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Postoperative or postprocedural analgesia is imperative 
to eliminate undue pain or distress in murine models. The 2 
classes of analgesics typically used to treat postoperative pain in 
laboratory mice are opioids and NSAID. Each of these has very 
different mechanisms of actions and side effects. Opioid anal-
gesics bind receptors, of which µ and κ are the most frequently 
targeted for analgesic activity, are classified as either agonists 
or partial agonist-antagonists. Fentanyl is a µ receptor agonists, 
whereas butorphanol has primary affinity to κ receptors and 
buprenorphine is a partial μ agonist. Whereas µ receptors are 
primarily located in the cerebral cortex, κ receptors are primar-
ily located in the spinal cord.9,16 Fentanyl and butorphanol are 
not routinely used in the laboratory animal setting because 
of their short half-lives. Effective plasma concentrations of 
fentanyl persist less than an hour,21 and the antinociceptive 
activity of butorphanol lasts only 1 to 2 h in mice,11 requir-
ing very frequent dosing to provide prolonged analgesia. In 
comparison, buprenorphine offers the advantage of having a 
longer duration of effect. Its duration of analgesic efficacy was 
determined to be 3 to 5 h by using a hot plate and tail flick as-
say,11 whereas satisfactory analgesia was achieved with 0.1 mg/
kg twice daily in a partial hepatectomy model.36 NSAID offer 
an alternative or adjunct to opioid analgesics. Tissue damage 
results in the production of prostaglandins, which increase the 
sensitivity of nociceptors. Prostaglandin synthesis is mediated 
by the cyclooxygenase enzymes COX1 and COX2. Both are 
constitutively expressed in tissues, with COX2 induced during 

the inflammatory process. NSAID inhibit the prostaglandin 
pathway, thereby providing analgesia. NSAID usage has some 
unwanted side effects including gastrointestinal toxicity, altered 
platelet function, and renal toxicity.4,16

Analgesia treatments for rodents continue to be developed 
and modified to provide optimal analgesia after surgical pro-
cedures. One of the most common analgesics used in mice 
is buprenorphine, which has been shown to be effective in a 
variety of pain models,3,5,8 exhibits a wide safety margin as a 
partial µ agonist,43 and has few side effects when administered 
appropriately.14 Depending on the severity of the procedure, 
many institutions, including ours, requires the provision of 
analgesics for the first 72 h after the procedure,6,27,37,40 thus 
requiring buprenorphine to be dosed every 8 to 12 h.8,11 This 
frequency of drug administration requires repeated handling, 
which can stress mice,1 and can cause waxing and waning of 
plasma concentrations, which may result in subtherapeutic 
concentrations. Sustained-release (SR) formulations that deliver 
a constant amount of drug over time have been developed for 
use in rodent models and yield adequate plasma concentra-
tions, achieve satisfactory analgesia, and reduce the amount of 
handling. The efficacy of a SR formulation of buprenorphine 
(Bup-SR)10 was evaluated in a rat model and found to provide 
satisfactory analgesia for 72 h after administration. More 
recently, Bup-SR was evaluated in mice by using a thermal 
nociception model, with promising results.2

Other analgesics such as NSAID may be more appropriate for 
pain management depending on the nature of the procedure; 
NSAID can also be used in combination with opioids. Carpro-
fen and meloxicam are 2 commonly used NSAID that provide 
analgesia by inhibiting the COX2 enzyme, with some activity 
on COX1.4 Commonly used dosing regimens for carprofen 
and meloxicam in mice are 5 mg/kg every 12 to 24 h and 1 to 
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method of detection. The group for the 48-h time point contained 
4 mice, and that for the 72-h time point contained 5 mice. Mice 
were dosed with the same formulation and time as used in the 
first cohort, albeit on a different day.

Liquid chromatography–tandem mass spectrometry of 
analgesics. Standard dilutions of analgesics were prepared 
in acetonitrile. For the analysis of each analgesic in plasma, 
standards (0.025 to 1000 ng/mL) were added to control plasma. 
Samples were prepared by using 50 µL plasma for the analysis 
of Bup, Butp, Fent and Melox and 100 µL plasma for the analysis 
of Carp. Each sample was spiked with 5 µL acetonitrile or 5 µL 
of the appropriate analgesic standard (10 µL of either for Carp 
analysis) and 5 µL of 10 µg/mL naringenin as an internal stand-
ard, samples were vortexed briefly, and then 100 µL acetonitrile 
was added for protein precipitation. Samples were vortexed 
continuously for 10 min followed by centrifugation for 10 min 
at 20,800 × g at 4 °C; 150 µL of each supernatant was collected 
and transferred to HPLC vials with inserts for analysis. 

To increase sensitivity for the analysis of Bup, a liquid–liquid 
extraction was used (method 2). For this method, after the ad-
dition of appropriate standards and the internal standard, 1 mL 
methyl tert-butyl ether was added to each tube, and samples 
were vortexed continuously for 10 min followed by centrifu-
gation for 10 min at 20,800 × g at 4 °C. After samples had been 
stored at −80 °C for 30 min, 950 µL of the organic layer was 
removed, placed in a fresh tube, and vacuum-dried (Automatic 
Environmental SpeedVac AES 1000, Savant, Farmingdale, NY) 
for approximately 45 min. Samples were reconstituted in 100 
µL of 50 acetonitrile:50 Milli-Q–purified water and placed in 
HPLC vials with inserts.

Positive-ion electrospray ionization mass spectra were ob-
tained by using a triple quadrupole mass spectrometer (MDS 
Sciex 3200 Q-TRAP, Applied Biosystems, Foster City, CA) with a 
turbo ionspray source interfaced with an HPLC system (model 
LC-20AD. Shimadzu, Kyoto, Japan). All samples were chro-
matographed by using a 2.5 µm, 4.6 × 50 mm column (XBridge 
Phenyl, Waters, Milford, MA) protected by a C18 guard cartridge 
(4.0 × 2.0 mm, Phenomenex, Torrance, CA). Gradient elution 
was used for all compounds. For Bup, mobile phase A consisted 
of 10 mM ammonium acetate in Milli-Q–purified water, and 
mobile phase B consisted of 100% acetonitrile. For Butp, Fent, 
Melox, and Carp, mobile phase A consisted of 0.1% formic acid 
in in Milli-Q–purified water, and mobile phase B consisted of 
100% acetonitrile. For Bup, chromatographic resolution was 
achieved by linearly holding the B solvent at 25% for 1 min. The 
solvent mixture then was altered by increasing mobile phase B 
linearly from 25% to 98% between 1 and 2 min, maintaining at 
98% between 2 and 4.5 min, and then decreasing linearly from 
98% to 25% between 4.5 and 4.75 min, followed by reequilibra-
tion of the column at 25% mobile phase B from 4.75 to 6 min. 
The gradient conditions for Melox and Carp was achieved by 

2 mg/kg every 12 h, respectively.7,8 In addition, an SR release 
formulation of an NSAID would be beneficial for the manage-
ment of pain in mice.

This study sought to determine the pharmacokinetics of SR 
formulations of buprenorphine (Bup-SR), butorphanol (Butp-
SR), fentanyl (Fent-SR), carprofen (Carp-SR), and meloxicam 
(Melox-SR) compared with those of the nonSR formulations 
of buprenorphine (Bup-HCl), carprofen (Carp) and meloxi-
cam (Melox). Our findings indicated that Bup-SR maintained 
plasma drug levels above therapeutic levels for the first 24 to 48 
h. Fent-SR maintained plasma levels above therapeutic levels 
for the first 12 h. Therapeutic levels for the remaining drugs 
are not known in mice; however, Carp-SR provided plasma 
drug levels similar to those of Carp for the first 24 h, Melox-SR 
concentrations were greater than those of Melox for the first 8 h 
after administration, and Butp-SR provided measurable plasma 
drug levels for the first 24 h.

Materials and Methods
Mice. Female CD1 mice (weight, 20 to 27 g; age, 8 to 10 wk) 

were obtained from Charles River Laboratories (Wilmington, 
MA). Mice were SPF for Sendai virus, mouse hepatitis virus, 
minute mouse virus, mouse parvovirus, mouse norovirus, 
Theiler murine encephalitis virus, rotavirus, Mycoplasma pulmo-
nis, pinworms, and ectoparasites. Mice were group-housed at 
5 or 6 per cage with ad libitum access to Teklad Irradiated Diet 
2918 (Harlan Laboratories, Madison, WI) and filter sterilized 
water and allowed to acclimate for 3 to 7 d prior to initiation of 
the studies. Mice were maintained on a 14:10-h light:dark cycle 
at a temperature of 21 to 24 °C. All experimental procedures 
were approved by the IACUC.

Analgesics. The 8 treatment groups and the dosages adminis-
tered are presented in Table 1. The SR formulations of analgesics 
were developed and provided by Zoopharm (Windsor, CO). 
Commercially available preparations of Carp (Rimadyl inject-
able, Zoetis, Kalamazoo, MI), Melox (Boehringer Ingelheim, 
Ridgefield, CT), and Bup-HCl (Rickett Benckiser Healthcare, 
London, England) were diluted in sterile saline prior to ad-
ministration. All SR drugs were administered once, whereas 
the nonSR analgesics were redosed accordingly as described 
following.

Pharmacokinetic study. To assess pharmacokinetics, 168 fe-
male CD1 mice allocated into 8 treatment groups of 21 mice, with 
5 or 6 mice per cage. All mice in each treatment group (n = 3 per 
group per time point) were manually restrained and injected 
subcutaneously in the interscapular region with the analgesic 
as outlined in Table 1. Mice in the nonSR formulations groups 
received subsequent dosing every 12 h for Bup-HCl and Melox, 
and every 24 h for Carp. Three mice from each cage were selected 
for analysis at each time point. If only 2 mice remained, then the 
additional mouse needed was selected from the next cage in the 
group. These studies were performed in parallel and initiated 
in the morning. Mice were euthanized by using carbon dioxide, 
and blood was immediately collected via cardiocentesis at 2, 4, 
8, 12, 24, 48, and 72 h after treatment. Mice that received nonSR 
formulations were sampled 12 h after administration, such that 
the values represented the waning plasma drug levels. Blood 
samples were placed in heparinized microcentrifuge tubes 
(Becton Dickinson, Franklin Lakes, NJ), centrifuged at 10,000 
× g for 15 min, and plasma collected and stored at −80 °C until 
analyzed. Pharmacokinetic analysis was performed by using 
Phoenix WinNonlin software (Pharsight, Cary, NC).

A second cohort of 9 mice was used to repeat the 48- and 72-h 
time points for the Bup-SR group by using a more sensitive 

Table 1. Analgesic treatment groups and dosages

Treatment Dose (mg/kg) Concentration (mg/mL)

Bup-SR 0.6 0.5
Melox-SR 6 2
Butp-SR 18 10
Fent-SR 3.5 2
Carp-SR 15 10
Carp 5 50
Melox 1 5
Bup-HCl 0.1 0.3
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Results
Pharmacokinetics. Mice were given analgesics subcutaneous-

ly at the doses specified in Table 1, and plasma concentrations 
were determined over a 72-h period (n = 3 per time point). SR 
release formulations were given once. Mice receiving Melox and 
Bup-HCl were dosed every 12 h, and those receiving Carp were 
dosed every 24 h. Plasma concentrations of the Bup-SR were 
highest at 4 h after administration (14.5 ng/mL) and steadily 
decreased over the first 24 h to 4.2 ng/mL (Figure 1 A). There 
was one sample at 12 h that was below the limit of detection, 
whereas the other samples were 10.9 and 16.3 ng/mL. Initial 
mice at the 48- and 72-h time point for Bup-SR had plasma con-
centrations that were below the limit of detection of the first Bup 
analysis method (0.5 ng/mL). Therefore, we repeated these time 
points in additional mice by using a more sensitive technique 
for drug level determination (method 2) that had a lower limit 
of detection of 25 pg/mL. The plasma concentrations of Bup at 
48 h (n = 4) ranged from 0.26 to 0.59 ng/mL, with an average 
of 0.56 ng/mL (1 SD, 0.25 ng/mL). At 72 h (n = 5), the plasma 
concentration ranged from 0.03 to 0.45 ng/mL, with an average 
of 0.22 ng/mL (1 SD, 0.16 ng/mL). The peak concentration of 
Bup-HCl occurred at 2 h after administration (19.1 ng/mL). At 
4 h, 1 sample was detectable (1.91 ng/mL), where the other 2 
samples were below the limit of detection of the assay, and at 
8 h, all samples were below the limit of detection (Figure 1 A). 
The levels were below the limit of detection after 12, 24, and 
72 h. These values likely represent the nadir plasma levels be-
cause mice were euthanized prior to redosing. At the 48-h time 
point, the mice were inadvertently dosed with Bup-HCl, and 
the samples collected within 1 h after dosing, yielding plasma 
levels at 19.5 ng/mL. The other SR opioids, Fent-SR and Butp-SR 
(Figure 1 B), had very high plasma concentrations at 2 h after 
administration (62.1 ng/mL and 389.7 ng/mL, respectively). 
These were followed by a drop at 4 h (Fent-SR, 28.3 ng/mL; 
Butp-SR, 16.05 ng/mL). The plasma concentrations of Fent-SR 
averaged 8.8 ng/mL, 3.5 ng/mL, and 1.0 ng/mL at 8, 12, and 
24 h, respectively. Plasma levels of Fent-SR were below the limit 
of detection at 48 and 72 h. Mice that received Fent-SR had de-
creased activity during the first 12 h after administration. The 
plasma concentration of Butp-SR was 7.1 ng/mL, 3.0 ng/mL, 
and 5.0 ng/mL at 8, 12, and 24 h. At 48 h, 2 Butp-SR samples 
were below the limit of detection; the remaining sample was 
1.24 ng/mL. Similarly at 72 h, 2 samples were below the limit 
of detection, and the remaining sample was 2.7 ng/mL. Due 
to the short duration of action of Fent and Butp, only the SR 
formulations were assessed.

The NSAID analgesics showed similar pharmacokinetic pro-
files as those of the opioids. Carp-SR (Figure 1 C) had similar 
levels at 2 and 4 h after administration (47.4 μg/mL and 49.7 
μg/mL, respectively), whereas Melox-SR (Figure 1 D) had a 
peak level at 2 h after administration (73.7 μg/mL). Carp and 
Melox had peak levels at 2 h postadministration (52.5 μg/mL 
and 47.4 μg/mL, respectively). Both SR formulations and nonSR 
formulations of Carp and Melox showed decreases in plasma 
concentration over the first 24 h but maintained values above 
the limit of detection of the assay (Carp, 25 ng/mL; Melox, 1 ng/
mL) for the duration of the 72-h study. Values at 24, 48, and 72 h 
represent the nadir plasma levels for Carp and Melox, except at 
the Melox 48-h time point, when mice were dosed inadvertently, 
and the samples were collected within 1 h after dosing. Figure 
1 shows the plasma concentrations over the entire time period 
tested for each drug and formulation.

There were no morbidities, including injection site reactions, 
or mortalities in any of the treatment groups.

linearly holding the B solvent at 25% for 0.5 min. The solvent 
mixture then was altered by increasing mobile phase B linearly 
from 25% to 98% between 0.5 and 2 min, maintaining at 98% 
between 2 and 4 min, and then decreasing linearly from 98% to 
25% between 4 and 4.5 min, followed by reequilibration of the 
column at 25% mobile phase B from 4.5 to 5.5 min. The mobile 
phase B percentage for Fent was 25% for 1 min, then linearly 
increased to 98% between 1 min and 3 min, held at 98% for 1 
min, linearly decreased from 98% to 25% between 4 and 4.5 
min, and then equilibrated at 25% for an additional minute. 
For Butp, solvent B was held at 25% for 1.5 min. The solvent 
mixture then was altered by increasing mobile phase B linearly 
from 25% to 98% between 1.5 and 2.5 min, maintaining at 98% 
between 2 and 4 min, and then decreasing linearly from 98% to 
25% between 4 and 4.75 min, followed by reequilibration of the 
column at 25% mobile phase B from 4.75 to 6 min. The flow rate 
was 750 µL/min for Butp, Melox, and Carp and 1000 µL/min 
for Bup and Fent. The sample injection volumes were 10 µL for 
Butp, Fent, Melox, and Carp, and the injection volume was 40 
µL for analysis of Bup method 1 and 60 µL for Bup method 2.

The mass spectrometer settings were optimized as follows: 
turbo ionspray temperature, 550 °C for Bup, Fent, and Melox 
and 575 °C for Butp and Carp; ion spray voltage, 4500 V for 
Butp and 5500 V for the other compounds; curtain gas, N2: 
10 units for Butp, Carp, and Melox, 20 units for Fent, and 30 
units for Bup; collision gas, N2: 3 units for Carp and Fent, 5 
units for Bup and Butp, and 6 units for Melox; nebulizer gas, 
N2: 40 units for Fent, 50 units for Melox, and 60 units for the 
other 3 compounds; and auxiliary gas, N2: 45 units for Fent, 
50 for Melox, and 60 units for the other 3 compounds. The 
compound-specific parameters for each compound are shown 
in Table 2. The predominant product ions were m/z 396.4 and 
414.4 for Bup, m/z 131.1 and 157.2 for Butp, m/z 193.2 and 228.2 
for Carp, m/z 105.2 and 188.3 for Fent, and m/z 115.1 and 141.2 
for Melox. Samples were quantified in the multiple-reaction 
monitoring mode by monitoring the relevant ion transitions 
and then summing the counts for each transition. The dwell 
time for each ion transition was 100 ms for Bup, Butp, Carp, 
and Melox and 500 ms for Fent. Q1 and Q3 were both operated 
in unit resolution mode. All compounds eluted between 1.0 
and 4.0 min. No interfering peaks were detected at the moni-
tored ion transitions in the extracted matrix. Chromatographic 
conditions were optimized for peak shape. Quantitation of 
each compounds was based on linear standard curves in spiked 
matrix, with 1/x2 weighting of linear regression. The lower 
limit of detection was 0.5 ng/mL for Bup method 1 and 25 pg/
mL for Bup method 2, 250 pg/mL for Fent, 1 ng/mL for Butp 
and Melox, and 25 ng/mL for Carp.

Statistical analysis. Statistical analysis was done by using 
SAS version 9.3 (SAS Institute, Cary, NC). Prior to analysis, 
any values below the limit of detection of the assay were 
replaced with half of the lower limit of detection, which was 
equal to 0.25 ng/mL for the Bup assay. There were no samples 
below the limit of detection for Carp and Melox. The Proc 
Mixed algorithm was used to fit a 2-way ANOVA model with 
interaction separately for each drug (Bup, Carp, Melox). The 
factors included time (2, 4, 8, 12, and 24 h) and treatment (SR 
formulation or nonSR formulation). The statistical analysis 
was performed prior to the redosing schedule, thus the first 
12 h were compared for the Bup and Melox, whereas the first 
24 h were compared for Carp. Contrasts were used to test SR 
formulations compared with nonSR formulations at each time 
point. A P value less than 0.05 was considered to be statisti-
cally significant.
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by AUC) are increased with the SR formulations—roughly 2.8 
times for both Melox and Carp. Although apparent clearance is 
only slightly increased for Carp-SR compared with Carp, there 
is an increase in clearance for Melox-SR.

Discussion
According to the pharmacokinetic profiles of the various an-

algesic regimens used in this study, Bup-SR maintained plasma 

The noncompartmental analysis for Bup-SR, Fent-SR, Butp-
SR, Melox-SR, Melox, Carp-SR, and Carp are provided in Table 3.  
Noncompartmental analysis was not performed for Bup-HCl 
because of its short duration of action and the inability to detect 
plasma drug levels beyond the 8-h time point. As expected, the 
half-lives for all SR formulations are greater than those for non-
SR formulations. The SR formulation leads to an approximate 
doubling of the terminal half-life for Melox and an approximate 
50% increase for Carp. In addition, exposure times (apparent 

Table 2. Compound-specific parameters for analysis of analgesics in mouse plasma

Units

Transition (m/z)
Declustering  

potential Entrance potential
Collision cell  

entrance potential Collision energy
Collision cell  exit 

potential

Bup 468.3 → 396.4 80.1 7.2 46.5 49.4 3.5

468.3 → 414.4 71.3 10.7 68.1 48.9 4.1

Butp 328.3 → 131.1 50.7 5.1 170 71.1 2.2

328.3 → 157.2 53.0 4.9 60.0 62.4 1.5

Carp 274.2 → 193.2 22.3 4.6 21.5 38.2 2.6

274.2 → 228.2 24.4 4.8 25.6 20.5 3.5

Fent 337.3 → 105.2 47.3 4.4 82.0 51.2 1.9

337.3 → 188.3 38.3 4.9 32.3 33.1 3.4

Melox 352.2 → 115.1 21.0 5.2 34.9 24.7 1.8

352.2 → 141.2 36.6 4.6 43.1 28.6 2.2.

Naringenin 273.1 → 153 31.7 4.6 27.1 33.3 2.0

Naringenin was used as an internal standard.

Figure 1. Plasma concentrations of analgesics over time. Three mice were sampled at each time point for the first 72 h, except for Bup-SR (4 mice 
sampled at 48 h; 5 mice sampled at 72 h). NonSR formulations were analyzed at 12 h after administration, representing the nadir plasma levels. 
Bars represent 1 SD; *, significant (P < 0.05) difference between the SR formulation and the nonSR formulation at that given time point prior to 
the redosing interval. (A) Bup-SR and Bup-HCl. (B) Butp-SR and Fent-SR. (C) Carp-SR and Carp. (D) Melox-SR and Melox.
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the results of our Bup-HCl pharmacokinetic analysis suggest 
that plasma levels are inadequate if the drug is provided every 
12 h and that more frequent dosing is required, perhaps even as 
frequently as every 3 to 4 h,11 to maintain plasma drug levels.

We evaluated the pharmacokinetics of SR formulations of 
Butp and Fent as potential replacements for Bup, which becomes 
unavailable occasionally. Published analgesic protocols using 
Butp or Fent for postoperative pain in mice are scarce, likely due 
to the drugs’ very short duration of action and need for frequent 
administration. Butp at 5 mg/kg in mice provided short-term 
analgesia, which declined in 2 h, in the hot-plate and tail-flick 
analgesiometric assays.11 Other published analgesic protocols 
using Butp required 1 to 2 mg/kg SC every 4 h.7 The loading 
dose of 18 mg/kg that we used was based on this 1-mg/kg 
dosing regimen. The therapeutic levels of Butp in mice are 
unknown. According to ranges from studies in other species 
(horses and cats), the therapeutic levels may be 10 to 45 ng/
mL.34,41 The plasma levels of Butp remained above 10 ng/mL 
for the first 4 h of our study and fell below 10 ng/mL by 8 h.

Fent is a common postoperative analgesic used in large animal 
species that is frequently delivered via a transdermal patch. The 
use of Fent in mice postoperatively has rarely been reported. In a 
chronic (7 d) Fent infusion study in mice, 2 mg/kg/d was found 
to be well tolerated in mice with adequate µ-receptor inhibition 
concentrations.35 However, in early preliminary studies with 
Fent-SR, heavy sedation and labored breathing occurred with 
this bolus formulation. Fent at a dose of 0.2 mg/kg as a single 
bolus provided analgesia in an experimental model of femoral 
bone cancer with varying success.31 Fent administered at a dose 
of 7.5 μg/h (180 μg/d) by using an osmotic pump, thereby mim-
icking the dosage of transdermal patches used in humans, had 
analgesic properties in a hot-plate assay.28 A dose of 0.9 mg/kg 
demonstrated a 1-ng/mL serum concentration for 60 min and 
led to analgesic effects and therapeutic antinociception at 3 to 
10 ng/mL.21 We chose to use a loading dose of 3.5 mg/kg for 
Fent, which would be the total dose if dosed daily at 1.2 mg/
kg. The half-life of Fent-SR was 6.3 h compared with a previ-
ously published half-life of less than 10 min,21 and the plasma 
levels remained above 3 ng/mL until the 12-h evaluation and 
were below the limit of detection at 48 and 72 h. However, mice 
experienced profound sedation for the first 12 h after admin-
istration, as evidenced by their decreased activity level. Given 
the high loading dose of Fent-SR and the initial burst of drug 
released from the matrix, the initial plasma levels likely exceed 
the effective analgesic dose and approach anesthetic doses.

Given the inability to maintain an adequate plasma level past 
12 h, additional evaluations of Butp-SR and Fent-SR are needed 
for them to be useful analgesics in mice. Specifically, additional 
pharmacokinetic and efficacy studies could be performed on 
nonSR formulations of these drugs to determine therapeutic 

drug levels above its therapeutic level for 24 to 48 h, and Fent-SR 
maintained plasma drug levels above its therapeutic level for 
12 h. In addition, Butp-SR, Carp-SR, and Melox-SR maintained 
detectable plasma drug levels for 24 h. Whether any of these con-
centrations exceed estimated therapeutic levels is discussed later.

The dosing regimen for Bup-HCl was 0.1 mg/kg SC every 12 
h, and the Bup-SR loading dose was based on the cumulative 
dose of the Bup-HCl, or 0.6 mg/kg SC. The targeted therapeutic 
plasma level was 0.5 ng/mL, on the basis of previous studies 
that determined this dose provided effective analgesia in 50% 
of the population; however, a therapeutic plasma level of 1.0 
ng/mL is reported to be effective in a majority of the popula-
tion.14 The pharmacokinetic analysis demonstrated that Bup-SR 
maintained a plasma level concentration greater than 1.0 ng/mL 
for the first 24 h, with levels below that at the 48- and 72-h time 
points (0.58 ng/mL and 0.22 ng/mL, respectively). The half-life 
of the Bup-SR formulation was 10.1 h in our study, compared 
with 2.9 h in previous studies.44 Mice treated with Bup-SR at a 
dose of 1.0 mg/kg had analgesia that was effective for 12 to 24 
h, but no pharmacokinetic analysis was performed.2 A pharma-
cokinetic study in rats treated with Bup-SR at a dose of 0.9 mg/
kg maintained levels above 1.0 ng/mL for a 72-h period.10 The 
loading dose used and species-specific differences may account 
for the differences seen between the mice in the current study 
and the previous mouse and rat studies. 

The Bup-HCl levels acquired at the end of the 72-h dosing 
regimen were consistently below the level of detection of the 
assay (0.5 ng/mL) after 8 h. The exception was at 48 h, when 
the sample was collected after mice inadvertently received a 
subsequent dose, therefore leading to the observed high plasma 
level (19.6 ng/mL). Our results are consistent with previous 
pharmacokinetic analyses. The kinetics of Bup in mice after 
various routes of administration demonstrated that the serum 
concentration of Bup rapidly declined after a subcutaneous 
bolus of 0.05 mg/kg and was below 1 ng/mL at 6 h after ad-
ministration.20 Similarly, mice given Bup-HCl intravenously at 
2.4 mg/kg demonstrated plasma levels less than 5 ng/mL at 
12 h and less than 1.0 ng/mL at 15 h.44 In previous studies, rats 
treated with 0.1 mg/kg Bup-HCl demonstrated a peak plasma 
level of 3.0 ng/mL at 4 h after administration, and this level 
dropped to below 0.5 ng/mL at 24 h.10 It is important to note 
that the Bup-HCl time points likely represent the lowest plasma 
drug levels when mice are dosed at 12-h intervals for analgesia. 
Although not evaluated in the current study, it is very likely that 
during the first 8 h after subsequent administration of Bup-HCl, 
there is a peak plasma level that is comparable to the levels seen 
during the first 8 h of this study. This scenario was demonstrated 
at the 48-h time point, when the mice inadvertently were dosed 
prior to euthanasia and within 1 h demonstrated a rise in plasma 
drug level. Although we did not determine analgesic efficacy, 

Table 3. Noncompartmental analysis of analgesic formulations

Tmax (h) Cmax (ng/mL) t1/2 (h) AUClast Tlast (h) AUCinf (hr*ng/mL) Cl/Fpred

Bup-SR 4 14.5 ng/mL 10.1 322 h×ng/mL 72 325 h×ng/mL 1.85 L/h/kg

Butp-SR 2 390 ng/mL not done 910 h×ng/mL 24 not done not done

Fent-SR 2 62.1 ng/mL 6.28 279 h×ng/mL 24 288 h×ng/mL 12.2 L/h/kg

Melox-SR 2 7370 ng/mL 6.96 44,200 h×ng/mL 72 44,300 h×ng/mL 0.136 L/h/kg

Melox 2 4740 ng/mL 3.08 12,500 h×ng/mL 12 12,900 h×ng/mL 0.077 L/h/kg

Carp-SR 4 149 µg/mL 10.2 1130 h×µg/mL 72 1140 h×µg/mL 13.2 mL/h/kg

Carp 2 52.5 µg/mL 6.88 399 h×µg/mL 24 434 h×µg/mL 11.5 mL/h/kg

Tmax, time of Cmax; Cmax, maximal concentration measured ; t1/2, terminal half-life; AUClast, AUC from time 0 to Tlast; Tlast, time point at which AUClast 
was calculated; AUCinf, AUC to infinity; Cl/Fpred, predicted clearance.
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initially to determine the profile for each formulation immedi-
ately after administration for the first 12 h. Samples then were 
collected every 12 h after administration to determine whether 
plasma drug concentrations for SR formulations were compa-
rable or greater than those of nonSR formulations. There were 
no morbidities, including injection site reactions, or mortalities 
in any of the treatment groups, suggesting the SR formulations 
were safe. We found that Bup-SR provided plasma levels greater 
than therapeutic levels for 24 to 48 h after administration, sug-
gesting that this drug can be used for postoperative analgesia 
in mice. However, additional studies evaluating the clinical ef-
ficacy of Bup-SR are needed to determine its suitability to relieve 
postoperative pain in mice. The other SR formulations yielded 
concentrations that were below reported therapeutic levels for 
other species at 8 to 12 h but provided prolonged plasma drug 
levels that remained detectable for 12 to 24 h. These formulations 
require additional evaluation before assessing their efficacy to 
provide postoperative analgesia. For example, an appropriate 
loading dose and schedule to minimize the heavy sedative effect 
of the Fent-SR requires additional investigation. The Melox-SR 
and Carp-SR formulations require modifications to provide a 
prolonged plasma drug level and need to be assessed in efficacy 
studies to determine an optimal analgesic dose.
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