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Pharmacokinetics and Antinociceptive Activity of
Sustained-Release Buprenorphine in Sheep
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Buprenorphine is a potent analgesic commonly administered to alleviate pain in sheep used in research. Sustained-release
buprenorphine (SRB) is an alternative to conventional buprenorphine hydrochloride (which must be injected repeatedly).
To compare SRB with a typical conventional buprenorphine regimen (0.03 mg/kg every 8 h for 72 h), we used a simple 1:1
conversion to calculate a total SRB dose of 0.27 mg/kg per injection. The pharmacokinetics and thermal nociceptive effects
of SRB were analyzed in 4 healthy adult sheep after a single intramuscular injection plus a washout period then a single
subcutaneous injection. For both routes in all 4 sheep, plasma buprenorphine concentrations exceeded 0.1 ng/mL, considered
the minimal threshold for therapeutic benefit, after 12 h and maintained a steady state for at least 72 h Likewise, for both
routes in all sheep, thermal thresholds increased significantly between baseline and 12 h; lack of response persisted for at
least 72 h. The average maximal plasma buprenorphine concentrations and bioavailability were similar for both routes. No
clinical adverse effects occurred. Using a dose equivalent to the total course of conventional buprenorphine, this pilot study
suggests that SRB is a well-tolerated, effective, and long-acting analgesic that can be administered as a single intramuscular
or subcutaneous injection. SRB confers steady plasma concentrations and continuous analgesia in thermal nociception for at
least 72 h. When compared with conventional buprenorphine, SRB has considerable advantages in improving wellbeing by
minimizing handling-associated stress of repeated injection and limiting the likelihood of end-of-dose breakthrough pain.

Abbreviation: SRB, sustained-release buprenorphine

To study disease and to develop and evaluate therapeutic
interventions, researchers often heavily rely on animal models.
Avoiding or minimizing pain in laboratory animals is of central
importance to protect their wellbeing.2%” The administration of
analgesics, which block or reduce sensitization of central and
peripheral pain pathways, is a key antinociceptive method.

Sheep are used to model interventions targeting airway
disease, cardiovascular disease, orthopedic injury, emergency
resuscitation, and vaccination.?18:2223,2526,34,36,38,39 The de-
velopment of effective analgesic regimens in sheep requires
consideration of the source of pain, its anticipated duration,
and the advantages and disadvantages of various methods.

Buprenorphine, a partial L opiate agonist, is among the most
commonly used analgesics in laboratory animals, including
sheep.192842 Tt is used primarily as an injectable and sublin-
gual analgesic to alleviate mild to severe pain.?? Favored for
its relatively long half-life and exceptional safety profile, bu-
prenorphine has several other advantageous properties: rapid
onset, higher potency than morphine, and a ceiling in terms of
its respiratory effect but not its analgesic effect.>3! Its analgesic
effect usually lasts for 6 to 8 h, but may persist for as long as 12
h, depending on the type of pain.?? The duration of effect and
the response to buprenorphine are also related to species-specific
metabolism and are dose-dependent.'

Sustained-release buprenorphine (SRB) is approved for vet-
erinary analgesic use. It offers prolonged pain relief, minimizing
the need for repeated injections. Its efficacy has been demon-
strated in mice, rats, cats, and NHP under different applications,
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including surgical models.>#82° Similarly, extended-release opi-
oid formulations are used clinically in humans, prolonging pain
relief, lengthening dose intervals, reducing end-of-dose pain,
and enhancing ease of compliance.!1724! In sheep, limiting the
need for repeated injections (which typically must occur every 4
to 12 h) is especially appealing, considering their susceptibility
to stress during flock separation and under restraint when the
prey flight response is blocked.

Because SRB is a relatively new formulation, the dose basis
and ideal route of administration have yet to be established in
sheep. The purpose of this study was to characterize the phar-
macokinetic profile of SRB, in relation to its analgesic efficacy,
as measured by thermal threshold and safety parameters. Iden-
tifying the expected plasma concentrations of buprenorphine
after SRB administration allows these data to be compared with
previous reported findings for conventional buprenorphine.?342
Our hypothesis, based on assumptions from similar veterinary
applications, was that parenteral injection of SRB every 72 h
would result in therapeutic concentrations and provide continu-
ous analgesia. Using a crossover study design, we administered
SRB through a single intramuscular and then a single subcutane-
ous injection; we measured the response to thermal nociception
and the plasma concentrations at serial time points for 7 d. In
addition, we monitored sheep for side effects associated with
the SRB dose and the route of administration, particularly
cardiovascular or respiratory suppression and inappetence.

Our hope was that the pharmacokinetic profile of SRB
would provide advantages such as steady-state plasma con-
centrations, decreased end-of-dose failure, and minimization of
injection-related handling stress. We believe that a preliminary
characterization of the pharmacokinetic profile of SRB and of
the response to this drug is essential to develop effective dose
regimens for practical application.
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Materials and Methods

The TACUC at the University of Minnesota approved this
study.

Animals. Four naive Suffolk cross sheep, 2 wethers (sheep 1:
age, 4y; sheep 2: age, 7 y) and 2 ewes (sheep 3: age, 2 y; sheep 4:
age, 6 y) were used for this pilot study. Sheep were immunized
with Clostridium perfringens types C and D and tetanus toxoid
yearly and given anthelmintics (dewormed) twice annually
(spring and fall). All 4 were group-housed in temperature-
controlled animal holding facilities on slat flooring (Tenderfoot
Flooring, Tandem Products, Minneapolis, MN) and given at
least 21 ft? of floor space as required by the Guide for the Care
and Use of Laboratory Animals.!! A ration of alfalfa pellets
(7060 Teklad Ruminant Diet, Harlan Laboratories, Indian-
apolis, IN) mixed with sweet feed (oats, corn, and molasses
from Bombay, Kenyon, MN) in a 3:1 ratio was fed daily; this
diet was supplemented with hay cubes and cut grass hay
(locally sourced). Rooms were on a 13:11-h light cycle and
were sanitized daily.

SRB administration. The formulation concentration of SRB (SR
Veterinary Technologies, Windsor, CO) was 10 mg/mL for injec-
tion in 5-mL vials, stored refrigerated at 38 °F (3.3 °C). Before
injection, the solution was allowed to reach room temperature.
The intended SRB dose was determined by calculating the total
amount of conventional buprenorphine hydrochloride typically
administered to sheep during a standard 3-d postoperative
regimen (0.03 mg/kg every 8 h for 72 h). Thus, the total SRB
dose was 0.27 mg/kg.

In all 4 sheep, SRB (0.27 mg/kg) was administered by a sin-
gle intramuscular injection in the lumbosacral muscle. After
a minimal washout period of 1 mo, SRB (0.27 mg/kg) was
administered by a single subcutaneous injection in the neck or
axilla region in the same 4 sheep.

Blood samples. Blood (6 mL) was collected at 9 time points:
baseline (0 min) and then at 30 and 60 min and at 6, 12, 18, 24,
48, and 72 h after both the intramuscular and subcutaneous
injections. Blood was collected from the jugular vein by using
an 18-gauge vacuum phlebotomy tube directly into a 10-mL
EDTA tube and centrifuged within 2 h after collection to obtain
plasma. Because buprenorphine was still detectable in plasma
(with concentrations still increasing, in some sheep) at 72 h after
the intramuscular injection, an additional 4 time points were
monitored after subcutaneous injection only: days 4, 5,6, and 7.

Plasma was stored at -80°C for a maximum of 1 wk and then
shipped on dry ice to Protea Biosciences (Morgantown, WV)
for determination of buprenorphine and norbuprenorphine
plasma concentrations. The samples were processed by liquid—
liquid extraction and analyzed by using a quantitative liquid
chromatography—tandem mass spectrometry assay. Aliquots
(1 mL) of plasma were extracted by using methanol plus a
buprenorphine-D, and norbuprenorphine-D, primary internal
standard. After centrifugation, the sample supernatants were
transferred to a 96-well plate and dried under nitrogen at 50 °C
for approximately 40 min, after which samples were reconsti-
tuted in 200 uL of 0.1% formic acid in water. The 96-well plate
was sealed and vortexed for approximately 1 min. Samples
were loaded for analysis into an Aquasil (C18, 50 x 2.1 mm, 5
pm; Thermo Scientific, Waltham, MA) analytical column for
analysis by the API 4000 and Q-Trap 5500 (ABSciex, Toronto,
Canada). The calibration curve ranged from 0.1 to 50 ng/mL
for buprenorphine and 0.4 to 200 ng/mL for norbuprenorphine.
This commercial quantitative assay is performed according to
a standard operating procedure under an established quality
system for human and animal samples.

Thermal withdrawal thresholds. Thermal stimulation devices
are used to assess the degree of nociception in large animal
models.® In the current study, a thermal portable device was
used to assess SRB-induced antinociception in all 4 sheep. The
heat source consisted of a tungsten halogen lamp powered by
a 12-V battery. The intensity of the light emitted was 250,000
candela. A planoconvex lens, with a focal length of 120 mm,
concentrated the light. The lens was held in place by a metal
housing. The temperature at the focal spot was 90 °C. Sheep
were acclimated to the presence of investigative staff and to
the thermal portable device.

During thermal testing, the sheep were not restrained and
remained in their familiar home cage. When typical behavior
(for example, feeding, ruminating) and lack of interest in the
device were present, focal heat was applied to the cutaneous
trunci region and to the coronary band (lateral claw) bilaterally.
The application of a nociceptive stimulus to the coronary band
in horses and cutaneous trunci in pigs is a robust method to
evaluate analgesic efficacy.5® The distance from the light emit-
ting heat source was 12 in. to the target site, which formed an
expected shape at the correct distance, so that the temperature
was the same for each repetition and each animal. Measurement
was repeated 3 times for each site, alternating between the cu-
taneous trunci, right leg, and left leg and then averaged. The
rest time between sites occurred as the equipment was shifted
quickly to the next site. By using a stopwatch, the time interval
from the start of light impact until a response was measured;
however, to prevent thermal injury, the thermal stimulus was
halted after 40 s.

Note that, at the outset of this study before SRB treatment
began, a measurement trial was performed in all 4 sheep both
to train the single person that performed the testing throughout
the experimental phase and verify that the assay provoked a
typical withdrawal response to focal thermal exposure. The
expected response was a panniculus response (twitch) of the
cutaneous trunci region or a withdrawal response (lifting or
flicking of the leg) at the coronary band. Lifting or flicking of
the leg occurred consistently, but the panniculus response was
inconsistent; for this reason, we halted the use of that region
for thermal testing. The thermal stimulus was applied to the
coronary band of the sheep, on both the right and left rear leg
just prior to SRB administration and then at the 9 time points
through 72 h, 3 times on each leg in an alternating fashion.
The time to the withdrawal response was measured (in s) and
averaged. An absent response at the cutoff time was recorded
as40s.

Physical examination. The 4 sheep underwent a physical ex-
amination to identify potential side effects commonly associated
with opioid use (for example, sedation, respiratory depression,
or gastrointestinal signs) at baseline (0 min); 30 and 60 min
and at 6, 12, 18, 24, 48, and 72 h after both the intramuscular
and subcutaneous injections; and on days 4, 5, 6, and 7 after
subcutaneous administration only. Each examination included
a general assessment (appetite, attitude, lethargy or ataxia,
and urinary and fecal output and consistency) plus tempera-
ture, heart rate, respiratory rate, and any rumen sounds were
also recorded. A heart rate of 70 to 80 beats per minute and a
respiratory rate of 16 to 34 breaths per minute was considered
typical.!® Injection sites were evaluated directly for possible re-
action (swelling, erythema, pruritus). In addition, sites exposed
to the focal thermal stimulus were examined carefully for any
evidence of lesions due to thermal damage. Sheep were weighed
before each injection and after the completion of follow-up, as an
indirect assessment of appetite and general measure of health.
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Statistical analysis. PKSolver 2.0 was used to determine the
pharmacokinetic parameters for both the intramuscular and
subcutaneous injections and to generate noncompartmental
methods: maximal plasma concentration, time of maximal
plasma concentration, AUC , mean residence time, and ¢, /2.43
Demographic data and nociceptive data (withdrawal from the
thermal stimulus) are expressed as means + 1 SD. Prism (Graph-
Pad Software, San Diego, CA) was used for correlation analysis
to estimate the relationship between measured buprenorphine
concentrations and thermal withdrawal response time. The
Spearman nonparametric correlation was used with a 2-tailed
P value. A P value of less than 0.05 was considered significant.

Results

Safety. The baseline physical examination confirmed the
healthy status of all 4 sheep. They remained within normal limits
for temperature, pulse, respiration, and rumination—with no
indication of excessive sedation or opioid-induced depression of
the respiratory or cardiovascular system—after treatment with
SRB by both the intramuscular and subcutaneous route.'>#? All
sheep maintained or gained weight during study period (3 to 7
d), suggesting no decrease in appetite. No adverse events (in-
cluding muscle soreness, limping, wheals, pruritus, erythema,
and other reactions) were observed.

Pharmacokinetics. During the 12 h after both the intramus-
cular and subcutaneous injections, plasma buprenorphine
concentrations steadily increased, by which time all 4 sheep
reached the minimum therapeutic threshold (0.1 ng/mL) and
maintained a steady state for at least 72 h (Figure 1). Yet the
sheep generally required at least 48 h to achieve therapeutic
plasma concentrations in the range recommended for major
surgery (0.5 to 0.7 ng/mL).” Asingle sheep (no. 3) failed to reach
the threshold of 0.5 ng/mL and only after the intramuscular
injection.

Concentrations peaked between 12 and 72 h after the intra-
muscular injection (Table 1, Figure 1 A) and between 6 and
144 h after the subcutaneous injection (Table 1, Figure 1 B). No
significant difference in the average maximal plasma buprenor-
phine concentration occurred between routes of administration
(Table 1). After reaching peak plasma concentrations, the over-
all plasma concentrations remained above 0.2 ng/mL for the
duration of follow-up in all 4 sheep, regardless of the route of
administration (intramuscular or subcutaneous).

Individual plasma concentrations were somewhat variable
between animals, especially between higher-weight male and
average-weight female sheep (Figure 1). When stratified by
age, sex, or weight, none of the differences was statistically
significant.

Overall, 72-h bioavailability was comparable between routes:
28.1 + 6.8 ng/mL X h for the intramuscular period compared
with 36.7 + 8.8 ng/mL X h for the subcutaneous period. Thus,
there was no evidence of immediate release of buprenorphine
in any of the sheep.

Plasma concentrations of norbuprenorphine metabolite were
measured in parallel with buprenorphine. Norbuprenorphine
was undetectable.

Antinociception. In all 4 sheep within 12 h after SRB admin-
istration by either route of administration, the withdrawal
response to coronary band thermal stimulation was decreased
from baseline (Figure 2 A). Specifically the relationship be-
tween the plasma buprenorphine concentration and thermal
withdrawal time was statistically significant (P <0.0001): as the
concentrations increased, the thermal withdrawal time declined
(r?=0.48, r = 0.69, 95% confidence interval = 0.57-0.78).

Sustained-release buprenorphine in sheep

Discussion

In this study, we found that the SRB dose of 0.27 mg/kg, given
as a single intramuscular injection or a single subcutaneous
injection, was a well-tolerated analgesic in healthy adult male
and female sheep. Both routes yielded similar profiles (Table 1)
suggesting that pharmacokinetics were not strongly influenced
by the route of administration. Admittedly, the shorter length of
follow-up after the intramuscular injection (72 h), as compared
with the subcutaneous injection (168 h), could have biased our
results. Average plasma concentrations peaked at 0.6 ng/mL
after the intramuscular injection and at 0.8 ng/mL, after the
subcutaneous injection. Those peak concentrations were sub-
stantially lower than the peak concentrations observed after
injection of conventional buprenorphine.?® Interestingly, even
atlower concentrations than the target therapeutic range recom-
mended for moderate to severe pain (0.5-0.7 ng/mL),”320 we
found that SRB significantly sustained antinociceptive activity
against a thermal stimulus in sheep, as compared with baseline,
for at least 72 h A steady-state concentration was achieved with
the depot formulation. This effect could confer an advantage
over the immediate-release formulation, with which end-of-
dose breakthroughs may occur because of its repeated-dosing
‘sawtooth’ profile. Failure to detect norbuprenorphine is likely
attributable to concentrations being less than the assay’s lower
limit of detection (0.4 ng/mL).

The pilot sample size does not allow for an appropriate statis-
tical interpretation of age, sex, or weight factors. The variability
we observed suggests that demographic differences might
influence pharmacokinetics. In particular, in higher-weight
male sheep, the plasma concentration consistently showed an
ascending tendency in the terminal elimination phase, indicat-
ing that body composition might affect the sustained-release
formulation depot.

The intra- and interindividual plasma concentration variabil-
ity that we observed in our 4 sheep is consistent with similar
variability in large animals.?? However because we observed
only a 2-fold difference in peak plasma concentrations between
sheep (range, 0.38 to 0.76 ng/mL after intramuscular injection
compared with 0.5 to 1.03 ng/mL after subcutaneous injection),
individualized dose adjustments are unnecessary. Some vari-
ability can be expected between animals with different body
types (that is, lean compared with obese): tissue differences in
the muscle mass or fat surrounding the drug reservoir may affect
the depot as well as the depth of injection. Given our finding
that individual sheep responded at least somewhat differently to
SRB, yielding a faster or slower initial onset of therapeutic effect,
and in light of its pharmacokinetic profile, we recommend: 1)
dosing at least 12 h (ideally 48 h) prior to painful procedures or
providing additional coverage during the onset period (when
the study permits) and 2) following a robust clinical evaluation
program to monitor pain postoperatively.3040

The planned type of procedure is relevant with regard to
the severity and duration of pain. The dose selected for this
study (0.27 mg/kg) was sufficient to reach minimal therapeutic
concentrations in all sheep within 12 h, regardless of the route
of administration. Likewise, thermal thresholds increased
significantly between baseline and 12 h, and lack of response
persisted for at least 72 h. For minor procedures (for example,
subcutaneous incision mass removal or implantation, minor
teeth extractions, biopsies, bone marrow aspiration), a plasma
buprenorphine concentration of atleast 0.1 ng/mL is considered
therapeutic.?” But for major surgery (for example, thoracotomy,
sternotomy, osteotomy, laparotomy), a plasma buprenorphine
concentration of at least 0.5 ng/mL is recommended.342 Most
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Figure 1. Plasma buprenorphine concentrations in individual sheep after a single dose of sustained-release buprenorphine (0.27 mg/kg) admin-
istered (A) intramuscularly or (B) subcutaneously. Sheep were followed for 72 h after the intramuscular injection and 168 h after the subcutane-

ous injection.

Table 1. Selected pharmacokinetic values for sustained-release buprenorphine administered intramuscularly (n = 4) and subcutaneously (1 =

4) to sheep
Intramuscular Subcutaneous
Sheep Sheep

1 2 3 4 Mean £ 1 SD Mean £ 1 SD 1 2 3 4
T . (h) 72 48 12 12 36+ 64 48 + 64 6 144 24 18
C,, (ng/mL) 0.64 0.76 0.38 0.59 0.60 £ 0.20 0.80+0.20 0.50 0.96 0.88 1.03
AUC,,, 32.6 30.3 18.0 31.3 28.1+6.8 36.7+8.8 30.7 27.8 45.7 425
MRT (h) NE NE 148.7 NE ND 122.8+1.3 NE NE 121.8 123.7
£ (h) NE NE 102.0 NE ND 729153 NE NE 76.6 69.1

C,..- maximal plasma concentration; MRT, mean residence time; ND, not determined because of insufficient data to determine the mean and SD;

NE, not estimated, but concentrations in the terminal phase showed an ascending tendency; T,

of the sheep in our study achieved steady-state concentrations
above 0.5 ng/mL, but doing so took as long as 48 h. Sheep
may require an increased starting dose, or dual coverage with
an additional analgesic, during the first 48 h after a procedure.
That plasma buprenorphine concentrations in plasma persisted
for periods of 1 wk (or more) requires special consideration in
models where opioid-sensitive physiologic and immunologic
parameters are under investigation.

To the best of our knowledge, this study is the first to use
thermal nociception on the coronary band in sheep, although
that technique is commonly used in large animals®>??4% and
has been used in lamb studies.!® Panniculus response (skin
twitch) occurring in relation to the heat stimulus to the cuta-
neous trunci was not comparable to what has been observed
in other models. The inconsistent results at this site, even in
the same animal, and unacceptable variability between sheep
could be related to the unique coat of characteristics in sheep.
Given our observations, we cannot recommend the applica-
tion of a focal thermal stimulus to the cutaneous trunci in
sheep. In contrast, a ‘typical” response to stimulus (obvious
lifting or flicking of the leg) occurring in relation to the heat
stimulus to the coronary band was comparable to what has
been observed in other large animal models and in lambs in
which this technique was used. The measurements performed
by using the coronary band in triplicate bilaterally allowed us
to average 6 measurements at each time point and across the

time at peak plasma concentration.

max’

group to characterize a representative response at each time
point (Figure 2 A). Note that the noninvasive thermal nocic-
eption test might overestimate the analgesic effect and might
not fully approximate the mechanical nociception relevant to
surgical manipulation. Clearly, more mechanical nociception
efficacy data are needed regarding SRB before we can recom-
mend it for independent use in major surgery. In our study,
we observed a moderate association between increasing bu-
prenorphine plasma concentrations and withdrawal response
to the thermal stimulus. The withdrawal response did not
return to baseline during follow-up, perhaps because plasma
buprenorphine concentrations persistently remained above
0.2 ng/mL. There is always a possibility for some degree of
habituation in thermal nociceptive assays, an effect that we
cannot rule out in the absence of a control group. However,
in similar studies in large animals using matched controls
absent analgesia, habituation was not observed during serial
application of this assay technique.?®

A multimodal analgesic approach—using a combination of
opioids, NSAID, local pain blocks, and 02 agonists—can en-
hance analgesia, especially for major surgery.!31> As we outline
here, a 1:1 dose conversion is a reasonable starting point when
substituting SRB in place of conventional buprenorphine in
these analgesic regimens. A randomized blinded dose-response
study, ideally in combination with relevant experimental ma-
nipulation (for example, surgical, orthopedic) and conventional
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Figure 2. (A) The relationship between plasma buprenorphine concentrations and withdrawal time from the thermal stimulus is shown before
(‘pre’), at (time 0), and after a single dose (0.27 mg/kg) of sustained-release buprenorphine administered intramuscularly (black circles) or sub-
cutaneously (gray triangles). Dashed lines indicate 1 SD from the mean. (B) According to our correlation analysis, the response to the thermal
withdrawal stimulus declined as plasma buprenorphine concentrations increased.

controls, is necessary to firmly establish a recommended range
for various applications.

In conclusion, in our pilot study of 4 sheep, we found that SRB
was well-tolerated and achieved steady plasma concentrations
for long periods, with analgesic efficacy in a contrived thermal
stimulus assay. This formulation could be a promising alterna-
tive to repeated buprenorphine dosing in sheep. A long-acting
analgesic not only provides the important advantage of limiting
the chance of end-of-dose break through pain but also mini-
mizes the number of times that sheep must be separated and
restrained, because only a single injection is needed. Injectable
SRB should be strongly considered as a practical component of
a multimodal analgesic approach designed to minimize pain
and distress in sheep used for research.
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