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Abstract

The Guide for the Care and Use of Laboratory Animals strongly encourages the use of
pharmaceutical grade chemicals and analgesics. The extra-label use of sustained-release
buprenorphine (SRB) is commonly administered to rodents to mitigate moderate-to-severe pain.
An FDA-indexed buprenorphine formulation, known as extended-release buprenorphine (XRB),
has recently become available and is currently the only pharmaceutical grade slow-release
buprenorphine approved for use in mice and rats. However, no studies have directly compared
the pharmacokinetic (PK) parameters and therapeutic efficacy of SRB and XRB in surgically
catheterized mice. Thus, we compared the plasma buprenorphine concentrations and PK
parameters of SRB and XRB in mice after surgical catheterization. We hypothesized that mice
treated with SRB or XRB would have circulating buprenorphine concentrations exceeding the
therapeutic threshold for up to 72-hours post-operatively. Male and female C57Bl/6J mice were
anesthetized, treated with either SRB (1 mg/kg, SC, once) or XRB (3.25 mg/kg, SC, once) and
underwent surgical catheterization. At 6, 24, 48, and 72 h after SRB or XRB administration,
arterial blood samples were collected. Post-operative weight loss was similar between groups
with a decline of 11.7 + 1.6 and 12.3 = 0.7% in males and 7.6 + 2.2 and 8.1 + 1.1% (mean +
SEM) in females treated with SRB and XRB, respectively. Both SRB and XRB maintained
circulating buprenorphine concentrations above the therapeutic level of 1.0 ng/mL for 72 h after
administration. XRB buprenorphine concentrations were significantly greater (3-4-fold) than
SRB concentrations at 6, 24, and 48 h, commensurate with the increase dose concentration of
XRB to SRB. These results support the use of either SRB or XRB for the alleviation of post-
operative pain in mice. The new availability of FDA-indexed XRB increases the options for safe
and effective pharmaceutical grade analgesia in rodents.
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Introduction

Painful surgical procedures are often a major component of biomedical research and are
commonly performed in laboratory animals.!%!1:1623-32 The AALAS position statement on
Alleviating Pain and Distress in Laboratory Animals states that, “The avoidance and
minimization of pain and distress in laboratory animals is an ethical obligation that preserves the
welfare of animals used in research ...”.! Pain relieving measures often include adequate
personnel training, environmental modifications, social housing, acclimatization to stressful
procedures, and the use of anesthetic and analgesic drugs.!>162¢ Analgesic drugs are often one of
the first tools used for the alleviation of painful surgical procedures because of their ability to
decrease the anesthetic dose?® and prevent the development of central sensitization, also known
as wind-up phenomenon.!!?*32 Furthermore, according to The Guide for the Care and Use of
Laboratory Animals, “Successful surgical outcomes require appropriate attention to... [the] use
of analgesics... during all phases of a protocol involving surgery and postoperative care”.?
Therefore, it is essential to alleviate undue pain and distress from otherwise painful surgical
procedures using analgesics.

One of the most common classes of systemic analgesics used in laboratory rodents are opioids.?’
Opioids have become the analgesic of choice in mice and rats because of their high therapeutic
index?’, minimal side-effects when used appropriately??, and effectiveness in alleviating
moderate-to-severe pain.**11:17:1932 Buprenorphine is a partial p-opioid receptor agonist and has
been documented to be safe and effective in alleviating post-surgical pain in
rodents,*-11.17:19.25.27.30 There are currently 3 formulations of buprenorphine that are commonly
being used in laboratory rodents: buprenorphine HCI (BUP), sustained-release buprenorphine
(SRB), and extended-release buprenorphine (XRB). The short duration of action of BUP presents
a major limitation to its use’ and requires repeated handling and dosing every 3 to 12
hours.!2!82! Alternatively, the slow-release buprenorphine formulations, SRB and XRB, have
been reported to provide up to 72-hours of analgesia in mice after just one subcutaneous
injection.”!219:21.22.30 Newly available XRB is FDA-indexed and the only current pharmaceutical
grade slow-release buprenorphine for use in mice and rats.!**° SRB is not considered
pharmaceutical grade because SRB is a patented formulation produced in a commercial
compounding pharmacy that can have variations in safety and efficacy based on the batches that
are produced; however, many studies have independently evaluated SRB demonstrating its
analgesic efficacy and safety in rodents.*!1:1217:21.22.35 The Guide strongly encourages the use of
pharmaceutical grade chemicals to ensure that unwanted side-effects are not introduced to a
study? ; thus, many institutions may consider switching from SRB to the newly available XRB.
Yet, no studies have directly compared the pharmacokinetic (PK) parameters and therapeutic
efficacy of SRB and XRB in mice with surgical catheterization.

Murine PK studies typically require terminal blood collections at various time points after drug
administration to obtain adequate amounts of blood for analysis.!* However, blood sampling
from different mice at various timepoints can introduce variability in inter-animal drug
responses, as well as increase the number of animals required to complete a study.!*? Ideally,
permanent catheterization and repeated blood sampling in the same mouse would minimize inter-
animal variability and enhance the reproducibility of pre-clinical drug trial results.%”?
Furthermore, permanent carotid catheterization in mice has not resulted in changes in behavioral
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parameters, physiological parameters, and no detectable implication on animal welfare.!> Using
carotid catheters to assess PK parameters and therapeutic drug efficacy is a refinement that
decreases the number of animals used and decreases any variations in drug response due to
animal-to-animal differences.?® Thus, the aim of this study was to compare the PK parameters
and therapeutic efficacy of SRB and XRB in mice after permanent carotid artery and jugular vein
catheterization. We hypothesized that mice treated with either SRB or XRB would have
circulating buprenorphine concentrations exceeding the therapeutic threshold for up to 72-hours
post-operatively.

Materials and Methods

All animal procedures were performed in an AAALAC International-accredited facility and
approved by the City of Hope Institutional Animal Care and Use Committee.

Animals. Male (n=15) and female (n=12) 6-week-old C57BL/6J mice were purchased from
Jackson Laboratory (Bar Harbor, ME) and allowed to grow and acclimate in the vivarium until
catheterization surgery at 13-15 weeks of age. Prior to surgery, all animals were group-housed in
individual ventilated cages (Optimice, Animal Care Systems, Centennial, CO) on corn-cob
bedding (‘Bed-o0’-Cobs 1/8 in., The Andersons, Maumee, OH) with a square nestlet and PVC
tube provided for enrichment. Three-days prior to surgery, mice were handled daily for
approximately 3 minutes and provided with a diet-gel (Dietgel® Recovery, Clear H20,
Westbrook, ME) to allow for acclimatization; continuation of the diet-gel was available for all
mice up to 3 days post-operatively. After surgical implantation of a carotid catheter, mice were
singly housed to eliminate the risk of catheter port destruction and assessed daily for clinical
signs of pain. Mice were allowed free access to rodent chow (LabDiet 5053, St. Louis, MO) and
reverse-osmosis-purified water and maintained on a 12:12-h light:dark cycle. Mice were
designated as specific pathogen free (SPF) for: mouse rotavirus, Sendai virus, pneumonia virus
of mice, mouse hepatitis virus, minute virus of mice, mice parvovirus, Theiler murine
encephalomyelitis virus, mouse reovirus type 3, mouse norovirus, lymphocytic choriomeningitis
virus, mouse thymic virus, mouse adenovirus types 1 and 2, mouse cytomegalovirus, polyoma
virus, K virus, ectromelia virus, Hantavirus, Prospect Hill virus, Filobacterium rodentium,
Encephalitozoon cuniculi, and Mycoplasma pulmonis, Helicobacter spp., Clostridium piliforme,
and free of any endo- and ectoparasites.

Experimental design. The experimental workflows of the 2 treatment groups are presented in
Figure 1. The SRB patented formulation (SRB-LAB, 1 mg/mL, 5 mL vial) was prepared and
acquired from Zoopharm (Windsor, CO). The XRB formulation (Ethiga XR, 1.3 mg/mL, 3 mL
vial) was a proprietary pharmaceutical grade formulation prepared and acquired from Fidelis
Pharmaceuticals (North Brunswick, NJ). Beginning 3 days prior to surgery, daily body weights
were measured, and mice were clinically evaluated for health status. Mice in each sex grouping
were then assigned to either the SRB (n=6 male, n=7 female) or XRB (n=8 male, n=7 female)
treatment group. On day 0, surgical catheterization was performed (see next section), and each
mouse received either SRB (1 mg/kg, SC, Hamilton syringe, 23g needle) or XRB (3.25 mg/kg,
SC, Hamilton syringe, 23g needle) in the right rear flank during the anesthesia induction period.
Time at which analgesic was given was recorded and used to determine subsequent blood
collection time points. Prior to injection, both SRB and XRB were mixed well by inversion to
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ensure homogenous suspensions were injected. After surgery, mice were provided with 0.9%
sodium chloride (10 mL/kg, SC) in the left rear flank and allowed to recover in a clean cage
placed on a heating pad. At 6, 24, 48, and 72-hours after administration of SRB or XRB, arterial
blood samples were collected. All mice were humanely euthanized at the 72-hour blood
collection timepoint via CO; asphyxiation followed by secondary cervical dislocation.

Surgical procedure. The left carotid artery and right jugular vein were surgically catheterized
for blood sampling and infusions, respectively, and the mouse antenna for sampling access®
(MASA) was implanted subcutaneously, as previously described in Ayala et al., 2011. Briefly,
isoflurane anesthetized mice were aseptically prepared for surgery at the ventral cervical and
interscapular regions. A 5-mm longitudinal incision was made just over the left common carotid
artery, slightly lateral from the mid-trachea. Using blunt dissection, the common carotid artery
was isolated, proximal and distal ligatures were placed, and a silastic-polyethylene -10 catheter®
(Fischer Scientific, Waltham, MA), pre-filled with 100-U heparin-saline lock, was secured
approximately 10-15 mm into the vessel lumen. The free-end of the catheter was tunneled
subcutaneously towards the back of the mouse, exteriorized by a small 5-mm incision in the
interscapular region and connected to the MASA device® that sits under the skin. The MASA
device was then secured with suture and blood sample ports were easily accessible from the
interscapular region of the mouse. The right jugular vein, normally used for infusions, was
catheterized, and attached to the MASA in the same fashion as the left carotid artery; however,
the infusion side of the MASA was not used in the current study.

Blood collection. For each blood collection time point, 80 — 100 pL of arterial blood was
collected in a blinded fashion from the carotid catheter via the MASA. Care was taken to discard
approximately 10 pL of the heparin saline lock flush prior to blood collection, as well as
avoidance of introduction of air bubbles into the catheter line. Blood was transferred from a
heparin-coated syringe to a 0.5 mL sterile Eppendorf tube (Fisher Scientific, Waltham, MA) on
ice and immediately centrifuged at 4 °C and 2500 g for 10 minutes to obtain plasma.® Isolated
plasma was transferred to individual sterile glass vials, instantly frozen using liquid nitrogen, and
stored at -80 °C until processed for analysis.!? After isolation of plasma, saline-washed red blood
cells were returned to each mouse via slow infusion into the carotid catheter to avoid anemia. A
new 100-U heparin lock was infused into the catheter to maintain patency.

Pharmacokinetic analysis. Buprenorphine concentrations in mouse plasma were measured
using an LC-MS/MS assay established in the City of Hope analytical Pharmacology Core
Facility. Following precipitation of plasma proteins with acetonitrile containing 3.5 ng/mL
buprenorphine-d4 (Cerilliant, Round Rock, TX, USA) as an internal standard, the sample was
vortex mixed for 2 minutes and centrifuged for 10 minutes at 14.8K rpm and 4°C. A 50 pl
aliquot of the resulting supernatant was further diluted 1:4 with 40% methanol and 5 pl was
injected onto the column. Analyte separation was achieved on a Kinetex 2.6 um C18, 50 x 2.1
mm analytical column (Phenomenex, Torrance, CA USA) using gradient separation. The
retention time was 3.6 minutes for buprenorphine and buprenorphine-d4 and the total run time
was 7 minutes. Detection was performed using a Xevo TQ-XS Triple Quadrupole Mass
Spectrometer (Waters, Milford, MA, USA) with electrospray ionization and operating positive
ion mode. The precursor—product ion combinations at m/z 468.38—396.24 for buprenorphine
and 472.38—400.24 for buprenorphine-D4 were used in multiple reaction monitoring (MRM)
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mode, and MassLynx version 4.2 software was used to acquire and analyze data. The lower limit
of detection for buprenorphine concentrations was 0.3 ng/mL.??

PK parameters were calculated using PK Solver 2.0 with a noncompartmental analysis (NCA)
linear up-log down method.>* Parameters included in the analysis were half-life, time to
maximum concentrations, peak concentrations, area under the concentration-time curve, and
clearance (t 12, T max, C max, AUC o.1ast, CL). For statistical analysis, a two-way ANOVA
followed by Bonferroni multiple comparisons test was used to compare differences in
buprenorphine concentrations over the 6, 24, 48, and 72-hour sample period. All statistical
analyses were complete using GraphPad Prism version 9.2.0 for Windows (San Diego, CA).

Results

Overall animal health. During the acclimation period, all animals were handled for
approximately 3 minutes daily and had no significant changes in body weight during the pre-
operative period. Both SRB- and XRB-treated mice had similar declines in body weight after
surgical implantation of the catheters. As expected, body weights declined from 1-3 days and 2-3
days post-operatively in male and female mice, respectively (Figure 2A). However, no
significant difference in body weight changes were observed between SRB- or XRB-treated mice
(Figure 2B). Compared to pre-operative measures, body weights declined by 11.7 £+ 1.6% and
12.3 £ 0.7% in males and 7.6 £ 2.2% and 8.1 £+ 1.1% (mean + SEM) in females treated with SRB
and XRB, respectively (Figure 2B). For both treatment groups, there were no adverse reactions
at the subcutaneous injection site or signs of infection at the catheter implantation site.

Pharmacokinetics. Whole blood withdrawn from carotid arterial catheters was assessed for
plasma buprenorphine concentrations at 6, 24, 48, and 72-hours after administration of SRB or
XRB (Figure 3). At 6, 24, 48, and 72 hours, respective circulating concentrations of
buprenorphine (ng/mL) were (mean + SEM) 3.76 + 0.55, 2.45+0.36, 1.35+0.17, and 1.02 +
0.21 for SRB, and 13.52 +1.89, 7.37 + 1.20, 4.40 = 0.69, and 3.23 + 1.0 for XRB. XRB
circulating buprenorphine concentrations were significantly greater than SRB concentrations at
6, 24, and 48-hours (p < 0.05), but not at 72-hours after administration. In surgically catheterized
mice, circulating buprenorphine concentrations remained above the therapeutic threshold of 1
ng/mL!2? (dashed line, Figure 3) for 48 — 72 hours after administration of SRB and XRB.
According to the NCA, the slope of elimination for plasma buprenorphine concentration over
time shows an exponential decline for SRB (R? = 0.98) and XRB (R? = 0.96) based on the
following equations:

SRB Buprenorphine Concentration = 4.03 ¢ =002 (Time in hr)

XRB Buprenorphine Concentration = 13.69 ¢~0:021 (Time in hr)

Pharmacokinetic parameters for SRB- and XRB-treated mice are described in Table 1. Half-life
(T12) and clearance (Cl) were similar between mice treated with SRB or XRB. Although both
SRB and XRB had maximum plasma buprenorphine concentrations 6-hours after administration,
maximum buprenorphine concentrations (Cmax, ng/mL) were three-to-four times greater in XRB-
than SRB-treated mice. Additionally, area under the curve (AUCoy.1st), @ measure typically
associated with systemic exposure of a drug, was greater in XRB- than SRB-treated animals.
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Discussion

In this study, we surgically implanted indwelling carotid arterial and jugular vein catheters and
assessed the pharmacokinetic response of subcutaneously administered SRB and XRB. This
study design enabled comparison of plasma buprenorphine concentrations up to 72-hours after
administration of SRB or XRB. We identified that both SRB and XRB had similar half-lives and
maintained circulating buprenorphine concentrations above the therapeutic level of 1.0 ng/mL
for 72-hours after administration. Furthermore, we determined that the maximum concentration
and AUC of plasma buprenorphine was three-to-four times greater in XRB than SRB-treated
mice, likely due to the approximate three-fold increase in the recommended dose of XRB (3.25
mg/kg) compared to SRB (1 mg/kg). These results support our hypothesis that post-operatively,
mice treated with either SRB or XRB would have circulating buprenorphine concentrations
exceeding the therapeutic threshold for up to 72-hours.

The goal of this study was to directly compare the pharmacokinetic parameters of the newly
available XRB with the commonly used SRB. In humans, buprenorphine concentrations of at
least 1.0 ng/mL provided pain relief in clinical reports!®3!; thus, buprenorphine concentrations of
at least 1.0 ng/mL in rodents have been accepted as a therapeutic threshold providing adequate
pain relief.!®2? As previously reported, we confirmed that SRB-treated mice had circulating
buprenorphine concentrations above 1.0 ng/mL for 48-72-hours after administration; although,
the 72-hour buprenorphine concentrations teetered along the borderline threshold level.?! XRB-
treated mice maintained buprenorphine concentrations above 1.0 ng/mL for up to 72-hours.
(Figure 3). These results establish that XRB is comparable to SRB in providing effective
therapeutic buprenorphine concentrations in mice for the alleviation of post-surgical pain.

Alleviation of post-surgical pain in mice is commonly accomplished using different formulations
of long-lasting buprenorphine; however, higher doses of these formulations have in some cases
resulted in respiratory depression, inflammatory changes, subcutaneous hemorrhage, and
necrosis at the site of injection.”?° In rats, a subcutaneous lipid suspension of buprenorphine at a
dose of 6.25 mg/kg resulted in inflammatory changes and hemorrhage at or near the injection
site.?? One study in mice treated with SRB at a dose of 1 mg/kg revealed scabby lesions with
local erythema at the injection site.” The authors attributed this to the seeping out of SRB onto
the skin. A recent study of PK and histopathological lesions in rats administered XRB revealed
mild-to-moderate granulomatous changes at injection sites at both low- and high-dosages (0.65
mg/kg and 1.30 mg/kg, respectively).? In the current study, although histopathological lesions
at injection site were not assessed, we did not observe any clinical or gross adverse reaction of
SRB or XRB at the injection site. Furthermore, we used a Hamilton syringe, injected slowly, and
pinched the skin after administration to ensure the drugs would not seep out. We recommend that
others use this delivery method with both SRB and XRB to avoid any inadvertent skin reactions.

According to the NIH-ARAC Guidelines for Blood Collection in Mice and Rats, the amount of
blood that can be safely withdrawn from a single mouse is approximately 10% of the total blood
volume (72 ml/kg, mean) every 2 to 4 weeks, 7.5% every 7 days, and 1% every 24 hours>. These
guidelines are important to prevent anemia, dehydration, and associated pain and distress.
However, PK studies often require larger amounts of blood, depending on the compound in
question, with 6-12 terminal blood samples per compound per time point necessitating higher
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animal usage and increased variability between samples?*. In the current study, the indwelling
carotid catheter enabled us to collect multiple blood samples over a 72-hour period, return saline-
washed red blood cells to each mouse, and assess buprenorphine concentrations from the same
mouse at different time points. This method is an important refinement to the commonly used PK
mouse design paradigms, where larger volumes of blood are collected from only one mouse per
time point.!*?° Studies have shown varied responses of injectable buprenorphine based on mouse
strain and individual animals; thus, the use of an indwelling catheter minimizes intra-animal
variation and potentially increases translatability.®”-?* However, for PK studies requiring larger
volumes of blood (i.e. greater than 10% of the total blood volume) and where returning washed
red blood cells is not optimal, indwelling catheterization of mice will likely be inadequate and
larger animal models, such as rats, should be used.!* Importantly, assessment of PK parameters
acquired from the same animal over time more closely mimics preclinical experimental drug
trials that are performed in humans and larger animal species.!** Therefore, the use of an
indwelling carotid catheter for pharmacokinetic blood collection in mice may be superior for
studies requiring multiple blood collections in volumes up to 100 pl per mouse.

There are several differences between SRB and XRB that may influence when to choose one
over the other. SRB is a USP grade patented formulation containing a solvent with N-methyl-2-
pyrrolidone. Administration of SRB in mice is considered extra-label use; however, at adequate
dosages many studies have shown its safety and efficacy in multiple strains of mice.*%12:17:21.22
XRB, on the other hand, is an FDA-indexed cGMP formulation that uses a lipid-based delivery
vehicle.!??%39 FDA-indexed drugs go through an alternative FDA approval process for species
that are “too rare or varied” to undergo a full approval process. FDA-indexing of drugs takes less
time than the standard FDA approval process and decreases expenses without compromising the
efficacy of the drug or the safety of the animals; thus, XRB has a level of FDA-certification that
is currently lacking in SRB.> Yet, SRB has many third party studies ensuring both its safety
efficacy in the rodent species.”!112:17:21-22 Nonetheless, both SRB and XRB meet standards set by
The Guide for ensuring “toxic or unwanted side effects” are not associated with drug
administration.? Our results support the use of either SRB or XRB for alleviation of post-surgical
pain in mice and the new availability of XRB increases the options for safe and effective
analgesia in rodent models.
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Figure Legends

Figure 1. Experimental design. After 3-days of acclimatization, mice were anesthetized, treated with either SRB (1
mg/kg, SC) or XRB (3.25 mg/kg, SC), and surgically implanted with catheters in the left common carotid artery.
Arterial blood samples were collected at 4 different time-points (6 hr, 24 hr, 48 hr, and 72 hr) and analyzed for
plasma buprenorphine concentrations using LC-MS/MS.

Figure 2. As expected, all mice lost body weight post-operatively, with similar declines in body weight between
XRB- and SRB-treated animals. Body weights of XRB- and SRB-treated mice declined significantly 1-3 days (*)
and 2-3 days (") post-operatively in males and females, respectively, but not between XRB- or SRB-treatment
groups (A). Percent decreases in body weight were similar between sexes treated with SRB or XRB (B). Data are
presented as mean = SEM, p-value < 0.05. Dashed line in (A) indicates day of surgery.

Figure 3. Mice treated with SRB (1 mg/kg, SC, black line) or XRB (3.25 mg/kg, SC, red line) had circulating
buprenorphine levels that were above the therapeutic effective threshold of 1 ng/mL!%** (dashed line) up to 72 hours
post-operatively. Data are presented as mean + SEM, * = p-value < 0.05.

Tables
Parameter Unit SRB XRB
tie h 37.82 40.32
Tmax h 6 6
Chmax ng/mL 3.76 13.52
AUCo-1ast (ng/mL) x h 138.98 451.90
Clearance uL /h/kg 5.14 5.08

Table 1. Pharmacokinetic Parameters of SRB and XRB were calculated from a non-compartmental pharmacokinetic analysis
(NCA) of averaged buprenorphine concentrations at each time point (6 hr, 24 hr, 48 hr, and 72 hr). t ».-half-life, T max = time to
maximum concentrations, C max = peak concentration, AUC o...st = area under the concentration-time curve, and CL = clearance.
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