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Postoperative analgesia is an important component of labora-
tory animal wellbeing. It is important not only from an ethical 
and regulatory standpoint,24 but also for high-quality research 
data.8 Opioids, although considered a ‘gold standard’ for post-
operative analgesia, may be contraindicated in some research 
projects due to their systemic adverse effects, including nausea, 
vomiting, constipation, sedation, bradycardia, respiratory de-
pression, pica, and immunomodulation.3,39,46 Local anesthetics 
(for example, bupivacaine, lidocaine), which are commonly used 
in multimodal analgesic techniques, provide analgesia through 
blockade of voltage-gated Na channels, thereby preventing acti-
vation of sensory pain pathways and central sensitization.34 As 
noncontrolled substances with few side effects, local anesthetics 
are widely used for surgical procedures, but their contribution 
toward postoperative analgesia is limited by a relatively short 
duration of action.28

Extended-release liposomal bupivacaine is a slow-release 
bupivacaine formulation intended to provide extended 
postoperative analgesia after single-dose administration.20 
It is now commercially available for humans and has been 
a beneficial component of multimodal analgesic techniques, 
increasing the median time until opioid rescue and decreasing 
overall opioid usage.16,19,41 The liposomal formulation contains 
bupivacaine encapsulated in multivesicular liposomes.9 The 
honeycomb-appearing, nonconcentric lipid bilayers allow 

gradual drug release over 96 h as the lipid membranes erode 
and reorganize.15 Liposomal bupivacaine reportedly attenuates 
hyperalgesia for 48 to 72 h in humans.16,21 Due to its long-
lasting analgesia, liposomal bupivacaine has promise for use 
as either a sole analgesic or as part of multimodal analgesic 
techniques in research facilities. Therefore, the aim of the cur-
rent study was to investigate whether liposomal bupivacaine 
effectively attenuated hypersensitivity in rats during the 
postoperative period. 

Materials and Methods
Animals. Adult male Sprague–Dawley rats (Rattus norvegicus; 

n = 36; weight, 387.6 ± 2.1 g; Charles River, Wilmington, MA) 
were used. Sentinel animals were free of Kilham rat virus, rat 
Theiler virus, rat coronavirus, rat minute virus, Toolan H1 
virus, rat parvovirus, reovirus type 3, lymphocytic choriomen-
ingitis virus, murine adenovirus types 1 and 2, Sendai virus, 
Mycoplasma pulmonis, pneumonia virus of mice, and endo- and 
ectoparasites. Rats were singly housed in static microisolation 
cages (Allentown, Allentown, NJ) on ALPHA-dri paper bed-
ding (Shepherd Specialty Papers, Milford, NJ). All rats were 
fed a commercial diet (Teklad Global 18% Protein Rodent Diet 
2018, Harlan Laboratories, Madison, WI), provided bottles with 
reverse-osmosis–purified water, and offered Rat Retreats (Bio-
Serv, Flemington, NJ) for enrichment. Rooms were maintained 
on a 12:12-h dark:light cycle at 70 to 74 °F (21 to 23 °C) and 30% to 
70% relative humidity. Experiments were approved by Stanford 
University’s Administrative Panel for Laboratory Animal Care, 
and all rats were treated in accordance with the Guide for the Care 
and Use of Laboratory Animals.24 Rats were weighed daily from the 
day prior to surgery until euthanasia. Upon study conclusion, 
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punctate mechanical stimuli. The right (contralateral) hindpaw 
of each rat served as a control.

Thermal hypersensitivity testing. To assess responses to ther-
mal stimuli, each rat was placed in a clear acrylic enclosure (20 
× 9.5 × 12.5 cm) on a tempered-glass surface preheated to 30 °C 
(Plantar Analgesia Meter, IITC Life Science). Rats were given 15 
min to acclimate within the testing enclosure before focal (4 × 
6 mm) radiant heat from a 50-W light bulb was directed to the 
plantar surface of each hindpaw for 4 trials. A 20-s cutoff was set 
to prevent tissue injury. Each hindpaw was tested 4 times, with 
a minimum of 1 min between trials. The mean of the last 3 trials 
was set as the withdrawal latency. Thermal hypersensitivity was 
defined as a significant (P < 0.05) increase in paw withdrawal 
frequency after focal thermal stimuli. The right (contralateral) 
hindpaw of each rat served as a control.

Statistical analyses. To evaluate differences in withdrawal 
responses by group and over time, repeated-measures ANOVA 
with Bonferroni correction for multiple comparisons (R Devel-
opment Core Team, 2015) was performed. Data were expressed 
as mean ± SEM. A P value of less than 0.05 was considered 
significant.

Results
Body weight. Except for the Bup HCl group, the weights of 

rats in all treatment groups gradually increased from the first 
day (day –1) through the last day (day 4) of the experiment 
(Figure 1). The increase in weight was statistically significant 
(P < 0.05) only in the Bupi, Exp1, and Exp6 treatment groups. 
The weights of the Bup HCl rats did not differ between day –1 
(383 ± 2.7 g) and day 4 (382 ± 5.0 g), nor did body weight differ 
between groups prior to the experiment.

Mechanical hypersensitivity. Mechanical hypersensitivity did 
not differ between groups prior to treatment. In the ipsilateral 
hindpaw (Table 1, Figure 2 A), the mechanical hypersensitiv-
ity of rats in the saline group was increased significantly (P < 
0.05) on days 0 through 4 compared with day –1 (baseline). The 
mechanical hypersensitivity of rats in the Bup HCl group was 
not increased on days 0, 1, or 2 compared with day –1. Similar 
to that of the saline group, the mechanical hypersensitivity of 
rats in the Bupi group was increased on days 0, 1, 2, 3, and 4 
compared with day –1. The mechanical hypersensitivity of rats 
in the Exp1 group was increased relative to baseline only on day 
2. In the Exp6 group, mechanical hypersensitivity was increased 
on days 1 through 4 compared with day –1. In the contralateral 
hindpaws, mechanical hypersensitivity did not differ between 
time points in all treatment groups (Figure 2 B).

rats were euthanized by carbon dioxide asphyxiation followed 
by a secondary physical method.

Surgery. General anesthesia was induced in rats by using 1% 
to 5% isoflurane with 100% O2 in an induction chamber, fol-
lowed by maintenance using 0.8% to 2.5% isoflurane in 100% 
O2 by mask. Sterile ophthalmic ointment was applied, and rats 
were supported on a circulating warm-water blanket. Cefazolin 
(20 mg/kg SC; GlaxoSmithKline, Research Triangle Park, NC) 
and warm 0.9% NaCl (10 mL/kg SC) were administered prior 
to incision.

Each rat was placed in sternal recumbency, and the plantar 
surface of the left (ipsilateral) hindpaw was surgically prepared 
and draped. The surgery was performed as previously described 
for the incisional pain model.7 At 0.5 cm from the tibiotarsal 
joint, a 1-cm longitudinal incision through skin and fascia was 
made in the left hindpaw, extending toward the digits. The 
plantaris muscle was identified, elevated, and incised longitudi-
nally without interrupting the muscle attachments. The incision 
was closed with 2 interrupted horizontal mattress sutures (5-0 
polyglactin 910, Ethicon, Somerville, NJ) and triple antibiotic 
ointment applied (Taro Pharmaceuticals, Hawthorne, NY). Rats 
were monitored continuously in a heated recovery cage and 
returned to their home cages after full recovery from anesthesia.

Study design. Rats were randomly assigned to 1 of 5 treatment 
groups: saline (n = 6; 1 mL/kg SC; 0.9% NaCl, Hospira, Lake For-
est, IL) at surgery and then every 12 h for 2 d; Bup HCl (n = 6; 0.05 
mg/kg SC; buprenorphine hydrochloride, 0.3 mg/mL, Hospira) 
at surgery and then every 12 h for 2 d; Bupi (n = 8; 2 mg/kg SC 
local infiltration once, 0.15 mL; 0.5% Bupivacaine HCl, 5 mg/
mL, Hospira); Exp1 (n = 8; 1 mg/kg SC local infiltration once, 
0.03 mL; Exparel, 13.3 mg/mL, Pacira Pharmaceuticals, Parsip-
pany, NJ); or Exp6 (n = 8; 6 mg/kg SC local infiltration once, 
0.17 mL; Exparel, 13.3 mg/mL, Pacira Pharmaceuticals). All 
experimental compounds were administered 5 min prior to skin 
incision. For the Bupi, Exp1, and Exp6 groups, local anesthetics 
were injected into the plantar surface of rats’ hindpaws along 
the surgical site by using a 25-gauge needle. All volumes were 
sufficient to cover the length of the incision. After completion 
of each injection, digital pressure was applied to the injection 
site for 5 s to prevent leakage.

Behavioral testing. Rats were acclimated to the testing en-
vironment daily for 3 d prior to surgery, from 0900 to 1200. 
Mechanical and thermal hypersensitivity behavioral testing was 
conducted daily for 3 d prior to surgery and averaged to acquire 
baseline data and then at 2 h after surgery (day 0), followed by 
daily for 4 consecutive days (days 1 through 4) between 0900 
and 1200 each day. Prior to each behavioral testing session, rats 
were transported to the behavioral testing room and allowed a 
minimum of 15 min to acclimate.

Mechanical hypersensitivity testing. To assess responses to 
mechanical stimuli, each rat was placed in a clear acrylic enclo-
sure (20 × 9.5 × 12.5 cm) on an elevated mesh stand (Electronic 
von Frey Mesh Stand, IITC Life Science, Woodland Hills, CA) 
with 0.64-cm ‘waffle’ holes. Rats were given 15 min to acclimate 
within the testing enclosure before von Frey monofilaments with 
calibrated bending forces (10 g, Aesthesio, DanMic Global, San 
Jose, CA) were applied to the plantar surface of each hindpaw 
for 10 trials. Each mechanical stimulus was administered for 1 
s on various locations of the plantar surface, with care taken 
to avoid the pads, toes, and heels. Withdrawal responses were 
defined as the number of times a rat lifted his paw off the mesh 
after von Frey stimulation during 10 applications of monofila-
ments. Mechanical hypersensitivity was defined as a significant 
increase (P < 0.05) in paw withdrawal frequency as a result of 

Figure 1. Body weights of rats throughout the study. *, Day 4 value is 
significantly (P < 0.05) different from the day –1 (baseline) value for 
the same treatment group.
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SC once) attenuated thermal hypersensitivity for 4 d, but had 
no effect on mechanical hypersensitivity. Rats of all treatment 
groups maintained their body weights throughout the duration 
of the study. Daily measurement of body weight is a simple 
adjunctive objective measure of postoperative wellbeing and 
can reflect various side effects of medications.6 The current data 
support our hypothesis that liposomal bupivacaine attenuates 
postoperative hypersensitivity in a rat incisional pain model.

The aim of this study was to refine postoperative analgesia 
in rodents by examining the ability of liposomal bupivacaine to 
attenuate hypersensitivity. We chose an incisional pain model 
because our lab has extensive experience with this model as a 
means to study potential analgesics for postoperative pain in 
rats. In this model, mechanical and thermal hypersensitivity 
lasted 4 d, consistent with results from the originally described 
incisional pain model7 and our previous studies,30,40 in which 
both hypersensitivities variably continued for as long as 6 d 
after surgery.

In this study, Bup HCl attenuated mechanical hypersensitivity 
for 2 d, with a return to hypersensitivity on cessation of therapy. 
These results are consistent with previous studies10,30,37 and 
align with data showing that although opioids effectively reduce 
postoperative pain, they can enhance central sensitization and 
lead to rebound hypersensitivity.10 Bup HCl attenuated thermal 
hypersensitivity for 1 d in the current study, in contrast to 2 d in 
our previous study,30 suggesting that Bup HCl more effectively 
attenuated mechanical compared with thermal hypersensitiv-
ity. Similarly, in a previous plantar incision model, the median 
effective dose of another opioid, morphine, for attenuating 
mechanical hypersensitivity (1.5 mg/kg SC) was lower than 
that for thermal hypersensitivity (1.8 mg/kg SC).48 Therefore, 
the doses required to attenuate thermal hypersensitivity may be 
higher than those needed to ameliorate mechanical hypersen-
sitivity. In addition, opioid-induced hypersensitivity has been 
reported in literature,27 but has been more often linked with 
chronic administration of full μ-opioid agonists13,29 or ultralow 
doses of buprenorphine than with clinically relevant doses.14,47 
We included Bup HCl in the current study because it remains 
a cornerstone of effective rodent postoperative analgesia. Its 
advantages include its control of mild to severe pain, multiple 
routes of delivery, relatively long duration of action (6 to 12 h in 
most species), and minimal cardiorespiratory depression.33,38,45 
Disadvantages of Bup HCl include its controlled drug status, 
ceiling effect, difficulty to antagonize, and potential for im-
munomodulation.12

In the present study, at 2 h after surgery (day 0 testing), 
whereas buprenorphine attenuated mechanical hypersensitiv-
ity, 0.5% bupivacaine did not. Although bupivacaine has local 
anesthetic properties, its reported duration of mechanical 
analgesia has been variable. For example, von Frey monofila-
ment testing after local infiltration of 0.5% bupivacaine into 

Thermal hypersensitivity. Thermal hypersensitivity did not 
differ between groups before treatment. In the ipsilateral hind-
paw (Table 2, Figure 3 A), the thermal hypersensitivity of rats 
in the saline group increased significantly (P < 0.05) on days 0 
through 4 compared with day –1 (baseline). Thermal hyper-
sensitivity of rats in the Bup HCl group was increased on days 
2 through 4 compared with day –1, whereas that in the Bupi 
group differed relative to baseline only on day 3. The thermal 
hypersensitivity of rats in the Exp1 and Exp6 groups did not 
differ on days 0 through 4 compared with day –1. Thermal 
hypersensitivity in the contralateral hindpaw did not differ 
between any time points or groups (Figure 3 B).

Discussion
This study demonstrates that infiltration of a single dose of 

liposomal bupivacaine (1 mg/kg SC) effectively attenuates 
both mechanical and thermal hypersensitivity for 4 d in a rat 
incisional pain model. At the higher dose (6 mg/kg SC), lipo-
somal bupivacaine attenuated mechanical hypersensitivity for 
1 d and thermal hypersensitivity for 4 d. Bupivacaine (2 mg/kg 

Table 1. Mechanical hypersensitivity of the ipsilateral hindpaw

Day

 –1  0  1  2  3  4

Saline 2.8 ± 0.8 7.0 ± 0.8a 7.2 ± 1.5a 7.0 ± 0.7a 7.7 ± 0.9a 6.5 ± 1.6a

Bup HCl 3.1 ± 0.4 1.2 ± 0.3 2.2 ± 0.9 4.0 ± 1.2 6.3 ± 0.8a 6.8 ± 0.6a

Bupi 2.8 ± 0.4 7.6 ± 0.7a 6.4 ± 0.8a 7.6 ± 0.7a 7.9 ± 0.4a 5.9 ± 0.8a

Exp1 4.8 ± 0.8 5.9 ± 0.9 5.6 ± 0.8 8.4 ± 0.6a 7.1 ± 0.7 7.1 ± 0.8
Exp6 2.7 ± 0.6 1.8 ± 0.9 5.9 ± 0.9a 6.6 ± 0.5a 5.9 ± 0.5a 6.1 ± 0.8a

Data are shown as no. of paw withdrawals (mean ± SEM).
aSignificantly (P < 0.05) different from the day –1 (baseline) value for the same treatment group

Figure 2. Mechanical hypersensitivity (no. of paw withdrawals; mean 
± SEM) of the (A) ipsilateral and (B) contralateral hindpaws. Day 
0 testing occurred at 2 h after surgery. *, Value is significantly (P < 
0.05) different from the day –1 (baseline) value for the same treatment 
group.
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thought to decrease central sensitization (or ‘wind-up’), such 
that the attenuation of thermal hypersensitivity is sustained 
even when bupivacaine is no longer present at pharmacologic 
levels.44 We also investigated 2 different doses of liposomal 
bupivacaine; the 1-mg/kg dose attenuated both mechanical and 
thermal hypersensitivity on all 4 d of testing. Other studies simi-
larly reported that liposomal bupivacaine effectively attenuated 
both mechanical (from 2 to 4 d)22 and thermal hypersensitivity 
(up to 3 d).23 The 6-mg/kg dose of liposomal bupivacaine at-
tenuated mechanical hypersensitivity only on day 0 (2 h after 
surgery), but attenuated thermal hypersensitivity for 4 d. This 
result, although surprising, was similar to another report in 
which liposomal bupivacaine provided mechanical analgesia 
for approximately 3 h in a Sprague–Dawley rat paw wound 
model.18 Although liposomal bupivacaine appears to provide 
dose-dependent analgesia in humans,5 liposomal bupivacaine 
did not attenuate both hypersensitivities in a dose-dependent 
manner in our rat study. We suspect that the large volumes of 
bupivacaine and liposomal bupivacaine (at 6 mg/kg) relative 
to the size of the rat’s hindpaw (0.15 and 0.17 mL, respectively, 
for a 380-g rat in contrast to 0.03 mL for the 1-mg/kg dose) 
caused tissue distension and irritation, which may have inten-
sified hypersensitivity. In humans, the recommended dose of 
liposomal bupivacaine is based on the volume required to cover 
the surgical site, and a ceiling effect may occur20 once all local 
nociceptors have been exposed to the minimal amount of local 
anesthetic necessary for analgesia. Therefore, the surgical-site 
volume of a rat’s hindpaw likely would favor a smaller volume 
and dose of local anesthetic. We believe that the 6-mg/kg dose 
of liposomal bupivacaine would be effective if infiltrated in a 
larger surgical site. Other possible factors contributing to the 
variability of our findings include injection pressure, speed of 
injection, and site or tissue density of the local infiltration.43 
The transiently significant differences in bupivacaine’s effects 
on thermal hypersensitivity (day 3) and mechanical hypersen-
sitivity (1-mg/kg dose on day 2) were not clinically significant, 
given the absence of clinical signs and the normal weight gain 
of the study animals.

From a practical standpoint, assuming a 380-g rat, the cur-
rent cost of Bup HCl (0.05 mg/kg every 12 h for 3 d) is US$5.78, 
bupivacaine (2 mg/kg once) is US$0.03, and liposomal bupiv-
acaine is US$0.54 (1 mg/kg once) or US$3.24 (6 mg/kg once); 
this estimate does not include labor charges for repeated dose 
administration (Bup HCl). Bupivacaine, although inexpensive, 
would not itself provide sufficient postoperative analgesia for 
most surgeries. Nonetheless, the expense of liposomal bupiv-
acaine remains a limiting consideration for veterinary patients 
because it is marketed as a human drug and sold only in 20-
mL vials. Due to the small administration volumes needed for 
rodents and the manufacturer’s recommendation that vials be 
used within 4 h of opening, its use in laboratories where few 

rat hindpaws suggested reduced mechanical hypersensitivity 
of only approximately 23 min18 or, when infiltrated subcutane-
ously along a back incision, approximately 2 h.32 In humans, the 
median analgesia duration according to pinprick testing after 
intradermal injection of 0.5% bupivacaine into the lower back 
area was 1 h.17 If we had performed behavioral tests sooner 
than 2 h after surgery, we likely would have detected this at-
tenuation of mechanical hypersensitivity, but we decided not to 
perform immediate postoperative testing to avoid confounding 
anesthetic effects within 2 h after surgery. However, bupivacaine 
did attenuate thermal hypersensitivity for 4 d, consistent with 
another study reporting that bupivacaine prevented the onset 
of thermal hypersensitivity for at least 3 d.44 The activation of C-
fibers, afferent nociceptive nerve fibers, is well known to induce 
thermal hypersensitivity, and this activation can be blocked by 
bupivacaine.1,42,44 The blockade of afferent peripheral fibers is 

Table 2. Thermal hypersensitivity of the ipsilateral hindpaw 

Day

–1 0 1 2 3 4

Saline 12.8 ± 0.6 6.8 ± 0.9a 6.1 ± 0.6a 8.8 ± 0.6a 7.7 ± 0.5a 9.2 ± 0.7a

Bup HCl 14.3 ± 0.7 14.6 ± 2.0 12.4 ± 1.8 10.9 ± 1.1a 10.2 ± 0.8a 10.5 ± 0.6a

Bupi 12.3 ± 0.7 10.0 ± 0.8 11.8 ± 1.9 9.6 ± 0.7 9.4 ± 0.7a 10.1 ± 0.6
Exp1 12.7 ± 0.4 10.1 ± 1.0 9.9 ± 1.0 10.0 ± 0.9 11.4 ± 0.7 10.5 ± 0.8
Exp6 12.6 ± 0.9 9.6 ± 1.7 10.3 ± 0.7 10.5 ± 0.5 11.5 ± 1.0 11.1 ± 0.8

Data are shown as thermal latency (s; mean ± SEM).
aSignificantly (P < 0.05) different from the day –1 (baseline) value for the same treatment group

Figure 3. Thermal hypersensitivity (measured as latency [s] to with-
drawal; mean ± SEM) of the (A) ipsilateral and (B) contralateral hind-
paws. Day 0 testing occurred at 2 h after surgery. *, Value is signifi-
cantly (P < 0.05) different from the day –1 (baseline) value for the same 
treatment group.
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daily rodent surgeries are performed may not be financially fea-
sible. However, liposomal bupivacaine is currently under FDA 
review for the veterinary market. If FDA approval is granted 
to a veterinary pharmaceutical company, the aforementioned 
limitations may no longer apply, as the diversity of species and 
patient sizes will necessitate the distribution of small-volume 
vials for single-dose use.

In human studies, local administration of liposomal bupiv-
acaine lacked a clinical effect on wound and bone healing. Both 
the wound-healing profiles of liposomal bupivacaine and the 
occurrence of adverse effects,2 such as cardiotoxicity,4,9,26 were 
similar to those of bupivacaine. Other common side effects in 
humans are pruritus, constipation, tachycardia, nausea, vom-
iting, dizziness, headache, and fever.31 Studies in dogs, pigs, 
and rabbits have demonstrated a favorable safety profile for 
liposomal bupivacaine.11,25 A mild, self-limiting granulomatous 
inflammation was reported in some cases, which was deemed 
to be a normal, expected reaction to foreign matter (that is, 
degradation of multivesicular liposomes).26,35,36 No adverse 
cardiac, CNS, or wound-healing effects were observed clinically 
in the rats treated with liposomal bupivacaine compared with 
other treatment groups.

According to the results of our current study, a single dose 
of liposomal bupivacaine (1 mg/kg local infiltration) is recom-
mended for providing 4 days of postoperative analgesia in a 
rat incisional pain model. Although the 1-mg/kg dosage effec-
tively attenuated hypersensitivity in the current study, we still 
recommend multimodal postoperative analgesic techniques 
for most surgical procedures, due to the complexity of nocicep-
tive pathways. We suggest additional research with liposomal 
bupivacaine to determine a range of appropriate infiltration 
volumes, to suggest dosages for larger surgical sites, to examine 
its application in different surgical pain models and with other 
laboratory animal species, to assess its use as a component of 
multimodal analgesia, and to perform sequential histologic 
examinations of surgical infiltration sites.
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