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Introduction
Providing effective postoperative analgesia is an important 

component of laboratory animal welfare, regulatory compliance 
and high-quality animal research.22 Many laboratory rodent 
surgical procedures require a prolonged post-procedural period 
of analgesia; however, repeat dosing of analgesics requires 
additional handling and injections, which can be associated 
with physical or psychologic stress.11,17 To minimize this stress, 
alternative dosing techniques including the use of gel-based 
oral compounds,34 medicated drinking water,23,30 and flavored 
tablets41 can be used to provide analgesia. However, to ensure 
accurate and consistent analgesia, sustained-release analge-
sics can be used to minimize the need for repeated dosing 
while maintaining therapeutic drug levels. Sustained-release 
buprenorphine (Bup-SR) is commonly used to provide post-
operative analgesia in laboratory rodents because a single-dose 
provides analgesia for 2 to 3 d.8,16,34 Although sustained release 
buprenorphine is effective and convenient, it is not pharmaceu-
tical grade. This feature can pose regulatory and compliance 
challenges that may limit its use.14

Recently, an extended-release formulation of buprenorphine 
(XR) became available to the laboratory research community. 
This new formulation of buprenorphine is pharmaceutical grade, 
c-GMP compliant, and FDA-indexed.14 XR contains buprenor-
phine hydrochloride encapsulated in a lipid solution that slows 
and sustains drug diffusion and release.3,15,31 XR is reported to 
provide effective plasma concentration levels in rats and mice for 
up to 3 d after injection.13 Recent work from our lab indicated 
that XR effectively attenuated postoperative hypersensitivity in 
male C57BL/6 mice in an incisional paw pain model for up to  
2 d.32 However, the efficacy and dosing for rats has not been  
extensively evaluated. The aim of this study was to investigate 
XR’s effectiveness and whether it provides dose dependent 
attenuation of mechanical or thermal hypersensitivity when using 
a low dose (0.65 mg/kg, the manufacture’s recommended dose) 
or a higher dose (1.3 mg/kg, or twice the manufacture’s recom-
mended dose) in a rat plantar incisional pain model. The plasma 
buprenorphine concentration of Bup-SR and the low and high 
dose of XR were also measured for comparison. We hypothesized 
that high dose of XR would attenuate mechanical and thermal 
hypersensitivity more effectively than the low dose of XR.

Materials and Methods
Rats. Three-mo-old male Sprague–Dawley rats (Rat-

tus norvegicus; n = 70; weighing 283- 360g, Charles River, 
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Wilmington, WA) were used for the study. Based on the vendor 
report, the rats were free of Theiler virus, reovirus type 3, Kilham 
rat virus, Sendai virus, murine adenovirus types 1 and 2, rat 
parvovirus, Toolan H1, Hantaan, pneumonia virus of mice, rat 
coronavirus, rat minute virus, lymphatic choriomeningitis virus, 
Mycoplasma pulmonis, and endo-and ectoparasites. Rats were 
housed in pairs in reusable conventional rat cages (Allentown, 
Allentown, NJ) with Sani-Chips bedding (Envigo-7090 Teklad 
Sani-Chips, Indianapolis, IN) and shredded paper as enrich-
ment (Enviro-dri paper bedding, Shepherd Specialty Papers, 
Milford, NJ) on a 12:12h dark:light cycle, at 70 to 74 °F (21 to 
23 °C), and 30% to 70% relative humidity. Rats were given a 
commercial diet (Teklad Global 18% Protein Rodent Diet 2018, 
Harlan Laboratories, Madison, WI) and reverse osmosis purified 
water ad libitum. Experiments were conducted with approval 
by the Administrative Panel for Laboratory Animal Care at 
Stanford University. All rats were treated in accordance with 
the Guide for the Care and Use of Laboratory Animals.22 Rats were 
acclimated in the facility for at least 3 d before the start of the 
experiment. All rats were weighed before surgery, and each day 
after the completion of thermal and mechanical hypersensitiv-
ity testing (at approximately 1000 h) from day -1 to day +3. At 
the conclusion of the study, rats that underwent surgery were 
euthanized by carbon dioxide asphyxiation, and gross necropsy 
was performed in consultation with a board-certified veterinary 
pathologist to detect any abnormality. The rats for the plasma 
collection group were euthanized by exsanguination with sec-
ondary bilateral thoracotomy.

Study design. This study consisted of 2 experiments—
Experiment 1: hypersensitivity testing and Experiment 2: 
plasma drug concentration analysis. For both experiments, 
Bup-SR, XR-Lo, and XR-Hi were administered using a 1ml Luer 
lock syringe and 22 G needle due to the viscosity of the drug; 
saline was administered using a 1 mL tuberculin syringe and 
25 G needle. All treatments were administered once, subcutane-
ously, over the left shoulder approximately 5 min before the skin 
incision. Digital pressure was applied for about 5 s immediately 
after the injections to prevent the back flow of the drugs.

Experiment 1: hypersensitivity testing. Rats (n = 31) underwent 
paw incisional surgery after being randomly assigned to receive 
one of the 4 treatments: saline (Saline; n = 8; 5 mL/kg SC; 0.9% 
NaCl, Hospira, Lake Forest, IL); sustained release buprenor-
phine (Bup-SR; = 7; 1.2 mg/kg SC; buprenorphine SR-LAB, 
1 mg/mL, Zoopharm, Fort Collins, CO); low dose extended 
release buprenorphine (XR-Lo; n = 8; 0.65 mg/kg SC; 1.3 mg/
mL, Fidelis, North Brunswick, NJ); high dose extended release 
buprenorphine (XR-Hi; n = 8; 1.3mg/kg SC, 1.3 mg/mL, Fidelis, 
North Brunswick, NJ). All rats in this experiment were tested for 
both mechanical and thermal hypersensitivity before euthanasia 
on 3 d after surgery.

Surgery. Rats were placed in an induction chamber, and an-
esthesia was induced with 4% to 5% isoflurane in 100% oxygen 
with a delivery rate of 2 L/min. Anesthesia was maintained 
with 2% to 2.5% isoflurane and 100% oxygen with a delivery 
rate of 1 L/min using a nose cone. Sterile eye ointment was 
applied before surgery, and rats were kept warm using circulat-
ing warm-water blanket for the entire duration of the surgery. 
A single dose of Cefazolin (30 mg/kg SC; GlaxoSmithKline, 
Research Triangle Park, NC) and prewarmed 0.9% saline 
(5 mL/kg SC) were administered on the right shoulder of the 
rats prior to surgery.

The surgery was performed aseptically as required by IA-
CUC Guidelines for Rodent Survival Surgery as previously 
described.6 Briefly, rats were placed in sternal recumbency and 

the plantar surface of the left (ipsilateral) hind paw was asepti-
cally prepared by applying 3 alternative betadine swabs and 
alcohol wipes. Rats were then covered with a sterile drape. After 
the rat reached a surgical plane of anesthesia (as determined by 
a lack of withdrawal response to toe pinch), a 1 cm longitudinal 
skin incision was made using #15 blade. The incision began 0.5 
cm below the heel and extended for 1 cm toward the digits. After 
incision, the plantaris muscle was bluntly dissected from the 
surrounding connective tissue and raised by inserting curved 
iris tissue forceps under the muscle. The muscle was incised 
0.5 cm longitudinally without disturbing its attachment and 
another curved iris tissue forceps was inserted into the muscle 
incision for 5 s to cause tissue injury. Saline was then applied to 
the surgical area, and the extra fluid was collected using sterile 
gauze after the curved forceps were removed. The incision was 
closed using 2 horizontal mattress sutures with 4-0 silk suture. 
Rats were moved to the recovery station with a clean cage and 
heating blanket and monitored until they were fully recovered 
from anesthesia.

Behavioral testing. Rats were acclimated to the veterinary 
facility for at least 3 d before the baseline tests. Before every 
behavioral test, rats were also acclimated to the testing en-
vironment for 15 min. Rats underwent behavioral testing of 
mechanical and thermal hypersensitivity on the day before 
surgery to acquire baseline data [(Day -1 (D-1)], and at 4 h after 
surgery on day-0 (D0), followed by 3 consecutive daily tests 
(D1, D2 and D3). Mechanical testing was always performed 
before thermal testing. Each day after the completion of the 
tests, test chambers were disinfected with Virkon-S 1% solution 
(Pharmacal Research Labs INC, Waterbury, CT) for 5 min and 
rinsed with tap water.

Mechanical hypersensitivity testing. Rats were acclimated 
for a minimum of 15 min in the testing room before they were 
transferred to a clear plastic chamber (21 × 27 × 15 cm) on 
an elevated wire mesh platform for an additional 15 min of 
acclimation prior to testing. A calibrated Semmes-Weinstein 
von Frey filament (8 g) was applied to the plantar surface of 
both the ipsilateral (test) and contralateral (control) hind paws 
at random locations, avoiding the heel, pads and toes. For 
each trial, the same 8g filament was applied 10 times for 1 to 
2 s with an interstimulus interval of approximately 5 s until 
a withdrawal response was observed. Mechanical hypersen-
sitivity was defined as an increase in the frequency of paw 
withdrawals. Throughout the entire experiment, mechanical 
hypersensitivity testing was performed first, followed by 
thermal hypersensitivity testing.

Thermal hypersensitivity testing. Rats were placed individu-
ally in a clear plastic chamber (23 × 13 × 13 cm) with 15 min for 
acclimation before being tested on an elevated glass platform. 
The average temperature of the glass platform was 31.5 °C. 
Thermal stimuli were produced by a radiant heat generated 
from a 50-W light bulb (Plantar Analgesia Meter, IITC Life Sci-
ence, Woodland Hills, CA) that was focused on the middle of 
the plantar surface of each hind paw. 20 s was used as a maximal 
threshold exposure time to prevent tissue injury. Each paw was 
tested 4 times, with a minimum of 4 min between each trial. The 
right (contralateral) hind paw was used as a control for every 
left (ipsilateral) hind paw of a particular rat. Withdrawal latency 
was determined by taking the average of the last 3 trials. Ther-
mal hypersensitivity was defined as a significant decrease in 
paw withdrawal latency after the onset of focal thermal stimuli.

Clinical observations and gross pathology. Body weight was 
recorded daily, and rats were observed for abnormal behav-
iors, such as sedation, hyperactivity, greasy fur, or skin rection 
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throughout the experiment. At the end of the study on D3,  
rats were euthanized by CO2 inhalation and gross necropsy 
was performed.

Experiment 2: plasma drug concentration analysis. To analyze 
plasma drug concentration, a total of 39 rats were randomly as-
signed to the following treatment groups: Saline; 5 mL/kg SC 
(n = 3); XR-Hi 1.3 mg/kg SC (n = 12); XR-Lo 0.65 mg/kg SC (n 
= 12); Bup-SR 1.2 mg/kg SC (n = 12). For drug administration, 
rats were anesthetized with 4% to 5% of isoflurane and 100% 
oxygen with a flow rate of 2 L/min in an induction chamber; 
2% to 2.5% of isoflurane and 100% oxygen with the flow rate of 
1 L/min with a nose cone were used to maintain the anesthesia. 
The rats recovered in a warm recovery cage as described in 
experiment 1. For blood collection, the rats were anesthetized 
as described for drug administration. After a surgical plane of 
anesthesia was confirmed by toe pinch, whole blood was col-
lected by cardiac puncture using heparinized 10 mL syringes 
and 19 G needles h. The first blood collection was performed at 
4 h after drug injection and was repeated every 24 h for 3 d (3 
rats daily per group except for the saline group). For the saline 
group, blood collection performed only at 4 h after injection.

Euthanasia was performed by exsanguination of rats, with 
secondary bilateral thoracotomy performed using a #11 blade 
while rats remained anesthetized. Blood samples were trans-
ferred to 10 mL lithium heparin tubes and were centrifuged 
at 1455 x g for 20 min. The plasma was separated into 5 mL 
cryogenic tubes and stored at -80 °C until shipment for drug 
concentration analyses. About 3 mL of plasma from each rat 
was shipped overnight on dry ice to the McWhorter School of 
Pharmacy, Pharmaceutical Sciences Research Institute (Samford 
University, Birmingham, AL) for measurement of plasma 
buprenorphine concentrations by using liquid chromatography-
tandem mass spectrometry (HPLC MS/MS).

Buprenorphine standard spiking solutions were prepared in 
50:50 DI water: acetonitrile to provide concentrations ranging 
from 0.2 to 200 ng/mL. An internal standard (50 ng/mL terfena-
dine) was added to both the plasma samples and standards (100 
μL). Acetonitrile (1 mL) was added to precipitate the plasma 
proteins, and the mixture was vortexed and centrifuged. The 
organic layer was transferred to a clean test tube and evapo-
rated to dryness under nitrogen in a water bath set at 50 °C. The 
samples were reconstituted in dilution solvent and analyzed 
by HPLC MS/MS. Matrix matched standards and QC samples 
were prepared using blank control plasma.

Statistical analysis. Mean withdrawal responses were 
analyzed by using 2-way repeated measures ANOVA with 
Bonferroni correction for multiple comparisons (R Develop-
ment Core Team, 2015) to determine significance of differences 
in withdrawal responses by and between group and over time. 
Data are expressed as mean ± SEM. A P value of less than 0.05 
was considered significant.

Results
Body weight. The starting body weights of rats in this study 

was 330 ± 3.9 g. Body weights in all groups did not significantly 
differ throughout the study as compared with their D-1 values 
(Figure 1).

Experiment 1: Mechanical hypersensitivity. Responses to 
mechanical stimuli in ipsilateral hind paws (Figure 2A) were 
not statistically different across all treatment groups prior to 
treatment (D-1). In the saline group, mechanical hypersensitiv-
ity significantly increased on D0, D1, D2, and D3 as compared 
with the response on D-1. Mechanical hypersensitivity of the 
Bup-SR, XR-Lo and XR-Hi groups on D0, D1, D2, and D3 did 

not statistically differ as compared with the D-1 values. In con-
tralateral hind paws, mechanical hypersensitivity (Figure 2B) 
was not different among treatment groups on D-1. Contralateral 
mechanical hypersensitivity was not significantly different from 
the baseline (D-1) in saline group at any timepoint throughout 
the study. Contralateral hypersensitivity was significantly de-
creased in Bup-SR on D1, XR-Lo on D0, and XR-Hi on D0 and 
D1 as compared with D-1.

Thermal hypersensitivity. Thermal latencies in ipsilateral 
hind paws (Figure 3A) were not significantly different among 
treatment groups at D-1. In the saline group, thermal latencies 
were significantly lower on D0, D1, D2, and D3 as compared 
with D-1. When compared with their baseline values (D-1), 
thermal latencies were significantly lower on D0, D1, D2, 
and D3 in all groups. Thermal latencies in contralateral hind 
paws (Figure 3B) in all treatment groups on D0, D1, D2, 
and D3 were not significantly different from their baseline 
values (D-1).

Clinical observations and gross pathology. No abnormal be-
haviors, except for mild sedation in Bup-SR, XR-Lo and XR-Hi 
groups, were noted in all rats throughout the study period. 
On D0, greasy fur was observed near the injection site in 43% 
of the Bup-SR group, 62% of the XR-Lo group, and 25% of the  
XR-Hi group. No signs of skin irritation or inflammation and 
hair loss were observed. All rats underwent necropsy at the end 
of the study (D3). The necropsies were performed by individu-
als who were blind to the treatments given to the rats. No gross 
lesions were observed in saline groups. However, a marked 
increase in adherence of skin to the muscle (as compared with 
the saline group) and subcutaneous nodules of varying size 
were observed at the injection site (left shoulder) of the rats 
given Bup-SR (71%; 5 of 7 rats) (nodule size of approximately 
2.5 to 3 cm), XR-Lo (75%; 6 of 8 rats) (nodule size of approxi-
mately 0.6 to 1.1cm) and XR-Hi (87%; 7 of 8 rats) (nodule size 
of approximately 1 to 1.5 cm). The lumps contained an oily 
substance that leaked out when the lumps were opened.

Figure 1. Daily body weight (mean ± SEM) of Saline, Bup-SR, XR-Lo, 
and XR-Hi treatment groups. Surgery was performed on day 0 as  
indicated by the arrowhead.
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Figure 2. A) Number of paw withdrawals of ipsilateral hind paw in rats. B) Number of paw withdrawals of contralateral hind paw in rats. Sur-
gery was performed on D0 as indicated by the arrowhead. Data presented as number of paw withdrawals (mean ± SEM). *, Value significantly 
different (P < 0.05) when compared with baseline (D-1) value of the same treatment group; #, value is significantly (P < 0.05) different from that 
for other buprenorphine groups at the same time point.
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Figure 3. A) Paw withdrawal latencies of ipsilateral hind paw in rats. B) Paw withdrawal latencies of contralateral hind paw in rats. Surgery was 
performed on D0 as indicated by the arrowhead. Data presented as thermal latencies in seconds (mean± SEM). *, Value significantly different 
(P < 0.05) when compared with baseline (D-1) value of the same treatment group; #, value is significantly (P < 0.05) different from that for other 
buprenorphine groups at the same time point.
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Experiment 2: plasma buprenorphine concentration. On D0 (4 h  
after drug administration) (Figure 4), plasma concentra-
tions were 3.1 ± 1.0 ng/mL in Bup-SR, 1.8 ± 0.1 ng/mL in 
XR-Lo, and 1.7 ± 0.1 ng/mL in XR-Hi; these values were not 
statistically different. The highest plasma concentration of 
Bup-SR was observed on D0 and significantly fell on D1, D2, 
and D3 (1.0 ±0.4, 0.8 ± 0.2, 0.5 ±0.1 ng/mL respectively). In  
XR-Lo group, plasma values on D1 (1.4 ± 0.2 ng/mL), D2 (0.8 
± 0.2 ng/mL), and D3 (0.7 ± 0.1 ng/mL) were not statistically 
different from D0. Values for XR-Hi rats did not differ signifi-
cantly throughout the study (D1, 3.2 ± 0.5 ng/mL; D2, 1.9 ± 
0.5 ng/mL, and D3, 0.7 ± 0.0 ng/mL) as compared with D0 
values (D0, 1.7 ± 0.1).

Discussion
This is the first study demonstrating that extended-release 

buprenorphine, dosed at 0.65 mg/kg, effectively attenuates me-
chanical hypersensitivity in a rat paw incisional pain model for 
at least 3 d. XR-Hi did not attenuate hypersensitivity more effec-
tively than XR-Lo. Buprenorphine plasma concentration for all 
treatment groups (Bup-SR, XR-Lo, and XR-Hi) was maintained 
at or above the clinically effective plasma concentration for 1 
d. We recommend the use of XR at a dose of 0.65 mg/kg for 
minor surgical procedures in rats as an alternative for 1.2 mg/
kg of Bup-SR.

The aim of this study was to evaluate the effectiveness and 
dose dependency of the newly marketed, lipid bound extended-
release buprenorphine (XR) using mechanical and thermal 
hypersensitivity testing in rats used as a paw incisional pain 
model. Our lab has extensive experience with the incisional 
pain model in rats,8,26,29,32,34,41 which produces mild to moderate 
pain that is reproducible and quantifiable.6 With our previous 
studies, mechanical hypersensitivity in the control group lasted 
from 1 to 4 d,8,26,29,32,34,41 while thermal hypersensitivity lasted 
for 3 to 4 d.26,29,34,41 In this current study, mechanical and thermal 
hypersensitivity in the saline-treated group was observed as 
early as 4 h and lasted for 3 d.

Sustained analgesia is a technical refinement and an im-
portant component of effective postoperative management 
in both laboratory and companion animals. Sustained release 
buprenorphine (Bup-SR) is widely used for pain management 
in laboratory rodents as it provides a sustained period of anal-
gesia without the need for repeated dosing and restraint. Past 
research has indicated that Bup-SR provides effective analgesia 
for 2 to 3 d in a rat tibial defect model.16 The current study 
found that one injection of Bup-SR at 1.2 mg/kg SC effectively 
attenuated mechanical, but not thermal hypersensitivity, for 3 
d in a rat incisional pain model. Previous work showed that 
Bup-SR provided effective attenuation of mechanical hyper-
sensitivity (von Frey monofilament) for 2 to 3 d34,41 but reports 
were mixed with regard to thermal hypersensitivity (including 
effective attenuation for 4 to 5 d16,34 and no attenuation seen41). 
Previous research has indicated that attenuation of thermal 
hypersensitivity may require a higher dose of buprenorphine 
than is needed for attenuation of mechanical hypersensitivity.39 
For example, a study that used the paw incisional pain model 
found that the dose of morphine needed to attenuate thermal 
hypersensitivity (1.8 mg/kg SC) was higher than that needed 
to attenuate mechanical hypersensitivity (1.5 mg/kg SC).39 We 
suspect that the dose of Bup-SR needed to attenuate thermal 
hypersensitivity in the paw incisional pain model is higher than 
what was used in this current study.

Lipid bound extended-release buprenorphine (XR) is a new 
FDA-indexed formulation of long-lasting buprenorphine. 
In this study, we evaluated 2 doses of XR, 0.65 mg/kg (the 
manufacturer’s recommended dose for rats) and 1.3 mg/kg 
(twice the manufacture’s recommended dose), to identify dose 
dependent mechanical and thermal hypersensitivity attenua-
tion. We found that both doses (0.65 and 1.3 mg/kg) effectively 
attenuated mechanical hypersensitivity with an onset as early 
as 4 h and lasting up to 3 d (D0, D1, D2 and D3). This is similar 
to the results of a recently published study by our group in 
which we found that low (3.25 mg/kg) and high (6.5 mg/kg) 
doses of XR effectively attenuated mechanical hypersensitivity 
in male C57BL/6 mice in an incisional pain model.32 The onset 
of XR may be earlier than 4 h after surgery, but we decided to 
use this time point to eliminate the possibility of interference 
from residual effects of the inhaled anesthetic. Similar to the 
outcome for Bup-SR, we found that neither dose of XR attenu-
ated thermal hypersensitivity, which we suspect may mean 
that a higher dose of buprenorphine is necessary to attenuate 
thermal hypersensitivity.

Bup-SR provides sustained buprenorphine plasma concen-
tration levels that remain above the effective concentration 
of 1 ng/mL9,19 for 48 to 72 h.16 XR also provides sustained 
buprenorphine plasma concentration levels, but its plasma con-
centration in rats has not been extensively investigated. In the 
current study, on D0 (4 h after drug administration) the highest 
buprenorphine plasma concentration was achieved with Bup-
SR (3.1 ± 1 ng/mL) which significantly decreased on D1, D2, 
and D3 (1.0 ±0.4, 0.8 ± 0.2, and 0.5 ± 0.1 ng/mL, respectively). 
On D0, XR-Lo and XR-Hi also reached the clinically effective 
plasma concentrations (1.8 ± 0.1 ng/mL and 1.7 ± 0.1 ng/mL, 
respectively) but lower than the level of Bup-SR on D0 (3.1 ± 1 
ng/mL). For D1-D3, the plasma buprenorphine concentration 
of XR-Lo remained steady. On D2, the XR-Lo group had the 
lowest clinically effective plasma level of buprenorphine (0.8 ± 
0.2 ng/mL) which still attenuated mechanical hypersensitivity. 
These results confirm that a buprenorphine plasma concentra-
tion approximately 1 ng/mL is sufficient to effectively attenuate 
mechanical hypersensitivity for rats in an incisional pain model, 

Figure 4. Plasma concentration (ng/mL, mean ± SEM) in rats treated 
with either Bup-SR, XR-Lo or XR-Hi was determined at each time 
point (n = 3/group/timepoint). Samples were analyzed on D0 (4 h), 
D1 (24 h), D2 (48 h), and D3 (72 h) after administration. *, Value signifi-
cantly different (P < 0.05) when compared with D0 value of the same 
treatment group.
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and that the doses of XR-Lo, XR-Hi, and Bup-SR we tested 
provide effective attenuation of mechanical hypersensitivity for 
postoperative incisional pain. Thermal hypersensitivity attenua-
tion was not achieved by Bup-SR, XR-Lo or XR-Hi at any of the 
study time points, even when the plasma level of buprenorphine 
was above 3 ng/mL (Bup-SR group on D0 and XR-Hi group on 
D1). This confirms that the plasma concentration of buprenor-
phine required to attenuate thermal hypersensitivity for this 
incisional pain model in rats is higher than the reported clini-
cally effective concentration of 1 ng/mL. Plasma concentration 
of Bup-SR and XR differ in part because of the carrier vehicle 
used (including solvent type and polymer concentration).33 Bup-
SR is a polymeric formulation that contains a water-insoluble, 
biodegradable polymer encapsulating buprenorphine and a 
biocompatible organic solvent.40 After Bup-SR administration, 
buprenorphine is released through erosion of the polymer, 
hydrolysis and drug diffusion.12,25,32 Conversely, for XR, bu-
prenorphine is lipid-bound and suspended in medium chain 
fatty acid triglyceride (MCT) oil that is degraded overtime with 
lipase and esterase activity.15,31 These differences in formulation 
may explain the different plasma concentrations and delayed 
release of buprenorphine from XR as compared with Bup-SR.

Buprenorphine has been associated with reduced body 
weight,4,5,8 weight gain,2 and reduced food and water consump-
tion.24 Body weight is a simple measurement of postoperative 
wellbeing that can also reflect adverse effects of the drug provid-
ed.5 In this current study, we found no significant impact of the 
drug treatment on food and water consumption (by observation) 
or weight. Other side effects that have been observed after bu-
prenorphine administration include respiratory depression,1,18,20 
gastrointestinal tract motility problems,10,21 pica,37 rebound 
hyperalgesia,36 dose-dependent cardiovascular depression28 
and sedation.38 In our study, we did not observe any of these 
side effects, except for mild sedation after administration of 
either Bup-SR or XR. Bup-SR (1.2 mg/kg) was reported to cause 
mild sedation in rats.8,27,34 Therefore, a significant decrease of 
contralateral paw withdrawal could have been mostly due to 
sedative effect of Bup-SR (D1), XR-Lo (D0) and XR-Hi (D0 and 
D1). Previous studies have reported skin lesions, ulcerations, 
and scabbing at the administration site of Bup-SR in rats and 
mice.7,16 In the current study, we did not observe erythema, 
ulceration, or irritation at the site of administration of Bup-SR, 
XR-Lo or XR-Hi. However, on D0, greasiness was observed in 
rats in the Bup-SR (42.9%), XR-Lo (62.5%), and XR-Hi (25%,) 
groups. Similarly, our previous study in mice also reported 
greasiness after administration of Bup-SR and XR.32 To try to 
minimize leakage and greasiness, we used a 22 G needle and 
applied gentle pressure on skin fold (5 to 10 s) after injection. 
The manufacturer’s product insert for XR states that oily skin 
or greasiness may be observed after administration. Although 
not clinically evident, gross necropsy revealed subcutaneous 
nodules at the injection sites of the Bup-SR (71%), XR-Lo (75%), 
and XR-Hi (87%) groups. The nodules in the Bup-SR group 
extended beyond the injection site (approximately 2.5 to 3 cm), 
whereas in the XR groups, they were smaller and encapsulated 
(approximately 1 to 1.5 cm). Our study team did not observe 
these nodules in mice that received Bup-SR or XR,32 but they 
have been observed previously in Sprague–Dawley rats given 
meloxicam SR (4 mg/kg SC once; Zoopharm, Wildlife Pharma-
ceutical)35 and may be attributed to the polymer matrix used in 
the sustained release formulations.

From a practical standpoint, cost may have a significant 
impact on the choice of analgesic agents used for rodent 
surgery. In a 300 g rat, the current cost of one dose of Bup-SR 

(1.2 mg/kg SC) is 8.28 USD, XR (0.65 mg/kg SC once) is 18.75 
USD, and XR (1.3 mg/kg SC once) is 37.50 USD. The cost of 
using XR will be a limiting consideration for some studies. 
However, XR is currently the only pharmaceutical grade, 
cGMP-compliant, FDA-indexed extended-release (more than 
24 h) buprenorphine analgesic available in North America. The 
extended-release technology offers the benefit of reduced labor 
time (as compared with buprenorphine HCl, which should be 
administered twice daily) and is a welfare improvement for the 
rodents used for survival surgical procedures.

Our findings indicate that a single dose of XR (0.65 mg/kg, 
SC, once) provides at least 3 d of attenuation of postoperative 
mechanical hypersensitivity in a rat incisional pain model. This 
result has a potential to enhance postoperative care compliance 
because it confirms that the FDA-indexed extended-release 
opioid, XR, provides effective postoperative analgesia in this 
model. Additional studies evaluating the efficacy and duration 
of XR using other surgical models and pain testing modalities 
are warranted.
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