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Abstract
Eliminating all unnecessary pain is of great importance when performing animal experimentation,

as well as reducing and controlling pain when using animals in pain research. The aim of the present
study was to refine an adjuvant-induced monoarthritis rat model by providing analgesia using a
transdermal fentanyl solution (TFS). Male and female Sprague Dawley rats, single- or pair-housed
were injected with 20 ul of complete Freund’s adjuvant (CFA) into the left ankle joint. CFA-injected
rats treated with a single dose of transdermal fentanyl solution (TFS) (0.33 mg/kg or 1 mg/kg), were
compared with an untreated CFA-injected group and sham groups receiving either no treatment or
TFS treatment (1 mg/kg) during 72 h. Transdermal fentanyl solution, administered in doses of 0.33
mg/kg or 1 mg/kg, resulted in decreased mechanical hyperalgesia, and improved the mobility,
stance, rearing and lameness scores of subjects six hours post CFA-injection. Joint circumferences
were not reduced by TFS treatment, and no significant differences were detected between various
doses of TFS, or between single or pair housed rats. Fentanyl appeared not to interfere with the
model development and characteristics. However, overall the analgesic effect was transient and
several opioid-related side effects were observed.

Abbreviations: CFA, complete Freund’s adjuvant; TFS, transdermal fentanyl solution



Introduction
Analgesics have the potential to reduce unnecessary suffering and to refine animal models of pain.
Providing adequate and long-lasting analgesia, while keeping confounding factors at a minimum, is
however challenging. Identifying novel or improved strategies is consequently of significant interest.
Long-acting formulations that can be given as a single dose, may have the advantage of providing
adequate analgesia while limiting stress due to frequent handling and repeated dosing.

Conventional analgesic drugs used in laboratory rodents (non-steroidal anti-inflammatory drugs
(NSAIDs) or opioids), are commonly administered by repeated injections requiring repeated
restraint of the animals. Therefore, improved analgesic strategies have been developed, e.g.
voluntary ingestion of buprenorphine mixed in water, gel, nut paste or in feed pellets.3 1> 20,21, 25,26,
28,30, 39, 42 These strategies are advantageous compared with repeated injections in being non-
invasive and thereby minimizing stress which could affect the experiments. Subjects may, however,
occasionally be reluctant to ingest the dosed medium, especially if the animal is unwell after surgery,
why this type of dosing may be unreliable. A sustained release formulation of buprenorphine has
been developed, where the drug is administered as a single subcutaneous injection, providing
therapeutic plasma concentrations for up to 24 h in rodents.1 16 12,29, 3% 47 The formulation is,
however, not commercially available in Europe presently.

Fentanyl is a highly potent p-opioid receptor agonist — 100 to 300 fold more potent than morphine.*°
It is highly lipophilic and passes the blood-brain barrier providing a rapid onset and short duration
of effect under traditional formulations.?? It is traditionally provided as a parenteral injection, or
through constant-rate infusion, due to its poor bioavailability and rapid clearance. However, it
possesses excellent skin flux properties and has been favored over other opioids for use in
transdermal delivery systems pre-emptively and postoperatively, in humans and animals alike.®
14,17, 24, 41, 44,46 A novel long-acting transdermal fentanyl solution (TFS) has been shown to provide
adequate post-operative analgesia for up to four days when applied as a single topical
administration of 2.6 mg/kg in dogs.3*3” A recent study examined the analgesic effect of TFS in male
Sprague Dawley rats, using a paw incision model of post-surgical pain.'? It was found that doses of
0.1, 0.33 and 1 mg/kg provided analgesic effects for 72 h. This has encouraged further investigations
of this treatment strategy, since it — besides being non-invasive —is suggested to have the advantage
of alleviating moderate to severe pain, avoiding first-pass metabolism, and providing long-acting
effects.lg' 19, 34,37

The aim of this study was to examine the analgesic effects of TFS on acute pain and inflammation in
male and female Sprague Dawley rats injected with complete Freund’s adjuvant (CFA) to induce
monoarthritis. Rats were either single or pair housed to test for whether pair-housed rats might
accidentally ingest TFS through social grooming, which could have an impact on the analgesic effect
for both parties. It was hypothesized that treatment with TFS would reduce pain-related behaviour
while having little to no impact on the acute inflammatory response. The latter is needed for proper



development of the arthritis model, i.e. the analgesic regimen must not interfere with model
development and characteristics. Moreover, it was hypothesized that TFS would reduce
hyperalgesia and attenuate pain-associated body weight loss over 72 h post induction.



Materials and Methods

Ethical statement. The study was approved by the Animal Experiments Inspectorate under
the Danish Ministry of Environment and Food (license number 2014-15-0201-00257). Animals were
housed in an AAALAC accredited animal facility and experiments were carried out in accordance
with the Guide for Care and Use of Laboratory Animals and the Directive 2010/63/EU.% %7

Animals and housing. A total of 160 RjHan:SD male and female Sprague Dawley rats from
Janvier Labs (Le Genest-Saint-Isle, France) were used. They were all aged seven weeks, weighing
approximately 200 g (females) and 300 g (males), and apparently healthy on arrival. In Experiment
1, rats were housed in pairs where both received the same treatment throughout the experiment,
whereas rats in Experiment 2 were housed in either pairs (receiving the same treatment) or single-
housed from the day of arrival and throughout the experiment. All rats were housed in NextGen Rat
1800 (Allentown Inc., Allentown, USA) (size: 572 mm x 287 mm x 412 mm) individually ventilated
cages (IVC) in the same room and on the same rack. The room had an artificial light-dark cycle of
12:12 hours with light from 6:00 to 18:00, with 15-30 min of twilight before and after each light
cycle. Cage temperature was monitored and maintained at 22 °C (+ 2 °C), a humidity of 55% (+ 10%)
and 75 air changes per hour. Pelleted food (Altromin 1314, Altromin BmhH & Co., Lage, Germany)
and tap water was available ad libitum. The cages were equipped with aspen chip bedding (Tapvei,
Harjumaa, Estonia), paper bedding (Enviro-Dri, Fibercore, Milford, USA), small wooden gnawing
sticks (Tapvei), cardboard tunnels (Lillico Biotechnology, Surrey, UK) and red polycarbonate rat
shelters (Molytex, Glostrup, Denmark). A small amount of pelleted food was placed on the bedding
to ease access to food.

Study design. Two separate experiments were conducted to explore the TFS treatment on the
model:
I.  Experiment 1 was aiming at comparing different doses of TFS for up to 72 hours post

induction. CFA-injected male and female rats received transdermal fentanyl solution (TFS)
(0.33 mg/kg or 1 mg/kg) and were compared with an untreated CFA-injected group and a
sham group receiving TFS treatment (0.33 or 1 mg/kg) (N = 8 in all groups; in total 64 rats).
II.  Experiment 2 was designed to investigate TFS treatment and the potential effect of pair- vs
single-housing on TFS-efficacy for up to 24 hours post induction. CFA-injected male and
female rats — either single or pair housed — received 1 mg/kg TFS, and were compared with
four sham groups either single- or pair-housed, with or without TFS treatment (N = 6 in all
groups; in total 96 rats).
In each experiment, rats were randomly allocated to their cages on arrival. After one week of
acclimatization, the rats were assigned their experimental groups (Table 1), stratified by body
weight. Baseline testing was performed on all animals one day prior to CFA injection. At the end of
the experiment, all animals were euthanized according to the Directive 2010/63/EU and FELASA
recommendations.>! They were stunned by blunt trauma to the head, followed by cervical
dislocation.



Five rats were found dead in their cages, and one cage-mate was excluded from the study,

reducing the sample size to 62 in Experiment 1 and 92 in Experiment 2 (Animal loss in Table 1). All

the rats underwent necropsy. Details are explained in the result section.

Table 1: Experimental groups in Experiment 1 and 2

Experiment 1
Groups Abbreviation 1A injection Treatment Housing N Animal loss
TFS treated, no CFA- 0.33or
Sham TFS Saline Pair 8 males + 8 females None
injection 1 mg/kg TFS
Untreated, CFA injected CFA CFA No Pair 8 males + 8 females None
TFS treated (low dose),
CFA +TFS 0.33 mg/kg CFA 0.33 mg/kg TFS Pair 8 males + 8 females None
CFA-injected
TFS treated (high dose),
CFA + TFS 1 mg/kg CFA 1 mg/kg TFS Pair 8 males + 8 females 2 (males)
CFA-injected
Experiment 2
Groups Abbreviation 1A injection Treatment Housing N Animal loss
Pair 6 males + 6 females None
Untreated sham Sham Saline No
Single 6 males + 6 females None
TFS treated, no CFA- Pair 6 males + 6 females None
Sham TFS Saline 1 mg/kg TFS
injection Single 6 males + 6 females 1 (male)
Untreated, CFA Pair 6 males + 6 females 1 (female)
CFA CFA No
injected Single 6 males + 6 females None
TFS treated, CFA- Pair 6 males + 6 females 1 (female)
CFA +TFS 1 mg/kg CFA 1 mg/kg TFS
injected Single 6 males + 6 females 1 (female)

IA = intra-articular injection
Animal loss: number of animal loss either found dead or euthanized

Drug administration. One day prior to CFA injection, an area of approximately 3 x 4 cm was
shaved in the interscapular region while gently restraining the animal. On the following day, while
the animal was awake and gently restrained, analgesic-treatment was initiated pre-emptively, 60
min before CFA injection. TFS (Recuvyra®, Elanco Animal Health, Indianapolis, USA) containing 50
mg/ml fentanyl combined with isopropanol and octyl salicylate,* was applied to the shaved area
with a micropipette doses of 0.33 or 1 mg/kg. Volumes applied were depending on the weight of
each animal, and thus varied from 1.4 to 3.0 ul for the lower dose, and from 4.3 to 9.1 ul for the
higher dose. The analgesic regimen was based on a previous study where TFS was successfully used
for post-operative pain treatment in rats.!3 Untreated sham animals were handled in the same way
as the TFS treated groups, but without applying any liquid to the skin.

Induction of monoarthritis. Monoarthritis was induced by injecting 20 ul complete Freund’s
adjuvant (CFA) (Sigma-Aldrich, St. Louis, USA), containing 1 mg/ml heat-killed and dried
Mycobacterium tuberculosis (strain H37Ra, ATCC 25177), into the left ankle (tibio-tarsal) joint during



brief isoflurane anaesthesia (Attane Vet, Isoflurane 1000 mg/g, ScanVet) (3.5% isoflurane delivered
in pure oxygen through an open face mask at a flow rate of 0.5 I/min). Sham animals were injected
with 20 pL of saline into the ankle instead of CFA. The injection procedure was performed as
previously described.”

Welfare assessment. Daily observations for adverse effects of fentanyl administration, such

as administration-site reactions, sedative behaviour, or respiratory depression, were carried out.
A welfare assessment (WA) sheet, modified from Hampshire et al.,?® was used to measure overall
well-being of the animals (Table 2), similarly to a previous study.® Animals were evaluated in open
home cages at baseline and at 4, 8, 24, 48 and 72 h post injection in Experiment 1, and at 6 and 24
h in Experiment 2. The rats were allowed to acclimatize for 2-5 minutes before being scored. The
WA included attitude, gait and posture, porphyrin staining, changes in body weight, and wounds.
Scores of 0 (no impact), 0.1 (mild impact) and 0.4 (severe impact) were assigned. Wounds were only
scored as 0 or 0.4. The scores were pooled and if an overall score of 0.4 or higher was obtained, the
animal was euthanized.

As a measure of welfare and possible adverse effects of TFS treatment, the animals were
weighed on all experimental days.

Model-specific parameters. Scoring of arthritis was performed according to a modified
scoring sheet from Butler et al, 1999 (Table 3), as used in previous studies.>” Animals were scored
at baseline and at 24, 48 and 72 h in Experiment 1, and at 6 and 24 h in Experiment 2. Scoring was
performed in their open cages after 2-5 minute of acclimatization with the cardboard tunnels and
rat shelters removed. Each parameter was scored and compared separately.

Joint Circumference. Ankle joint circumference (left and right) was estimated as a parameter
of the inflammatory response upon CFA injection, as performed in previous work.> Ankles were
measured at baseline and at 24, 48 and 72 h in Experiment 1, and at 6 and 25 h in Experiment 2. The
mediolateral (ML) and dorsoplantar (DP) radii were measured with callipers. The circumference (C)
of the joint was estimated using the approximation for the perimeter of an ellipse:C =
2 X m X /0,5 x (ML2 + DP2).%

Electronic von Frey test. Electronic von Frey testing (EVF) (model BSBIOEVF3, Bioseb, Vitrolles,

France) was applied to assess mechanical hypersensitivity at baseline, at 24 h and 72 h post
treatment in Experiment 1, and at 6 h and 24 h post treatment in Experiment 2. Rats were placed in
individual Plexiglas chambers (size 16.5 x 24.2 x 14.6 cm) on an elevated metal grid platform. Rats
were tested four at a time. After acclimatization for approximately 15 minutes, testing was
commenced. The EVF tip was applied with a linearly increasing force, perpendicularly to the plantar
surface of the hind paw, as close to the tibio-tarsal joint as possible. The test was repeated three
times for each hind paw, starting with the right uninjured paw. The weight (g) required to elicit paw
withdrawal, corresponding to the mechanical threshold, was recorded. The EVF tip was not applied,
or the reading was discarded, if the animal was grooming, sleeping or performed locomotive
behaviour not related to the EVF stimuli. The methodology was similar to what has previously been
published by our group.®



Rat grimace scale. The Rat Grimace Scale (RGS) was assessed at baseline, 24 h and 72 h in
Experiment 1, and at 6 h and 24 h in Experiment 2. RGS was used to assess non-evoked spontaneous
pain-like behaviour and distress, based on four pain-related facial action units (orbital tightening,
ear changes, nose/cheek flattening and whisker changes) originally described by Sotocinal et al..*3
Pictures for RGS scoring were captured in the EVF setup after acclimatization, before EVF testing.
Three images of each rat facing the camera were kept for assessments, the remainder were
discarded. A score of 0, 1 or 2 was assigned for each action unit, with 0 = absent, 1 = moderately
present and 2 = obvious present. In Experiment 1, three observers scored all the pictures and a
mean value for each picture was calculated giving a total score between 0 and 8. In Experiment 2,
only one observer scored the pictures and a total score between 0 and 8 was given for each picture.
All observers were blinded and well-versed in the method.

Data analysis. In Experiment 1, we evaluated the effects of two different doses of fentanyl
treatment during the first three days post induction. Sham TFS treated animals (0.33 and 1 mg/kg
TFS) were combined to one sham TFS group because of no statistical differences in data. Findings in
Experiment 1 led to the second experiment, where high-dose fentanyl was compared between
single and pair housed rats, for the first 24 h. No statistical differences in data of some groups in
both experiments led to the decision that certain groups were combined. In Experiment 2, single
and pair housed rats receiving the same treatment as well as the two sham groups with or without
TFS treatment were combined in the analyses.

Statistical analyses and graphical illustrations were performed and produced using GraphPad
Prism 8.0 (GraphPad Software Inc., La Jolla, USA) and SPSS (IBM SPSS statistics 27). The BW was
analysed by repeated measure (RM) ANOVA to each sex. The effects of sex and treatment on EVF
and circumference data were analysed by RM ANOVAs followed by Bonferroni’s multiple
comparisons post hoc test (comparing groups for each time point) or Tukey’s multiple comparisons
post hoc test (comparing groups to baseline values). The model-specific scores and RGS scores were
compared using one-way non-parametric ANOVAs (Kruskal-Wallis tests) followed by a Dunn’s
multiple comparisons test to each time point (Experiment 1) or Mann-Whitney tests to each time
point (Experiment 2). P values p < 0.05 were considered significant for all statistical analyses.



Results

Welfare assessment. In Experiment 1, one rat given 1 mg/kg TFS showed dyspnoea during
anaesthesia and was found dead in its cage five hours later. Its cage-mate was also removed from
the study. In Experiment 2, one male rat from the TFS sham group was found dead in its cage a few
hours after TFS treatment. Three female rats were found with severe muscle rigidity and sedated
attitude after TFS treatment, but before CFA injection. One of the rats had severe clinical
manifestations and was euthanized. The two remaining rats went through anaesthesia as well as
ankle joint injections however, three hours later, they were found dead in their cages. They were
both in a pair-housed group, but it was decided to continue with their remaining partners. No
obvious cause of death was detected during necropsy in any case. The remaining animals, that
completed the experiments, remained healthy without a severe increase in welfare scoring during
the study (scores never exceeded 0.4).

Body weight. Two-way ANOVAs for each sex detected no significant differences in body
weight (BW) between groups at any time, and none of the rats suffered a weight loss of 5% or more.

Model specific parameters. In Experiment 1 (Figure 1), Kruskal-Wallis tests detected no
significant differences in parameters in males, only in females. However, TFS-treated CFA males
showed a tendency towards having greater impairment in all parameters compared to the
untreated CFA male group. In females, no significant differences in mobility were detected between
the groups (Figure 1B). In stance (Figure 1D), high-dose TFS-treated CFA females were significantly
improved in scores compared to the untreated CFA group at 8 h (p = 0.0052) and low-dose TFS-
treated CFA females were significantly improved at 48 h (p = 0.0116). In rearing (Figure 1F), TFS-
treated CFA females showed significantly improved scores at 8 h (low-dose TFS: p = 0.0224 and high-
dose TFS: p = 0.0048) and at 48 h (low-dose TFS: p = 0.0119) compared to the untreated CFA group.
In lameness (Figure 1H), TFS-treated CFA females showed significantly improved scores at 4 h (low-
dose TFS: p = 0.0078 and high-dose TFS: p = 0.0078), 8 h (low-dose TFS: p = 0.0301 and high-dose
TFS: p = 0.0022), 24 h high-dose TFS: p = 0.0196) and at 48 h high-dose TFS: p = 0.0401) compared
to the untreated CFA group (Dunn’s multiple comparisons test).

In Experiment 2 (Figure 2A-F), Mann Whitney tests detected significant differences in model-
specific parameters at 6 h, where the TFS-treated CFA animals showed significantly improved
mobility (males: p = 0.0396 and females: p = 0.009, Figure 2A-B), stance (males: p < 0.0001 and
females: p = 0.0040, Figure 2C-D) and rearing scores (males: p = 0.0032 and females: p = 0.0019,
Figure E-F), compared to the untreated CFA group. At 24 h, no significant improvement in
parameters were detected after TFS treatment, but in contrast, TFS-treated CFA females showed
significantly impaired stance scores (p = 0.0124, Figure 2D).

Joint circumference. Left (Ipsilateral) ankle circumference measurements are presented in
Figure 3. All CFA-injected groups showed a significant and profound increase of the left ankle joint
from 4 until 24 h post induction in Experiment 1 and 2, and all CFA-injected groups differed
significantly (p < 0.0001) from sham groups from 4 h to the end of experiment (two-way RM



ANOVA). A two-way RM ANOVA detected no significant differences between CFA groups or sham
groups at any time.

Electronic von Frey test. In Experiment 1 (Figure 4 A and B for combined groups) (all groups
are shown individually in Figure S1), an overall two-way RM ANOVA revealed only significant effects
of sex (F (1, 40) =4.733, p = 0.036), with females, on average, showing a lower mechanical threshold.
No significant effects of TFS treatment, or any interactions, were detected.

In Experiment 2 (Figure 4 C and D for combined groups) (all groups are shown individually in
Figure S1), an overall two-way RM ANOVA revealed significant effects of TFS treatment (F (1, 41) =
71.612, p < 0.0001) and sex (F (1, 41) = 7.920, p = 0.007). Significantly decreased thresholds
compared to baseline were detected at 6 and 24 h post CFA-injection in the untreated CFA group (p
< 0.0001) (Tukey’s multiple comparisons test). TFS treatment resulted in significantly higher
mechanical thresholds compared to no analgesic treatment, highest at 6 h (males: p = 0.0001,
females: p = 0.0004; Bonferroni’s multiple comparisons test). The TFS-treated CFA animals remained
significantly different from the CFA group to some extent at 24 h in males (p = 0.0115) but not in
females (Bonferroni’s multiple comparisons test).

Rat grimace scale. Kruskal-Wallis tests (Experiment 1) and Mann Whitney tests (Experiment
2) detected no significant differences between CFA-injected groups or compared to the sham groups
at any time in either sex and either experiment.



Discussion

The aim of this study was to evaluate effects of a transdermal fentanyl solution (“Recuvyra”) on
model-specific parameters, inflammation and pain-related behavior during the immediate post-
induction period in the complete Freund’s adjuvant-induced monoarthritic rat model.

Recuvyra was developed for post-operative analgesic treatment in dogs, and has been
reported to sustain effective analgesia for up to four days in this species.®* 37 A recent study from
our group suggested that the analgesic coverage of TFS in a hind-paw incisional model of post-
operative pain in male rats was 72 h.13 However, to our surprise, the analgesic effect of fentanyl was
shown to be reduced at 24 h, although some improvement in model-specific scores was detected
in females for up to 48 h. Beside some improvement of model-specific scores in females, no
prolonged analgesic effect could be detected, indicating that the pharmacokinetic profile of TFS is
different between dogs and rats, and that efficacy could be dependent on the type of injury
explored. High-dose TFS appeared to provide effective analgesia up to six hours in Experiment 2,
demonstrated by a significant decrease in mechanical hyperalgesia by EVF testing and improved
model-specific scores. However, in Experiment 1, males showed a tendency towards being more
mechanically hypersensitive and more impaired in all model-specific parameters compared to the
untreated CFA group, regardless of dose. This may be due to random variation but it is also possible
that fentanyl paradoxically activates both pain inhibitory (analgesia) and pain excitatory
(hyperalgesia) systems in a sex-related manner. An opioid-induced hyperalgesia is a recognized
complication to opioid use and has been reported in fentanyl-treated male rats in a previous study.®
However, why this tendency appears to be sex-related and only seen in Experiment 1 is dubious. In
a previous study investigating opioid-induced hyperalgesia after morphine treatment,?’ it was found
that the opioid-induced hyperalgesia was enhanced in a dose- and sex-related manner in rats, where
males showed enhanced analgesic efficacy of treatment and females enhanced hyperalgesia, which
is opposite findings compared to the present study. It should be noted that no increase or decrease
was detected in the sham TFS groups and further investigations is needed to elucidate this.

All CFA-injected animals developed progressive joint swelling, as well as redness and increased
temperature located to the left ankle, observed from 6 h post induction. No differences were
detected between CFA-injected groups, suggesting that TFS treatment, regardless of dose, did not
affect the model-relevant inflammation in the immediate post induction period. No differences in
effectiveness between doses were found, the lower dose of 0.33 mg/kg may be favourable in
alleviating pain during the first 24 h, without affecting the relevant model development, and also
presumably causes less side-effects. However, additional studies are needed to verify these effects.

Single housing was applied because of the concern that the rats would groom each other, and
thereby accidentally ingesting the skin-applied analgesic of their cage mate. However, nothing
indicated that this happened. This suggests that rats do not find the application interesting or tasty
or, most likely, that the solution rapidly absorbs and dries from the skin. Thus, taken several known
negative consequences of single housing into account, it seems reasonable not to implement single
housing in studies exploring or applying TFS treatment.3?
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Despite a few promising findings in this study, several concerns of using TFS needs to be addressed.
It is known that fentanyl can cause adverse effects including dose-dependent sedation, and
respiratory-, CNS- and circulatory depressions.?? Severe adverse reactions were noticed in both
experiments with administration of 1 mg/kg TFS. Five rats (male and females) died in their cage or
had to be euthanized due to what appeared to be an overdose of fentanyl. The clinical
manifestations were dyspnea, severe muscle rigidity and sedated attitude. This raises significant
concerns and indicates that a dose of 1 mg/kg TFS was higher than necessary, especially as the
higher dose showed no additional effect on the pain-related parameters. No adverse effects was
reported using this dose in the previous study in rats,'®> however other studies with dogs have
reported some opioid-related adverse effects and death using TFS treatment.3> 38 Increasing the
monitoring is recommended, but it remains unknown whether it would have been possible to
predict death with the welfare monitoring protocol followed in the present study. It would likely be
necessary to identify novel behavioral signs for this purpose, which should be attempted in future
studies. In addition, it is likely that adverse effects of fentanyl treatment had some impact on
behavioural readouts in this study (EVF, model-specific parameters and RGS).

Species-specific and individual variation has been reported in other studies using
transdermally administered fentanyl.% 343637 When TFS is applied, it accumulates in skeletal muscle
and adipose tissue, and is slowly released into the blood stream. Differences in skin thickness,
amount of body fat, as well as location of application, can contribute to absorption variability.3® The
lower body-fat percentage seen in rodents is likely to be the primary explanation for the transient
analgesic effect of TFS seen in this study. It may also be the reason for the severe side effects, due
to rapid release to the blood stream leading to opioid overdoses. Findings in this study suggest that
TFS treatment for rats is ideally kept below 1.0 mg/kg and perhaps with more frequent dosing
intervals for example every 24 h. Serum concentration measurements of fentanyl would be of great
support here, gauging absorption, distribution, and elimination of the compound,*® and will be
considered for future studies.

In conclusion, transdermal fentanyl solution, administered through a single topical
application, showed an analgesic effect for six hours in arthritic male and female Sprague Dawley
rats. The effect was independent of animals being single- or pair-housed. This is inconsistent with
previous studies, where sustained analgesia could be demonstrated for 72 h in rats. The severe
adverse effects seen in this study should be considered in the risk-benefit assessment when
selecting TFS for pain management in rats.
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Figure legends

Figure 1. Model-specific parameters (Experiment 1). Mobility in A. Males and B. Females, stance in C. Males and D.
Females, rearing in E. Males and F. Females and lameness in G. Males and H. Females. All data are presented as means
+ SEM. Data were analysed by a Kruskal-Wallis test, followed by Dunn’s multiple comparisons test to each time point.
The asterisks (*) represents statistically significant differences from the CFA group at *p < 0.05 and **p < 0.01. Groups:

N = 8 in all groups (except N = 6 in males CFA + TFS 1 mg/kg).

Figure 2. Model-specific parameters at 6 and 24 h (Experiment 2). Mobility in A. Males and B. Females, stance in C.
Males and D. Females and rearing in E. Males and F. Females. All data are presented as means + SEM. Data were
analysed by a Mann Whitney test to each time point. The asterisks (*) represents statistically significant differences
from the CFA group at *p < 0.05, **p < 0.01 and ****p < 0.0001. Groups: N = 23 in Sham/Sham TFS, N = 12 in CFA (N =
11 in females) and N =12 in CFA + TFS (N = 10 in females).

Figure 3. Left (ipsilateral) ankle circumference measurements in millimetre (mm). A. Males and B. Females in
Experiment 1, and C. Males and D. Females in Experiment 2. Data were analysed by a two-way RM ANOVA followed by
Tukey’s multiple comparisons tests. Values are expressed as means + SEM. In experiment 1: N = 8 in all groups (except
N = 6 in males CFA + TFS 1 mg/kg). In Experiment 2: N = 12 in CFA (N = 11 in females), N =12 in CFA+ TFS (N = 10 in
females) and N = 23 in Sham/Sham TFS.

Figure 4: Left (Ipsilateral) paw withdrawal thresholds (g) as an indication of mechanical hyperalgesia. A. males and B.
females in Experiment 1 and C. males and D. females in Experiment 2. All data are presented as means = SEM. Data
were analysed by a two-way RM ANOVA followed by a Tukey’s multiple comparisons test. The asterisks (*) represents
statistically significant differences from the untreated CFA group at *p < 0.05 and ***p < 0.001. Groups: N = 8 in sham
TFS and CFA groups, N = 8 in both CFA + TFS groups (except N = 6 in CFA + TFS 1 mg/kg males) in Experiment 1. N = 12
in sham group, N =12 in Sham TFS (N = 11 in males), N =12 in CFA (N = 11 in females) and N = 12 in CFA + TFS (N = 10

in females) in Experiment 2.

Figure S1. Left (ipsilateral) paw withdrawal thresholds in gram (g) (Experiment 2). A. males and B. females single
(“single”) or pair (“pair”) housed in Experiment 2. Data were analysed by a two-way RM ANOVA followed by a Tukey’s
multiple comparisons test. All data are presented as means + SEM. N = 6 in most groups (N =5 in Sham TFS single males

and Sham TFS pair, CFA + TFS pair, CFA + TFS single and CFA pair in females).
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Table 1: Experimental groups in Experiment 1 and 2

Tables

Experiment 1
Groups Abbreviation IA injection Treatment Housing N Animal loss
TFS treated, no CFA- 0.33or
Sham TFS Saline Pair 8 males + 8 females None
injection 1 mg/kg TFS
Untreated, CFA injected CFA CFA No Pair 8 males + 8 females None
TFS treated (low dose),
CFA + TFS 0.33 mg/kg CFA 0.33 mg/kg TFS Pair 8 males + 8 females None
CFA-injected
TFS treated (high dose),
CFA + TFS 1 mg/kg CFA 1 mg/kg TFS Pair 8 males + 8 females 2 (males)
CFA-injected
Experiment 2
Groups Abbreviation IA injection Treatment Housing N Animal loss
Pair 6 males + 6 females None
Untreated sham Sham Saline No
Single 6 males + 6 females None
TFS treated, no CFA- Pair 6 males + 6 females None
Sham TFS Saline 1 mg/kg TFS
injection Single 6 males + 6 females 1 (male)
Untreated, CFA Pair 6 males + 6 females 1 (female)
CFA CFA No
injected Single 6 males + 6 females None
TFS treated, CFA- Pair 6 males + 6 females 1 (female)
CFA + TFS 1 mg/kg CFA 1 mg/kg TFS
injected Single 6 males + 6 females 1 (female)

IA = intra-articular injection
Animal loss: number of animal loss either found dead or euthanized
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Table 2. Modified welfare assessment score sheet from Hampshire et al., 2001

General appearance

Reference score

Bright and alert 0
Burrowing or hiding, quiet but rouses when touched 0.1
Burrowing or hiding, quiet but rouses when touched. No exploration when lid off, burrows, hides, head presses.

Might be aggressive when touched 0.4
Porphyrin staining

None 0
Mild 0.1
Obvious on face or paws 0.4
Gait and posture

Normal 0
Mild incoordination when stimulated, hunched posture, mild piloerection 0.1
Obvious ataxia or head tilt, hunching, severe piloerection 0.4
Body weight loss compared to baseline weight (pre-CFA-injection) and controls

<5% 0
5-10% 0.1
10-20% 0.4
Self-injury

None 0
Bites or scratches itself, leading to wounds 0.4
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Table 3. Model-specific parameters (modified from Butler et al, 1992) 8

Mobility Reference score
The rat walks and runs normally 0
The rat walks and runs with difficulty 1
The rat walks with difficulty 2
The rat crawls using front legs only 3
The rat lies down only 4
Stance
The rat stands bearing weight equally on all four limbs 0
The rat stands bearing some weight on the arthritic limb 1
The rat stands with the arthritic paw touching floor, toes curled under 2
The rat stands on three paws only 3
Rearing
The rat is equally bearing weight on both hind limbs 0
The rat is bearing some weight on the arthritic limb 1
The rat is only bearing weight on the non-arthritic hind limb 2
Lameness
Normal ambulation 0
Mild, slight lameness 1
Moderate, toe touching ground 2
Severe, limb carried 3
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Figure 2

A. Mobility Males B. Mobility Females
4 4
Sham/Sham TFS Sham/Sham TFS
3 CFA 3 CFA
- CFA + TFS 1 mg/kg -+ CFA + TFS 1 mg/kg
i il
3 21 S 2-
(%] (7]
14 - 14 2
% //
x
0 7 v v 0 7 v v
Baseline 6h 24h Baseline 6h 24h

D. Stance Females
C. Stance Males

3=
31 Sham/Sham TFS
Sham/Sham TFS CEA
CFA
21 ~ CFA+TFS1mgky o 2] S ~ CFA+TFS 1 mg/kg
[ ¥ =
5 3
%] %]
(7]
14 14
hkkk *x
o] ¥ T v 0 ¥ 7 8
Baseline 6h 24 h Baseline 6h 24 h
E. Rearing Males F. Rearing Females
21 2m
Sham/Sham TFS Sham/Sham TFS
CFA I CFA
-~ CFA+ TFS 1 mg/kg " -~ CFA+TFS 1 mglkg
o o
& 8
ok
ix
0 0

Baseline 6h 24h Baseline 6h 24h



Figure 3

Experiment 1
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Figure 4

Experiment 1

A. EVF Males B. EVF Females
= 150 = 150
2 E3 Sham TFS 2 E3 Sham TFS
_5 =31 CFA -2 =1 CFA
© 7]
5 E— 100 B3 CFA+TFS033mghkg g & 100 B CFA + TFS 0.33 mg/kg
2= EE CFA +TFS 1 mglkg 23 BE CFA + TFS 1 mglkg
g3 £3
E g 50 § g 50
s H
= =
g 0 g 0
Baseline 24h 72h Baseline 24h 72h
Experiment 2
C. EVF Males D. EVF Females
= 150 ~ 150
139 3 Sham 1::9 3 Sham
=2 =1 Sham TFS =2 3 Sham TFS
§ & 100 = CcFA § & 100 = CFA
53 BN CFA+TFS1mghky =5 i BEm CFA +TFS 1 mglkg
Q= * 2=
=2 <3
H H
z z
Q 0 Qo0
Base 6h 24h Base 6h 24h
Supplementary materials
Figure S1. All data from EVF testing in Experiment 1 and 2.
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