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Mice are the most widely used research animal, and providing 
them with adequate veterinary care during research studies is 
a vital component of implementing the basic tenets of ethical 
animal stewardship and of complying with animal welfare 
regulations and recommendations. Fundamental to this care 
is recognizing, preventing, assessing, and managing clinical 
pain.2,13,15 Uncontrolled pain and distress can negatively affect 
animals’ quality of life and adversely influence research re-
sults.15 The use of an appropriate and effective pain medication 
is an important tool that is often used to minimize these effects.

In the clinical setting, buprenorphine, a synthetic opiate classi-
fied as a partial μ agonist and κ antagonist, is a common systemic 
analgesic administered to rodents.5,7,8,11,21-23 Compared with 
other opioids, buprenorphine produces full analgesic effects, 
reduces respiratory depression, and minimally affects immune 
responses.5,7,18,21,25 However, previously reported buprenor-
phine dose ranges and administration frequencies for different 
mice strains vary widely, making it a challenge to determine ap-
propriate and effective analgesic dosages.8,10,12,22 Recommended 
doses range from 0.05 to 0.1 mg/kg and frequencies from 1 to 
8 doses daily.8,12,16 The wide variations in daily administration 
recommendations may lead to fluctuations in bloodstream drug 
concentration and inconsistent analgesic control.17

In an effort to provide consistent analgesia, sustained-release 
formulations of buprenorphine, including injectable forms and 
transdermal patches, have been developed and subsequently 

evaluated in mice and rats.1,9,20,26 A United States veterinary 
compounding pharmacy has developed an injectable sus-
tained-release buprenorphine that provides as much as 72 h of 
continuous analgesia in several species after a single injection.3,9 
This single injection in species other than mice results in a sus-
tained plasma concentration over 1.0 ng/mL, the concentration 
associated with providing pain relief in humans, for as long as 
72 h.3,4,9,11,19,24 However, a recent study in BALB/cJ and SWR/J 
mice specifically investigated the efficacy of a sustained-release 
buprenorphine formulation and of buprenorphine HCl by using 
thermal-contact response time methodology (hotplate test).1 The 
authors concluded that the sustained-release formulation at 1.0 
mg/kg provided an effective analgesic period of 12 h and that 
the clinical buprenorphine dose of 0.1 mg/kg provided little 
to no analgesic effect.1 Comparing these recent findings with 
vendor-provided literature may lead to uncertainty regarding 
the appropriate dose of buprenorphine to achieve analgesia and 
the response of different mouse strains to similar dose–drug 
combinations. These findings also suggest that buprenorphine 
pharmacokinetics, in multidose and sustained-release formula-
tions, are not clearly understood. Therefore, additional study 
is warranted to elucidate buprenorphine dosages appropriate 
for use in the clinical research environment.

In this study, we postulated that a single dose of sustained-
release buprenorphine would achieve more persistent blood 
drug concentration (>1 ng/mL) in mice than would a single 
dose of the typically used immediate-release buprenorphine 
(Bup IR). To determine whether these expected differences 
were significant, we used a pharmacokinetic study to evaluate 
the performance of standard Bup IR and of a recently available 
sustained-released buprenorphine (Bup SR Lab). The pharma-
cokinetic study examined the relationship between drug dose and 
the transient postinjection blood concentration of buprenorphine. 
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needles. In addition, due to the inability to dilute Bup SR Lab, the 
injected drug volume could not be controlled between groups.

Randomly presented mice from the experimental groups 
were sampled at 6 or 8 postinjection time points during the test 
period (Figures 1 and 2). The 8-sampling time regime was used 
earlier in the study but a refinement to the test periods occurred 
when the placebo and additional Bup IR doses were introduced, 
that is when the 0.5- and 72-h time points were eliminated. This 
change allowed an additional mouse to be sampled at each of 
the 6 most relevant time points.

To ensure reproducible administration of drug and reduce 
stress, each mouse was placed in an anesthesia chamber (Im-
pac6, VetEquip, Pleasanton, CA) and anesthetized briefly (less 
than 2 min) by using isoflurane prior to injection. Mice each 
received a single subcutaneous injection in the right flank. The 
dose was calculated by using the test group’s average mouse 
weight. For each test group, after drug injection, randomly 
preselected mice were subjected to submandibular blood sam-
pling at the assigned time interval. This testing sequence was 
repeated until all test groups and therefore all treatment groups 
were injected and sampled.

On each test day, every mouse received a physical exam, with 
special attention to the presence of skin lesions, submandibular 
swelling and other abnormal clinical signs. Any abnormal find-
ings were noted and followed longitudinally. These mice were 
submitted for a complete necropsy, and lesions were evaluated 
histologically after their last tests or sampling event.

Quantification of buprenorphine concentration. A buprenor-
phine ELISA kit (no. 131919, Neogen, Lexington, KY) was used 
to determine the drug concentration in 20-µL blood samples.6 
The drug concentration reflects the free base of buprenorphine. 
A 5-point standard response curve was developed by using 
buprenorphine standards of 0.0, 0.5, 1.0, 1.5, 3.0 ng/mL (Sigma-
Plot, Systat Software, San Jose, CA).14 This ELISA and standard 
response curve was used to study Bup IR pharmacokinetics in 
NMRI male mice.14 A lower limit of quantitation (0.33 ng/mL) 
was selected in light of instructions from the manufacturer of 
the ELISA kit. The samples’ absorbance readings were obtained 
by using a microplate reader (Rainbow ELISA reader, Tecan SLT 
Laboratory Instruments, Crailsheim, Germany) at a wavelength 
of 450 nm in accordance with the manufacturer’s instructions.

Data analysis. A noncompartmental pharmacokinetic analysis 
(WinNonlin, Pharmsight Products, St Louis, MO) was com-
pleted for blood buprenorphine concentration as determined by 
ELISA. This analysis calculated the AUC, AUC SE, peak blood 
buprenorphine concentration (Cmax), and time to reach Cmax 
(Tmax). Blood concentration was normalized by subtracting the 

Using a forensic ELISA method, we determined the time course 
of blood drug concentration after administration.14

Materials and Methods
We obtained 120 male C57BL/6J mice (25 to 30 g) from Jackson 

Laboratory (Bar Harbor, ME). All mice were free of contagious 
ectoparasites, endoparasites, helminthes, 18 murine viruses, 
and 11 bacteria and mycoplasma prior to shipping. Animal 
housing consisted of ventilated microisolation racks (Lab Prod-
ucts with Enviro-Gard-B, Seaford, DE) on hardwood bedding 
(Harlan, Fredrick, MD), with paper nesting material provided 
for enrichment. Mice were group-housed initially and then 
transferred to single housing 2 d prior to testing. Mice were 
given food (NIH 31 Autoclaved Rodent Diet, Harlan) and tap 
water ad libitum and were maintained on a 12:12-h light:dark 
cycle. All mice were ear-tagged with a unique ID number. The 
IACUC of the National Heart, Lung, and Blood Institute, an 
AAALAC-accredited animal care program, reviewed and ap-
proved this protocol.

Drugs and routes of administration. We evaluated 2 formula-
tions of buprenorphine, Bup IR (0.3 mg/mL stock, Buprenex, 
Reckitt Benchiser Pharmaceuticals, Richmond, VA) and Bup 
SR Lab (1.0 mg/mL stock, Buprenorphine SR Lab ZooPharm, 
Windsor, CO). In addition, an equal volume of sterile saline for 
injection was used in the placebo groups. All injections were 
administered subcutaneously in the right flank.

Experimental design. We designed the pharmacokinetic 
study as a blinded, placebo-controlled, randomized trial using 
7 experimental treatment groups. Drug treatment groups were 
differentiated according to placebo, drug formulation, and dos-
age levels. Dose selection for Bup IR (0.03, 0.05, 0.1 and 2 mg/
kg) was based on published data.3,22,23 The 2 Bup SR Lab dose 
levels were selected according to information in the supplier’s 
insert (0.3-mg/kg dose) and published data from rats (1.2-mg/
kg dose).9 Placebo dose (0.7 mL/100 g sterile saline) was selected 
to be equal in volume to high-dose Bup IR.10

Treatment groups representing commonly used clinical doses 
or those previously studied (Bup IR intermediate dose, 0.1 mg/
kg; Bup SR Lab low-dose, 0.3 mg/kg; and Bup SR Lab high-
dose, 1.2 mg/kg) each comprised 24 randomly selected mice. 
The remaining groups each included 12 randomly selected mice. 
Because Bup SR Lab cannot be diluted, all injections for all Bup 
SR Lab doses and those for low and intermediate Bup IR doses 
were completed without dilution by using precision syringes 
(model 1705, Gastight 50-µL syringe, Hamilton, Reno, NV) 
fitted with 23-gauge needles. High Bup IR and placebo doses 
were injected by using 1.0-mL tuberculin syringes and 23-gauge 

Figure 1. Notional representation of randomly presented test group sampled at 8 time points after injection.
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C57BL/6J male mice. The study design enabled comparisons 
between the various recommended clinical doses of both drugs 
formulations, with the intent of providing guidance regarding 
the selection of formulation and dosage for mice. Single-dose 
Bup SR Lab provided a longer time at the assumed effective 
blood concentration (1 ng/mL) than did single-dose Bup IR.

The last time point at which the blood concentration of bu-
prenorphine exceeded the therapeutic threshold (1 ng/mL) was 
6 h for the 2.0-mg/kg dose of Bup IR (Figure 3). Consistent with 
our findings, a previous study using the same dose reported an 
analgesic duration of 3 to 5 h.10 On the basis of our results and 
because there were no observed adverse effects, this increased 
dose of 2.0-mg/kg could be considered a viable clinical dose. In 
addition, the lower Bup IR doses resulted in TThE of 3 h or less, 
with the doses of 0.5 and 0.03 mg/kg never reaching the thera-
peutic threshold. In comparison, the 1.2-mg/kg dose of Bup SR 
Lab resulted in a TThE of 12 h which, although still an increase 
over that for Bup IR, was less than what we expected. However, 
this 12-h duration is twice the duration of pain relief compared 
with that achieved by using Bup IR and suggests that the use 
of Bup SR Lab would likely result in less mouse handling and 
more consistent analgesia. These findings support the study’s 
hypothesis that the sustained-release formulation would result 

observed placebo blood buprenorphine concentration at each 
time point for each treatment group. A P value of 0.05 was used 
to define statistical significance.

Results
Pharmacokinetics. The blood buprenorphine concentration 

determined by using the forensic ELISA varied across all drug 
types and dosage levels. For the pharmacokinetics analysis, a 
noncompartmentalized approach was used. The last data collec-
tion time point at which the blood buprenorphine concentration 
exceeded the lower limit of quantification (TLAST) ranged from 
1 to 24 h for all Bup IR and Bup SR Lab doses, with both the 
2.0-mg/kg Bup IR and 1.2-mg/kg Bup SR doses yielding TLAST 
of 24 h (Figure 3). The data collection time period associated 
with therapeutic effectiveness threshold (TThE), assumed to 
be 1 ng/mL, indicated that Bup IR (0.1 and 2.0 mg/kg) doses 
ranged from 3 to 6 h, whereas Bup SR Lab (1.2 mg/kg) yielded 
therapeutic levels at 12 h (Figure 3).

The results of the noncompartmental pharmacokinetic study 
are shown in Table 1. The Bup IR doses of 0.03 to 0.1 mg/kg 
were dose-to-AUC–proportional, but this proportionality was 
not observed for the 2-mg/kg dose. The low (0.3 mg/kg) and 
high (1.2 mg/kg) doses of Bup SR Lab failed to show the same 
proportionality. The time for Bup IR doses to reach Tmax ranged 
from 1 to 3 h; the Tmax data for Bup Lab SR ranged from 0.5 to 
6 h. The 0.1-mg/kg dose of Bup IR yielded a Cmax of 1.28 ng/
mL, which exceeded the TTThE of 1 ng/mL. The 2.0-mg/kg dose 
of Bup IR achieved a blood concentration of 20.2 ng/mL, the 
highest Cmax observed during the study. The 1.2-mg/kg dose of 
Bup Lab SR had the second highest observed Cmax value (5.03 
ng/mL).

Adverse effects. As previously reported, several mice de-
veloped skin lesions after subcutaneous injection of Bup Lab 
SR.1 The lesions were in close proximity to the injection sites 
and were consistent grossly and histologically with ulcerative 
skin lesions ranging from a mild ulcerative dermatitis to full-
thickness necrosis with concurrent cellulitis, inflammation, 
and hemorrhage. The frequency and severity of the lesions we 
observed with Bup Lab SR varied with the dose level: the 1.2-
mg/kg dose led to 10 lesions among 24 mice compared with 
3 lesions among 24 mice with the 0.3-mg/kg dose. During the 
duration of this study, 2 different vials of Bup SR Lab were used. 
No adverse effects were observed with Bup IR.

Discussion
In this study, we assessed the pharmacokinetic response 

generated by escalating doses of Bup IR and Bup SR Lab in 

Figure 2. Notional representation of randomly presented test group, sampled at 6 time points after injection.

Figure 3. This graph plots the buprenorphine concentration in blood 
of different buprenorphine formulations over 48 h. Horizontal dashed 
lines represent therapeutic threshold (1 ng/mL) and lower limit of 
quantitation (0.33 ng/mL). Values below the lower limit of quantifica-
tion are extrapolated values.
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In conclusion, the 1.2-mg/kg dose of Bup SR Lab and the 0.1- 
and 2.0-mg/kg doses of Bup IR result in blood buprenorphine 
concentrations that exceed 1 ng/mL (the presumed therapeutic 
threshold) during the initial 3-h postinjection period, according 
to a forensic ELISA test method. In the clinical setting, a single 
injection of SR Bup Lab at 1.2 mg/kg provides an alternative to 
repeated dosing with Bup IR. Increased understanding of the 
pharmacokinetics of the new sustained-release formulations 
of buprenorphine will enable veterinarians, animal care staff, 
and researchers to improve pain-control regimens, decrease 
animal-welfare concerns regarding uncontrolled pain, and 
increase compliance with directives regarding the care of mice.
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in extended periods of above-threshold blood concentrations 
and, likely, associated analgesic effects. Our pharmacokinetic 
results further support this conclusion in that the AUC values for 
the Bup IR doses were much smaller than were those observed 
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