been implicated in human depression, such as changes in the
dopaminergic or serotonergic system, neurotrophin levels, or neurogenesis. Yet, the relationship between
dopaminergic and serotonergic system activity, neurotrophin levels and affect are complex!'*12, meaning that there
is no straightforward way to interpret changes in these measures in terms of welfare. Similarly, many factors can

influence neurogenesis including those that may be less related to welfare such as physical activity and diet?!3,

As a result of these limitations, individually, each of these outcome measures may not provide reliable information
about the impact of the housing and husbandry refinements. However, considering the effect of a refinement on
multiple outcome measures, and assessing whether results across these outcome measures align (c.f. 1), might
provide a more complete and comprehensive insight into the impact of the refinement on the welfare of the
animals. We found a number of potential refinements that had been studied using a wide range of outcome
measures, such as cage contents, cage type, cagemate number, and foraging opportunities. Further and more
detailed analyses of these refinements across multiple outcome measures (for example by using a meta-analytic
approach) might therefore be warranted. Similarly, single studies that use multiple outcome measures to assess
welfare are likely to be the most informative in the future.

Given the limitations outlined above, we did not conduct in-depth analyses of the putative effects of refinements on
non-preference outcome measures. However, we provide a database of the reviewed articles that includes
information about the refinement studies and outcome measures used (Supplementary Table 1 and 3). These
resources offer a springboard for future meta-analyses of specific refinements assessed with a smaller number of
outcome measures, should this be considered valuable by future researchers.

Limitations of this mapping review. It is possible that our methodology may have resulted in the exclusion of some
relevant studies. Specifically, by restricting articles to those written in English, relevant but locally published articles
may have been excluded. Additionally, as part of the search strategy, some search terms were excluded (such as
‘oxidative stress’, ‘stress-induced’ and ‘stress induced’, although the term ‘stress’ was included) in line with our
inclusion/exclusion criteria: “the research described in the article involves a manipulation relating to housing
(including within the colony room) or husbandry that has potential to act as a 3Rs refinement (therefore,.
manipulations solely aimed at inducing stress or negative affect - ‘isolation stress’/‘chronic mild stress’/‘crowding
stress’ - were excluded)”. While this approach streamlined the literature search to make the review both focused



and feasible, it may have resulted in the exclusion of some articles, in which the authors explicitly stated in their title
or abstract that they were “not examining stress induced...”. Thus, while we have identified a large number of
relevant studies, we cannot guarantee that this review provides a complete and fully comprehensive overview of
how rat housing and husbandry could be improved. Nonetheless, the review does provide the broadest and most
complete review of housing and husbandry refinements to rat welfare to date.

A further limitation of this review is that we were unable to provide information about sample sizes or ethical
approval in the articles due to poor agreement between our reviewers regarding these features in quality checks.
The poor agreement could partly be attributed to improper, confusing, or misleading reporting of these data in the
original articles. For example, reporting sample size information in figure legends rather than the methodology
section (sometimes with different sample sizes for different outcome measures), only providing the total sample size
without stating that the number of rats assigned to each treatment was equal, or stating that ethical guidelines were
followed without stating that ethical approval was obtained. It may additionally reflect the fact that, when extracting
information, reviewers did not implement identical rules when encountering data in an unexpected format.

Future directions. The review process highlighted a number of issues that should be considered when interpreting
results of the studies analysed, and when designing future research in this area. Reporting of methodology was often
poor and it is possible that many studies had weak designs or were subject to biases. The replication crisis has
demonstrated the need for more rigorous methodology® and the ARRIVE and PREPARE guidelines have been
developed to promote and support higher quality research. While we observed an increase in the proportion of
studies reporting blinding and justification of sample sizes over time, which is promising, the decrease in the
proportion of studies reporting randomisation and the overall low levels of reporting of these important
components of reliable research are concerning. More work is clearly needed to promote more reliable and better
quality research, a sentiment that has been echoed by other reviews!>16,

Potential refinements for certain aspects of husbandry were also clearly understudied, especially when considering
their potential impact on animal welfare, and the positive effects of such refinements in other species. For example,
most laboratory rats will be transported at some point in their life, such as from a supplier to the institution, or from
a holding room to a procedure room within a facility. Transportation is likely to be stressful'’, but we only identified
one study that investigated a potential refinement to transportation. Likewise, most laboratory animals will need to
be handled by laboratory personnel, and a number of studies in mice have studied potential refinements to handling
(such as tunnel handling or cupping, as opposed to tail handling!'®21). Yet, we again only identified one study that
had investigated specific types of handling and their impact on rats. Training rats to cooperate with laboratory
personnel seems to be understudied: we only identified one article on this topic (in which rats were trained to move
from a dirty to a clean cage'??). However, we believe that rats can be trained to cooperate with laboratory personnel
in several regards, for example, to climb onto arms for handling or to go to specific locations in a home-cage to aid
different husbandry procedures. Such refinements have been very successful in non-human primate species in a
laboratory setting'?>2%, Finally, while there are suggestions from research in humans and other species that
controllable environments with predictable punishers and unpredictable rewards should lead to more positive and
less negative emotional states'?>™1?’, this has received little attention in the context of rat welfare, with only one
study assessing the impact of more controllable environments (in the form of providing operant control over delivery
of food, water, and lighting)*?2.

Therefore, future interesting areas of research include examining the welfare impact of scooping, tunnel handling, or
training rats to move into a transport cage or onto a human hand. An assessment of the many components of
transport (such as noise, vibration, crowding) and their likely impact on welfare would also be a valuable, similar to
those conducted for farm species'?%, Potential refinements to these different components could then be devised
and investigated (e.g., development of transport cages with material that attenuates noise and vibration). Future
research could also include studies examining the effect of conducting potentially aversive husbandry procedures
(such as cleaning) at a predictable time and conducting potentially positive procedures (such as provision of treats)
at unpredictable times.



Finally, several promising measures of animal welfare, which have been less commonly used, may be valuable in
future studies of rat housing and husbandry. For example, judgement bias, which measures decision-making under
ambiguity , has recently been validated as a measure of animal affect (although these validation attempts also
indicated that this measure has some limitations, and may not apply to all species)??*. In the past few years, the use
of rat ultrasonic vocalisations to infer welfare has also received growing attention, and deep-learning methods have
now been developed to parse and analyse these vocalisations!31133, Of note, the most-common measures identified
by this review are largely focussed on poor welfare states (those associated with depression, anxiety, or stress), and
might therefore provide little or no information about good welfare states. Ultimately, good welfare for laboratory
rats should be the goal of any refinement and the importance of assessing the presence of positive affective states,
as opposed to just the absence of negative affective states, cannot be understated. Judgement bias and ultrasonic
vocalisations may provide information about both positive and negative affect?:24131,

Conclusions

Despite the large amount of research that has been conducted over the past several decades, clear gaps remain in
our knowledge of the housing and husbandry interventions that influence rat welfare. This review highlights areas
where further research would be valuable, such as refinements to rat transportation, handling, the use of training to
increase cooperation between rats and laboratory personnel, and the provision of more controllable environments
with more predictable punishers and less predictable rewards. The review also highlights specific interventions that
have been found to be preferred by rats, and that are likely to generate welfare improvements. Importantly, the
review also identified a number of moderating factors, such as age, sex, strain, and photoperiod, affecting the
effectiveness of modifications and interventions. Our review clearly shows that a one-size-fits-all approach to
refinements is not likely to be appropriate, given that different refinements can impact different rats in different
ways. For this reason, we recommend giving rats a heterogeneous habitat; and provide them with areas that vary in
size and complexity, a range of substrates, and different ways to obtain food. A key aim to improve laboratory rat
welfare should be to develop heterogeneous in-cage habitats (with areas varying in size, complexity, substrates, and
food provision method) to cater for the varied needs of individual rats.

Methods

Literature search. A literature search was conducted on 30™ April 2020 using Scopus and Web of Science to identify
articles reporting studies that had investigated potential refinements to rat welfare. The search terms were
developed around three concepts: rats, welfare, and housing/husbandry (Supplementary Table 4) with the specific
search terms designed to capture as many articles relating to these concepts as possible. Additionally, we searched
for papers cited by, or citing, review articles relating to rat welfare. Further details on the literature search, including
search terms used, can be found in Supplementary Information.

Supplementary Table 4| Concepts used to develop the search terms for the literature search: rats, welfare, and
housing/husbandry

Inclusion and exclusion criteria. The criteria for inclusion were that: 1) The article describes an empirical study
(which means that review papers were excluded); 2) the article describes a study using rats, specifically Rattus
norvegicus (which means that studies using mice or other rat species were excluded); 3) The research described in
the article involves a manipulation relating to housing (including within the colony room) or husbandry that has
potential to act as a 3Rs refinement (which means that manipulations solely aimed at inducing stress or negative
affect — ‘isolation stress’/‘chronic mild stress’/‘crowding stress’ — were excluded); 4) The research either: (a)
investigates the preference / motivations of rats for that manipulation compared with a control; or (b) compares the
effects of manipulated and control group(s) on other outcome measures; and 5) The article was written in English.

Abstract screening. Following deduplication, articles underwent abstract-based selection which was conducted using
Rayyan®3*. Abstract-screening was conducted by one researcher (V.N.) who was highly familiar with the literature on
laboratory rat behaviour, biology, and welfare. To reduce the possibility that articles were wrongly excluded during



abstract-screening, only articles that unambiguously did not meet the inclusion criteria were excluded (for example
the study was conducted with mice, not with rats; the study was a review paper, not an experimental paper). If there
was any doubt or ambiguity about whether an article should be excluded, it was not excluded at this stage.

Full-text screening and data extraction. Full-text screening and data extraction were conducted by four researchers
(V.N,, J.L., E.M., N.C.C.) who worked independently. Each article was screened by one of these researchers; quality
checks were then made to ensure consistency between these researchers once all articles had been screened and
data extracted (see below). These researchers first assessed whether each article met the inclusion criteria and then
extracted the following data from each article (actual prompts used shown in brackets): title (what is the title of the
article?); authors (who authored the article?); publication year (when was the article published?); journal (in which
journal was the article published?); strain (what is the strain of rat used?); age or weight (what are the ages of the
rats used or their weight); treatment sample (how many animals are there per treatment?); sample justification (was
there any justification for the number of animals used?); sex (what is the sex of the rats?);ethical approval (does the
article state that ethical approval was received for the study?); manipulation details (what are the details of the
more positive manipulation, according to the hypotheses, or set of preferences being tested?); control details (what
are the details of the more negative/control manipulation, according to the hypotheses?); randomisation (does the
article state that animals were randomly assigned to treatments?); blinding (does the article state that the
experimenter was blind to the treatments?); outcomes (what are the specific outcome measures?); results obtained
(what were the findings of the experiment?). At a later stage, the dataset was split in two according to the outcome
measures: preference studies (where the outcome measure was ‘choice’, ‘consumer demand’, or ‘conditioned place
preference’) and potential welfare indicators (for all other outcome measures).

Following full-text screening and data extraction, the data for approximately one third (n=329) of articles were
selected at random and checked by one of three researchers; these checks were made on researchers’ own and
others’ extracted data. Data were found to be correct with no omission of important details in 100% of the
publication dates, 99.7% of the author names, 99.7% of the strain details, 98.2% of the age/weight details, 74.5% of
the treatment sample details, 99.4% of the sample size justification details, 99.4% of the sex, 94.3% of ethical
approval details, 98.2% of manipulation details, 98.5% of randomisation details, 99.0% of blinding details, 92.7% of
outcome measure details, 97.6% of results. Consequently, we did not use data about the treatment sample size or
ethical approval (because they were < 95% correct). We also conducted further checks on the outcome measures
and results data, as detailed below. To ensure that no articles were erroneously excluded at full-text screening, all
articles excluded at this stage were checked by one person (V.N.); if there was any uncertainty about whether the
article should be excluded it was discussed between two people (V.N. and M.M.) who jointly made a decision about
its exclusion.

The data then underwent further processing and cleaning, which included correcting typographic errors, grouping
together highly similar or identical outcome measures (for example ‘elevated plus maze’ and ‘elevated zero maze’
were included together as ‘EPM’; ‘serotonin turnover’, ‘'5HT levels’ and ‘tryptophan levels’ were included together as
‘serotonergic activity’), and grouping together highly similar or identical refinements (for example ‘playing Mozart’,
‘decreasing noise in colony room’ were grouped as ‘noise’). Refinements were also further categorised into ‘sub-
refinements’ where this was relevant (for example changes in ‘cage contents’ were divided into-sub-categories
including providing or altering ‘objects’, ‘shelters’, ‘wheels’, and/or ‘substrates’ (see Table 1).

Given the large size of the dataset, it was not possible to analyse all the results extracted. We therefore opted to
only analyse the results of preference studies and the results of studies using the 30 most common ‘welfare
indicator’ outcome measures (excluding preference). Data were summarised by tallying the number of articles for
each refinement using each of these outcome measures (Supplementary Table 3). Given that there were a non-
negligible number of instances where extracted information about the outcome measure was inconsistent between
researchers extracting the data, we also checked the outcome measure data against the extracted results data. This
involved assessing whether all extracted outcome measure data had a corresponding result in the extracted results
data and vice versa (e.g., if the outcome measure was ‘open field test’, checking that the extracted results included
information about the outcome of the open field test). We referred to the original article where there were
inconsistencies.



Data analysis. To assess whether the number of articles reporting specific methodologies changed over time, we
tested the correlation between publication year and proportion of articles in each year reporting randomisation,
blinding, or sample size justification using Spearman’s rank.
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Fig. 1| Flow Diagram illustrating the number (n) of articles included at each stage of the literature review
Fig. 2| A histogram of the number of articles that met the inclusion criteria and their year of publication
Fig. 3] The number of articles using different types of refinements

Fig. 4| The number of articles using each of the top 30 most common outcome measures (excluding preference).
The following abbreviations are used: OF for open field test, EPM for elevated plus maze, CORT for corticosteroids,
MWM for Morris water maze, FST for forced swim test, NOT for novel object test, HR for heart rate, BP for blood
pressure.

Fig. 5| The number of articles using different measures of preference across the different refinements.
Conditioned place preference is abbreviated as CPP.

Table 1| The refinements identified by the review: each (putative) refinement type; the number of articles identified
for each refinement type; variants of each refinement (where relevant), including the proportion of articles within
the refinement using each variant; other refinements that were manipulated concurrently with the target
refinement (where this was >50%) and the percentage of articles using those additional refinements. Supplementary
Table 2 provides ID numbers for these articles for cross-referencing with the full dataset provided in Supplementary
Table 1.



Refinements
co-occurring

(>50% of
Refinement type | Number of studies | Variants of the refinement type (% of the studies) ::ilt‘:ite:()e
target
refinement
type
Cage contents | 533 Provision of/change to cage objects Cage type
(68.3%) (63.6%)
Provision of/change to shelters (53.8%) Cagemate
number
(51.4%)
Provision of running wheels (46.9%)
Provision of/change to substrates
(27.8%)
Cage type 403 Increased cage dimensions (95.5%) Cage
contents
(84.1%)
Provision of compartments/levels Cagemate
(45.2%) number
(69.5%).
Change to cage material (21.8%).
Cagemate 363 2v1(9.9%) Cage
number contents
(75.8%)
4v1(8.0%) Cage type
(77.4%)
3v1(6.3%)
10 v 2 (2.8%)
4v2(2.8%)
6v1(2.8%)
8v1(2.8%)
Other (64.7%)
Neonatal 216 Dam and pup separation (69.9%) -
handling Dam and pup separation & pup tactile
stimulation, e.g. with paintbrush (30.1%)
Foraging 72 Provision of treats (48.6%) Cage
opportunities contents
(72.2%)
Changing food location (16.7%) Cage type
(68.1%)
Provision of foraging device (15.3%) Cagemate
number
(54.2%)

Multiple food locations (11.1%)
Change to food flavour (2.8%)
Change to food shape (2.8%)




Change to food texture (2.8%)

Change to food colour (1.4%)

Change to food size (1.4%)

Change to food type (1.4%)

Change to food provision timing (1.4%)

Handling type | 58 Habituation (94.8%) Cage
contents
(62.1%)
Handler familiarity (1.7%) Cage type
(58.6%)
Handler identity (1.7%) Cagemate
number
(55.2%)
Handling method (1.7%)
Playpen 57 Objects (89.5%) -
Additional space (87.7%)
Companions (40.4%)
Foraging opportunities (5.3%)
Water maze training (1.8%)
Noise 32 Acoustic stimulation (90.6%) -
Noise reduction (6.3%)
Noise type (3.1%)
Lighting 25 Photoperiod duration (40.0%) -
Lighting intensity (36.0%)
Light colour (16.0%)
Lighting as enrichment (8.0%)
Timing of procedures (8.0%)
Temperature 19 Temperature gradient/areas of different | -
temperatures (94.7%)
Provision of warm plate (5.3%)
Gentling 16 - -
Tickling 15 - -
Cleaning 12 Cleaning frequency (50.0%) -
regime Soiled materials in clean cage (41.7%)
Training rats to move to a clean cage
(8.3%)
Olfactory 12 - Cage
stimulation contents
(66.7%)
Cage type
(58.3%)
Noise
(50.0%)
Cage position |9 Position of the cage on a rack (33.3%) Cage type
(55.6%)
Locations varying in footfall (33.3%) Cagemate
number
(55.6%)
Housing away from the main colony
room (33.3%)
Social contact | 9 Cage barrier allowing degree of contact

between rats (77.8%)




Proximity of cage to other rats (22.2%) Cagemate
number
(66.7%)
Group Male:Female ratio (40.0%) -
composition Exposure rats to pups (40.0%)
Same/different strains (20.0%)
Ventilation IVC vs. open-topped cages (50.0%) -
CO2 levels (25.0%)
Air changes per hour (25.0%)
Air speed (25.0%)
Extended 21-22 vs. 30 (33.3%) -
weaning age 21-22 vs. 35 (33.3%)
21-22 vs. 51 (33.3%)
Reiki (a form - -
of alternative
medicine in
which
practitioners
transfer
‘energy’ from
themselves to
the individual
to be healed)
Cage Food, water, and lighting controlled by -
controllability lever vs. yoked control (100%)
Interspecific Rat-only colony room vs. mouse and rat -
colony room colony room (100%)
Transportation Transporting by hand vs. cart (100%) Cagemate
number

(100%)







