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1 Introduction

In 1959, Russell and Burch first described the 3R principle (Replace, Reduce and Refine) as
a framework of experimental scientific work in The Principles of Humane Experimental
Technique (Russell and Burch 1959). According to current legal standards, alternative
methods should replace animal experiments whenever possible (Replacement), the number
of animals used should be decreased (Reduction) and the harm, suffering, or pain for the used

animals should be reduced, and their well-being increased (Refinement).

In The Principles of Humane Experimental Technique, Russell and Burch introduce Chapter
7, which is focusing on Refinement as following: “...Suppose, for a particular purpose, we
cannot use replacing techniques. Suppose it is agreed that we shall be using every device of
theory and practice to reduce to a minimum the number of animals we have to employ. It is at
this point that refinement starts, and its object is simply to reduce to an absolute minimum the
amount of distress imposed on those animals that are still used...” (Russell and Burch 1959).
Therefore, they emphasize that if Replacement and Reduction options are exhausted,
Refinement measures must be implemented to ensure the avoidance of any inhumanity e.g.,
suffering of the animal. Although the initial definition of Refinement by Russell and Burch
seems to be mainly focused on the reduction of distress, today’s interpretation of the term is
rather broader, also including the general improvement of animal welfare and well-being and
the minimization or elimination of stress, pain and suffering without compromising scientific
objectives. Exemplary Refinement measures comprise, e.g., non-invasive handling measures,
enrichment to improve housing and husbandry, minimally invasive procedures and evidence-

based analgesic regimens for sufficient pain coverage and avoidance of suffering.

Even though the use of analgesia in animal experiments is not a Refinement measure but is
required by European and German law, the analgesia itself can be adequate or inadequate.
The implementation of model-adapted, stress-free, pre-, intra and post-operative analgesic
protocols can, therefore, be considered as Refinement. Adequate pain management in
laboratory animals is essential for ethical but also for scientific reasons, as insufficiently treated
pain can alter mechanical, physiological, and immunological responses and thereby increase
the variability of the gained data (Page 2003; Stasiak et al. 2003; Jirkof 2017). To assess
whether pain management is adequate or not, painful states must be reliably detected.
However, this remains a great challenge in (laboratory) animals, and pain assessment is
largely based on the absence or presence of clinical signs that are indicative of pain or reduced
well-being. Pain assessment in rodents is further complicated by the fact that these animals
can hide signs of disease and weakness for long periods of time. Clear changes often only

become noticeable when the animal is already experiencing greater pain (Stasiak et al. 2003;
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Arras et al. 2007; Miller and Leach 2015). Thus, some indicators may not be sensitive enough
to detect mild or even moderate pain in laboratory rodents and it is recommended to combine
multiple general and model-specific parameters (Turner et al. 2019). Pain assessment is
further complicated by the fact that anesthesia and analgesia can also affect animal behavior
and indicators suggestive of pain. Therefore, distinguishing between anesthesia and analgesia
associated effects and actual (surgery-related) pain can be difficult (Hohlbaum et al. 2018;
Oliver et al. 2018). The ongoing critical assessment and continued development of parameters
for the assessment of pain and reduced well-being in laboratory animals is, therefore, of great

importance to further improve animal welfare in animal-based research (Jirkof 2017).

Over the past decade, different guidelines have been proposed to enhance the planning and
reporting in animal experimentation. Pain assessment and management in laboratory rodents
has also been the subject of many research efforts. However, challenges in animal-based
research remain regarding adequate reporting and appropriate pain assessment and
management (Leung et al. 2018; Jirkof et al. 2019b; Tihanyi et al. 2019). This is also true for
bone fracture-related research involving animals. Despite their small size and differences in
general bone structure compared to humans, mice are often used in fracture healing studies
due to multiple other advantages. In fracture healing studies, pain management is mostly
conducted through opioid analgesia (Lang et al. 2016; Jirkof et al. 2019a). However, as the
half-life of the used opioids is relatively short, reapplications must take place frequently. Other
possibilities are oral application routes (e.g., via the drinking water) or the use of sustained-
release formulations, that ensure analgesic efficacy for a longer period post-injection. A
sustained-release opioid formulation could, therefore, help to expand the possibilities for pain
management in mice in Europe greatly. However, no such product is currently available on the

European market.

In this work, the status quo of the reporting accuracy on general and model-specific parameters
as well as on commonly used analgesia protocols in studies using mouse femoral fracture
models was assessed. Subsequently, the analgesic efficacy of an experimental sustained-
release buprenorphine formulation for prolonged post-surgical analgesia was evaluated in two
mouse osteotomy models. Furthermore, it was investigated whether the analyses of rear-up
behavior could add value as an additional model-specific indicator for pain in mouse osteotomy

models.



2 Literature review

2.1 The 3R principle

In 1959, Russell and Burch described the 3R principle (Replacement, Reduction and
Refinement) as a framework for animal-based experimental scientific work in The Principles of
Humane Experimental Technique (Russell and Burch 1959). While the 3R principle initially
received little recognition, it has gradually become widely established (Flecknell 2002) and is
now an integral component in German animal experiments with manifestation in the European
(Directive 2010/63 EU) and national legislation (Tierschg ; Tierschversv). Russell and Burch
originally defined the meaning of Replacement as “...the substitution for conscious living higher
animals of insentient material...”, Reduction as “...the reduction in the numbers of animals
used to obtain information of a given amount and precision...” and Refinement as “...any
decrease in the incidence or severity of inhumane procedures applied to those animals which
still have to be used...” (Russell and Burch 1959). Over time, the definition of the 3Rs has been
modified, based on different interpretations. Today’s understanding of the 3Rs, therefore,
deviates in part from the original definitions from 1959 (Schuppli et al. 2004; Tannenbaum and
Bennett 2015). Nowadays, the term Replacement often relates to the use of less sentient
species or the use of alternative, non-animal methods (NAMs) excluding the use of cells, tissue
or other components generated from animals (Tannenbaum and Bennett 2015). Even though
today’s use of in-vitro and computer-based in-silico methods are promising to replace specific
animal experiments, Replacement is currently proving difficult or not feasible, including
research areas like fundamental research, regulatory toxicology, research on animals for
animals and others (Flecknell 2002; Benfenati et al. 2010; Madden et al. 2020). In terms of
Reduction, the number of animals used in an experiment should be reduced to the necessary
minimum by optimizing the study design and performing precise sample size calculations to
ensure the generation of valid data and avoid the need to repeat animal experiments (Flecknell
2002; Smith et al. 2018). In the guide for the care and use of laboratory animals, Reduction is
defined as “...strategies for obtaining comparable levels of information from the use of fewer
animals or for maximizing the information obtained from a given number of animals (without
increasing pain or distress) so that in the long run fewer animals are needed to acquire the
same scientific information...” (National Research Council 2011). Additionally, combining
alternative methods and animal experiments can help to reduce the animal use while
maximizing translation (Chapman et al. 2013). Nowadays, the term Refinement often refers to
the enhancement of the animal’s well-being and the minimization or elimination of distress and
pain experienced by the animals that are still used in experiments (National Research Council
2011). This can be achieved through adaptations and improvements, e.g., in husbandry, care,

handling, anesthesia, analgesia, and postoperative care (Flecknell 2002; Goecke et al. 2005).
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Although the 3Rs are implemented through European and German law, Franco et al. showed
that in 2014/ 2015 just over half of the questioned researchers that worked with animals, or
planned to, were aware of the 3Rs before attending a training in laboratory animal science
(Franco et al. 2018). The implementation and possible expansion of the 3Rs are, furthermore,
a continuous discourse within the scientific community (Strech and Dirnagl 2019). In detail,
some authors have proposed to extend the 3Rs by further Rs such as Responsibility or
Remembering (lliff 2002; Klein and Bayne 2007). In 2019, Strech and Dirnagl suggested a 6R
principle for ethical animal research, that complements the 3R principle with the three
additional principles of Robustness, Registration and Reporting to increase the validity,

reproducibility and scientific value of animal experiments (Strech and Dirnagl 2019).

2.2 Refinement in animal experiments with specific focus on mice

In the European Union, animal research is regulated and harmonized under Directive
2010/63/10 of the European Parliament and of the council on the protection of animals used
for scientific purposes. In 2013, the legal requirements were implemented into national law in
each EU Member State leading to the adaptation of the following German legal acts:

¢ Animal Rights Law [Tierschutzgesetz (TierSchG)].

o Regulation for the protection of animals used in animal experiments or for other
scientific purposes [Verordnung zum Schutz von zu Versuchszwecken oder zu anderen
wissenschaftlichen Zwecken verwendeten Tieren (TierSchVersV)]

These regulations provide a legally binding framework to implement suitable Refinement
measures. Therefore, it is advised to evaluate potential Refinement measures that can help to
improve animal welfare and well-being, without compromising scientific objectives, before
conducting experiments that may cause some degree of discomfort, pain, stress or suffering
to the used animals (Auer et al. 2007; Hawkins et al. 2015). The identification and selection of
suitable Refinement measures depends on different factors, such as species used, specific
animal-models, scientific objectives, and experimental readouts. Some Refinement measures
can be applied to most species used in animal experiments; others, like certain handling
techniques, are more species-dependent. Hawkins et al. also suggests that the used
Refinement approaches should always consist of proactive and evidence-based measures as
opposed to a reactive management (Hawkins et al. 2015).

General Refinement measures in rodents, for example, include acclimation periods after
transportation and the provision of adequate time to habituate the animals to their new
environment and group compositions before the start of the experiment (Tuli et al. 1995;
Conour et al. 2006; Obernier and Baldwin 2006; Auer et al. 2007; Arras et al. 2020).
Improvements in housing and care, such as effortless access to food and water in the form of

(wet) food or fluid gels on the floor after health-compromising interventions, are other examples
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for general Refinement in rodents (Arras et al. 2020). Captive and non-enriched environments
often limit or prevent the expression of natural behaviors and may thereby lead to boredom,
frustration, (di)stress, depression, and behaviors indicative of poor animal welfare such as
abnormal repetitive behaviors (Wirbel and Garner 2007; Mieske et al. 2022; Ratuski and
Weary 2022). In a systematic review on the impact of environmental enrichment on the welfare
of laboratory mice and rats, Mieske and colleagues showed that both species benefit from
enriched living environments (Mieske et al. 2022). However, the term enriched housing has
changed greatly over the last decades and the concept of enrichment remains a relatively
vague notion (Newberry 1995; Mieske et al. 2022). There are various interpretations and
limited evidence on the actual impact of enrichment opportunities on animal welfare from the
animals’ perspective (Newberry 1995; Hobbiesiefken et al. 2021; Mieske et al. 2022; Ratuski
and Weary 2022). It has also been shown that training of the animals and the use of non-
invasive handling techniques such as tunnel handling or cupping instead of tail-handling in
mice can help to minimize anxiety and reduce handling-induced stress, while simultaneously
improving their performance in behavioral tests (Conour et al. 2006; Hurst and West 2010;
Rasmussen et al. 2011; Gouveia and Hurst 2013; Ghosal et al. 2015; Gouveia and Hurst 2017;
Ueno et al. 2020). The use of model-specific score sheets, the strict definition of humane
endpoints and the identification of indicators for pain or reduced well-being further support the
Refinement of animal-based studies (Schuppli et al. 2004; Hawkins et al. 2015; Lang et al.
2016). More in detail, general guidelines suggest that score sheets should include multiple
robust species-specific and model-specific clinical (pain) parameters, as well as general
indicators of well-being, to ensure an objective severity assessment (Arras et al. 2020).
Moreover, recommendations further indicate that (surgical) procedures should be carried out
as minimally invasive as possible. A thoughtfully planned pre-, intra and post-operative pain
management as well as adequate anesthesia protocols also help to reduce pain and suffering
(Auer et al. 2007; Jirkof 2017; Arras et al. 2020). Even though analgesia in animal studies is
not a Refinement measure but is required by law (TierSchG; TierSchVersV; European
Parliament and the Council of the European Union 2010), the use of model-adapted, stress-
free, and thoughtfully planned pre-, intra and post-operative (multimodal) analgesic protocols

can be considered a further Refinement measure.

2.3 Pain assessment and management in laboratory mice

According to the German legislation, pain-relieving substances or procedures are prescribed
in experiments on vertebrates and cephalopods to ensure the avoidance and reduction of pain
and suffering to the lowest possible level (§ 17 Schmerzlinderung und Betaubung
(TierSchVersV)), while pain, suffering and harm inflicted on the animals must be limited to an

indispensable extent (§ 7 (1) (TierSchG)). It has also been shown that untreated or
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inadequately treated pain can alter different mechanical, physiological and immunological
mechanisms and could, therefore, influence the overall health and responsiveness of the
animals as well as the scientific results (Morton and Griffiths 1985; Page 2003; Stasiak et al.
2003; Jirkof 2017; Peterson et al. 2017). Thus, adequate pain management is essential not
solely for ethical, humane and legal reasons, but also for scientific considerations (Jirkof 2017).
Nevertheless, the concern that the use of certain analgesics may interfere with the used animal

model is an ongoing concern in the scientific community (Jirkof 2017; Mogil et al. 2020).

To evaluate whether a pain management protocol is adequate or not, a reliable identification
and evaluation of the occurring pain is of utmost importance. However, pain assessment in
laboratory animals is an ongoing challenge and can be highly species-specific (Stasiak et al.
2003). No gold standard for assessing pain in animals exists and as pain in animals cannot be
measured directly, pain assessment in laboratory rodents is built around tools to observe
indicators of pain and (reduced) well-being (Auer et al. 2007; Turner et al. 2019). Factors such
as strain, sex, age, and various environmental stressors are known to influence pain
perception and response to analgesic compounds in mice (Mogil 1999; Auer et al. 2007;
Bodnar and Kest 2010; Jirkof 2017; Smith 2019). As prey animals, mice tend to conceal signs
of disease or weakness for as long as possible. Thus, it has been reported that mild or
moderate pain is harder to observe, and clear changes often only become noticeable when
the animal is already experiencing greater pain (Stasiak et al. 2003; Arras et al. 2007). Miller
and Leach also described the ability of mice to hide behaviors like grimacing when in sight of
an observer (Miller and Leach 2015), which makes the pain assessment in mice even more
difficult. Moreover, several studies have indicated that routine handling of mice is also often
associated with additional stress for the animals, which can increase or decrease the
perception of pain, possibly resulting in stress-induced analgesia (Watkins and Mayer 1982;
Amit and Galina 1988; Carstens and Moberg 2000). Therefore, different authors suggest that
the sole use of very simple assessment methods may not be sensitive enough to pick up on
low to moderate pain and that different measures should be combined in a composite pain
measurement scheme for the most reliable pain assessment (Jirkof et al. 2019b; Turner et al.
2019; Aulehner et al. 2022).

2.3.1 Pain assessment: clinical, behavioral, and physiological measurements

For decades, algesiometric assays, such as the tail-flick test, hot plate test, paw withdrawal
test and von Frey test have been widely used to assess pain and analgesic efficacy in mice
(Baumans 1994; Mogil 2009; Barrot 2012; Deuis et al. 2017; Turner et al. 2019). These tests
assess nociception and evoke response reflexes following a noxious mechanical, thermal, or
chemical stimulus (Turner et al. 2011). However, nociception and pain are not synonymous

and can each occur without the other (Loeser and Treede 2008; Raja et al. 2020). It has
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therefore been proposed that these tools might represent an oversimplification when assessing

pain and analgesic efficacy (Turner et al. 2019).

Thus, several clinical and behavioral parameters have been put forward to provide a more
reliable pain assessment in mice. Those measurements are largely based on the absence or
presence of clinical signs indicative of pain and include the assessment of deviations from
normal behavior, activity and appearance, the analyses of food and water intake as well as
body weight developments (Jirkof 2017; Turner et al. 2019). Other commonly used indicators
comprise the analyses of exploratory behaviors and nesting behavior, the analyses of normal
and abnormal behavior and the assessment of the mouse grimace scale or a composite score
(Stasiak et al. 2003; Arras et al. 2007; Wright-Williams et al. 2007; Langford et al. 2010; Jirkof
2017; Jirkof et al. 2019a; Turner et al. 2019). When trying to assess pain or reduced well-being,
the data collection of baselines (naive animals) has also shown to be essential to identify
deviations from baseline values and behavior (Kilkenny et al. 2010; Langford et al. 2010;
Hawkins et al. 2015).

Furthermore, many studies report the effect of anesthesia and analgesia itself on parameters
used for post-operative/-procedural pain assessment (Liles and Flecknell 1992; Goecke et al.
2005; Langford et al. 2010; Miller and Leach 2015; Hohlbaum et al. 2018; Oliver et al. 2018).
In detail, indicators such as food and water intake, and consequently body weight, are not only
negatively affected by pain but can also be affected by analgesia and/or anesthesia (Liles and
Flecknell 1992; Goecke et al. 2005; Oliver et al. 2018). The mouse grimace scale (MGS), first
described by Langford et al. has been shown to be a helpful tool to measure pain through
changes in facial expression and focuses on orbital tightening, bulging of the nose and cheeks,
as well as the positions of the ears and whiskers (Langford et al. 2010). Yet, anesthesia,
analgesia, drugs, sex, and strain have also been reported to affect the mouse grimace scale
(Miller et al. 2015; Hohlbaum et al. 2018; Mogil et al. 2020). Moreover, Miller and Leach
showed differences in the MGS scoring between live and retrospective scoring (Miller and
Leach 2015). Alternatively, composite scores have been proven to be reliable tools to assess
pain and reduced well-being in mice (Arras et al. 2007; Jirkof et al. 2015; Jirkof et al. 2019a).
The composite score combines facial expressions and overall appearance of the animals, for
instance posture and coat condition, and can be adapted to the used experimental model
(Arras et al. 2007; Jirkof et al. 2019a). However, the composite score can also be affected by
anesthesia- and analgesia-associated effects (Jirkof et al. 2019a; Wolter et al. 2023a). In
addition, different studies have described that pain can lead to decreased activity and
decreased normal, mostly exploratory behaviors, such as rearing, digging, and sniffing as well
as increased abnormal behaviors (Wright-Williams et al. 2007; Miller et al. 2012). Evidence

from the literature suggests that locomotor activity and behavior can also be affected by drugs
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including different analgesics, for example opioids (Kuribara and Tadokoro 1991; Jirkof et al.
2015; Sauer et al. 2016; Oliver et al. 2018). The analyses of other intrinsically motivated
behaviors such as burrowing, nest building and the time-to-integrate-into-nest-test have also
been successfully used as valuable tools to identify reduced well-being and possibly pain, as
mice experiencing pain are less inclined to burrow or build and maintain proper nests (Gaskill
et al. 2013; Jirkof et al. 2013b; Rock et al. 2014; Oliver et al. 2018; Turner et al. 2019).
Nevertheless, anesthesia—analgesia-associated effects on nesting in the absence of surgical
pain have been reported by different authors (Jirkof et al. 2013b; Oliver et al. 2018). The value
and use of grimace scales and behavioral parameters such as burrowing, and nest building
have been described by various studies for the detection of pain. Nevertheless, the still mostly
unknown validity, robustness and reliability as well as the subjectiveness, diverging
interobserver reliability and the multitude of confounding factors of these parameters highlight
the need for the combination of multiple assessments for an adequate pain assessment
(Turner et al. 2019; Aulehner et al. 2022).

Today, different manual and automatic systems can be used to measure the frequency and/or
the duration of certain behaviors, movements and general activity as well as other pain-related
indicators (Roughan et al. 2009; Tappe-Theodor et al. 2019; Grieco et al. 2021; Segalin et al.
2021; Klein et al. 2022). While manual assessment is highly time-consuming and only allows
for short observations of a few minutes, automatic assessments require less expenditure of
time and allow for distinct longer observations (Roughan et al. 2009; Klein et al. 2022).
Therefore, Roughan et al. suggests that the highly time-consuming nature of manual analysis
leads to the assessment of merely a limited assortment of behaviors in short periods (Roughan
et al. 2009). Depending on the set-up, analyses can take place in the home cage, through
different home cage observation systems or in designated observation cages, boxes, or
apparatuses (Grieco et al. 2021; Klein et al. 2022). Klein et al. suggests that compared to
observations outside the home cage, the non-invasive home cage analyses might increase
standardization and reduce influences of handling and other stress inducing factors (Klein et
al. 2022).

As pain has effects on the endocrine-, cardiovascular-, sympathetic nervous-, and digestive
system, it thereby also leads to physiological and biochemical changes (Morton and Griffiths
1985; Baumans 1994; Stasiak et al. 2003). The analyses of physiological parameters such as
heart and respiratory rate, blood pressure and body temperature have, therefore, been
successfully used in several studies to identify pain (Baumans 1994; Carstens and Moberg
2000; Stasiak et al. 2003; Jirkof 2017). However, Baumans et al. reported that changes in
those visceral reactions are not a sole evidence of pain and can also be induced by stress or

nociceptive stimuli during deep anesthesia (Baumans 1994). While the analyses of the heart
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rate and heart rate variability may be able to detect mild or moderate pain that otherwise could
be missed by more simplistic observation methods, a greater and more invasive effort is often

needed to assess those parameters (Arras et al. 2007).

2.3.2 Pain management in laboratory mice

As elaborated above, adequate pain management is important for ethical and legal reasons,
but also for scientific reasons. Several studies indicate that insufficiently treated pain can affect
and alter different mechanical, physiological and immunological responses, which influence
data and result in increased variability and reduced reproducibility (Morton and Griffiths 1985;
Page 2003; Stasiak et al. 2003; Jirkof 2017; Peterson et al. 2017). Nevertheless, pain-relieving
drugs themselves may also bear the potential to modify experimental data (Carbone and
Austin 2016; Jirkof 2017). The adequate choice and reporting of the analgesic protocol is
therefore of great importance. Different organizations such as the GV-SOLAS and the
American College of Laboratory Animal Medicine provide resources on pain management
recommendations (Kohn et al. 2007; Carbone 2012; Arras et al. 2020). However, the use and
reporting quality of different pain management protocols in animal-based studies still varies
markedly (Jirkof et al. 2015; Carbone and Austin 2016; Jirkof 2017).

When conducting surgical interventions or causing other potentially painful injuries or
conditions in animal-based studies, an adapted preemptive, intraoperative, and postoperative
analgesic treatment should ensure that the expected period of greatest pain is covered.
Analgesics such as opioids or non-steroid anti-inflammatory drugs (NSAIDs) are often
employed to manage and prevent pain in laboratory rodents (Jirkof 2017). Based on general
guidelines, the adequate pain treatment protocol, including the selection of suitable analgesics,
the dose, application route, interval and other possible accompanying pain-reducing measures
must be thoughtfully planned out before conducting an animal experiment (Arras et al. 2020).
Thereby, factors such as the species, strain, interventions and expected level and duration of
pain, the research question, study design and experimental read-out parameters are of
importance and guide the choice of the appropriate analgesic regimes (Jirkof 2017; Arras et
al. 2020). In a review, Smith also summarized occurring strain and sex disparities in pain
response and analgesic sensitivity in mice (Smith 2019). Although standardized pain
management protocols in animal-based studies are of great value, adequate pain
management, therefore, still requires constant re-evaluation and potentially adjustments in

future experiments (Jirkof 2017).

Systemic application routes of analgesics include subcutaneous-, intraperitoneal-,
intravenous-, intramuscular injections as well as oral und transmucosal ways of application

(Arras et al. 2020). In laboratory rodents, subcutaneous and intraperitoneal injections as well
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as oral applications are the most commonly used routes for applying analgesics. The
advantage of injecting analgesics is the supervised administration in controllable intervals and
dosages. However, depending on the half-life of the drug, injections must be repeated in
frequent intervals to maintain adequate analgesic efficacy. Several studies have shown that
the increased handling and fixation for repeated injections are associated with increased stress
for the animals (Balcombe et al. 2004; Hurst and West 2010), which can result in additional
pain and can further influence physiological and behavioral parameters (Jirkof et al. 2015;
Gouveia and Hurst 2017). Nevertheless, extended intervals between injections can bear the
risk of periods with insufficient or no pain relief (Jirkof et al. 2015). Analgesics with a very short
half-life are, therefore, proposed as not suitable for repeated injections and should alternatively
be applied orally (Lang et al. 2016). A great benefit of orally applied analgesics is the reduction
of animal handling. Yet, it has been described that the oral uptake frequency of analgesics,
e.g., with the drinking water, in gels or similar, can be negatively affected by the circadian
rhythm, possible alterations of taste due to bitter drugs and reduced uptake after anesthesia
and/or surgery. Moreover, the first-pass effect may reduce the overall bioavailability and final
serum concentration of the analgesics, and the voluntary uptake hinders the individual
monitoring of specific analgesic levels, as uptake and timing cannot be controlled (Sauer et al.
2016; Arras et al. 2020). Another alternative to repeated analgesic injections is the usage of
subcutaneously implanted micropumps or the injection of sustained-release/depot
preparations that provide a continuous pain relief without additional handling of the animals
(Jirkof 2017; Arras et al. 2020). Micropumps can be osmotic, or battery-powered and provide
constant levels of analgesics or other drugs over a continuous period (Eckenhoff and Yum
1981; Verma et al. 2004; Keraliya et al. 2012; Meng and Hoang 2012; Arras et al. 2020).
Parenteral sustained-release/depot preparations slowly release the analgesic over a longer
period and can, therefore, provide prolonged analgesia for 24h to 72h (Kendall et al. 2016;
Schreiner et al. 2020; Myers et al. 2021). To date, no analgesic sustained-release preparation
for mice or rats is commercially available on the European market. However, in the United
States of America (USA), different analgesics, for example buprenorphine, already exist as
sustained-release/depot preparations for mice and/or rats and are marketed as unapproved
but indexed animal drugs for minor species (“The Index of Legally Marketed Unapproved New
Animal Drugs for Minor Species”) (Arras et al. 2020; Schreiner et al. 2020; Food and Drug
Administration 2022). To be legally marketed, new animal drugs must undergo pre-market
review by the Food and Drug Administration (FDA) and obtain a legal marketing status through
an approval, a conditional approval, or an index listing (Food and Drug Administration 2019).
However, due to their marketing status, those preparations are not commercially available in
Europe (Jirkof et al. 2015; Schreiner et al. 2020). As the absence of analgesic sustained-

release formulations on the European market hinders the road to a more stress-free pain
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management for many laboratory rodents, different experimental formulations of sustained-
release buprenorphine have been developed and tested in Europe in recent years (Jirkof et al.
2015; Schreiner et al. 2020; Schreiner et al. 2021).

The use of multimodal analgesia that combines different analgesics or local anesthetics is a
further measure to improve analgesic protocols (National Research Council 2009; Oliver et al.
2018). The National Research Council Committee on Recognition and Alleviation of Pain in
Laboratory Animals recommends multimodal analgesia for severely painful procedures; but it
can also be considered for treating moderate pain (National Research Council 2009). Although
different recommendations for additional local anesthesia exist, their use in e.g., rodents is
only scarcely reported and further systematic studies on their benefits and side effects are
needed (Durst et al. 2021b). When additionally using local anesthesia in a mouse laparotomy
model, Durst et al. did not observe indicators of improved pain management or recovery.
However, they also did not observe adverse side effects, concluding that it may be advisable
to integrate local anesthesia in future studies (Durst et al. 2021b). Even though Oliver et al.
identified significant drug effects of their used multimodal analgesia (combination of
buprenorphine s.c. and carprofen in the drinking water) throughout a 48h time period after
anesthesia and analgesia, they also found that the used multimodal analgesic regime had the

highest analgesic coverage compared to the used single-class analgesics (Oliver et al. 2018).

In addition to analgesics, non-pharmacological measures should accompany the analgesic
treatment for better pre-, intra-, and postoperative pain management (Arras et al. 2020). Those
measures are versatile and can be adapted to the respective animal experiment. Examples
include adequate acclimatization periods, the use of non-invasive handling techniques like
tunnel handling or cupping for mice, and training of the animals prior to the experiment (Conour
et al. 2006; Obernier and Baldwin 2006; Hurst and West 2010; Gouveia and Hurst 2013),
atraumatic or minimal invasive surgical methods by experienced staff, adequate pre-, intra-,
and postoperative care and thermal management and adjusted postoperative feeding methods
after health-compromising interventions (Arras et al. 2020). To further reduce stress, it is also
recommended to let the animals wake up in familiar surroundings and to not subject them to a
freshly changed cage directly after surgery (Jirkof et al. 2013a; Jirkof 2015; Arras et al. 2020).
Cage enrichment that could potentially lead to self-inflicted injuries should be removed from

the cages and reinstalled at given times.

2.4 Research on fracture healing
Fractures commonly occur in humans and animals. Despite the fact that bone has the
particular capability to regenerate with no scarring, up to 5-10% of the human patients suffer

from bone healing disorders and insufficient fracture healing outcomes (Haas 2000; Dimitriou
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et al. 2005; Schmidt-Bleek et al. 2014; Peric et al. 2015; Pfeiffenberger et al. 2021). Those
adverse outcomes and decelerated repair can be a significant burden to the patient’s life and
thereby reduce their quality of life (Pfeiffenberger et al. 2021). Although different ex-vivo and
in-vitro methods can be used to delineate the underlying mechanisms of bone regeneration,
comorbidities, and risk factors as well as to develop potential new treatment strategies (Bigham
Sadegh and Oryan 2014; Schmidt-Bleek et al. 2014; Lang et al. 2016; Haffner-Luntzer et al.
2019; Pfeiffenberger et al. 2021), animal models still remain the gold standard in fracture

healing research today (Auer et al. 2007; Pfeiffenberger et al. 2021).

2.41 Fundamental process of fracture healing

Fractures can be classified as closed fractures with no skin break, or as open fractures,
including a skin break, with more severe damage to the surrounding tissues and periosteum
(Bigham Sadegh and Oryan 2014). Open fractures usually have a higher risk of infection and
non-union formation, thereby leading to a higher probability for insufficient fracture healing
outcomes (Bigham Sadegh and Oryan 2014). Risk factors and comorbidities, such as
metabolic disorders, osteoporosis, ischemia, disturbed vascularization, and injuries to the
surrounding soft tissue, can further impair the highly complex process of bone regeneration
(Gaston and Simpson 2007; Haffner-Luntzer et al. 2019).

Fracture healing can occur through direct (primary) or through the more common indirect
(secondary) bone repair, depending on inter-fragmentary stability and fixation stiffness (Auer
et al. 2007; Bigham Sadegh and Oryan 2014). Realigned fracture ends, high inter-fragmentary
stability, and compression through a rigid fixation, for example with plates, encourages direct
bone repair (intramembranous bone formation) whereas fixation with external fixators or
intramedullary nails and higher inter-fragmentary movement lead to indirect bone repair via
endochondral ossification (Phillips 2005; Auer et al. 2007; Schmidt-Bleek et al. 2014). Thus,
direct bone healing results in no or only minimal callus formation, while indirect healing

commonly leads to a more prominent callus formation (Phillips 2005; Auer et al. 2007).

Secondary fracture healing by endochondral bone regeneration can be categorized into four
stages that occur successively and overlap to certain extents (Fig. 1) (Bigham Sadegh and
Oryan 2014; Einhorn and Gerstenfeld 2015). Inflammatory processes and hypoxia are followed
by the soft callus formation, the mineralization of the soft callus (endochondral ossification)
and lastly bone remodelling (Gerstenfeld et al. 2003; Bigham Sadegh and Oryan 2014; Morgan
et al. 2014; Einhorn and Gerstenfeld 2015). The initial phase lasts 3-4 days with the formation
of a hematoma in the fracture gap, which includes various inflammatory cell populations in an
oxygen- and nutrient-deficient environment (Kolar et al. 2011; Bigham Sadegh and Oryan

2014; Morgan et al. 2014). This phase may be extended depending on the strength of the
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traumatic event that caused the fracture (Bigham Sadegh and Oryan 2014). In the second
phase, the hematoma is transformed into granulation tissue and a fibrocartilaginous callus is
formed that gradually gets vascularized, driving further downstream bone formation (Bigham
Sadegh and Oryan 2014; Morgan et al. 2014). Afterwards the fibrocartilaginous callus is
resorbed and substituted by primary bone (endochondral ossification), beginning at the
fracture end, and proceeding towards the center (Bigham Sadegh and Oryan 2014; Morgan et
al. 2014). Lastly, the secondary bone formation takes place. The bone gets entirely remodeled,
including the regeneration and reestablishment of the bone marrow space and its
hematopoietic tissues (Gerstenfeld et al. 2003; Morgan et al. 2014; Einhorn and Gerstenfeld
2015). Compromised vascularization and/or excessive interfragmentary movements may lead
to atrophic non-unions, hypertrophic non-unions or pseudoarthrosis (Bigham Sadegh and
Oryan 2014). Lienau et al. also showed that increased interfragmentary shear movements in
a tibial osteotomy in sheep fixed with a semirigid fixator were associated with a reduced initial

vascularization and led to a less optimal fracture healing compared to the rigid fixated group

(Lienau et al. 2005).
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Figure 1 Schematic depiction of the timeline of the metabolic biological stages during the
process of fracture healing and the corresponding main cell populations. Modified and
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2.4.2 Animal models in fracture healing studies

Different animal models are used to study mechanism of bone healing in the context of
fundamental research questions or translational aspects including the testing of new
therapeutic approaches such as medication and biomaterials (Auer et al. 2007; Lang et al.
2016; Pfeiffenberger et al. 2021). In order to answer different research questions, laboratory
rodents, e.g., mice and rats, but also zebrafish, rabbits, dogs, sheep, goats, or pigs are often
used (Aerssens et al. 1998; Martini et al. 2001; Bundesinstitut Fir Risikobewertung 2021).

Analyzing the use of different species in orthopedic research between 1970 and 2001, Martini
et al. showed that the greatest percentage of those animals were laboratory rodents (26%
mice, 36% rats) (Martini et al. 2001). O’Loughlin et al. also examined studies using animal
fracture models in 6 different orthopedic and musculoskeletal journals over 10 years and found
that the use of rats (35%), rabbits (19%), and mice (15%) was most common (O'loughlin et al.
2008). Since then, the use of mouse models in bone healing research has continued to grow.
According to the yearly report of the Bundesinstitut flir Risikobewertung, a total of 15135
animals were used for basic research purposes on the musculoskeletal system in Germany in
2020. Of these, 11213 animals were mice, thereby distinctly being the most utilized species
for this research purpose (Bundesinstitut Fur Risikobewertung 2021). In terms of translational
and applied research on human musculoskeletal disorders, a total of 1242 animals were used
in 2020, with pigs, rats and mice being the three most used species (pigs: 420, rats: 352, mice:
350 animals) (Bundesinstitut Fur Risikobewertung 2021). In 2019, the European Commission
published the first statistical report on the use of animals for scientific purposes in the Member
States of the European Union between 2015 and 2017 (The Commission to the European
Parliament and the Council 2019). Out of the 9.58 million used animals (first use and any
subsequent reuse) in the member states of the European Union in 2017, approximately 1.04%
(~100.000) animals were used for basic research purposes on the musculoskeletal system
and about 0.42% (~40.000) animals were utilized for translational and applied research on
human musculoskeletal diseases (The Commission to the European Parliament and the
Council 2019; Pfeiffenberger et al. 2021).

Mice are often used in bone healing research as they require less space and have lower
acquisition, breeding and housing costs, are easier to handle, and genetically modified strains
are available in large numbers (O'loughlin et al. 2008; Histing et al. 2011; Haffner-Luntzer et
al. 2016; Grin et al. 2019). Mice also show an accelerated aging process due to a shortened
life span when compared to other animals and a fast-breeding cycle. Mice and rats are often
utilized to study molecular pathways and cellular signaling processes during fracture healing
(Haffner-Luntzer et al. 2019). In contrast, advantages of larger animals comprise the larger

body and bone size, similar loading characteristics, a higher body weight, similar bone
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structures and the ability to use equipment also used in the clinic (Reinwald and Burr 2008;
Grin et al. 2019). Dogs, for instance, have been shown to have a resembling bone composition
to humans, including the existence of a Haversian system (Martin et al. 1981; Aerssens et al.
1998; Auer et al. 2007), while laboratory rodents have a more primitive bone structure, a
remaining open growth plate throughout early adulthood that closes between the age of 14-16

weeks and no Haversian system (Gomes and Fernandes 2011; Histing et al. 2011).

2.4.3 Mouse models in fracture healing studies

Despite their small size, models of long bone fractures of the femur or tibia in mice are well
established (Rdéntgen et al. 2010; Histing et al. 2011; Haffner-Luntzer et al. 2016; Lang et al.
2016). To study bone healing in mice, fracture models and osteotomy models can be
distinguished. Fracture models are characterized by a mechanical break of the bone while an
osteotomy refers to cutting the bone. Both models are likewise used to investigate the process
of bone regeneration in preclinical studies. In detail, fracture models closer mimic the clinical
circumstances and allow for a fracture without invasive surgical exposure of the bone (Klein
and Bayne 2007). However, a disadvantage of this method is that methodological
standardization is a great challenge and uncontrollable confounding factors can result in higher
dropout rates (Klein and Bayne 2007). In contrast, osteotomies can be highly standardized
and allow the creation of more precise gap sizes. On the other hand, osteotomies require more
complex and invasive surgical techniques including the exposure of the corresponding bone
(Klein et al. 2015; Dabis et al. 2017). The mode of fracture should, therefore, always be

adapted to the research question.

To fixate long bone fracture- and osteotomy models in mice, intramedullary pins, external
fixators, or plates are often used (Holstein et al. 2007; Grongroft et al. 2009; Rontgen et al.
2010; Histing et al. 2011; Lang et al. 2016; Wolter et al. 2021). Further fixation systems include
intramedullary compression screws, locking nails, pin-clip devices, and mouse nails (Fig. 2)
(Histing et al. 2011; Wolter et al. 2021). Standardized and commercially available systems
have helped to decrease failure rates, while increasing the reproducibility in animal models
(Lang et al. 2016). All available fixation systems have different advantages and disadvantages.
External fixators in varying stiffnesses can stabilize long bone fractures in a rigid or semi-rigid,
more compliant, approach (Rontgen et al. 2010). Moreover, external fixators provide axial and
rotational stability and have been proven to be highly reliable (Histing et al. 2011; Lang et al.
2016). However, as the fixing pins act as a connection between the inside and outside,
infections are a common complication of external fixation in humans (Ferreira and Marais
2012; Kazmers et al. 2016) and also have to be considered in laboratory rodents (Lang et al.
2016). Furthermore, the fixator weight is rather heavy compared to the weight of the mouse

(Histing et al. 2011). The open surgery approach is more invasive but allows for more
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standardized gap sizes and fracture geometries (Rontgen et al. 2010). In contrast,
intramedullary pins are lighter, less expensive and allow for a less invasive surgery. However,
these closed fractures, induced by blunt trauma, can result in heterogeneous fracture
geometries and varying gap sizes (Rontgen et al. 2010; Haffner-Luntzer et al. 2016).
Disadvantages of intramedullary pins also include the absence of axial and rotational stability
and the great damage to the medullary cavity, bone marrow and endosteum (Roéntgen et al.
2010; Histing et al. 2011; Haffner-Luntzer et al. 2016; Lang et al. 2016). Although pin fixation
does not provide rotational and axial stability, it is still considered a stable fixation. Alternatively,
locking nails provide similar advantages and disadvantages as the pin fixation, but their
flattened ends offer more stability than the intramedullary pin (Réntgen et al. 2010; Histing et
al. 2011). Yet, this fixation is still limited in the rigidity that can be provided to the fracture site
(Histing et al. 2011). Plates allow for a rigid or a less rigid fixation while maintaining the integrity
of the bone marrow but bear the risk of damaging the periosteum (Lang et al. 2016; Hauser et
al. 2018). Despite the availability of a variety of commercially manufactured fixation systems
that can enhance the standardization of procedures and the subsequent healing process,
researchers still often opt to use self-made devices such as cannulas as intramedullary pins.
(Wolter et al. 2021).
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Figure 2 Overview of existing fixation implants for long bone fractures in mice (a-g) and
corresponding in vivo radiographs (A-G). (a) and (E) conventional pin (here: 24-gauge needle);
(b) and (F) locking nail (proximal and distal end flattened); (c) and (D) pin-clip device (distally
flattened pin and an extramedullary clip); (d) and (G) intramedullary screw (cone-shaped head
and a proximal thread); (e) and (C) locking plate (plate and four screws); (f) and (B) mouse nail
(proximal thread and two holes for locking pins); (g) and (A) external fixator (fixator block and

four screws). Adapted and reproduced from Histing et al. 2009.
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2.4.3.1 Pain assessment in mouse fracture models

Orthopedic surgeries with effective stabilization and adequate analgesia are considered as a
moderate severity according to Annex VIl of the Directive 2010/63/EU (European Parliament
and the Council of the European Union 2010). For stable osteotomies, Lang et al. also
proposed a moderate severity for the first 72h post-operative and a low severity for the
following 7 to 10 days (Lang et al. 2016). The application of analgesics and a close monitoring
after stable osteotomy is, therefore, often conducted for 72h post-surgery (Lang et al. 2016;
Jirkof et al. 2019a; Haffner-Luntzer et al. 2021). Unstable fractures are classified as severe
according to Annex VIII of Directive 2010/63/EU (European Parliament and the Council of the
European Union 2010).

As no standardized score sheets for osteotomy models in rodents exist, different general and
model-specific parameters are often used to monitor well-being and pain after osteotomy. Lang
et al. proposed an example score sheet (grades 0-3), including general and model-specific
indicators. General indicators include the general condition and appearance of the animals,
body weight, facial expression, posture, food- and water intake and defecation/urination (Lang
et al. 2016). Model specific indicators used for score sheets can include the state of the skin
suture, general activity, standing- and walking behavior as well as load on the operated limb
(Lang et al. 2016). Very few orthopedic related studies also describe the analyses of rearing
behavior as an additional model-specific assessment tool in the first 3 days after surgery (see
e.g., (Koewler et al. 2007; Majuta et al. 2017; Jirkof et al. 2019a)). Rearing is a normal behavior
with an ambulatory component where the mice stand on their hind legs while the forelimbs are
raised from the ground. It is shown by a variety of mammals, including rodents (Lever et al.
2006), and its analysis has been used in a wide variety of rodent models for several decades
(Van Abeelen et al. 1973; Lever et al. 2006). In some studies, it has also been utilized to detect
pain and reduced well-being in mice, e.g., after vasectomy or laparotomy (Wright-Williams et
al. 2007; Roughan et al. 2014; Kendall et al. 2016). Overall, it has been suggested that the
combination of general and model-specific parameters seems to be a useful approach for pain
assessment in mouse osteotomy models and other orthopedic related models (Stasiak et al.
2003; Jirkof et al. 2019a).

2.4.3.2 Pain management in mouse fracture models

As stable osteotomies are categorized as moderately painful interventions, a reliable pain
management is essential for the first 72h after surgery. Untreated or inadequately treated pain
in fracture models may result in only limited use of the operated limb, thereby potentially
impacting a successful and reproducible study execution as reduced loading can interfere with
bone healing, a process promoted by mechanical stimuli and increased loading of the limb
(Claes et al. 1998; Connolly et al. 2003; Schwarz et al. 2013; Birkhold et al. 2014; Jirkof 2017).
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As inhibitors of cyclooxygenase 2, nonsteroidal anti-inflammatory drugs (NSAIDs) can have
adverse effects on the initial proinflammatory phase of bone healing which limits the use of
analgesics in bone healing models (Phillips 2005; Radi and Khan 2005; Cottrell and O'connor
2010). As an alternative to NSAIDs, opioids, in particular buprenorphine and tramadol, are
frequently utilized for pain management in mouse femur fracture models (Lang et al. 2016;
Wolter et al. 2021). As potent analgesics, opioids are frequently used for pain management in
various painful rodent models (Kendall et al. 2016; Jirkof 2017). Pharmacological effects of
opioids are achieved through their action on different opioid receptors at which they act as
agonists, partial agonists, or antagonists and which are widespread within the gastrointestinal
tract and central nervous system (Al-Hasani and Bruchas 2011; Pathan and Williams 2012;
Jirkof 2017). Known side effects of opioid application in mice and rats include respiratory
depression, blood pressure reduction, nausea and constipation, urinary retention, changes in
locomotor activity and behavior, pica behavior as well as the development of addiction,
tolerance, and hyperalgesia (Kuribara and Tadokoro 1991; Benyamin et al. 2008; Aronson
2009; Sauer et al. 2016; Jirkof 2017).

Despite the widespread usage of opioids for analgesic treatment in research, the literature and
data on effective dosage recommendations and reapplication intervals in mice and rats varies
greatly (Clark et al. 2014; Lang et al. 2016; Jirkof et al. 2019a; Wolter et al. 2021).
Buprenorphine is mainly administered s.c. ori.p., but can also be administered orally, e.g., with
the drinking water. Dosages for injections often vary between 0.05 - 0.75 mg/kg and
reapplication intervals range from every 6h to 12h or even 24h (Jirkof et al. 2015; Jirkof et al.
2019a; Wolter et al. 2021). However, due to the half-life of buprenorphine, administration
intervals of 4 to 6h are nowadays recommended (Jirkof et al. 2015; Arras et al. 2020). Due to
its even shorter half-life (1 to 2h), it has been suggested in several studies that tramadol should
only be applied with the drinking water or via other oral routes (Matthiesen et al. 1998;
Evangelista Vaz et al. 2018a; Evangelista-Vaz et al. 2018b) and that repeated injections of
tramadol are not suitable for adequate pain relief (Lang et al. 2016). The used dosages for
tramadol in the drinking also vary greatly (0.025 mg/ml - 1 mg/ml) (Jirkof et al. 2019a; Wolter
et al. 2021). Depending on the severity of pain, it has been suggested to consider additional
injections during the light phase when applying analgesia via the drinking water, as water
intake during this period is reduced due to the circadian rhythmic of mice (Sauer et al. 2016;
Jirkof et al. 2019a; Arras et al. 2020).

The use of depot/sustained-release formulations of buprenorphine is another promising
possibility for pain management in mouse fracture models, but its use in these models is still
rare (Wolter et al. 2021). As of today, no corresponding product is available on the European

market and the use of commercially available sustained-release/depot formulations of
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buprenorphine in mouse femoral fracture models is, therefore, currently limited to USA-bound
studies (see e.g. (Coates et al. 2019; Mckenzie et al. 2019; Ren et al. 2020)).
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3 Aims and objectives

Reporting is often inadequate in many areas of (animal-based) biomedical research, resulting
in potential scientific, ethical, and economic implications. Nevertheless, good, and transparent
reporting is crucial to generate reliable, reproducible, and comparable data and to establish
and maintain high scientific standards (Kilkenny et al. 2010; Avey et al. 2015; Strech and
Dirnagl 2019; Percie Du Sert et al. 2020). However, different species and the great variety of
experimental models in animal-based research do not allow for a universal one-fits-all
approach in terms of reporting. Therefore, the first aim of this thesis was to evaluate the status
quo of reporting accuracy of different general and model-specific parameters, including the
respective analgesia regimes in studies using adequately stabilized mouse femoral fracture

models.

Objective 1: Assessment of the reporting accuracy of experimental details in publications

using mouse femoral fracture models.

A variety of analgesics such as NSAIDS and opioids are used to cover the expected period of
greatest pain in laboratory rodents (Jirkof and Potschka 2021). In fracture healing studies,
however, this choice is mostly reduced to the use of opioids such as buprenorphine and
tramadol (Wolter et al. 2021). Opioids are potent analgesics, but due to their half-life in rodents,
they must be injected repeatedly or given orally, e.g., via the drinking water. Besides oral
applications, the stress associated with handling and repeated injections can also be avoided
with the use of depot formulations, which ensure analgesic supply for up to 24h to 72h after
injection. However, no such product is available on the European market. Different
experimental formulations have, therefore, been developed in recent years to potentially fill
this gap in Europe. Thus, in a next step, the analgesic efficacy of a promising experimental
sustained-release formulation was evaluated in two mouse osteotomy models and compared
with the analgesic capacities of the already established protocol of tramadol application via the

drinking water.

Objective 2: Evaluation of a new experimental microparticulate depot formulation of

buprenorphine for sustained post-surgical analgesia in two mouse osteotomy models.

For legal, ethical, and scientific reasons, pain in animal experiments must be reduced to a
minimum. To establish adequate pain management, it is also crucial to reliably identify painful
conditions in laboratory animals. However, pain assessment in laboratory rodents is an
ongoing challenge and relies on tools and parameters aimed at observing the presence or
absence of indicators of pain and (reduced) well-being. For a reliable pain assessment,

multiple general and model-specific clinical, behavioral, and physiological parameters are
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usually combined. In mouse fracture models, (manual) gait analysis is often used as a model-
specific parameter. Therefore, the third part of this thesis aimed to examine whether the
analyses of rearing behavior might be an additional helpful model-specific indicator for the

identification of pain in this model.

Objective 3: Assessment of rearing behavior as a potential additional model-specific indicator

for pain in two mouse osteotomy models.
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OPEN A buprenorphine depot formulation

provides effective sustained
post-surgical analgesia for 72 h
in mouse femoral fracture models

Angelique Wolter'23"?, Christian H. Bucher*?, Sebastian Kurmies'?, Viktoria Schreiner®,
Frank Konietschke®?, Katharina Hohlbaum??#, Robert Klopfleisch®, Max Léhning™?,
Christa Théne-Reineke?, Frank Buttgereit'-?, J6rg Huwyler$, Paulin Jirkof*’,

Anna E. Rapp%%13 & Annemarie Lang %2123

Adequate pain management is essential for ethical and scientific reasons in animal experiments and
should completely cover the period of expected pain without the need for frequent re-application.
However, current depot formulations of Buprenorphine are only available in the USA and have limited
duration of action. Recently, a new microparticulate Buprenorphine formulation (BUP-Depot) for
sustained release has been developed as a potential future alternative to standard formulations
available in Europe. Pharmacokinetics indicate a possible effectiveness for about 72 h. Here, we
investigated whether the administration of the BUP-Depot ensures continuous and sufficient
analgesia in two mouse fracture models (femoral osteotomy) and could, therefore, serve as a potent
alternative to the application of Tramadol via the drinking water. Both protocols were examined

for analgesic effectiveness, side effects on experimental readout, and effects on fracture healing
outcomes in male and female C57BL/6N mice. The BUP-Depot provided effective analgesia for 72 h,
comparable to the effectiveness of Tramadol in the drinking water. Fracture healing outcome was
not different between analgesic regimes. The availability of a Buprenorphine depot formulation for
rodents in Europe would be a beneficial addition for extended pain relief in mice, thereby increasing
animal welfare.

Animals—especially mice—are still widely used and required in fundamental and translational research to
study the complexity of biological and pathophysiological processes. Therefore, the active implementation of the
3R principle (Replace—Reduce—Refine), with a particular importance of Refinement forms the indispensable
basis for a humane approach to conduct animal experiments. Thus, adequate pain assessment and medication
in animals before, during and after the experimental procedure are crucial to decrease suffering and ensure data
quality. Insufficiently treated pain and handling-induced stress can affect animal behavior and physiological
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responses, especially in an immunological context, leading to potential bias in the scientific outcomes and
reduced reproducibility'~*. However, evidence-based data on individual pain management efficiencies in surgi-
cal mouse models is still rare®” and the reporting quality of the used analgesic protocols is often insufficient®’.

After surgical intervention, the potent opioid Buprenorphine is often used for pain relief in rodents'®!!. The
plasma half-life of Buprenorphine in mice has been reported to be 3 h after i.v. injection'? and 3-5 h after s.c.
injection’®. In addition, several studies indicated that approx. 4 h after s.c. injection, plasma concentration in mice
were lower than the therapeutic effective threshold in plasma (1 ng/ml)'*-'. Although it has been described that
Buprenorphine shows higher exposure in the brain when compared to the plasma concentration in mice 12 h
after s.c. injection, pain alleviation measured by thermal sensitivity could not be achieved at that time point'.
Therefore, frequent injections are required, resulting in repeated handling of the animals. However, the com-
monly reported application intervals of Buprenorphine of every 8-12 h can lead to pain peaks due to insufficient
analgesic coverage”!” and recent guidelines, therefore, suggest application intervals of 4-6 h'8. The parenteral
application of other opioids such as Morphine, Tramadol and Fentanyl is less suitable for pain alleviation in
rodents, as their half-life is even shorter'>!*%,

To reduce handling-associated stress and to ensure continuous analgesic coverage, an alternative application
route in form of administration of Buprenorphine or Tramadol via the drinking water has been routinely used
e.g., in orthopedics-related mouse models*'~2*. However, as the uptake of analgesics via the drinking water is
dependent on the drinking frequency and intake amount, the overall effectiveness of this treatment strategy might
be highly influenced by e.g., reduced activity and water intake after anesthesia/surgery and circadian activity”. A
drug formulation that extends the analgesic effect by sustained parenteral drug release can overcome such chal-
lenges and serve as a powerful tool to further refine today’s analgesic regimens in animal experiments. However,
current depot/sustained-release formulations of Buprenorphine for mice and rats are either only available for
dedicated research purposes or are only available in the United States of America (USA), e.g., Buprenorphine
ER-LAB (ZooPharm) or Ethiga XR (indexed by U.S. Food and Drug Administration; Fidelis Animal Health).
Attempts to import these products to Europe have failed due to missing approval through the European Medical
Evaluation Agency (EMEA).

Schreiner et al. successfully developed a poly-lactic-co-glycolic acid (PLGA) based microparticulate drug
formulation for sustained drug release of Buprenorphine in mice'®?. In a proof-of-concept study, they observed
therapeutic-relevant drug levels of the sustained-release Buprenorphine (BUP-Depot) in the plasma for 12-24 h
and in the brain for more than 24 h, an antinociceptive effect in the hot plate test, and pain relief after a minor
abdominal surgery in female C57BL/6] mice for at least 72 h'®.

This present study, therefore, aims at exploring the analgesic capacities of the newly developed BUP-Depot and
its potential to improve animal welfare in a wider range of mouse models in Europe. To test the effectiveness of the
developed BUP-Depot in a preclinical setting of surgical interventions, we here compared the analgesic capaci-
ties of the BUP-Depot to the established application of Tramadol via the drinking water. Both pain management
protocols were examined for their analgesic efficacy and adverse effects on experimental readouts in two femoral
osteotomy models using rigid and flexible external fixators. To consider potential sex-dependent differences in
response to the analgesic protocol, male and female mice were included. We monitored (i) general parameters
of well-being e.g., body weight, food and water intake, nest building and explorative behavior, composite score,
and (ii) model-specific pain parameters including walking behavior (limping score) and CatWalk analysis. In
addition, fracture healing outcomes were examined at the end of the study to exclude negative influences on the
regeneration process.

Results

To investigate the analgesic efficacy of the BUP-Depot, we chose an integrative study design to (i) generate
intra-individual controls for the assessments and (ii) reduce animal numbers used in this study (Fig. 1). In brief,
animals underwent a first intervention consisting of isoflurane anesthesia and administration of the assigned
analgesics. Assessments were performed at 12 h, 24 h, 48 h and 72 h (referred to in the following as “post-
anesthesia”). 14 days after the first intervention, the same animals underwent a second intervention including
isoflurane anesthesia, administration of the respective analgesics and an additional osteotomy of the left femur.
The same assessments as post-anesthesia were performed at 12 h, 24 h, 48 h and 72 h (in the following referred
to as “post-osteotomy”) (Fig. 1b). Of note, mice did not undergo osteotomy during the first intervention (post-
anesthesia), but were already assigned to the respective fixation, leading to group descriptions of “rigid fixation”
or “flexible fixation” even after anesthesia.

Body weight, food and water intake are affected post-anesthesia and post-osteotomy
independent of analgesic regime and fixation. To assess general indications for well-being, the
body weight was monitored at 12 h, 24 h, 48 h and 72 h post-anesthesia (initial body weight at 0 h—males:
25.96£2.1 g; females: 21.41 + 1.3 g) and post-osteotomy (initial body weight at 0 h—males: 27.61+ 1.9 g; females:
22.75+1.3 g). The body weight showed a statistically significant reduction in the range of 5% in all groups at 12 h
and 24 h regardless of intervention, sex, fixation, and analgesic regime (Fig. 2). At 48 h post-anesthesia, body
weight normalized in all groups and even exceeded the pre-intervention weight (Fig. 2a,b). After osteotomy, we
found that male mice showed prolonged body weight loss over 48 h, when compared to post-anesthesia (Fig. 2a).
Female mice had less body weight loss at 24 h post-osteotomy compared to post-anesthesia, but a similar recov-
ery at 48 h (Fig. 2b). The body weight increase at 72 h compared to the initial value was higher post-anesthesia
than post-osteotomy in all groups independent of sex, analgesia, and fixation. Until osteotomy/euthanasia, body
weight was measured every other day with comparable weight development at any time point (Fig. S1).
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Figure 1. Group assignment and study design. Overview on (a) the group assignment, and (b) time points and
measurements of the different parameters. To assure analgesic coverage during surgery, each animal received

a single s.c. dose of Temgesic (1 mg/kg) at the beginning of each intervention. Depending on the assigned
analgesic protocol, mice additionally received Tramadol (0.1 mg/ml) via the drinking water (provided one day
before and for three consecutive days after the interventions) or a single dose of sustained-release BUP-Depot
(1.2 mg/kg s.c) was administered at the end of the two interventions.

Food and water intake per cage were assessed at 24 h, 48 h and 72 h post-anesthesia and post-osteotomy. Ini-
tial values at 0 h covering the previous 24 h per cage were as follows: post-anesthesia—males 8.1+0.7 g (food) and
9.2+ 1.5 ml (water); females 7.8 £ 1.2 g (food) and 9.2 £ 1.2 ml (water); post-osteotomy—males 8.7+ 1.0 g (food)
and 9.9+ 1.5 ml (water); females 8.4+ 0.9 g (food) and 9.5+0.9 ml (water). The lowest food and water intake
(approximately 50% reduction to initial values) across all groups and sexes was measured 24 h after each inter-
vention and reached the level of the initial values at 48 h (post-anesthesia) or 72 h (post-osteotomy) (Fig. 2c-f).
No significant main effects were detected between treatment groups (Tables S2, S3). To rule out any constipating
adverse effects of the BUP-Depot, all groups were closely monitored for defecation during the assessments, as
constipation is a known-side effect of chronic-opioid usage'”?”. However, a reduction in defecation was only
noticeable at 12 h after both interventions but showed no differences between the Tramadol and BUP-Depot
groups. The reduction in defecation was considerably more pronounced in female than in male mice (Fig. S2).

Nest building and explorative behaviors are not influenced by the analgesic regime.  To detect
model independent changes in spontaneous behavior, monitoring of nest complexity scores and explorative
behaviors was performed at 24 h, 48 h and 72 h post-anesthesia and post-osteotomy. Analyses showed no differ-
ences in the nest building performance between the Tramadol and BUP-Depot groups post-anesthesia and post-
osteotomy as medians ranged between scores of 4.5 to 5 (Fig. 3). Explorative behavior was present in all cages
with male mice post-anesthesia while being reduced (no exploration) in some cages at 24 h post-osteotomy
(8/20) independent of analgesic regime or fixation. In the female mice, 3 out of 20 cages (Tramadol flexible and
BUP-Depot flexible) showed no explorative behavior at 24 h after both interventions (Fig. S3).
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Figure 2. Reduction of body weight as well as food and water intake can be observed at 24 h and 48 h post-
anesthesia and post-osteotomy. (a,b) Body weight was measured at 24 h, 48 h and 72 h; (c-f) and food/water
intake was measured at 12 h, 24 h, 48 h and 72 h post-anesthesia and post-osteotomy. Body weight and food/
water intake were normalized to the initial value (0 h=100%). Of note, mice did not undergo osteotomy during
the first intervention (= post-anesthesia). However, they were already assigned to their respective groups post-
osteotomy. All graphs show median with interquartile range for n=9-10 (body weight) and n=4-5 (food/water
intake). Non-parametric ANOVA-type test—main effects of time and of group are represented in the graphs;
exact p-values are listed in Table S1-S3; *p <0.05, ***p <0.001. To determine group differences Kruskal-Wallis
test and Dunn’s post hoc test with Bonferroni correction were performed. (a) Significant difference Tramadol
flexible vs. BUP-Depot flexible; (b) significant difference Tramadol rigid vs. Tramadol flexible.

Delta composite pain score indicates limited analgesic capacity of Tramadol in male mice with
flexible fixation. The composite pain score combines parameters of facial expression (mouse grimace scale)
and overall appearance and was assessed at 24 h, 48 h and 72 h post-anesthesia and post-osteotomy. Since we
observed an influence of the anesthesia and analgesic regime alone on the composite score (Fig. S4; Table S4-
$4.3), we corrected the individual scores post-osteotomy for the respective scores post-anesthesia to obtain a
delta composite pain score, that depicts the isolated effect of the osteotomy without the interfering effects of
anesthesia and analgesia. The delta composite pain score was highest in all groups at 12 h and 24 h after oste-
otomy, and declined after 48 h and 72 h, reaching lowest scores in all groups after 72 h (significant main time
effect in both sexes, p <0.001; Fig. 4a; Table S5). Female mice showed comparable score developments between
treatment and fixation groups with the highest median scores (1-1.5) at 12 h. In male mice, we found a signifi-
cantly higher delta composite pain score in the flexible fixation group treated with Tramadol at 24 h (median
score=2) and 48 h (median score =1.5) (Kruskal-Wallis test of all groups at 24 h: p=0.031 and at 48 h: p <0.001;
Table S5.1) when compared to the other groups (Dunn’s post hoc test for Tramadol flexible vs. BUP-Depot flex-
ible, BUP-Depot rigid and Tramadol rigid, respectively: 24 h p=0.077, 0.042, 0.032; 48 h p=0.004, <0.001, 0.018;
Fig. 4a; Table S5.2-55.3).
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Figure 3. Nest building behavior remains largely unaffected post-anesthesia and post-osteotomy. Nest building
was monitored per cage at 24 h, 48 h and 72 h post-anesthesia and post-osteotomy. All graphs show median
with interquartile range for n=4-5 based on cages (pair housing). B baseline measurement.

Limping indicates model-related alterations in walking behavior with only slight differences
between groups. Walking behavior was assessed by (i) using a metric limping score applied to individual
3 min videos and (ii) analyses of gait and locomotion using the Noldus CatWalk XT at 24 h, 48 h, 72 h, and 10
days post-osteotomy. Walking behavior was also videotaped at the respective time points post anesthesia, but
limping was only considered post-osteotomy, as mice did not show any alterations in walking post-anesthesia
during routine monitoring and videotaping.

As expected, limping was observed at all time points post-osteotomy until 10 days with a general improving
trend (significant main time effect in males p <0.001 and females p=0.018; Fig. 4b; Table S6). In general, median
scores ranged between 0 and 1 at 24 h and 48 h independent of sex and analgesics, while higher variations were
seen at 72 h (male BUP-Depot rigid; female BUP-Depot flexible; Fig. 4b). Slight alterations in limping were
still visible after 10 days in some individual mice in the female BUP-Depot groups and male Tramadol groups
(all=score 1; sporadic limping; up to two animals, respectively).

Gait and locomotion analysis indicates alterations in walking behavior and velocity with
differences between groups. Analyses of gait and locomotion by the CatWalk XT exhibited a clear
reduction in velocity after osteotomy in all groups (significant main time effect post-osteotomy for both sexes
p<0.001; Fig. 5a,b; Table S7) with an upward trend towards 10 days. At 24 h and 48 h post-osteotomy, males
with flexible fixation and Tramadol treatment showed a significantly lower relative velocity compared to males
with rigid fixation and BUP-Depot (non-parametric ANOVA-type test for group p=0.034; Kruskal-Wallis test
24 h p=0.052 and 48 h p=0.038; Dunn’s post hoc test—p <0.05 when compared to BUP-Depot rigid; Fig. 5a;
Table §7.1-S7.3). In females, significant differences in velocity were also evident at 24 h post osteotomy, as mice
with rigidly stabilized osteotomies exhibited elevated velocity compared to all other groups with female mice
(non-parametric ANOVA-type test for group p=0.035; Kruskal-Wallis test 24 h p=0.009; Fig. 5b; Table S7.4-
S§7.5). With respect to the relative mean intensity (a measure for load bearing) and relative stand duration, we
did not observe significant group effects independent of sex and analgesics (Fig. 5¢c—f), while time-dependent
reductions at 24 h, 48 h and 72 h improved over time (relative mean intensity: non-parametric ANOVA-type
test p <0.001 in both sexes; relative stand duration p <0.001 in males and p=0.005 in females; Tables S8 and S9).
However, the male mice with flexible fixation and Tramadol treatment showed numerically reduced values in
relative mean intensity (Fig. 5¢) when compared to the other males. In female mice, the relative stand duration
only slightly increased over 10 days (median range 10 days: 0.68-0.75; Fig. 5f). The stride length was only mark-
edly modulated over the first 72 h in female mice but then recovered to baseline values at 10 days (Fig. 5g,h;
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Figure 4. The delta composite pain score suggests adequate pain alleviation in most groups while limping
score shows slight differences between groups post-osteotomy. (a) Scoring was performed at 12h,24 h, 48 h
and 72 h post-anesthesia and post-osteotomy. For the delta composite pain score, scores from each individual
mouse post-anesthesia were subtracted from their respective scores post-osteotomy. (b) The limping score
was assessed at 24 h, 48 h, 72 h and 10 days post-osteotomy. All graphs show median with interquartile range
for n=8-10 (delta composite pain score) and n=9-10 (limping score). Non-parametric ANOVA-type test—
main effects of time and of group are represented in the graphs; exact p-values are listed in Table S5-S5.3 and
Table S6; *p < 0.05, ***p <0.001. To determine group differences Kruskal-Wallis test and Dunn’s post hoc test
with Bonferroni correction were performed. (a) Significant difference Tramadol rigid vs. Tramadol flexible;
(b) significant difference Tramadol flexible vs. BUP-Depot rigid; (c) significant difference Tramadol flexible vs.
BUP-Depot flexible.

Table S10). Male mice with flexible fixation and Tramadol treatment also showed shortened stride length which
was significant at 24 h compared to the BUP-Depot rigid group (non-parametric ANOVA-type test p=0.024;
Kruskal-Wallis test 24 h p=0.044; Dunn’s post hoc test—p <0.05 when compared to BUP-Depot rigid; Fig. 5g;
Table $10-S10.2), and did not recover over 10 days. To evaluate the influence of the velocity on mean intensity,
stand duration and stride length, we performed Spearman correlation analyses (Fig. S5a-c) which indicated that
relative mean intensity (males r=0.602, females r=0.336; Fig. S5a) and relative stride length (males r=0.801,
females r=0.522; Fig. S5¢) correlated with the relative velocity (all p <0.001) after osteotomy. Spearman correla-
tion analyses showed only a very week correlation between relative stand duration and relative velocity (males
r=-0.15, females r=0.046) (both p <0.001). Interpretation of those parameters must, therefore, be considered
in context of the overall velocity.

Fracture healing outcome is affected by fixation stability but not by analgesic regime. To
evaluate potential effects of the BUP-Depot on fracture healing outcomes, we performed ex-vivo uCT (3D), histo-
morphometric analysis (2D) and vessel staining at day 14 post-osteotomy (Fig. 6). We observed a numerically
lower BV/TV when comparing flexible fixation to rigid, except for males treated with Tramadol. However, the
observed numerical differences did not reach statistical significance (BV/TV; Fig. 6a,b; Fig. S6; Table S11). The
differences in BV/TV were slightly more pronounced in the BUP-Depot groups (male: median rigid=25.87%
vs. median flexible =17.80%; female: median rigid=26.12% vs. median flexible =20.58%) than in the Tramadol
groups (male: median rigid=21.89% vs. median flexible=21.52%; female: median rigid=30.32% vs. median
flexible =23.31%).

Histomorphometric analysis revealed comparable differences between the rigid and flexible fixation in relative
bone and cartilage fraction. As expected, bone formation was reduced while cartilage formation was elevated
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Figure 5. Gait analyses show model-related alterations in walking behavior specifically pronounced in male
mice with flexible fixation and Tramadol treatment. CatWalk analysis was conducted at 24 h, 48 h, 72 h and 10
days post-osteotomy and normalized to the initial mean baseline value focusing on (a,b) relative velocity, (c,d)
relative mean intensity, (e,f) relative stand duration and (g,h) relative stride length. All graphs show median
with interquartile range for n=8-10. Non-parametric ANOVA-type test—main effects of time and of group
are represented in the graphs; exact p-values are listed in Table S7-510.2; *p<0.05, ***p <0.001. To determine
group differences Kruskal-Wallis test and Dunn’s post hoc test with Bonferroni correction were performed. (a)
Significant difference Tramadol flexible vs. BUP-Depot rigid; (b) significant difference Tramadol rigid vs. BUP-

Depot flexible.
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Figure 6. Analgesic regimes did not negatively affect fracture healing outcome at day 14, while the different
fixations led to differences in new bone formation. (a,b) Relative bone volume (BV/TV) (%), (c,d) relative
bone fraction (%) and (e,f) relative cartilage fraction (%). (g,h) Exemplary images of the Movat’s pentachrome
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Immunofluorescence staining of vessel formation (Endomucin) including quantification and exemplary images;
scale bar 200 um. All graphs show median with interquartile range for n=8-10 (a-h) and n=6-9 (i,j). To
determine group differences, Kruskal-Wallis test and Dunn’s post hoc test with Bonferroni correction were
performed; exact p-values are listed in Table S11-S13.1; *p <0.05.
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in the flexible groups compared to rigid fixation in both sexes and treatment groups (Fig. 6¢c-h; Table S12).
Analysis of vessel formation (Endomucin/Emcn staining) within the callus area did not show differences in the
male groups (Fig. 6i; Fig. S6; Table S13). Differences in vessel formation (Emcn) were shown between fixation in
female mice (Kruskal-Wallis test p=0.045; Dunn’s post hoc test p>0.05 between all groups; Fig. 6j; Table S13.1)
with flexible fixation groups showing less relative Emcn* areas when compared to the rigid fixation, independent
of analgesia. Furthermore, DAPI staining indicated lower cellularity in the female mice with flexible fixation
compared to rigid, also independent of analgesic treatment (Fig. S6).

Discussion

In the present study, we evaluated the analgesic efficacy and possible side-effects of a newly developed sustained-
release Buprenorphine (BUP-Depot) in comparison to an already established protocol, Tramadol in the drinking
water, in two mouse-osteotomy models with different fixation stiffnesses'®*>?%*, Due to individual differences
in behavioral changes and pain perception®?’, we chose a consecutive study design to analyze the effect of anes-
thesia and analgesia alone and in combination with an osteotomy in the same animal. The BUP-Depot delivered
reliable pain relief over 72 h post-surgical without side effects on fracture healing outcome.

General clinical parameters such as body weight, and food and water intake were noticeably reduced post-
anesthesia and post-osteotomy. Reduction of food intake and, therefore, negatively influenced body weight devel-
opment are known side-effects post-surgical but can also be related to anesthesia or Buprenorphine/Tramadol
administration'”**-32, Reduction of body weight observed after osteotomy was quite low (in the range of 5%)
and similar to post-anesthesia, which is indicative of an appropriate pain management and well-being in all ani-
mals. Lowest values in body weight and food intake were reached after 24 h in all groups, with an increase over
48 h and 72 h post-anesthesia and post-osteotomy. Interestingly, body weight loss at 24 h was less pronounced
after osteotomy than after anesthesia. The mice were 10 weeks of age during the first intervention and 12 weeks
old at osteotomy. Mice show a rapid body weight development until skeletal maturity between approximately
10-12 weeks, which also includes the formation of more body fat****. Since interventions entailing anesthesia
also result in short-term starvation during the recovery period, it can be speculated that mice at 10 weeks lost
body weight more rapidly due to limited body fat reserves when compared to more mature mice (12 weeks). In
general, the BUP-Depot showed similar effects on the body weight development as well as food and water intake
as the established Tramadol treatment. We did not find differences in water intake between groups, excluding
a negative effect of the Tramadol-containing water on the overall drinking amount and ensuring a continu-
ous uptake of medication as shown previously?>*. Although the measurement of the overall 24 h water intake
does not allow to conclude on sufficient water intake during the first hours after surgery, we have previously
shown that the drinking frequency is indeed reduced, but the intake of Tramadol remains sufficient over 48 h
post-osteotomy??. To improve the food intake, food can be alternatively provided on the cage floor to prevent
the animals from having to stand on their hind legs**. However, this was not possible in this study. The use of
high-caloric dietary gels could also be a valid alternative ensuring the consumption of food and liquids and can
be also used as a route for oral analgesic administration®”.

Changes in nest building and the willingness to explore foreign objects can indicate alterations in well-being
in laboratory mice?>*-*1. In this study, nest building behavior was only scarcely influenced by anesthesia and
osteotomy in all groups, independent of the analgesic regime, sex or fixation stiffness. This is in line with other
studies suggesting that nest complexity scoring might not be sensitive enough to differentiate between minor
pain and other potential stressors or reduced well-being after surgery®. However, these findings are contrary to
our previous study where we reported a reduction in the nest building performance after osteotomy??. Techni-
cal variances (amount of nesting material) or individual differences in scoring might explain the variations in
our findings and underline the necessity for more objective approaches. The explorative behavior in male mice
seemed to be negatively impacted by osteotomy, especially at 24 h post-surgery, when compared to the post-
anesthesia and female mice. Hohlbaum et al. also showed that female C57BL/6]Rj mice exhibited shorter latency
to explore than male mice 1 day after the last anesthesia in a repeated inhalation anesthesia trial, indicating a
sex-specific difference that is in accordance with our findings with respect to explorative behavior*2.

A composite pain score was used to combine the assessment of facial expressions (parts of the mouse grimace
scale)®, and clinical appearance post-anesthesia and post-osteotomy. Based on our consecutive study design, we
were able to calculate a delta for each individual mouse representing numerically the actual osteotomy effect. In
line with other studies, the composite pain score was already slightly impacted by anesthesia and analgesia alone,
indicating that some components of the composite pain score might not only be influenced by pain but rather also
depict stress or discomfort?>**45. The highest delta composite scores were reached 12 h and 24 h after osteotomy
suggesting the pain/discomfort peak due to the surgical procedure. However, median delta scores varied around
1, indicating only limited residual pain and/or discomfort during the first 24 h, which constantly declined till
72 h post-surgical. The BUP-Depot provided comparable and sufficient alleviation of pain signs to the Tramadol
treatment and our data indicate that pain relief can be achieved over 72 h after a single BUP-Depot injection.

As model-specific parameters, we assessed limping behavior and locomotion using gait analysis. After oste-
otomy, limping was observed over 72 h post-osteotomy in all groups, irrespective of sex, fixation, and analgesic,
with no significant differences between the groups. A more detailed gait analysis using the Noldus CatWalk XT
system revealed reduced velocity and altered gait patterns over 72 h and up to 10 days. While velocity, mean
intensity and stride length ameliorated over 10 days in almost all groups (except male mice with flexible fixa-
tion and Tramadol analgesia), stand duration remained reduced in all groups. When analyzing CatWalk data, it
needs to be considered that most gait parameters correlate to velocity and failing to address possible changes in
velocity can affect the outcome of gait-related data*¢~*%. In this study, for example, relative velocity in male mice
correlated strongly with relative mean intensity and stride length, but only weakly with stand duration which
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explains the comparable improvements over time. However, as the stand duration seems to be independent of
the velocity, a limited functionality, especially with regard to the full restoration of the musculature, might be
a plausible explanation. As the type of surgery performed here requires splitting of the muscle and transection
of the muscular insertion at the trochanter major, a certain degree of the observed gait alterations might be due
to the not yet fully restored muscular function. In addition, limited mobility and changed gait are also common
in human patients with e.g., proximal femur fractures of the femoral diaphysis and are not directly related to
pain**®. Thus, we propose that the gait alteration in terms of stand duration over 10 days was likely caused by
an unfinished functional restoration rather than pain or discomfort which is also supported by the absence of
any additional pain-indicative signs at 72 h. As the relative velocity was markedly reduced in male mice with
the more flexible fixation and Tramadol as their analgesics, the reduced values in the relative mean intensity
and the relative stride length in this group are most likely explained by the reduced velocity. This group also
displayed the highest delta composite pain scores after 24 h and 48 h indicating a potential clinically relevant
level of discomfort or pain in individual animals. An explanation could be that the effective Tramadol dose was
not achieved by the application of 0.1 mg/g Tramadol due to the higher body weight of male mice. Evangelista
et al. showed that male mice had lower serum concentrations of Tramadol than female mice when applying
Tramadol (0.2 mg/ml) via the drinking water for up to 30 h, although the analgesic effective M1 metabolite was
similar between male and female mice®. This is in line with a previous study performed in rats'. In contrast,
other studies report lower sensitivity of female mice or rats to Tramadol®***. With respect to the influence of the
body weight on the local degree of interfragmentary movement, which might cause discomfort when too high,
Rontgen et al. characterized two configurations of the external fixator, the rigid one (18.1 N/mm) and a very
flexible one (0.82 N/mm), calculating the interfragmentary strain in a 0.5 mm osteotomy gap for a 25 g mouse
with 2.8% and 61%, respectively®*. However, they did not find differences in body weight, ground reaction force
and locomotion in female mice during 18 days, indicating sufficient analgesia even in the presence of higher local
strains®*. These observations highlight potential sex-specific differences in pain perception but also the response
to analgesic medication®. Sex-specific adaptions of pain management regimes are, therefore, advisable in future
studies. Our findings underline further, that pain management in animal experiments requires a constant reevalu-
ation of the chosen protocol as well as the consideration of strain, sex, interindividual differences in animals,
procedure, options to reduce re-injections and more®. As not only sex but also genetics influence experienced
pain and response to analgesia in mice®>*, further studies using different strains are needed in the evaluation of
commonly used analgesic regimens in laboratory rodents.

In terms of fracture healing outcome analyzed by ex-vivo uCT and histomorphometry, we found no differ-
ences between the analgesic regimens, indicating safe use of the newly developed BUP-Depot in the analyzed
models. A more flexible fixation allows pronounced interfragmentary movements and, therefore, promotes
cartilage rather than bone formation as well as the formation of a larger periosteal callus™, as seen in the histo-
morphometric analysis. Staining for endomucin, representing vessels, revealed no difference between fixations
or analgesics in male mice. However, female mice with more flexible stabilized osteotomies showed a reduced
Emcn-positive area as well as lower cellularity, regardless of their analgesic regime. Besides mechanical hindrance
of revascularization due to higher strains, the higher proportion of cartilage observed in female mice with flexible
stabilized osteotomies might have prevented revascularization due to the intrinsic anti-angiogenic nature of car-
tilage e.g., due to chondromodulin-1°"%8, This reduced vascularization is in accordance with earlier observations
in sheep®. The different patterns of Emcn staining in males and females might also indicate a more advanced
callus remodeling and, therefore, a more rapid healing progression in males than females®.

An effective sustained-release Buprenorphine in Europe would not only be a conceivable alternative to the
application of Tramadol with the drinking water as investigated in this study, but also a potential alternative to
repeated injections of Buprenorphine, which are still most frequently used for pain management in femur fracture
models’. Assessment of the analgesic effect of Buprenorphine is most often based on measurements of plasma
or blood serum levels. Studies specified therapeutic effective concentrations of Buprenorphine in plasma at a
threshold of around 1 ng/ml or 1 ng/g in mice and rats'®*"2. However, Buprenorphine works through the p-,
k- and 8-opioid receptors in the brain®%* and thus, reliable pain alleviation is more reliant on specific binding
concentration values in the brain than specific plasma concentrations'®, as exemplary demonstrated by a cor-
relation between analgesic effects and specific binding concentrations of Buprenorphine in the brain of rats®.
Schreiner et al. found that the BUP-Depot showed effective concentration for up to 72 h in murine brains'®.
Moreover, they contemplated that specific binding concentrations of 5 ng/g (as observed 24 h after injection
of the BUP-Depot) in the brain might be needed for reliable pain relief in mice. Binding concentrations of less
than 3 ng/g at 48 h post-injection of BUP-Depot—a concentration comparable to levels observed 12 h after
Temgesic injection—still resulted in high, but not significantly increased withdrawal latencies compared to a
single injection with Temgesic or NaCl'®. They, therefore, suggest that alleviation of strong pain through the
BUP-Depot might require the administration every 24 h'®. Based on our assessment of the clinical, behavioral,
and model-specific parameters, we can postulate that the analgesic properties of the BUP-Depot are sufficient
for 72 h post-operative analgesia in our specific mouse osteotomy model of moderate severity. Nonetheless, the
potential use and the possible need for re-application of the BUP-Depot in other, more painful models still need
to be critically assessed and evaluated.

Taken together, our assessment of clinical, behavioral, and model-specific parameters suggest that the analge-
sic properties of the BUP-Depot were sufficient for 72 h post-operative analgesia in male and female C57BL/6N
mice after femoral osteotomy stabilized with external fixators. The BUP-Depot, therefore, provides an excellent
alternative for extended pain relief in preclinical studies. The availability of such a sustained-release formula-
tion of Buprenorphine in Europe would be substantially beneficial for mouse analgesia in animal experiments.
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Animals, material and methods

Ethics and guidelines.  All methods were carried out in accordance with relevant guidelines and regula-
tions. In detail, the study was conducted according to the guidelines of the German Animal Welfare Act, National
Animal Welfare Guidelines, and was approved by the local Berlin state authority (Landesamt fiir Gesundheit
und Soziales—LAGeSo; permit number: G0044/20). Health monitoring in the animal facility was performed
according to the FELASA guidelines (Supplementary Information).

Animals and husbandry. A total of 40 male and 40 female C57BL/6N mice aged 8 weeks were either
provided by the Experimental Medicine Research Facilities (Charité—Universititsmedizin Berlin, Berlin, Ger-
many) or purchased from Charles River Laboratories (Sulzfeld, Germany). Mice underwent the first interven-
tion (anesthesia/analgesia) at 10 weeks (body weight—males: 25.96 +2.1 g; females: 21.41 + 1.3 g) and osteotomy
at 12 weeks (body weight—males: 27.61+1.9 g; females: 22.75+1.3 g). Mice were housed in a semi-barrier
facility in individually ventilated cages (IVC, Eurostandard Type II, Tecniplast, Milan, Italy). Housing conditions
encompassed a 12/12-h light/dark cycle (light from 6:00 a.m. to 6:00 p.m.), room temperature of 22 +2 °C and
a humidity of 55+ 10%. Food (Standard mouse diet, Ssniff Spezialdidten, Soest, Germany) and tap water were
available ad libitum.

Mice were randomly divided into groups of two per cage. If mice had to be separated due to aggressive behav-
ior, they were housed in a separated pair housing system in Green Line IVC Sealsafe PLUS Rat GR 900 cages
(Tecniplast, Milan, Italy), which were divided in two equally sized compartments by a perforated transparent
partition wall. Cages contained wooden chips (SAFE FS 14, Safe Bedding, Rosenberg, Germany), 20 g Envirodri
(Shepherd Specialty Papers, USA), and a shredded paper towel as bedding and nesting material, a clear handling
tube (Datesand Group, Bredbury, UK) and a mouse double swing (Datesand Group, Bredbury, UK). No houses
were provided to allow unimpeded scoring and to reduce the risk of injury after osteotomy. After osteotomy,
tunnels and double swings were removed from the cages to reduce the risk of injury. Two single swings (Date-
sand Group, Bredbury, UK) per cage were reinstalled 5 days after osteotomy. Animals were tunnel handled only
and all experimenters performing analyses were female. Animal husbandry and care were in accordance with
contemporary best practices.

Study design and experimental timeline. Reporting of this study was carried out in compliance with
the ARRIVE 2.0 guidelines, including the “Arrive Essential 10” and most of the “Arrive Recommended Set”. The
study was pre-registered in the Animal Study Registry (Bf3R, Germany; https://doi.org/10.17590/asr.0000221).

The study included 8 groups with each n=9-10 mice, comparing male and female mice, rigid and flexible
external fixators, and two different pain management protocols: Tramadol via drinking water or sustained-release
Buprenorphine (BUP-Depot; s.c. injection) (Fig. 1a). Cages and mice received individual random numbers that
did not allow any inferences for the analgesic regimen or fixation group. Experimenters performing the pre- and
post-surgical training and investigations were blinded.

After acclimation for 5 days, training was performed by one female experimenter, following a 2-week schedule
to accustom the mice to the experimenter, tunnel handling, Noldus CatWalk XT (Noldus, Wageningen, Nether-
lands) and observation boxes (Ugo Basile, Gemonio, Italy). Baseline measurements were also obtained during this
period (Fig. 1b). To correct for individual behavioral and clinical changes induced by anesthesia and analgesia
alone, mice were first anesthetized and received their assigned analgesic protocol without any further surgical
procedure (first intervention). Then, parameters were assessed at 12 h, 24 h, 48 h, and 72 h post-procedure.
14 days after the first intervention, the same animals were subjected to anesthesia, analgesia, and osteotomy
(second intervention) and assessed at the above listed time points as well as at day 10 post-surgical. Mice were
euthanized 14 days post-osteotomy to retrieve the osteotomized femur.

Analgesic regimes. Each mouse received one s.c. injection of regular Buprenorphine (1 mg/kg Temgesic,
RB Pharmaceuticals, Heidelberg, Germany) at the beginning of each intervention (anesthesia/analgesia alone
and osteotomy). Depending on the randomly assigned group, mice either additionally received Tramadol
administered in the drinking water (0.1 mg/ml, Tramal Drops, Griinenthal, Stolberg, Germany) or a s.c. injec-
tion of the BUP-Depot (1.2 mg/kg). Tramadol was administered in the drinking water one day before and three
consecutive days after both interventions. The BUP-Depot was injected once at the end of both interventions.
BUP-Depot (RG 502 H-Big) was prepared at the University of Basel, Switzerland, as described previously by
Schreiner et al.'®?*. Four different batches of BUP-Depot were imported in accordance with national regulations
for controlled substances (BtM import authorization No. 4679477). Each batch was analyzed prior to shipment
for drug content, reconstitution time, and drug release kinetics as described previously'®. The BUP-Depot was
stored as a lyophilizate in glass vials at 4 °C. Each vial was reconstituted with physiological saline (0.9% NaCl)
immediately before administration.

Anesthesia and osteotomy. Independent of the intervention, all mice were anesthetized with isoflu-
rane (~2 to 3%; provided in 100% oxygen; CP-Pharma, Burgdorf, Germany) before being weighed and moved
onto a heating pad (37 °C). Anesthesia was maintained at~2% via a nose cone. Eye ointment, physiological
saline (0.5 ml, 0.9% NaCl), Clindamycin (45 mg/kg, Ratiopharm, Ulm, Germany) and a single s.c. injection of
Buprenorphine were applied. Anesthesia was then upheld for 15 min for the first intervention (anesthesia and
analgesia alone). For osteotomy, the left femur was shaved and disinfected with alcoholic iodine solution. The
osteotomy was conducted as described previously?>%¢%’. A longitudinal skin incision was made between knee
and hip, and the musculus vastus lateralis and musculus biceps femoris were bluntly separated to expose the
femur. Two standardized external fixators (rigid: 18.1 N/mm,; flexible: 3.2 N/mm, both RISystem, Davos, Swit-
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zerland) were used for stabilization. The external bar of the fixator was positioned parallel to the femur and all
pins were positioned accordingly. Afterwards, an approximately 0.5 mm osteotomy gap was created between the
second and third pin using a Gigli wire saw (0.44 mm; RISystem, Davos, Switzerland) and the gap was flushed
with saline. Muscle and skin were closed with two layers of sutures (muscle: 5-0 Vicryl, skin: Ethilon 5-0, both
Ethicon, Raritan, USA). For recovery, the mice were returned to their home cages under an infrared lamp and
were closely monitored.

Body weight and food/water intake. Animals were weighed before the intervention (defined as 0 h),
and at 12 h, 24 h, 48 h and 72 h after both interventions and then every other day until osteotomy/euthanasia.
Food/water intake were measured per cage (i.e., two mice) by weighing food and water bottles every 24 h, begin-
ning 1 day prior to each intervention and ending 3 days after. The difference to the previous value was calculated.
All measurements were normalized to the respective baseline values at time point 0 h.

Explorative test and nest complexity score. Both scores were assessed before any other assessment
or handling of the mice. To examine the motivation of the mice to explore and interact (sniffing, holding with
forepaws, or carrying) with a foreign object, we added a Nestlet (Ancare, Bellmore, USA) to the home cages and
observed the mice for one minute. The explorative test was scored 1 (interaction) or 0 (no interaction) per cage.
An interaction of one animal of the cage was deemed as sufficient for a positive score. Nest complexity scoring
was performed following Hess et al.®® in the home cage assigning scores between 0 and 5.

Composite pain score. A composite pain score was used to combine the assessment of facial expressions
and clinical appearance?*** (Table 1). The maximal score was 9. At 12 h, 24 h, 48 h, and 72 h post-intervention,
the mice were transferred into a clear observation box and individually filmed for 3 min after an acclimatization
period of 1 min (Basler Video Recording Software, Ahrensburg, Germany). Video analysis was performed by
one blinded observer. As anesthesia and analgesia alone also affected the composite pain score, we calculated the
delta composite pain score for each mouse by subtracting the scores from each individual mouse post-anesthesia
from their respective scores post-osteotomy. This allowed us to evaluate the effect of the surgical procedure
on an individual base without the interference of behavioral or clinical changes induced by the anesthesia and
analgesia alone**.

Walking behavior—limping score.  To assess the walking behavior of each mouse, the limping score was
assessed adapted from Jirkof et al.?2. The mice were transferred to conventional type III cages that contained
the same type of wooden chips as the home cages. After an acclimation period, a 3 min video was recorded.
Walking behavior was examined at time points concurrent with the CatWalk analysis at 24 h, 48 h, and 72 h
post-osteotomy as well as 10 days post-osteotomy. Video analysis was performed by two blinded observers and
scores from 0 to 4 were assigned (Table 2). If walking seemed to be impaired due to a mechanical problem (e.g.,
displacement of the patella) one point was subtracted from the assigned score.

CatWalk analysis. Specific gait analysis was performed using the CatWalk XT Gait Analysis system for
rodents (Noldus, Wageningen, the Netherlands). Multiple runs per animal were acquired before interventions as
baseline measurements and at 24 h, 48 h, 72 h post-anesthesia (data not shown in results) and post-osteotomy,
as well as 10 days post-osteotomy. Post-acquisition the runs were screened, and non-compliant runs as well as
interrupted runs (e.g., by sniffing, rearing) were excluded. Runs that noticeably differed from the rest of the runs
of this trial were also excluded, leaving an average of 4.4 runs per animal and time point for analyses. All runs

Parameter Specification Score (0=not present)

Range: 0-2
0.5=minimal

Orbital tightening | Faint narrowing of the orbital area up to a tightly closed eyelid 1=moderately
1.5=moderately severe
2=severe

Range: 0-2
Ear position Ears pulled back or rotated outwards and/or backwards 1=moderately
2=severe

Range: 0-1
Posture Crouched posture, head and nose positioned towards the ground | 0.5=held for less than 10 s
1=held for more than 10 s

Range: 0-1
Coat appeared disheveled or unkempt 0.5=only certain body parts
1=all over the body

Coat condition
Range: 0-1

Erected fur, mice appear scruffy 0.5=only on one body part

1=on more than one body part, generalized

Range: 0-1 each
Movement Apathetic, sedated, tipsy; crawling 0.5=minimal
1=moderately

Table 1. Composite pain score.
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Specification Limping score

Normal use, physiological gait 0

Complete ground contact and sporadic limping or alteration of the gait pattern

No complete ground contact or limping, constant alteration of the gait pattern

Partial non-use of the limb

NSO I S

Complete lack of use

Table 2. Limping score.

were classified automatically by the Noldus CatWalk XT software (version XT10.6) and revised for classification
errors (ie., incorrect identification of paws), which were corrected manually. From the obtained data, mean
speed (cm/s) (velocity) and the following parameters were analyzed for the osteotomized left hind leg: mean
intensity, stand duration (s) and stride length (cm). The two baseline measurements were used to calculate one
baseline average value. Values at all time points were then normalized to the respective average baseline (time
point measurement divided by average baseline value).

Euthanasia and sample collection. Euthanasia was carried out according to contemporary best practice.
At 14 days post-osteotomy, mice were euthanized by cervical dislocation in deep anesthesia. The osteotomized
femora were retrieved and fixed in 4% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, USA) at
4 °C for 6-8 h. The femora were then transferred into PBS until ex-vivo pCT was completed.

Ex-vivo pCT. To determine bone formation three-dimensionally, femurs were scanned in a SkyScan 1172
high-resolution uCT (Bruker, Kontich, Belgium). Voxel size was set to 8 um and the bones were scanned with
a source energy of 70 kV, 142 pA, a rotation step of 0.2 degrees and an 0.5 mm aluminum filter. Scans were
reconstructed using NRecon (Bruker, Kontich, Belgium), applying ring artefact reduction and beam hardening
corrections. CT Analyser software (version 1.20.3.0; both Bruker, Kontich, Belgium) was used for 2D and 3D
analyses. By excluding the original cortical bone within the callus, the total volume (TV, mm?), the total bone
volume (BV, mm?®) and the bone volume fraction (BV/TV) of the newly formed bone were analyzed in a manu-
ally defined volume of interest (VOI)?!.

Histology and immunofluorescence. Following ex-vivo uCT, bones were placed in ascending sugar
solutions as cryoprotectant (10%, 20%, 30%) at 4 °C for 24 h each, then cryo-embedded in SCEM medium
(Sectionlab, Japan) and stored at —80 °C. Consecutive sections of 7 um were prepared using a cryotome (Leica,
Wetzlar, Germany) and cryotape (Cryofilm 2C(9), Sectionlab, Japan). Sections were fixed onto glass slides, air-
dried, and stored at —80 °C until staining. Movat’s pentachrome staining comprised the following steps: sections
were air dried for 15 min, fixed with 4% PFA (30 min; Electron Microscopy Sciences, Hatfield, USA), pretreated
with 3% acetic acid for 3 min, stained 30 min in 1% alcian blue pH 2.5, followed by washing in 3% acetic acid
under light microscopic control. Sections were rinsed in H,0,,, and immersed in alkaline ethanol for 60 min,
then washed in tap water followed by incubation in Weigert’s hematoxylin for 15 min. After washing in tap water
for 10 min, sections were stained in crocein scarlet-acid fuchsin for 15 min, treated with 0.5% acetic acid for
1 min, followed by 20 min incubation in 5% phosphotungstic acid, and 1 min in 0.5% acetic acid. The sections
were washed three times for 2 min in 100% ethanol, followed by incubation in alcoholic Saffron du Gatinais for
60 min. The slides were dehydrated in 100% ethanol, cleared shortly in xylene, covered with Vitro-Clud and
a cover slip. Imaging was performed on a Leica light microscope using LAS X software (Leica Microsystems
GmbH, Wetzlar, Germany) at 10x magnification. Quantitative analyses of the Movats pentachrome staining
were evaluated using an Image] macro. All analyses were performed blinded to sex, fixation, and pain manage-
ment protocol.

Immunofluorescence staining was performed as described previously®®®” using the following antibody:
Endomucin (Emcn) (V.7C7 unconjugated, rat monoclonal, sc-65495, 1:100; Santa Cruz Biotechnology, Dallas,
USA), goat anti-rat A647 (1:500; A-21247, polyclonal, Invitrogen, Thermo Fisher Scientific, Waltham, USA)
and DAPI (1:1,000; Thermo Fisher Scientific, Waltham, USA). Blocking was performed with 10% FCS/PBS and
the staining solution contained 5% FCS and 0.1% Tween20 (Sigma Aldrich, St. Louis, USA). Images were acquired
using a Keyence BZ9000 microscope (Keyence, Osaka, Japan). The images were processed and analyzed with
Image]®”°. An area of interest was established and managed via the built-in ROI-Manager, while cell number
and signal distribution within the area were determined using the plug-ins Cell-counter and Calculator Plus.
Data was processed with the Image] plugin OriginPro.

66,67

Statistical analysis. The sample size was calculated based on own preliminary data?? using a nonparamet-
ric ranking procedure to analyze longitudinal data. The required number of animals was modeled in R using
the package nparLD’!. Assuming a 20% difference and a power of ~80% resulted in n=10 animals per group.
Statistical analysis was performed using RStudio and graphs were created in GraphPad Prism (V9). To test
whether the data from female and male mice are homogenous and would allow for an integrated data anal-
ysis, body weight data of both sexes was first representatively compared using the F2-LD-F1 design. Since
we found significant interaction regarding sex, both sexes were analyzed separately for all statistical analyses.
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Nonparametric analysis of longitudinal data (F1-LD-F1 design; named non-parametric ANOVA-type tests),
was used to test for significant differences in the main effect of time and main effect of group, separated by sex.
When main group differences p<0.05 were detected, group comparison for each time point was performed using
the Kruskal-Wallis test’?. To determine group differences, Dunn’s post hoc test with Bonferroni correction was
performed for each time point’>”*. Non-parametric ANOVA-type tests as well as exact p-values, chi-squared
and df of all analyses are provided in the Supplementary Information. Excluded mice and data are detailed in
the Supplementary Information.

Data availability
The authors declare that all data supporting the findings of this study are available within the paper and its Sup-
plementary Information file. Further information is made available by the authors upon request.
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7 Discussion

7.1 Reporting quality in mouse femoral fracture models

Experimental outcomes and data of animal-based research can be impacted by a multitude of
confounding factors. Adequate and transparent reporting is, therefore, crucial to further
improve reproducibility, reliability, and validity in animal experiments. It is also essential for
scientific and ethical reasons (Smith et al. 1997; Kilkenny et al. 2009; Kilkenny et al. 2010;
Smith et al. 2018; Percie Du Sert et al. 2020; Gkrouzoudi et al. 2022). Different systematic
reviews and surveys have shown that reporting of animal experiments is often inadequate, a
problem that causes potential scientific, ethical, and economic implications and reduces
reproducibility and transferability of data (Smith et al. 1997; Kilkenny et al. 2009; Kilkenny et
al. 2010; Avey et al. 2015; Ting et al. 2015; Carbone and Austin 2016; Gkrouzoudi et al. 2022).
The detailed reporting of information on animals, materials and methods is, however, an
essential key to enhance the scientific quality of animal-based research, improve animal

welfare, reduce the number of animal experiments, and promote translation.

To enhance the reporting and planning of animal experiments, a range of guidelines have been
devised. To promote high-quality and comprehensive reporting in animal research, the
ARRIVE guidelines (Animals in Research: Reporting In Vivo Experiments) were proposed in
2010 (Kilkenny et al. 2010). They comprise of 20 information elements that should be
addressed in manuscripts of studies using animals to maximize their scientific output (Kilkenny
et al. 2010; Percie Du Sert et al. 2020). In 2020, the updated ARRIVE guidelines 2.0 were
introduced, divided in the ARRIVE Essential 10 and the Recommended Set (Percie Du Sert et
al. 2020). The PREPARE guidelines (Planning Research and Experimental Procedures on
Animals: Recommendations for Excellence), proposed in 2018 by Smith et al., complement
the field with an overarching and adaptable checklist of recommendations for better planning

of animal-based studies (Smith et al. 2018).

However, the different species and the great variety of experimental models in animal-based
research do not allow for a universal one fits all approach in terms of reporting. The authors of
guidelines such as ARRIVE and PREPARE, therefore, propose to provide scientists with
essential adaptable elements rather than forcing a strict and imperative standard formula for
the planning and reporting of animal-based research (Kilkenny et al. 2010; Smith et al. 2018;
Percie Du Sert et al. 2020). According to Percie du Sert et al., reporting in line with The ARRIVE
Essential 10 and The Recommended Set serves as best practice, while they propose that at
least The ARRIVE Essential 10 should be included in each manuscript to ensure the reliability
of the data (Percie Du Sert et al. 2020).
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As good and transparent reporting is crucial to generate reliable, reproducible, and comparable
data, and hence establish and maintain high scientific standards, the first objective of this
thesis aimed at the evaluation of the reporting accuracy in studies using adequately stabilized
mouse femoral fracture models. As fracture healing is a complex and closely regulated
mechanism, it can easily be impacted by a variety of elements, such as strain, sex,
immunological competence, drugs, fixation methods and more (Phillips 2005; Auer et al. 2007;
Glatt et al. 2007; Manigrasso and O'connor 2008; Callewaert et al. 2010; Schwarz et al. 2013;
Bucher et al. 2019; Bucher et al. 2022). In this systematic review, the primary focus was set
on assessing the reporting accuracy of different general and model-specific parameters,
including strain, sex, age, body weight, hygiene monitoring, fixation- and fracturing methods,

as well as anesthesia and analgesia protocols in studies using mouse femoral fracture models.

In general, we observed an increase in publications per year within the examined timeframe
from 2010 to 2019 from 16 included publications in 2010 to 33 included publications in 2019.
This underlines the increasing use of mouse femoral fracture models in animal-based
orthopedic research (Wolter et al. 2021). Since the inclusion criteria were strictly focused on
mouse femoral fracture models with stable fixation, it must be noted that the overall number of
studies using mouse fracture models was distinctly higher than the 254 studies analyzed in
this specific review. In the following, the reporting accuracy of general and model-specific
parameters as well as the commonly used anesthetic and analgesic regimes in mouse femoral

fracture models and the importance of their adequate reporting are discussed more in detail.

General Parameters: This systemic review focused the reporting quality of general
parameters according to The ARRIVE Essential 10 for the reporting on Experimental animals
including information on species, strain and substrain, sex, age or developmental stage,
weight, as well as the health/immune status and genotype (Percie Du Sert et al. 2020). The
reporting of the provenance of animals and their use in previous procedures are also listed in
the guideline (Percie Du Sert et al. 2020), however, this information was not assessed within
the review. We found a high reporting accuracy of the used mouse strain (99.6%) but identified
a lack of reporting in terms of substrains of the most commonly used C57BL/6 mouse strain
as well as the genetic background of genetically modified mice (Wolter et al. 2021). It has been
shown that strain and genetic background of mice impact bone microstructure during
development, as well as bone mineral density and elasticity, homeostatic properties, bone
formation and fracture healing capacities (Akhter et al. 1998; Li et al. 2001; Akhter et al. 2004;
Manigrasso and O'connor 2008; Haffner-Luntzer et al. 2016). Manigrasso and O’Connor
reported a significantly faster fracture healing in C57BL/6 mice in comparison to DBA/2 and
C3H mice (Manigrasso and O'connor 2008; Haffner-Luntzer et al. 2016), while Sheng et al.

found lower osteoblast apoptosis in C3H/Hed mice compared to C57BL/6J mice (Sheng et al.
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2006). The improper reporting of different substrains and genetic background of mice can,
therefore, lead to great difficulties in the interpretation and reproducibility of studies. Accurate
reporting of the used strain and the genetic background can also be important for animal
welfare reasons, as Gkrouzoudi et al. suggests that the more robust inbred, outbred, or mixed
strains might withstand surgical interventions better than the more sensitive knock-out/in/down,

genetically modified, transgenic, or genetically manipulated mice (Gkrouzoudi et al. 2022).

The sex and age of mice are also known or suspected to influence bone composition and
fracture healing capacities (Glatt et al. 2007; Callewaert et al. 2010; Haffner-Luntzer et al.
2016; Haffner-Luntzer et al. 2021). In detail, Glatt et al. showed an early age-related decline in
bone volume that continued throughout life and that was less pronounced in male mice
compared to female mice (Glatt et al. 2007). Haffner-Luntzer et al. compared fracture healing
capacities of female and male C57BL/6J mice and suggested that male mice exhibited a
slightly faster fracture healing and a more prominent cartilaginous callus formation (Haffner-
Luntzer et al. 2021), while other studies showed no sex-dependent differences in fracture
healing (Working et al. 2021) and fracture callus composition (normalized to the body weight)
(Wong et al. 2020). Different authors also propose the possibility that differences in tissue
composition could be a result of different biomechanical loading properties, due to varying
body weight in male and female mice (Histing et al. 2011; Haffner-Luntzer et al. 2021; Working
et al. 2021). Although it is assumed that the body weight may play a critical role in bone
regeneration, as local tissue strains are an important factor in the development of callus tissue
(Haffner-Luntzer et al. 2021), only 22.4% of the analyzed studies reported the body weight of
the animals (Wolter et al. 2021). We also found that nearly one quarter of the analyzed studies
did not report the sex of the used mice, even though this information is readily available. In
studies that reported the sex, male mice were used more frequently than female mice (male:
39.0%, female: 30.7%). Only 6.7% of studies reported the use of both sexes (Wolter et al.
2021). While the use of male and female mice may not be a suitable approach for all studies,
the reporting of the used sex should be improved in future publications with respect to potential
influences on bone composition and fracture healing properties. Most of the analyzed papers
(92.9%) reported the age or at least the developmental stage of the mice, either stating a
specific age, an age range or an age category (e.g., “mature”) (Wolter et al. 2021). However,
especially the age categories should be defined more precisely in future studies, as the terms
“‘mature” or “adult”’ represent a wide age range, and age-related changes in fracture healing
capacities might impact study outcomes. Different reviews summarize a great variety of mouse
studies showing age-related histological and molecular changes within the callus, effects on
inflammation, changes in macrophage polarization, decrease in differentiation, proliferation, as

well as numbers of different cell types, and the reduction in the expression of different collagen
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types (Gibon et al. 2016; Clark et al. 2017), thereby underlining the importance of accurate age

reporting in fracture healing studies.

A great lack in reporting was observed in terms of hygiene monitoring. Only 15% of all analyzed
studies provided information on hygiene management (Wolter et al. 2021). This lack of
reporting has also been shown in another systematic review on the reporting quality in mouse
telemetry implantation surgeries (Gkrouzoudi et al. 2022). When hygiene monitoring was
reported, we found that statements such as "controlled conditions", "standard conditions",
"semi-barrier" or “non-SPF" were used in an attempt to describe the animal’s health, microbial
and immune status as well as the husbandry conditions (Wolter et al. 2021). However, these
statements are not sufficient without further explanations (Wolter et al. 2021). Specific-
pathogen-free (SPF) mice are free of particular pathogens, which is ensured by regular testing.
However, the list of monitored pathogens can vary greatly depending on the barrier level of the
facility and even between the different animal rooms (Yeadon 2013). Hence, the SPF status
only indicates the existence of routine health monitoring but does not depict information on the
health or immune status of the mice, if the testing procedures and corresponding results are
not provided (Wolter et al. 2021). Bucher et al. showed that bone homeostasis, structural
properties, remodeling, and healing is directly impacted by the adaptive immunity and
differences in immune composition (Bucher et al. 2019). A more specific reporting of housing
conditions in the supplemental information, such as the description of the barrier level of the
animal facility and the addition of the health monitoring and the corresponding results
according to the FELASA guidelines, might be a realistic approach for future routine reporting.
This was also incorporated in the reporting of the following two studies presented within this
work. However, a more detailed specification in terms of microbiota is probably not realistic for

routine reporting - since these data are not routinely obtained.

Model-specific parameters: Depending on the animal model used, further model-specific
parameters can be relevant for adequate reporting. When using fracture or osteotomy models
in animal-based research, the fixation method as well as fracturing procedure itself are
essential to interpret the study outcomes. Different fracturing and fixation methods lead to
different surgical approaches, diverse axial, and rotational stability and interfragmentary
movements, and can cause varying damage to the surrounding tissue, the medullary cavity
and the bone marrow (Roéntgen et al. 2010; Histing et al. 2011; Lang et al. 2016).
Encouragingly, the reporting of the used fracturing and fixation methods was high (fracturing
methods reported by 96.9% and fixation methods reported by 92.3% of the studies). We found
that the most used fixation method was the intramedullary pin fixation, followed by external
fixators. Fixation by plates was the least frequently used method (Wolter et al. 2021). The term

intramedullary pin included different devices such as “nail”, “pin”, “pin-clip”, “needle”,
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“syringe” and “screw”. Unsurprisingly, we found that the used fracturing procedure was highly
dependent on the used fixation. While three-point-bending was most often utilized when using
a pin fixation, Gigli wires were the most used tool when fixing the fracture with an external
fixator (Wolter et al. 2021). Even though a variety of fixation products is commercially available
for each of three fixation methods, we noticed that many researchers still used self-made
systems, such as syringes or cannulas, when using the intramedullary pin fixation (Wolter et
al. 2021). The use of self-produced devices may be a straightforward and cheap solution, but
it also increases the variability of these models. Systems from commercial suppliers can help
to ensure a greater standardization and subsequent reproducibility of the used models and

should, therefore, be used on a regular basis in future studies (Lang et al. 2016).

Anesthetic and analgesic regime: An adequate pain management in stable fixated mouse
fracture models is necessary and recommended for the first 72h to cover the period of greatest
pain. Thus, the corresponding reporting of the applied anesthesia and analgesia protocols is
essential for animal welfare reasons but also for better validity and reproducibility of the
acquired data. Inadequate pain management can lead to reduced loading of the operated limb
and subsequently impaired or decelerated bone healing, as the process is promoted by
mechanical stimuli and increased loading of the limb (Claes et al. 1998; Connolly et al. 2003;
Schwarz et al. 2013; Birkhold et al. 2014). Furthermore, certain analgesics, for example
NSAIDs, are suspected to interfere with bone healing capacities due to the inhibition of
cyclooxygenase 2 (Radi and Khan 2005; Cottrell and O'connor 2010). Long term administration
of opioids has also been reported to influence bone homeostasis and the skeletal system (Hirst
et al. 2016; Janas and Folwarczna 2017; Ji et al. 2020). However, the literature is inconsistent
and recent studies in mice and rats showed no negative effects of opioids on the skeletal

system or fracture healing properties (Janas and Folwarczna 2017; Jirkof et al. 2019a).

While analyzing the studies regarding their reporting of the used anesthetic and analgesic
regime, we found that 50.4% of the studies did report the use of anesthesia and analgesia,
while 32.7% only stated the use of anesthesia and 3.1% only the use of analgesia. 13.8% of
the studies did not report the use of anesthesia or analgesia, which, however, does not imply
that anesthesia and analgesia were not used, but rather shows a lack of reporting qualities
(Wolter et al. 2021). Over 90% of studies that stated the use of anesthesia and/or analgesia
specified the anesthetic and/or analgesic regime. Of these, the most often used analgesic was
buprenorphine (intra-operative: 55.2%, post-operative: 50.0%); followed by tramadol (intra-
operative: 37.9%, post-operative: 37.7%), while carprofen (intra-operative: 3.5%, post-
operative: 6.2%) and other analgesics (intra-operative: 3.4%, post-operative: 6.1%) were only
rarely used (Wolter et al. 2021). These findings verify the great use of opioids as the standard

analgesics in stable fixed mouse femoral fracture models, but also indicated great variances
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regarding the dose, application frequency, and duration of the pain medication, which is
consistent with the literature (Jirkof 2017). These variances influence the analgesic capacities
of the drugs and thus, the load-bearing capacity of the operated limb, which in turn may impact

fracture healing outcomes.

Although some analgesic protocols may have been established and used for an extended
period of time, pain management should still undergo constant reevaluation and adaption in
reference to new scientific developments (Jirkof and Potschka 2021). The pain management
should also be adapted to the used fixation method, size of the fracture gap and potentially the
body weight of the used animals. External fixators provide axial and rotational stability, while
pin fixation does not (Histing et al. 2009). Pin fixations are still considered stable fixations, but
they may lead to a greater strain for the animals due to their limited axial and rotational stability.
Accordingly, the pain management protocols should be adapted to the stability of the used

fixation method.

Reporting accuracy in mouse femoral fracture models in comparison to other fields:
Over the last decades, several systematic reviews focused on the reporting accuracy and
adherence to the ARRIVE guidelines in various pre-clinical models (Tihanyi et al. 2019).
Carbone et al. set a special focus on the completeness of information on anesthesia and
analgesia in a variety of different models and species (Carbone and Austin 2016). Adapted
general and model specific reporting qualities were also analyzed by Bramhall et al. in animal
models of colitis (Bramhall et al. 2015) and by Gkrouzoudi et al. in mouse models of telemetry
implantation surgery (Gkrouzoudi et al. 2022). Comparing the reporting qualities on general
animal-related items in the systematic review by Gkrouzoudi and colleagues with our results,
similar reporting qualities can be observed. In detail, according to Gkrouzoudi et al., out of 110
eligible studies between 2011-2019, 96.4% (106/110) of the studies reported the strain and
genetic status of the mice, which is comparable to our results (99.6%) (Wolter et al. 2021;
Gkrouzoudi et al. 2022). Reporting quality on age was higher in the femur-fracture studies
(92.9%) than in the telemetry studies (71.8%; 79/110), whereas information on the sex of the
mice was slightly more commonly reported in the telemetry models (80.9%; 89/110) than in
the femur-fracture models (72.4%). Reporting frequency on weight was comparable (telemetry
model: 25.5%; 28/110; femoral fracure model: 22.4%) (Wolter et al. 2021; Gkrouzoudi et al.
2022). When comparing the reporting qualities two years before and after the publication of
the ARRIVE guidelines, Baker and colleagues observed only slight improvements in the
reporting quality and proposed that the guidelines were not effectively imposed by authors,
reviewers, editors and journals (Baker et al. 2014). In accordance, Leung et al. assessed and
compared the completeness of the reporting of the ARRIVE checklist in 2009 and 2015 in

ARRIVE supporting and non-supporting journals and demonstrated that adherence to
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reporting guidelines remained low and suggested that journal support for the ARRIVE
guidelines did not enhance the reporting quality (Leung et al. 2018). When comparing reporting
qualities of studies before 2010 and from 2011 to 2019, Gkrouzoudi et al. also observed only
very slight improvements in reporting qualities (Gkrouzoudi et al. 2022). We did not assess the
reporting quality of studies published before 2010. However, we evaluated the average
reporting accuracy over time (2010 to 2019) in a summarized score of reported items per paper
(maximum score of 10) and found only a slight increase in the mean score over the years
(2010: 6.3 £ 1.2 and 2019: 7.1 £ 1.9) (Wolter et al. 2021), which is in line with the previously
described reports. This further emphasizes that the lack in reporting accuracy is not research
field-specific, but rather a systematic problem, that needs to be addressed together with the

entire scientific community.

Limitations: Different general recommendations for systematic reviews suggest the use of
more than one database for the systematic literature search to identify as many relevant papers
as possible (Leenaars et al. 2012). However, only one database (PubMed) was used to retrieve
potential studies for analyses in this systematic review. In future systematic reviews, the use
of a second or even third database should be considered to allow for an even more
comprehensive search approach. However, PubMed is widely used and provides access to
MEDLINE, a major biomedical database (Leenaars et al. 2012). It can be assumed that a great
number of standardized publications were found through the literature research that was
carried out. Strict inclusion and exclusion criteria furthermore resulted in a high number of
excluded papers. However, the restriction to adequately fixated mouse femur fracture models
and the corresponding exclusion criteria helped to maintain the opportunity for an adequate

comparison between the different protocols in such a diverse model.

Outlook: The detailed reporting of information on animals and methods is essential to further
enhance quality of animal-based research. Although the reporting quality of studies using
adequately stabilized femoral fracture models showed promising groundwork in the reporting
of certain animal-based parameters, our work also showed that the reporting quality needs to
be improved in future studies. This is in line with other systematic reviews assessing the
reporting quality of animal-based studies which also found an overall lack in reporting qualities.
Adherence to current guidelines, such as the ARRIVE guidelines, should be pursued
collectively by authors, reviewers, editors, and journals and should be treated with the

appropriate importance for future reporting of animal-based studies.

7.2 Evaluation of an experimental sustained-release buprenorphine formulation for
post-surgical analgesia in mouse femoral fracture models
Opioids are the most used analgesics in adequately stabilized mouse femoral fracture models.

However, great variances regarding the dose, the application frequency, and the duration of
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the pain medication can be observed (Wolter et al. 2021). Buprenorphine is either injected or
given orally while tramadol is mostly applied via the drinking water and rarely through
subcutaneous injection (Wolter et al. 2021). Of note, injection intervals of buprenorphine or
tramadol every 12h or 24h are not suitable for pain management after bone fracture, as
adequate analgesic efficacy cannot be maintained with the previously described half-life of
either drug (Jirkof et al. 2015; Evangelista Vaz et al. 2018a). In terms of buprenorphine,
shortened injection intervals of 4 to 6h are recommended to maintain adequate analgesia
(Jirkof et al. 2015; Arras et al. 2020), which however, are associated with additional handling-
induced stress for the animals. Due to its even shorter half-life, repeated injections of tramadol
are not suitable for adequate pain relief (Lang et al. 2016). Moreover, it has been suggested
that tramadol should only be applied via oral routes (Matthiesen et al. 1998; Evangelista Vaz
et al. 2018a; Evangelista-Vaz et al. 2018b).

The primary use of opioids in this model, necessitating frequent re-administration due to their
relatively short half-life, highlights the need for analgesic administration options that require
less animal handling. This can be achieved by oral analgesia application, the subcutaneous
implantation of micropumps or the injection of sustained-release/depot preparations (GV-
SOLAS 2020).

While the use of sustained-release buprenorphine formulations could be a promising addition
for pain management in the mouse osteotomy model and mouse models in general, no
corresponding product is available on the European market as of today. However, multiple
sustained-release formulations of buprenorphine for veterinary use are legally marketed in the
USA (Schreiner et al. 2020; Food and Drug Administration 2022). To do so, a veterinary drug
intended for a minor species must either be approved, conditionally approved, or indexed by
the FDA (Food and Drug Administration 2019). Different sustained-release buprenorphine
preparations for rodents are indexed and marketed as unapproved animal drugs for minor
species in the USA (Arras et al. 2020; Schreiner et al. 2020). As of January 2023, three
buprenorphine extended/sustained-release formulations (BupreLab-Rat, BupreLab-Mouse
and Ethiga XR) for the management of post-procedural pain in mice and/or rats are listed in
The Index of Legally Marketed Unapproved New Animal Drugs for Minor Species (Food and
Drug Administration 2022). The product Buprenorphine SR-Lab from ZooPharm (Fort Collins,
CO USA) was also listed in The Index of Legally Marketed Unapproved New Animal Drugs for
Minor Species (Schreiner et al. 2020) and used for pain management in a variety of studies
(see e.g., (Foley et al. 2011; Carbone et al. 2012; Clark et al. 2014; Healy et al. 2014; Kendall
et al. 2016; Myers et al. 2021)). However, it is currently not listed as of January 2023 (Food

and Drug Administration 2022). Even though different sustained-release preparations of
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buprenorphine are available in the USA, their import to Europe was not successful in past

attempts, likely due to their legal marketing status.

Simbadol (Zoetis, Parsippany, NJ USA), another commercially available option in the USA, is
a high-concentration formulation of buprenorphine with a recommended reapplication
frequency of 24h, indicated and FDA-approved for the use in cats (Myers et al. 2021). Its
effectiveness has also been evaluated in other species, including mice, rats, and Rhesus
macaques (Allen and Johnson 2018; Mackiewicz et al. 2019; Myers et al. 2021). However,
Myers et al. identified that Simbadol did not provide prolonged serum concentrations in mice
(Myers et al. 2021). Moreover, Allen and Johnson concluded that only the highest dosage of
Simbadol resulted in short hypoalgesic effects in rats (Allen and Johnson 2018). The use of
Simbadol for prolonged analgesia in mouse models, therefore, does not seem to be a feasible

option.

The absence of sustained-release buprenorphine formulations on the European market
impedes the road to more stress-free pain management options for a great number of
laboratory rodents in Europe. Thus, different experimental depot formulations of buprenorphine
have been developed in recent years (Jirkof et al. 2015; Schreiner et al. 2020; Schreiner et al.
2021). In detail, Schreiner and colleagues successfully designed and tested an experimental
microparticulate sustained-release formulation of buprenorphine, based on poly-lactic-co
glycolic acid (PLGA) for prolonged analgesia in mice (Schreiner et al. 2020; Schreiner et al.
2021). Schreiner et al. suggest that this novel depot preparation shows promising properties
towards future industrial manufacturing and commercialization (Schreiner et al. 2021) and
further concluded that post-surgical pain relief was accomplished after minor surgery
(Schreiner et al. 2020). Specific binding concentrations of buprenorphine in the brain showed
therapeutic drug levels for at least 24h and a tendency for pain relief for at least 72h (Schreiner
et al. 2020). However, further evaluation of the pain-relieving properties of the sustained-
release buprenorphine in other, more severe, mouse models is still pending. Schreiner et al.
also pointed out that the currently available sustained-release preparations in the USA are not
available in Europe and that the available products in the USA might have shortcomings, for
example inflammation, erythema and necrosis at the injection site, as well as small injection
amounts and greater viscosity of the suspensions (Carbone et al. 2012; Page et al. 2019;
Schreiner et al. 2020; Myers et al. 2021; Schreiner et al. 2021).

As discussed above, further evaluations of the pain-relieving properties of the newly developed
experimental sustained-release buprenorphine (BUP-Depot) by Schreiner et al. in other and
more severe mouse models are currently lacking. The second objective of this thesis,
therefore, focused on investigating the analgesic efficacy of the BUP-Depot by Schreiner and

colleagues for post-surgical analgesia in two adequately stabilized mouse femoral osteotomy
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models (rigid and flexible fixation). It was evaluated whether one injection of the experimental
sustained-release buprenorphine ensured adequate analgesia in both osteotomy models in
male and female mice. For this, the pain-relieving effects of the BUP-Depot were compared to
the established pain management protocol using tramadol application via the drinking water
(Wolter et al. 2023a), which has already been successfully used in mouse osteotomy models
(see e.g., (Jirkof et al. 2019a)). Both protocols were evaluated for their analgesic efficacy, side
effects, and potential implications on fracture healing in female and male C57BL/6N mice, as
sex has been shown to influence pain perception and opioid sensitivity in laboratory mice
(Wolter et al. 2023a).

In the following paragraphs, the key findings related to general parameters as well as model-
specific parameters and potential side effects on fracture healing outcome are discussed.
Several studies showed anesthesia- and analgesia-associated effects on multiple parameters
that are often used for pain assessment in mice (Liles and Flecknell 1992; Goecke et al. 2005;
Langford et al. 2010; Miller et al. 2015; Oliver et al. 2018; Jirkof et al. 2019a). Therefore, a
consecutive and integrative study design was utilized to decrease overall animal numbers and
to establish intra-individual baselines for the assessment of different parameters and
behavioral assessments regarding anesthesia- and analgesia related effects (Wolter et al.
2023a).

General parameters: The analyses of general parameters of well-being included the
assessment of the animals’ body weight, the food- and water intake, nest building behavior,
explorative behavior, and the assessment of the composite pain score. The reduction of food
intake was in line with the general body weight development. The reduction of body weight
observed after osteotomy was rather low (range of 5%) and similar to the body weight reduction
observed after anesthesia and analgesia alone (Wolter et al. 2023a). This is in line with another
study by Jirkof et al. that also reported a rather low impact of the osteotomy surgery on body
weight and food intake compared to the effect of analgesia and anesthesia (Jirkof et al. 2019a).
Effects of opioid analgesia and multimodal analgesia on body weight without painful stimuli
has also been shown by other authors (Jirkof et al. 2015; Oliver et al. 2018). This highlights
the need for anesthesia-only and analgesia-only control groups when evaluating pain
management protocols or, potentially preferable, the use of consecutive study designs to
compensate for intra-individual differences. In all groups, body weight and food intake were
lowest after 24h and recovered over 48h and 72h post-anesthesia and post-osteotomy. Group
differences were not observed (Wolter et al. 2023a). Even though constipation is a reported
side effect of chronic opioid application (Young et al. 2018), reduced defecation was only
observed at 12h after both interventions and overall defecation within each cage appeared

normal. The overall water intake did not differ between groups, thereby ruling out potential
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adverse implications of tramadol in the drinking water on the total water uptake. However, it
must be noted that the drinking amount was reduced to around 50% in the first 24h after
anesthesia/analgesia-only and after surgery (Wolter et al. 2023a). This can be critical as the
analgesic supply is reduced accordingly during this period, which can be especially
problematic in more painful models. Sauer et al. also showed that water intake in mice during
the light period was less frequent due to circadian rhythms (Sauer et al. 2016). It has, therefore,
been suggested that additional repeated injections during the light phase of the day could be
beneficial in case of moderate to severe pain (Sauer et al. 2016; Arras et al. 2020). While the
handling-free application, and therewith stress-free application, of oral analgesia via the
drinking water is a great benefit, disadvantages include inaccurate dosing and lack of uptake
control, further perpetuated by the reduction of the overall water intake after anesthesia,
analgesia and surgery, altered taste and the circadian rhythm (Sauer et al. 2016; Jirkof et al.
2019a; Arras et al. 2020). In conclusion, the oral application of analgesics is a good addition
or alternative to repeated injections. Nevertheless, the availability of analgesic sustained-
release formulations would further help to greatly expand pain management options for mice

in Europe.

In our study, nest building remained largely unaffected by anesthesia/analgesia and by
osteotomy (Wolter et al. 2023a). However, these findings are contrary to the results of a
previous study, where the nest building was negatively influenced by osteotomy (Jirkof et al.
2019a). These discrepancies might be explained by general differences between studies, such
as the amount of nesting material or individual dissimilarities in scoring (Wolter et al. 2023a).
Jirkof et al. proposed that the analyses of nest building behavior might be a helpful indicator to
detect reduced well-being but also recognized that it may not be able to assess the
effectiveness of pain treatment (Jirkof et al. 2013b). They suggest that reduced nest building
qualities might also be the result of physiological stress or motor impairment (Jirkof et al.
2013b). However, a study by Arras et al. showed that nest building qualities were in line with
aberrant heart rate and heart rate variability after laparotomy, thereby supporting the
hypothesis that this parameter can be evidential of post-surgical pain (Arras et al. 2007). In
summary, analyses of body weight, food- and water intake, nest building, and explorative
behavior did not show differences between the two analgesic regimes and two fixations in both
sexes (Wolter et al. 2023a).

The used composite pain score appeared to be a more sensitive tool. When comparing
composite pain score baseline values to composite scores post-anesthesia/analgesia, our
results showed that anesthesia and analgesia only already had an impact on the composite
pain score (Wolter et al. 2023a). This finding is comparable with results from other studies

(Miller et al. 2015; Jirkof et al. 2019a). Subsequently, a delta for each individual mouse was
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calculated, in an attempt to represent the actual effect of surgery. The highest delta composite
score in all groups was reached at 12h and 24h, and then gradually decreased over 48h and
72h post-osteotomy. Significant group differences were observed at 24h and 48h (Wolter et al.
2023a). Thus, the delta composite pain score seemed to reveal possible shortcomings of the
tramadol treatment in male mice with the flexible fixation that were not detectable through the
analyses of other general parameters, including body weight development, food-, and water
intake and the analyses of nest building and explorative behavior (Wolter et al. 2023a).
Although the composite score is also influenced by distress or reduced well-being (e.g.,
induced by anesthesia or analgesia) (Arras et al. 2007; Jirkof et al. 2019a), it still seems to be
a sensitive tool to detect minor (residual) pain that might be not detected by other general
indicators for pain. This again highlights the need for the use and combination of a multitude
of parameters when attempting to reliably detect signs of pain in laboratory animals. It must
also be noted that regular assessment of well-being and the detection of pain in animal
experiments using score sheets often consist of the monitoring of body weight development,
other general parameters and cage-side measures. However, our results suggest that these
measures might not be able to detect subtle residual pain, thereby possibly leading to
undetected pain, particularly in established pain management protocols where adequate
analgesic coverage is already assumed (Wolter et al. 2023a). This can be especially critical in
terms of changes in dosages or applications intervals and the use of different strains or model-
specific adaptations such as varying fixation methods, where adequate pain coverage might
be expected due to its effectiveness under slightly different circumstances. The critical and
regular reevaluation of current pain management protocols and pain assessment tools is,
therefore, important to further improve pain assessment and pain management and thereby

animal welfare in laboratory animals.

The assessment of all general parameters analyzed within the study indicated a satisfactory
efficacy of a single BUP-Depot injection, comparable or possibly even superior to the
application of tramadol with the drinking water. Moreover, the delta composite score revealed
possible shortcomings of the tramadol treatment in male mice with the flexible fixation (Wolter
et al. 2023a).

Model-specific parameters: The assessment of model-specific parameters included a
manual gait analysis and an automatic gait analyses system (Noldus CatWalk XT). Both
revealed alterations in walking performance after osteotomy, with variations observed between
groups. While manual gait analyses revealed descriptive differences in limping between the
two differently fixated male groups treated with tramadol, these differences were not significant
(Wolter et al. 2023a). The automatic locomotion analyses with the Noldus XT Catwalk,

however, resulted in more prominent group differences, revealing deficits in male mice with
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the flexible fixation and tramadol as their pain management in the relative velocity, relative
mean intensity and relative stride length, compared to other groups. Spearman correlation
between relative velocity and relative mean intensity as well as relative stride length showed
moderate to strong correlations (Wolter et al. 2023a). Thus, the reduced speed directly
impacted relative mean intensity and relative stride length. This illustrates why these two
parameters revealed group differences between the male mice, while no group differences
were observed with respect to relative stance duration, which correlated only very weakly with
relative velocity (Wolter et al. 2023a). The Noldus CatWalk, compared to forced gait analysis
on treadmills or running wheels, allows a free and voluntary movement of the animals and
therewith varying velocities recordings (Batka et al. 2014; Jacobs et al. 2014; Tappe-Theodor
et al. 2019). Our results highlight the need to analyze the results of this automatic locomotion
analysis in relation to the relative speed (Wolter et al. 2023a). Batka et al. also underlined the
need for speed evaluation in mouse gait analyses by showing that over 90% of parameters
assessed by the CatWalk XT were dependent on speed (Batka et al. 2014). They also found
marked intraindividual and interindividual differences in average speed on a single day as well
as between animals across time (Batka et al. 2014). Failure to account for the potential effects
of velocity changes can, therefore, affect the results of gait analysis (Cendelin et al. 2010;
Batka et al. 2014; Wolter et al. 2023a).

CatWalk analysis has been used in many different mouse and rat models, however, to our
current knowledge, it has only been used once in a fracture model, where Hofman et al. utilized
the system to assess the impact of an intramedullary stabilized femur fracture in rats on
ambulation and muscle atrophy during the fracture healing process (Hofman et al. 2020). Its
use as a model-specific indicator for pain in fracture models is, therefore, a relatively new
approach and has not been evaluated after (long-bone) fracture in mice yet. As expected, the
CatWalk system allowed for a more sensitive and in-depth analysis of affected gait patterns
than the manual gait analyses (limping score). However, its conduct and the following data

analyses were also more time-consuming.

Analyses of both model-specific gait parameters were in line with the analyses of general
parameters and suggested a good analgesic efficacy of the sustained-release buprenorphine
in both fixations and sexes that might have been more sufficient than the tramadol application
via the drinking water with respect to male mice with the more flexible fixation (Wolter et al.
2023a).

Overall outcome regarding analgesic efficacy: The combined assessment of general
clinical, behavioral, and model-specific parameters used in the study identified that one
injection of the BUP-Depot achieved sufficient analgesia for 72h after femoral osteotomy in

C57BL/6N mice (Wolter et al. 2023a). The use of a delta composite pain score and an
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automatic gait analysis proved to be valuable tools for the evaluation of analgesic efficacy in
the mouse osteotomy model. Both parameters potentially identified slight insufficiencies in the
pain treatment of tramadol application via the drinking water in male mice with the flexible
fixation that were not detectable through other, commonly used, general parameters. Overall,
analgesia after one BUP-Depot application appeared to be very good in both sexes and in both
fixation stiffnesses, comparable to tramadol in the drinking water, and potentially superior to

tramadol in the drinking water in the male group with the flexible fixation (Wolter et al. 2023a).

Fracture healing outcome: Analyses of fracture healing outcome two weeks after osteotomy
using ex-vivo UCT and histomorphometric analysis as well as vessel staining revealed that the
analgesic treatments did not have adverse effects on fracture healing. However, as expected,
the two fixations resulted in dissimilar bone formation. Female and male mice from both
treatment groups exhibited decreased bone formation and increased cartilage formation with
the more flexible fixator as compared to the more rigid fixation (Wolter et al. 2023a). As outlined
before, researchers often fear the potential implications of analgesics on their respective
models and data (Mogil et al. 2020). The analysis of possible impacts of analgesics is,
therefore, also especially important when evaluating new analgesic formulations for their
potential use in orthopedic research. Ex-vivo uCT and histomorphometric analyses of fracture
healing outcome indicated no significant differences between the two analgesic treatments,
suggesting that the newly developed BUP-Depot can be safely employed in the mouse models
studied here (Wolter et al. 2023a). This is in line with a previous study that showed that the
application of buprenorphine as well as low and high doses of tramadol via the drinking water
over 72h did not impact fracture healing in a stable fixated mouse osteotomy model (Jirkof et
al. 2019a).

Limitations: In the presented study, the analgesic efficacy was evaluated in C57BL/6N mice,
but not in other mouse strains. It has been shown that mouse strains can differ in their response
to pain and analgesia (Smith 2019). However, as described by Wolter et al., the C57BL/6
mouse strain is the most commonly used mouse strain in adequately stabilized mouse fracture
models (Wolter et al. 2021) and it can be proposed that the evaluation of the analgesic
properties of the BUP-Depot in a C57BL/6 strain, therefore, had most value for this model.
Although the consecutive study design allowed individual analysis of the effects associated
with anesthesia and analgesia on the evaluated parameters, and a reduction in total animal
numbers, a specific differentiation between anesthesia and analgesia-associated effects was
not possible. To do so, both interventions would additionally have had to be performed and
observed separately, which would most likely have resulted in a higher total animal number
and in a higher cumulative burden on the animals. Furthermore, the injection site of the BUP-

Depot was only examined macroscopically, but not histologically. Schreiner et al. observed
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that only 2 out of 75 mice which received the sustained-release buprenorphine showed mild
local reactions after injection (Schreiner et al. 2020). Although no macroscopic effects were
observed in the mice receiving the BUP-Depot in this study, postmortem histological
examination of the injection site may have helped to confirm the macroscopic observations
and should be considered in future studies. However, as mice were euthanized 2 weeks after

the last injection of the BUP-Depot, only long-term effects would have been observable.

Outlook: While the administration of analgesics via the drinking water is already a valuable
alternative or addition to repeated injections, the availability of sustained-release formulations
such as of buprenorphine would greatly help to further broaden the field of analgesic options
in Europe. We found a promising analgesic efficacy of the novel and experimental sustained-
release buprenorphine in female and male mice in two mouse osteotomy models. We propose
that the availability of the BUP-Depot could have the potential to further refine analgesia in
animal-based studies in Europe. However, the evaluated sustained-release buprenorphine is
an experimental formulation and is currently not approved. The formulation is, therefore, not
commercially available and cannot be regularly used for analgesia in mice. It can currently only
be used in animal-based studies if its analgesic efficacy is evaluated within the utilized mouse
model (“for research purpose only”). The process to import the BUP-Depot from Basel,
Switzerland, to Germany was also highly time-consuming (>6 months) and might be a further
hindrance for future testing, at least in Germany. As buprenorphine is listed in Annex Il of the
German Narcotics Acts [Betaubungsmittelgesetz (BtMG)], its import, storage and distribution
are subjected to strict conditions. Nevertheless, further evaluation of the sustained-release
buprenorphine in other mouse models is highly advisable, as the formulation showed excellent
analgesic efficacy after a single injection in the two analyzed osteotomy models. The
availability of a sustained-release buprenorphine formulation for regular use in animal studies
would be highly desirable and could represent a major advance in pain treatment in laboratory
mice in Europe. However, whether a regulatory approval of experimental formulations in
Europe or the import of existing products from the USA might be realistic in the near or far

future, is beyond the scope of this thesis.

7.3 Evaluation of rearing behavior as a model-specific indicator in mouse osteotomy
models

For pain assessment in mouse fracture models, different general and model-specific indicators

are usually combined, integrating varying clinical parameters and spontaneous behaviors. An

often-used model-specific parameter in long-bone fracture models is the assessment of

walking behavior. As rearing behavior has a high ambulatory component and the animals must

put weight on their hind legs to get into an upright position, it is reasonable to suggest that the

assessment of rearing behavior might also be a helpful additional model-specific parameter for
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pain assessment after a long-bone fracture (Wolter et al. 2023b). Rearing behavior has been
analyzed in a variety of contexts for over 50 years (Lever et al. 2006) (see e.g., (Van Abeelen
1970; Simiand et al. 1984; Adamah-Biassi et al. 2013)) and as a spontaneous, exploratory
behavior, it is relatively easy to assess and shows high inter-experimenter correlations (Lever
et al. 2006; Kendall et al. 2016). It has also been used to detect reduced well-being and
possibly pain after (surgical) interventions, such as laparotomy and vasectomy (see e.g.,
(Wright-Williams et al. 2007; Leach et al. 2012; Kendall et al. 2016)). However, its use in mouse

fracture models is still scarce and seems to have only become more common in recent years.

Use of rearing behavior analyses in mouse fracture models: Although some studies that
used mouse fracture/osteotomy models analyzed rearing behavior, the analyses differed
greatly between studies, including various time points and periods post-surgery and different
assessment methods and settings. While some studies used manual assessment methods,
resulting in short observation periods, others used automatic assessments that allowed for
distinctly longer observations (Koewler et al. 2007; Das et al. 2017; Majuta et al. 2017; Majuta
et al. 2018; Jirkof et al. 2019a; Magnusdottir et al. 2021). This makes comparisons between
results difficult. Model-specific factors also differed markedly, with divergent fracturing and
fixation methods of the femur or tibia. Major differences were also noticeable in the pain
management, including vehicle (PBS) only treatment, anti-NGF treatment, a single injection of
buprenorphine and application of tramadol or buprenorphine with the drinking water (see e.g.,
(Koewler et al. 2007; Majuta et al. 2015; Das et al. 2017; Majuta et al. 2018; Jirkof et al. 2019a;
Magnusdottir et al. 2021)). It has been shown that rearing can be further influenced by a great
variety of environmental and experimental external influences, including anxiety, fear, injected
substances, the environment, the set-up in which rearing is measured as well as habituation
and familiarization to the set-up, the light/dark phase, noise, stress and more (Lever et al.
2006). Furthermore, intrinsic factors such as sex, strain, and age have also been shown to
influence rearing behavior (Van Abeelen 1970; Tang and Sanford 2005; Fahlstrém et al. 2011).
Although some studies analyzed rearing behavior in mouse fracture models, these studies did
not specifically focus on the validation of rearing behavior as pain parameter within the first

72h after fracture in mice.

Therefore, the third objective of this thesis was to investigate whether the evaluation of rearing
behavior could serve as an additional model-specific indicator for pain in adequately stabilized
femoral osteotomy models. For this, data collection was retrospectively performed using video
material and scoring results from our own previous study of the tramadol-in-drinking-water
groups (see., 5. “A Buprenorphine depot formulation provides effective sustained post-surgical
analgesia for 72h in mouse femoral fracture models”) (Wolter et al. 2023b). There is no

duplication of results published in the previous study.
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Assessment of rearing behavior as a potential model-specific indicator for pain in
mouse osteotomy models: The general assessment of absolute and relative rearing time
showed that rearing behavior in both sexes was similar between the two baseline
measurements and between the three measurements after anesthesia. Thus, rearing behavior
did not appear to be affected by anesthesia/analgesia at the measured timepoints (Wolter et
al. 2023b). In our previous study, we showed that the impact of anesthesia and analgesia on
the food and water intake as well as the body weight development were greatest at 24h (Wolter
et al. 2023a), while no impact on rearing behavior was observed 24h post-
anesthesia/analgesia (Wolter et al. 2023b). This could be an advantage of rearing assessment
compared to the assessment of other parameters, such as food and water intake, and body
weight development, especially at the 24h time point. When analyzing the influence of
anesthesia and analgesia on rearing behavior at earlier time points, Jirkof et al. observed
reduced rearing behavior in C57BL/6J mice at 1h and 6h post isoflurane anesthesia, compared
to later timepoints (Jirkof et al. 2019a). While Miller et al. found no significant effects of
isoflurane anesthesia on rearing 30 min after recovery compared to baseline measurements
in CBA and DBA/2 mice, they did find that buprenorphine application led to significantly
reduced rearing 45 min after the injection compared to baseline measurements in CBA mice
but not DBA/2 mice (Miller et al. 2015).

Kendall et al. observed the absolute rearing time for 5-minute periods at 0, 1, 3, 6, 12, 24, 48,
and 72h post-laparotomy in female Crl:CD1(ICR) mice and showed that the least amount of
rearing occurred shortly after surgery and that baseline values were reached or exceeded at
72h post-surgery (Kendall et al. 2016). Miller and colleagues found that, compared to baseline
values, rearing frequency in CBA mice was significantly reduced at 30 minutes and 5h post-
abdominal vasectomy, but returned to baseline values at 24 hours post-surgery (Miller et al.
2016). In our study, absolute rearing duration was also significantly reduced after osteotomy
in both sexes and both fixations, thereby seemingly directly depicting the effect of the surgery
on rearing behavior (Wolter et al. 2023b). In contrast to the results of Kendall et. al and Miller
et al. (Kendall et al. 2016; Miller et al. 2016), in our study, absolute rearing time in female mice
did not recover between 24h and 72h, whereas male mice showed some recovery in absolute
rearing time over 72h (Wolter et al. 2023b). However, when assessing the recovery of relative
rearing time (baseline/osteotomy), significant differences in both sexes compared to the
baseline were still apparent at 72h after osteotomy (Wolter et al. 2023b), therefore, showing
less recovery over 72h after osteotomy than described by Kendall and colleagues after
laparotomy (Kendall et al. 2016). This is explicable by the different models and the
accompanying impairment of the musculoskeletal system in the mouse-osteotomy model. In
contrast to other parameters used for the assessment of well-being and pain, such as body

weight development, food- and water intake, and the pain composite score, rearing behavior
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remained reduced and did not recover to baseline values after 72h (Wolter et al. 2023b). This
ongoing reduction of rearing behavior might, therefore, depict expectable surgery-related
deficits in the skeletal system and ambulation rather than residual pain (Wolter et al. 2023b).
Although the results of our previous study suggested that pain management in the male mice
with flexible fixation and tramadol treatment may have led to mild residual pain in this group
(Wolter et al. 2023a), rearing behavior between the two male fixation groups did not differ
(Wolter et al. 2023b), thereby suggesting that rearing behavior analyses might not be sensitive
enough to detect mild residual pain. This is in line with findings from Kendall et al., who showed
that although the application of buprenorphine did not appear to provide sufficient analgesia in
their used laparotomy model, they also found no differences in absolute rearing duration
between the three different treatment groups (Kendall et al. 2016). In contrast, Majuta et al.
observed significant differences in rearing behavior in the exploratory phase between vehicle
(PBS) treated mice and mice treated with anti-NGF after pin-stabilized femur fracture at 1d and
3d post-surgery (Majuta et al. 2018). It therefore might be possible that the analysis of rearing

behavior is able to detect differences when the pain coverage is distinctly unequal.

We found that the relative rearing time was significantly reduced compared to the baseline
values independent of sex, fixation, and gait (limping), but overall, our analyses could not
identify a coherence between relative rearing time and the presence or absence of limping. In
our previous study, we proposed that persistent gait alteration over 72h or 10d may be due to
incomplete functional recovery after surgery rather than pain, as there were no additional
indications of pain observed at 72h post-surgery (Wolter et al. 2023a). This could, therefore,
also be the case for a reduced rearing at 10d post-surgery. It could also be possible that
familiarization with the environment and study set-up might play a role in the reduced rearing
frequency at 10d post-osteotomy, as other studies provide evidence that familiarization with

the environment reduces rearing behavior (Lever et al. 2006; Durst et al. 2021a).

Limitations and outlook: Due to its time-consuming nature, manual assessment of rearing
behavior in our study only allowed for short observation periods outside the home cage and
during the light phase of the day. Majuta et al. showed that greatest activity and greatest
differences between groups were found in first the 30 - 60 minutes after the mice were placed
in the observation boxes (exploratory phase) and in the first three hours of darkness (Majuta
et al. 2018). Fahlstrom et al. also showed that the differences in rearing frequency between 3-
, 8- and 28-month-old mice were most striking in the first 30 minutes (= explorative phase)
(Fahlstréom et al. 2011). Even though these findings underline the relevance and benefits of
observing spontaneous activity such as rearing during the night phase, where nocturnal
animals are the most active (Majuta et al. 2018), it also demonstrates that analyses during the

exploratory phase shows promising capacities to highlight group differences. Therefore, we
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conclude that using the exploratory phase for manual assessment of rearing behavior, as done
in our study, seems to be a meaningful approach. In terms of future analyses of rearing
behavior, manual and automatic assessments appear to be reasonable approaches depending
on the research question. However, especially the time-consuming nature of manual rearing
behavior analyses makes it unsuitable for routine real-time monitoring of well-being or pain. It
appears to be better suited for a retrospective analysis, as used in this study. In the present
study, data were analyzed by manual assessment only. However, the comparison of manual
analyses to the results gained by automatic assessments could be an interesting line of inquiry
for future studies. In this study, rearing behavior after osteotomy was only assessed in
C57BL/6N mice. Strain differences in rearing behavior have been well described. Back in 1970,
van Abeelen found that C57BL mice generally reared more than DBA mice, while C57BL also
showed higher variances in rearing than DBA mice (van Abeelen 1970). Since then, strain
differences in rearing have been reported in multiple studies (Tang and Sanford 2005;
Adamah-Biassi et al. 2013; Delprato et al. 2017). Analyses of rearing behavior after osteotomy
in relation to pain assessment in another strain, therefore, might lead to differing results.
However, as proposed before, the C57BL/6 strain is the most used mouse strain in adequately
stabilized femur fracture models (Wolter et al. 2021) and the analyses of rearing behavior in
this strain is, therefore, suitable for the proposed research question. We propose that future
studies using fracture or osteotomy models of long bones in mice could integrate analyses of
rearing to further validate its potential practical and informative value as a model-specific

assessment tool in fracture-related mouse models.
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8 Summary

Preclinical research using animal models is still imperative in biomedical sciences to address
the unmet clinical needs in many areas such as fracture healing disorders. General ethical and
legal requirements must be carefully considered to provide scientific quality and integrity in
animal-based studies. Sufficient reporting, adequate pain assessment and adapted pain
management in animal-based research are crucial to generate reliable, reproducible, and

comparable data, in line with the humane use of animals in research.

However, ongoing discussions in the scientific community and various systematic literature
analyses have indicated that the overall reporting quality in many areas of animal-based
biomedical research is still inadequate. Therefore, the first aim of this thesis was to evaluate
the status quo of the reporting accuracy of different general and model-specific parameters
and the respective analgesia regimes in studies using adequately stabilized mouse femoral
fracture models. High reporting accuracies were identified for the used fixation methods and
fracturing procedures as well as the used strain, age, and sex of the mice, while insufficient
reporting was found regarding the substrain and genetic background of the mice, body weight,
hygiene monitoring, anesthesia, and analgesia. The systematic review also showed marked
differences in the route, timepoint and duration of application as well as analgesic dosages,
further indicating a need for more evidence-based data on model-adapted pain management

protocols.

The adequate pain assessment and an adapted stress-reduced pain management in
laboratory rodents are ongoing challenges, yet essential to improve animal welfare and
increase scientific validity and reproducibility. To reduce handling-associated stress while
covering the period of greatest pain, the application of analgesics via the drinking water or the
injection of sustained-release preparations can be used as an addition or an alternative to
repeated injections. However, no sustained-release preparation for pain management in mice
is currently available on the European market. The introduction of such a sustained-release
buprenorphine would, therefore, be of great benefit for extended pain relief in a variety of
different mouse models. Thus, the second part of the thesis focused on the evaluation of the
analgesic efficacy of a newly developed depot formulation of buprenorphine (BUP-Depot) for
prolonged post-operative pain relief in two mouse osteotomy models. Following a single
injection, the analyses of various general and model-specific parameters yielded promising
pain-relieving properties of the BUP-Depot for up to 72h post-surgical in female and male mice
in both models. The availability of such a sustained-release formulation of buprenorphine
would greatly help to further broaden the field of analgesic options in Europe and could have

the potential to further refine analgesia in animal-based studies in Europe.
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In the third part of the thesis, rearing behavior was evaluated to serve as an additional and
meaningful model-specific indicator for pain in the first 72h after femoral osteotomy in mice.
The analyzed data indicated significantly reduced rearing behavior after osteotomy,
independent of sex or fixation, while anesthesia and analgesia alone did not impact rearing
behavior. However, there was no clear evidence that the analysis of rearing behavior could
serve as a meaningful sole indicator for residual model-specific skeletal pain in the analyzed
models. Thus, further studies are needed to evaluate the value and predictive capacity of

rearing behavior to assess pain in skeletal-impaired mouse models.

Overall, this thesis demonstrates that the accuracy of reporting in mouse fracture models
needs to be further improved and that guidelines such as the ARRIVE guidelines should be
more actively addressed in future studies. Furthermore, the data demonstrated safe use and
efficient analgesia of a newly developed sustained-release buprenorphine for 72h after femoral
osteotomy and underline the need and relevance of the availability of sustained-release
analgesics for refined analgesia in laboratory mice in Europe. Lastly, this thesis indicates an
ongoing need for further in-depth analysis and evaluation of easy-to-use and reliable indicators

for pain in laboratory mice to ensure animal welfare.
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9 Zusammenfassung

Schmerzerkennung und —-management in Maus-Femur-Fraktur-Modellen

Aktuell bleibt die praklinische Forschung im Tiermodell in den biomedizinischen
Wissenschaften nach wie vor unverzichtbar, um den klinischen Bedarf in vielen Bereichen wie
zum Beispiel bei Frakturheilungsstérungen zu decken. Um dabei die wissenschaftliche
Qualitdt und Integritat tiergestutzter Studien zu gewahrleisten, mussen die allgemeinen
ethischen und rechtlichen Anforderungen sorgfaltig berticksichtigt werden. Ein umfassendes
Reporting, eine differenzierte Schmerzbeurteilung und eine angepasste Schmerzbehandlung
sind dabei von entscheidender Bedeutung, um verlassliche, reproduzierbare und

vergleichbare Daten aus tiergestitzten Studien zu generieren.

Anhaltende Diskussionen in der wissenschaftlichen Gemeinschaft und zahlreiche
systematische Literaturanalysen haben jedoch gezeigt, dass die Qualitdt des Reportings in
vielen Bereichen der tiergestutzten biomedizinischen Forschung noch immer unzureichend ist.
Daher wurde in dieser Arbeit zunachst der aktuelle Stand der Reporting-Qualitat in Bezug auf
verschiedene allgemeine und modellspezifische Parameter sowie die eingesetzten
Analgetika-Plane in Studien mit stabilisierten Maus-Femur-Fraktur-Modellen erfasst. Die
Auswertung ergab eine hohe Reporting-Qualitat hinsichtlich der eingesetzten Fraktur- und
Fixierungsmethoden und sowie in Bezug auf den Stamm, das Alter und das Geschlecht der
verwendeten Tiere. Das Reporting der Substamme und des genetischen Hintergrundes, des
Korpergewichts, der Hygienelberwachung, der Anasthesie und Analgesie war hingegen
unzureichend. Das systematische Review zeigte auRerdem deutliche Unterschiede in Bezug
auf den Applikationsweg, -zeitpunkt und die -dauer sowie die Dosierungen der verwendeten
Analgetika auf und unterstreicht damit einen weiterhin bestehenden Bedarf an

evidenzbasierten Daten fir modellspezifische Schmerzbehandlungsprotokolle in der Maus.

Die differenzierte Schmerzbeurteilung und ein angepasstes und stressreduziertes
Schmerzmanagement bei Labornagern stellen eine fortwahrende Herausforderung dar, sind
fur die Verbesserung des Tierschutzes und die Erhdhung der wissenschaftlichen Validitat und
Reproduzierbarkeit jedoch unerlasslich. Methoden wie die Verabreichung von Analgetika Gber
das Trinkwasser oder die Injektion von Depotpraparaten mit verzdgerter Wirkstofffreisetzung
kénnen genutzt werden, um den Stress durch wiederholte Injektionen zu reduzieren und
gleichzeitig den Zeitraum der zu erwartenden Schmerzen abzudecken. Derzeit ist jedoch kein
Depotpraparat fur die verlangerte postoperative Schmerzlinderung bei Mausen auf dem
europaischen Markt erhaltlich und die Einfihrung eines Buprenorphins mit verzégerter

Wirkstofffreisetzung in Europa wirde sich daher in einer Vielzahl von Mausmodellen als
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Zusammenfassung

Uberaus nutzlich erweisen. Daher befasste sich der zweite Teil der Arbeit mit der Bewertung
der analgetischen Wirksamkeit eines neu entwickelten Depot-Buprenorphins (BUP-Depot) in
zwei Maus-Osteotomie-Modellen. Die umfassende Auswertung unterschiedlicher allgemeiner
und modellspezifischer Faktoren ergab, dass das BUP-Depot bei weiblichen und mannlichen
Mausen und in beiden Modellen bis zu 72 Stunden post-operativ vielversprechende
schmerzlindernde Eigenschaften aufwies. Die Verfligbarkeit eines solchen Buprenorphins mit
verzdgerter Wirkstofffreisetzung konnte erheblich zur Erweiterung der verfligbaren
analgetischen Optionen beitragen und das Potenzial besitzen, die Analgesie in tiergestutzten

Studien in der Maus in Europa weiter zu verbessern.

Im dritten Teil dieser Arbeit wurde das Rearing-Verhalten (Aufrichten auf die Hinterbeine) als
potenziell aussagekraftiger modellspezifischer Indikator flr die Schmerzbeurteilung in den
ersten 3 Tagen nach Femur-Osteotomie in der Maus untersucht. Die analysierten Daten
wiesen auf ein signifikant reduziertes Rearing-Verhalten nach Osteotomie hin, unabhangig von
Geschlecht oder Fixierung, wahrend die Anasthesie und Analgesie allein keinen Einfluss auf
das Rearing-Verhalten zu haben schienen. Es gab jedoch keine eindeutigen Hinweise darauf,
dass die Analyse des Rearing-Verhaltens als alleiniger Indikator fiir modellspezifische
muskuloskelettale Schmerzen in den untersuchten Modellen hilfreich ist. Zukilnftig sind daher
weitere Studien notwendig, um den Nutzen und die Aussagekraft des Rearing-Verhaltens zur
Beurteilung von muskuloskelettalen Schmerzen in Maus-Osteotomie-Modellen konkret zu

bewerten und einzuordnen.

Insgesamt zeigt diese Arbeit, dass die Genauigkeit des Reportings in Maus-Fraktur-Modellen
weiter verbessert werden muss und dass Leitlinien, wie die ARRIVE-Guidelines, in Zukunft
aktiver berucksichtigt und angewendet werden sollten. Darlber hinaus unterstreichet die
Arbeit die Notwendigkeit, Relevanz und Vorteile der Verfiigbarkeit von Analgetika mit
verzogerter Wirkstofffreisetzung fur die Anwendung bei Labormausen in Europa. Die
Auswertungen ergaben eine sichere Anwendung und effektive Schmerzlinderungen eines neu
entwickelten Buprenorphin Depot Praparates in mannlichen und weiblichen Mausen fir 72
Stunden nach Osteotomie. Weiterhin verdeutlicht die Arbeit die bestehende Notwendigkeit flir
die detaillierte Analyse und Beurteilung von moglichst verldsslichen und anwendungs-
freundlichen Indikatoren zur Erkennung von Schmerzen bei der Labormaus, um so den

Tierschutz zu gewahrleisten.
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