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A B S T R A C T

Background and aim: Animal modelling of arthritis is often associated with pain and suffering. Severity may be
reduced with the use of analgesia which is, however, often withheld due to concerns of introducing a confounding
variable. It is therefore important to design and validate pain relief protocols that reduce pain without
compromising the scientific objectives. The present study evaluated the effect of buprenorphine analgesia in the
immediate post-induction period of an adjuvant-induced monoarthritic rat model. The aim of this study was to
extend previous work on refinement of the model by alleviating unnecessary pain.
Methods: Male and female Sprague Dawley rats were injected with 20 μl of complete Freund's adjuvant (CFA) into
the left ankle. Rats were treated with buprenorphine, either injected subcutaneously or ingested voluntarily, and
were compared to rats given subcutaneous injections with vehicle (saline or pure nut paste) or carprofen the first
three days post CFA-injection. Measurements of welfare, clinical model-specific parameters and pain-related
behaviour were assessed.
Results: Buprenorphine, administered either subcutaneously (0.10 or 0.15 mg/kg, twice daily) or by voluntary
ingestion in nut paste (1.0 or 3.0 mg/kg, twice daily), improved mobility, stance, rearing and lameness scores
significantly 7 h post CFA-injection. Mechanical hyperalgesia peaked at 7 h and was significantly lower in
buprenorphine-treated animals, compared to vehicle-treated animals. Joint circumference was highest 24–72 h
after CFA injection. Animals treated with buprenorphine did not decrease in joint circumference, opposite car-
profen treated animals.
Conclusion: Buprenorphine, administered either subcutaneously or by voluntary ingestion, provides adequate
analgesia for both sexes within the first 24 h post CFA-injection. Buprenorphine treatment improved clinical
scores and appeared not to suppress the inflammatory response. The present study supports previous findings that
voluntarily ingested buprenorphine is an effective alternative to repeated injections.
1. Introduction

Maintaining high standards of research animal well-being is an
ethical, legal and scientific mandate [1]. The use of analgesia in pain and
inflammatory models is a neglected area since analgesics have the po-
tential to affect model development both at the peripheral site of injury,
but also mechanistically at the spinal and supra-spinal level [2, 3, 4, 5].
This concern is often used as a justification for withholding analgesia [6].
However, it is evident that unrelieved pain, and resulting distress, in
animals has negative effects on many body functions and influences the
November 2021; Accepted 31 O
is an open access article under t
outcome of experiments [7, 8, 9]. Research into pain relief protocols that
are designed to eliminate unnecessary pain, with minimal impact on
experimental outcomes, is therefore warranted.

The complete Freund's adjuvant (CFA)-induced monoarthritic (MA)
rat model was introduced in 1992 [10] to reduce animal suffering and the
systemic condition associated with the original polyarthritis model [11,
12, 13, 14]. Upon the induction of this MA model a stable arthritic
condition develops, suitable to study chronic inflammatory pain in ro-
dents [15, 16, 17]. It is evident that the induction of MA is painful to the
animals, and in our recent work we demonstrated that animals induced
ctober 2022
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Table 1. Overview of experimental groups in Experiment 1 and 2.

Experiment 1

Group N CFA Treatment

Control 6 males and 6 females � Isotonic saline 0.9% s.c., twice
daily

Vehicle 6 males and 6 females þ Isotonic saline 0.9% s.c., twice
daily

CAR s.c. 6 males and 6 females þ Carprofen 5.0 mg/kg s.c., once
daily and isotonic saline 0.9% s.c.,
as second injection

BUP s.c. 6 males and 6 females þ Buprenorphine 0.1 mg/kg, s.c.,
twice daily

BUP p.o. vol. 6 males and 6 females þ Buprenorphine 0.8 mg/kg p.o.
vol., twice daily

Experiment 2

Group N CFA Treatment

Vehicle 6 males and 6 females þ Isotonic saline 0.9% s.c., twice
daily

6 males and 6 females þ Nut paste, twice daily

BUP s.c. 6 males and 6 females þ Buprenorphine 0.10 mg/kg s.c.,
twice daily

6 males and 6 females þ Buprenorphine 0.15 mg/kg s.c.,
twice daily

BUP p.o. vol. 6 males and 6 females þ Buprenorphine 1.0 mg/kg p.o.
vol., twice daily

6 males and 6 females þ Buprenorphine 3.0 mg/kg p.o.
vol., twice daily

M.S. Berke et al. Heliyon 8 (2022) e11554
with CFA MA exhibit most indicators of pain and reduced well-being in
the acute inflammation [18] (and preliminary data).

The highly potent partial μ-opioid receptor agonist buprenorphine is a
commonly used analgesic for reducing mild to moderate pain in laboratory
rodents [19, 20, 21]. Traditionally, buprenorphine is administered sub-
cutaneously, but several other effective routes of delivery have been
established [22, 23, 24]. Voluntary oral (p.o. vol.) administration is an
example of a useful analgesic strategy that involves reduced stress and
longer lasting serum concentrations compared to traditional subcutaneous
injections [23, 25, 26, 27]. Reported doses and duration of analgesic ac-
tivity of buprenorphine vary extensively. Injections from 0.01 to 0.50
mg/kg, administered s.c. or i.v., and oral gavage of up to 10.0 mg/kg have
been used. Dosing intervals similarly vary between 5 and 12 h [26,28-32].

Buprenorphine has been suggested to affect the inflammatory
response less than other opioids, e.g. by showingminimal or no effects on
corticosterone secretion, no effect on natural killer cell activity or lym-
phoproliferation, and no effect on proinflammatory cytokine concentra-
tions [33, 34, 35, 36, 37]. In models of neuropathic pain in rats [38], and
cerebral ischemia in rats and mice [27, 39], buprenorphine showed no
significant impairment of model development, all the while improving
animal well-being. In a CFA-induced polyarthritis rat model, Walker and
colleagues [40] showed that buprenorphine had no significant effect on
disease progression assessed by joint swelling. Recently, we demon-
strated that buprenorphine was effective in reducing facial pain expres-
sion scores (rat grimace scale), and improved mobility, stance and
lameness scores in the CFA MA model during the first two weeks post
induction. Furthermore, it did not interfere with the inflammatory
CFA-induced ankle swelling and it appeared not to interfere with the
intended MA pathology (preliminary data).

In the present study, we extended on the previous study investigating
the effect of buprenorphine on acute pain and inflammation in the CFA-
induced MA model in rats. The current study focused on the immediate
post-induction period where well-being appears to be most compro-
mised. It was hypothesized that buprenorphine treatment would
decrease pain-related behaviour and improve clinical scores in the im-
mediate post-induction period without reducing joint swelling.

2. Materials and methods

The following study was approved by the Danish competent authority
- the Animal Experiment Inspectorate under the Danish Ministry of
Environment and Food of Denmark (license number 2014-15-0201-
00257). Experiments were carried in an AAALAC accredited animal fa-
cility in accordance with the Guide for the Care and Use of Laboratory
Animals [41] and with the Directive 2010/63/EU [42].

2.1. Animals and housing

A total of 132 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 382–422 g (males) and 232–275 g (females) in
Experiment 1, and 394–473 g (males) and 223–262 g (females) in
Experiment 2, at the start of testing. Rats were pair-housed with a partner
receiving the same treatment in type IV S individually ventilated cages
(IVC) (size 480 � 375 � 210 mm) from Tecniplast (Varese, Italy). Each
cage was provided with aspen chip bedding (Tapvei, Harjumaa, Estonia)
and contained paper nesting materials (Enviro-Dri, Milford, USA), aspen
wooden sticks (Tapvei), polycarbonate rat retreats (Molytex, Glostrup,
Denmark) and cardboard tubes (Lillico Biotechnology, Surrey, UK).
Ambient temperature was monitored and maintained at 22 �C (�2 �C),
and relative humidity at 55% (�10%). The light:dark cycle was 12:12 h,
with lights on between 6:00 and 18:00, with 15–30min of twilight before
and after each light cycle. Feed (Altromin 1314; Altromin GmbH & Co.,
Lage, Germany) and tap water was available ad libitum. Animals were
acclimatized to their surroundings for 10 days after arrival from the
vendor, before start of experiments.
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2.2. Experimental design

The study was divided into two experiments:

I. CFA-injected male and female rats received buprenorphine adminis-
tered subcutaneously (s.c.) or in hazel nut paste by voluntary inges-
tion (p.o. vol.). These were compared to vehicle and carprofen (s.c.)-
treated rats the first three days post CFA-injection.

II. Since the expected analgesic effect was not observed at the time
points investigated in Experiment I, but where there was suspicion
that there could be an effect at an earlier stage, a second experiment
was performed: CFA-injected male and female rats received bupre-
norphine administered as subcutaneous injections (s.c.) or in hazel
nut paste by voluntary ingestion (p.o. vol.). These were compared to
vehicle-treated rats for shorter intervals the first 24 h post CFA-
injection.

In each experiment, animals were randomly allocated into experi-
mental groups (Table 1) and housed in pairs receiving the same treat-
ment. Baseline testing was performed on all animals one day prior to
CFA-injection. The CFA-injection and all the following behavioural and
analgesiometric assessments were performed blinded and by the same
female experimenter throughout each experiment. At the end of the ex-
periments, all animals were euthanized by blunt trauma to the head
followed by cervical dislocation.

Group sizes were determined based on previous experience from
similar studies [18](and unpublished work), and by a group size estimate
using the resource equation method, as described by Mead (1988) and by
Festing (2002 and 2003) [43, 44, 45], resulting in a number of 6–8
experimental units per group.

2.3. Drugs and administration

Analgesic-treatment was initiated pre-emptively, 60 min before the
CFA injection. Buprenorphine was administered either subcutaneously
(0.10 or 0.15 mg/kg, twice daily) (Temgesic® 0.3 mg/ml; RB Pharma-
ceuticals Inc., Richmond, UK) or as voluntary ingestion in nut paste
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(0.8–3.0 mg/kg) (Temgesic® 0.4 mg sublingual tablets; Schering-Plough,
Kenilworth, Canada) at 8:00 and 16:00, 60 min prior to behavioural
testing. Carprofen (Rimadyl vet. 50 mg/mL; Pfizer Inc., Secaucus, USA)
was administered subcutaneously (5 mg/kg) at 8:00, 60 min prior to
behavioural testing. Doses used for s.c. drug treatment were based on
published recommendations [21, 46, 47, 48, 49]. The preparation of
buprenorphine for voluntary ingestion was carried out according to the
recommendations made by Abelson and colleagues [50]. Nutella®

(chocolate-hazelnut paste) of 10 g/kg body weight (BW) (Ferrero, Pino
Torinese, Italy) was mixed with 0.8 mg/kg BW, 1.0 mg/kg BW or 3.0
mg/kg BW buprenorphine. Buprenorphine tablets were crushed to
powder before being mixed with Nutella, assuring even concentration of
the mixture. Rats were habituated to voluntary ingestion of 0.4 g of the
pure nut paste, twice a day, for three days prior to start of the experiment.
The nut paste was given on a piece of adhesive tape attached to the cage
wall. Once habituated, each rat was allowed to ingest its own portion in a
separate cage, temporarily separating the two cage-mates. The
cage-mates were returned to their home cage within 10min. Rats that did
not receive any analgesia, received either 1 ml/kg of 0.9% isotonic saline
administered subcutaneously or 10 g/kg nut paste at 8:00 and 16:00.
2.4. Induction of monoarthritis

Inflammation was induced by injecting 20 μL 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% iso-
flurane delivered in pure oxygen at a flow rate of 0.5 l/min). The injec-
tion volume used and injection procedure was performed as previously
described [18].
2.5. Animal welfare assessment

Animal welfare was evaluated in their home cages at baseline and at
4, 8, 24 and 72 h post induction in Experiment 1, and at 3, 7 and 24 h in
Experiment 2, using a scoring sheet presented in Table 2. The welfare
assessment (WA) protocol has previously been used in monitoring pain
and distress in laboratory rodents [51]. Scores were summarized and
compared to a predetermined humane endpoint. If the sum of scores
Table 2. Welfare assessment score sheet adapted from Hampshire et al. [52].

General appearance Reference score

Bright and alert 0

Burrowing or hiding, quiet but rousing when touched 0.1

Burrowing or hiding, quiet but rousing 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

Up to 5% weight loss 0

5–10% weight loss 0.1

10–20% weight loss 0.4

Wounds

Bites or scratches itself, leading to wounds 0.4
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exceeded 0.4, the animal would be euthanized, although this humane
endpoint was never reached during the studies.

As part of the welfare assessment, body weight of the animals was
measured at baseline and at 24, 48 and 72 h post induction in Experiment
1, and at baseline and at 24 post induction in Experiment 2.
2.6. Model-specific parameters

Scoring of arthritis was performed according to Butler et al., 1999
(Table 3) [10], at baseline and at 4, 8, 24 and 72 h in Experiment 1, and 3,
7 and 24 h in Experiment 2, using a protocol similar to a previous study
[18].
2.7. Ankle circumference

The circumference of the joints was measured in order to determine
the size of the inflammatory response upon CFA-injection at baseline and
at 4, 8, 24 and 72 h post induction in Experiment 1, and at 3, 7 and 24 h in
Experiment 2. The circumference (C) was determined by measuring two
perpendicular diameters of the joint using digital callipers and estimated
using the formula: C ¼ 2 � π � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:5� ða2 þ ðb2ÞÞp
, where a is the radius

of dorso-plantar axis and b is the radius of the medio-lateral axis [53].
2.8. Assessment of mechanical sensitivity

An electronic von Frey (EVF) device (Model EVF3with a hard tip from
Bioseb, USA/France) was used to assess mechanical hypersensitivity at
baseline and at 24 and 72 h in Experiment 1, and 3, 7 and 24 h in
Experiment 2. Rats were placed in individual chambers (size 16.5 � 24.2
� 14.6 cm) on an elevated metal grid platform. Four rats were tested at a
time after a 15-minute habituation period. The EVF tip was applied to the
plantar surface of the paw, at an anatomical location nearest the tibio-
tarsal joint, with a linearly increasing uniform force. The applied
weight in gram (g) required to elicit paw withdrawal was recorded,
corresponding to the mechanical threshold. The test was repeated three
times for each hind paw, shifting between each paw, starting with the
non-injured right paw. The EVF tip was only applied when the rat stood
still in a natural position with all four paws placed on the floor and a paw
withdrawal response was only considered with a complete lifting of the
Table 3. Model-specific parameters.

Mobility Reference score

The rat lies down only 4

The rat crawls using front legs only 3

The rat walks with difficulty 2

The rat walks and runs with difficulty 1

The rat walks and runs normally 0

Stance

The rat stands on three paws only 3

The rat stands with the arthritic paw touching floor,
toes curled under

2

The rat stands bearing some weight on the arthritic limb 1

The rat stands bearing weight equally on all four limbs 0

Rearing

The rat is only bearing weight on the non-arthritic hind limb 2

The rat is bearing some weight on the arthritic limb 1

The rat is equally bearing weight on both hind limbs 0

Lameness

Severe, limb carried 3

Moderate, toe touching ground 2

Mild, slight lameness 1

Normal ambulation 0
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stimulated hind paw. Lifting of the paw due to normal locomotor activity
was ignored.

2.9. Rat grimace scale scoring

A quantitative analysis of facial expressions in rats (the Rat Grimace
Scale (RGS)) was applied to assess spontaneous non-evoked pain. RGS
scores were assigned at baseline and at 24 and 72 h in Experiment 1. No
RGS scoring was applied in Experiment 2. Animals were habituated to the
observer and method for six days prior to scoring. The blinded coding of
facial expressions was done when the rats were placed in the EVF
chambers, prior to EVF testing. The animals were allowed to habituate
for approximately 15 min prior to scoring. Three selected pictures of each
rat facing the camera were considered, the remaining were discarded.
Pictures were saved and later scored. One out of the three pictures of the
same animal was randomly picked out and represented that individual
animal in the scoring process. The scoring was done according to the
original method described by Sotocinal et al. [54]. Four action units
(orbital tightening, ear changes, nose/cheek flattening and whisker
changes) were scored “0” if the specified feature was not present, “1” if
moderately present, “2” if obvious present. The average score of all four
action units was calculated giving an average score between 0-2 for each
animal.

2.10. Faecal corticosterone metabolite assessment

For measuring levels of faecal corticosterone and corticosterone me-
tabolites (FCM), faecal samples from 24 h of defecation were collected 24
and 72 h post induction in Experiment 1. The sample material (soiled
bedding from a cage housing two rats of the same treatment-group) was
kept at -20 �C until faecal pellets could be separated out from the bedding
material. After each sorting, the pellets were placed in plastic resealable
bags and stored again at -20 �C. FCM were analysed according to a pre-
viously described method [55, 56], with some modifications regarding
evaporation, as reported in previous work (preliminary data). During the
process, faecal pellets from each sample were separately thawed,
weighed and mixed with 96% ethanol (5 ml/g faeces). Each sample was
solubilised on a shaking table in 50 ml tubes and incubated at room
temperature overnight. The suspension was centrifuged at 2000 x g
(Hermle Labortechnik GmbH, Wehingen, Germany) for 20 min, where-
after the supernatant was collected and the pellet discarded. The super-
natant was further centrifuged at 10000� g for 15 min (Eppendorf
5415D; Eppendorf AG, Hamburg, Germany). The extracted sample was
then evaporated to dryness under vacuum (Genevac EZ-2 personal
evaporator) and resuspended in 0.15 M phosphate buffered saline (PBS,
pH 7.2). The sample was again centrifuged at 10000� g and the clear
liquid was analysed by ELISA (DRG-Diagnostics corticosterone compet-
itive enzyme-linked immunosorbent assay, Marbug, Germany), accord-
ing to the manufacturer's instructions.

2.11. Data analysis

In Experiment 1, we evaluated the effects of buprenorphine treatment
during the first three days after CFA-injection. Findings in Experiment 1
led to the second experiment, where two different doses and two
different administration routes of buprenorphine were compared within
24 h. Data in Experiment 2 revealed clear similarities in some of the
groups. Consequently, certain groups were combined for the data-
analysis. Subcutaneous administration groups were combined (BUP
s.c.) and voluntary oral administration groups were combined (BUP p.o.
vol.). The vehicle p. o. group and the vehicle s.c. group were combined to
one vehicle group (Vehicle).

Data were computed using GraphPad Prism 8.0 and SPSS (IBM SPSS
statistics 27). A two-way repeatedmeasures (RM) ANOVAwas performed
on combined data from male and female CFA-injected rats on body
4

weight, EVF, circumference and FCM data, evaluating the effects of the
factors sex and treatment, as well as their interaction. A subsequent two-
way repeated-measures (RM) ANOVAwas performed on the same data in
each sex, followed by a Tukey's multiple comparisons test. Model-specific
scores and RGS scores were analysed using one-way non-parametric
ANOVAs (Kruskal-Wallis tests) followed by a Dunn's multiple compari-
sons test for each time point. P values p < 0.05 were considered signif-
icant for all statistical analyses.

3. Results

3.1. Welfare and clinical scores

All CFA-injected rats developed clinical signs of acute inflammation
(erythema, edema and tenderness) localized to the injected paw, starting
a few hours after the injection. However, none of the CFA-injected rats
presented a severe decrease detectable by our general welfare scores
during the two experiments (Table 2). Total welfare scores never
exceeded 0.1, similarly to previous studies [18] (preliminary data). In
addition, no significant differences in body weight (BW) were detected
between treatment groups at any time in either experiment (Supple-
mentary material, Figure S1).

Model-specific parameters were affected in all CFA-injected rats
during Experiment 1 and 2. In experiment 1 (all data are shown in
Figure S2), a few differences in mobility and stance scores were detected
between CFA-injected groups. A Kruskal-Wallis test detected differences
in mobility (males;H (4)¼ 16.95, p¼ 0.0007 and females;H (4)¼ 10.70,
p ¼ 0.0135), where both buprenorphine groups were significantly
improved in scores compared to the vehicle group (p¼ 0.0053) at 72 h in
males and the subcutaneously-treated buprenorphine group were
significantly improved in scores compared to the group with carprofen
treatment (p ¼ 0.0283) at 48 h in females. Significant differences were
detected in stance (H (4) ¼ 16.95, p ¼ 0.0135), where treatment with
voluntary ingested buprenorphine significantly improved scores
compared to the vehicle group (p¼ 0.0313) and the carprofen group (p¼
0.0313) at 72 h. In experiment 2, affected model-specific parameters
were obvious different between groups, especially at 7 h and 24 h
(Figure 1A and B; selected data from Experiment 2 - all data from
Experiment 2 are shown in Figure S3). At 7 h (Figure 1A), significant
differences between groups were clear in both sexes. A Kruskal-Wallis
test detected differences in mobility (males; H (3) ¼ 7.964, p ¼
0.0186), where treatment with subcutaneous buprenorphine signifi-
cantly improved scores compared to the vehicle group in males (p ¼
0.0226), while both buprenorphine groups were significantly improved
in scores compared to the vehicle group in females (BUP p. o. p ¼ 0.0137
and BUP s.c. p ¼ 0.0002) (Dunn's multiple comparisons test). Significant
differences were detected between groups in stance (males; H (3) ¼
19.20, p < 0.0001 and females; H (3) ¼ 17.22, p ¼ 0.0002), rearing
(males; H (3) ¼ 13.36, p ¼ 0.0013 and females; H (3) ¼ 20.10, p <

0.0001) and lameness scores (males; H (3) ¼ 7.964, p ¼ 0.0186 and fe-
males; H (3) ¼ 17.28, p ¼ 0.0002), where both buprenorphine groups
clearly differed from the vehicle group, having significantly improved
scores in both sexes. At 24 h (Figure 1B), a few significant differences
were detected, however only in females. The Kruskal-Wallis test detected
similar differences between groups in mobility (H (3) ¼ 8.409, p ¼
0.0149) and stance scores (H (3) ¼ 7.541, p ¼ 0.0230), where treatment
with voluntary ingestion of buprenorphine significantly improved these
scores compared to the vehicle group (mobility: p¼ 0.0116 and stance: p
¼ 0.0185). Significant differences in rearing (H (3) ¼ 17.24, p ¼ 0.0002)
and lameness (H (3) ¼ 11.94, p ¼ 0.0026) were detected, where both
buprenorphine groups significantly improved the scores compared with
the control group (rearing: BUP s.c. p¼ 0.0007, BUP p. o. vol. p¼ 0.0014
and lameness: BUP s.c. p ¼ 0.0069, BUP p. o. vol. p ¼ 0.0100). No sig-
nificant differences were detected between buprenorphine groups at any
time.



Figure 1. Model-specific parameters (Experiment 2). Mobility, stance, rearing and lameness scores at (A) 7 h and (B) 24 h post induction. Data are presented as mean
� SEM for combined vehicle groups (saline s.c. and nut paste p.o. vol.), subcutaneous buprenorphine groups (BUP 0.10 and 0.15 mg/kg s.c.) and voluntary oral
buprenorphine groups (BUP 1.0 and 3.0 mg/kg p. o. vol.) in each sex to each parameter. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. the CFA-injected
vehicle-treated group, determined by a Kruskal-Wallis test, followed by Dunn's multiple comparisons test. All groups N ¼ 12.
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3.2. Ipsilateral circumference

Ipsilateral ankle circumferences from Experiment 1 are presented in
Figure 2 A and B. In experiment 1, an overall two-way RM ANOVA
revealed a significant effect of sex (F (1, 40) ¼ 18.282, p < 0.0001) and
treatment (F (3, 40) ¼ 5.220), p ¼ 0.004). No sex*treatment interaction
was detected. Joint circumference increased gradually within a few
hours after CFA injection until 24 h post CFA-injection in both sexes. No
significant differences were detected between groups the first 24 h after
CFA-injection in neither Experiment 1 nor 2 (the shorter experiment 2
is therefore presented in Figure S4). However, the groups differed in
both sexes from 24 h (males: F (3, 20) ¼ 6.831, p ¼ 0.0024; females; F
(3, 20) ¼ 3.196, p ¼ 0.0456, using a two-way RM ANOVAs)
5

(Experiment 1, Figure 2A and B). Treatment with subcutaneous
buprenorphine showed a significantly increased circumference
compared to the vehicle group at 72 h (p ¼ 0.0475) in males (Tukey's
multiple comparisons test). By contrast, the carprofen group presented
a gradually decreasing circumference after 24 h. In males, the
circumference was significantly lower in carprofen-treated subjects
than in the buprenorphine groups at 48 h (s.c.; p¼ 0.0225, p. o. vol.; p¼
0.0406) and 72 h (s.c.; p ¼ 0.0008, p. o. vol.; p ¼ 0.0160). In females,
the circumference in the carprofen group was lower than in the group
treated with subcutaneous buprenorphine at 48 h (p ¼ 0.0264), in the
group treated with voluntary ingested buprenorphine at 72 h (p ¼
0.0002), and in the vehicle group at 72 h (p¼ 0.0353) (Tukey's multiple
comparisons test).



Figure 2. Circumference measurements of the ipsilateral (left, CFA-injected) ankle in millimetre (mm) (Experiment 1). (A) Males and (B) females. Data were analysed
by a two-way RM ANOVA followed by a Tukey's multiple comparisons test and presented as mean � SEM. The asterisk (*) represents a statistically significant dif-
ference from the vehicle group at *p < 0.05. The plus (þ) represents a statistically significant difference between BUP p. o. vol. and CAR at þp < 0.05 and þþþp <

0.001. The hash sign (#) represents statistically significant difference between BUP s.c. and CAR at #p < 0.05 and ###p < 0.001. All groups N ¼ 6.
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3.3. Mechanical sensitivity

In Experiment 1 (Figure 3A and B), an overall two-way RM ANOVA
revealed a significant effect of sex (F (1, 40) ¼ 4.374, p ¼ 0.043) and
treatment (F (3, 40) ¼ 3.015, p ¼ 0.041). However, RM ANOVAs within
each sex revealed no significant differences between CFA-injected groups,
meaning that the effect of treatment detected must be sex-related differ-
ences in e.g.baselinemeasurements instead of opposite effects of treatment.

During the first 24 h studied in Experiment 2 (Figure 3C and D), an
overall two-way RM ANOVA revealed a significant effect of sex (F (1, 65)
¼ 23.930, p < 0.0001) and treatment (F (2, 65) ¼ 50.213, p < 0.0001),
but no interactions. Decreased mechanical thresholds were observed
from 3 h after CFA-injection in the vehicle group with significantly lower
thresholds compared to baseline values (males: p ¼ 0.0089 and females:
Figure 3. Ipsilateral (left, CFA-injected) paw withdrawal thresholds (g) as an indicat
and (B) females in Experiment 1 and (C) males and (D) females in Experiment 2.
comparisons test at baseline, 24 h and 72 h in Experiment 1 and at baseline, 3 h, 7 h,
were combined vehicle groups (saline s.c. and nut paste p. o.), BUP s.c. groups (BUP 0
vol.) with N ¼ 12 of each combined group. All data are presented as mean � SEM.
group at *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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p¼ 0.0472), (Tukey's multiple comparisons test). The lowest mechanical
thresholds (i.e. the highest level of inflammatory hyperalgesia) were
detected in the vehicle group at 7 h in both sexes (p < 0.0001) (Tukey's
multiple comparisons test). Buprenorphine treatment resulted in signif-
icantly higher mechanical thresholds (analgesic effect) compared to the
vehicle groups for both sexes (p < 0.0001), independent of route of
administration. The effect of buprenorphine remained significantly
different from the vehicle group to some extent at 24 h as well (males:
BUP s.c.: p ¼ 0.0137; females: BUP p. o. vol.: p ¼ 0.0133, BUP s.c.:
0.0235). No differences were detected between buprenorphine groups at
any time. A two-way RM ANOVA detected no difference between
different doses of buprenorphine on EVF or any other parameter, and
therefore these groups were joined. But for clarity, the full EVF dataset is
presented in the supplementary (Figure S5).
ion of mechanical hyperalgesia. Ipsilateral paw withdrawal thresholds (A) males
Data were analysed by a two-way RM ANOVA followed by a Tukey's multiple
24 h in Experiment 2. All groups in Experiment 1, N ¼ 6. Groups in Experiment 2
.10 and 0.15 mg/kg s.c.) and BUP p. o. vol. groups (BUP 1.0 and 3.0 mg/kg p. o.
The asterisks (*) represents statistically significant differences from the vehicle
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3.4. Rat grimace scale scores

Rat Grimace scale (RGS) scores (Figure 4A and B) increased
following CFA-injection with overall highest scores at 24 h presented by
the vehicle group in both sexes. A Kruskal-Wallis test detected signifi-
cant differences between CFA-injected groups at 24 h (p ¼ 0.0125) in
males only, where the carprofen group showed a significant reduction in
scores compared to the vehicle group (p ¼ 0.0127), while no differences
were detected between treatment groups at 7 h (Dunn's multiple com-
parisons test).

3.5. Faecal corticosterone metabolites

Average concentrations of faecal corticosterone metabolites (FCM)
excreted in 24 h per cage were compared between treatment groups
(Figure S6). An overall two-way RM ANOVA detected no significant ef-
fects of sex or treatment.

4. Discussion

The aim of this study was to evaluate the effects of buprenorphine on
model-specific parameters, inflammation and pain-related behavioral
readouts during the immediate post-induction period in the complete
Freund's adjuvant-induced monoarthritic rat model.

Although the welfare or body weight of the animals was not greatly
affected by the CFA injection in general, all CFA-injected animals were
still affected clinically, with impaired mobility, stance, rearing abilities
and increased lameness. Buprenorphine treatment, administrated
voluntary in nut paste or subcutaneously, resulted in a reduced degree of
impairment from the injury, as expected.

Ankle circumferences increased in both sexes until 24 h post CFA
injection. From 24 h the groups started to differ from each other, with the
carprofen group having the lowest circumferences. The results suggest
that carprofen modulates the inflammatory response and decreases dis-
ease severity in this model, which was expected given the anti-
inflammatory components of the drug [57]. Buprenorphine treatment
(sc. and p.o. vol.), on the other hand, resulted in a significant increase in
circumference compared to the vehicle group in males, and similar size of
circumference as the vehicle group in females, indicating that bupre-
norphine, in contrast to carprofen, did not suppress the inflammatory
swelling. Whether buprenorphine exacerbated the inflammatory process
in males is not known and should be further investigated. This
sex-dependant issue has not been evident in our previous study with
buprenorphine treatment of 0.05 mg/kg in the same model (unpublished
work). However, this is not unlikely given a previous report that
morphine produces increased paw swelling in males exposed to an
adjuvant-induced arthritis model [3].

The rat grimace scale was applied to detect and quantify spontaneous
pain behaviors in this model. The RGS scores suggested moderate pain
intensity, with treatment groups expressing fewer pain-related facial
expressions than the vehicle group. However, only the carprofen group
showed significantly decreased scores compared to the vehicle group. In
our previous study (unpublished work), we demonstrated positive
Figure 4. Facial expressions as a measure of non-evoked pain (Experiment 1). Rat gri
72 h post induction in (A) males and (B) females. The Kruskal-Wallis test was used
displayed as mean � SEM. The asterisk (*) represents statistically significant differe
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treatment effects of buprenorphine in this model, but this was done by
calculating the AUC over a longer treatment period (Days 1–15 post-
induction). The RGS method is seemingly reliable in assessing some
pain-related behavior in this model. Whether it is sensitive enough to
assess analgesic effectiveness in the time window tested in this study,
however, is doubtful.

Significant decreases in mechanical thresholds in EVF testing were
observed as early as 3 h post CFA-injection and were lowest (indicating
highest pain levels) 7 h post CFA injection in both males and females. A
clear analgesic effect of buprenorphine (regardless of the route of
administration and dosage tested) was evident 3, 7 and 24 h post CFA
injection with significantly higher thresholds compared to the vehicle
group. This indicates that buprenorphine treatment provides effective
pain relief during the first 24 h after CFA-injection. A decline in analgesic
effect was observed at 24 h post CFA injection in Experiment 2, whereas
no analgesic effects were detected in Experiment 1 (at 24 h and 72 h).
The latter is consistent with previous findings (preliminary data). Sig-
nificant pain-related responses in the EVF test have been demonstrated
during 10 days [18] and even up to 16 days post CFA injection (pre-
liminary data). We therefore emphasize the necessity of providing
analgesia for longer than 24 h post CFA injection. Importantly, the
hyperalgesia measured by EVF testing in this model is likely to be sec-
ondary hyperalgesia, since the tested location is remote to the primary
injury [58]. It is generally agreed that the mechanisms mediating pri-
mary and secondary hyperalgesia are different. Whereas primary
hyperalgesia is mainly attributed to peripheral nociceptor sensitization
(at the injury site) and central sensitization, secondary hyperalgesia is
largely due to changes in the processing of sensory input in the central
sensitization (CNS) [58]. Although secondary hyperalgesia requires
continuous nociceptive input from the primary injury [59], it may not be
directly correlated to analgesic efficacy on pain from the ankle joint.
Measures such as weight bearing [60, 61] or changes in gait [62] may
provide more differentiated readouts about the impact of this injury
model, rather than relying on stimulus-evoked mechanical responses
alone.

Voluntary oral administration of buprenorphine has, besides the
obvious advantage of being non-invasive, been found to lower plasma
and fecal corticosterone levels and to improve water consumption and
body weight maintenance compared to subcutaneous treatment [23, 25,
26]. However, the administration route has also been criticized as being
less effective compared to subcutaneous injections in rats, because of
first-pass metabolism reduced bioavailability [63, 64]. Some studies
suggest using doses more than 100 times higher than those commonly
used for subcutaneous injections to ensure an effect in analgesiometric
tests [65]. In this study we used doses of 0.8–3.0mg/kg buprenorphine in
nut paste, where 1.0 and 3.0 mg/kg provided a similar analgesic effect as
a subcutaneous treatment at doses of 0.15 and 0.10 mg/kg at least during
the first 24 h. The similar analgesic effect suggests that an expected
ceiling effect of buprenorphine (due to its pharmacological properties)
was reached within the dosing range. Therefore the use of higher doses of
buprenorphine does not seem to be necessary for alleviating pain in this
model and might just result in decreased palatability of the oral formu-
lation [65] or induce adverse effects such as reduced appetite, changes in
mace scale (RGS) scoring was performed at pre-induction baseline and at 24 and
for hypothesis tests, followed by Dunn's multiple comparisons test. Scores are
nce from the vehicle group at *p < 0.05. All groups N ¼ 6.
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activity, and pica behavior [20]. We did not observe any rats unwilling to
eat the treatments mixed in nut paste, and none of the mentioned adverse
effects were observed in any buprenorphine-treated animals in this study.
However, when considering minimizing confounding factors, the lower
dose of buprenorphine could preferentially be used given that there was
no added effect on any parameters from the higher dose.

Administration of opioid analgesia has varying effects on immuno-
suppression, depending on drug and whether the model involves acute or
chronic inflammation [66]. However, buprenorphine has been reported
to lack immunosuppressive effects when administered in acute and
chronic inflammatory reactions [67, 68], even at doses as high as 12.5
mg/kg/h delivered continuously with osmotic pumps in mice [68].
Higher levels of fecal corticosterone levels were detected post CFA in-
jection in this study, however no significant differences were detected
between groups at any time. This suggests that buprenorphine treatment,
administered as 0.8 mg/kg p. o. vol. or 0.1 mg/kg s.c., does not notice-
ably influence corticosterone levels in this model. Whether 0.15 mg/kg
s.c. or 1.0–3.0 mg/kg p. o. vol. influences corticosterone levels in the
same time window remains unknown.

In conclusion, buprenorphine administered by subcutaneous injec-
tion or by voluntary ingestion in nut paste resulted in a sufficient anal-
gesic effect in the CFA-induced monoarthritis rat model during the first
24 h post CFA injection. In addition, buprenorphine treatment improved
mobility, stance, rearing and lameness scores and showed no suppressing
effect on the CFA-induced inflammatory response. The data demonstrate
that buprenorphine, administered for voluntary ingestion in nut paste, is
an effective alternative to repeated injections of buprenorphine. Our
findings highlight the importance of tailoring analgesia to periods where
pain and inflammation peak to enhance animal wellbeing and to mini-
mize potential impact on scientific objectives.
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