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The use of animals in biomedical research comes with an 
obligation to protect the wellbeing of the species used. Part 
of our obligation to protect the wellbeing of research animals 
is to prevent unnecessary pain and distress by providing ef-
fective analgesia. The 8th edition of the Guide describes the 
correct use of analgesics in research animals as “…an ethical 
and scientific imperative” (p 120).21 The advancement of bi-
omethodologies has increased the effectiveness of rodents as 
models of human disease and, in turn, has created a need for 
broader options regarding effective analgesics in the smaller 
species. Although a standard and efficient analgesic option 
in rodents, NSAID have immunomodulatory effects, making 
these analgesics inappropriate for various studies involving 
the immune system. Opioids are another common type of 
analgesic, but some opioids, including codeine, remifentanil, 
morphine, and fentanyl, like NSAID, cause immune system 
derangements.1 Buprenorphine, a partial µ receptor agonist, is 
the most common opioid used for rodent analgesia.44 However, 
buprenorphine has several dose-dependent side effects, includ-
ing respiratory depression, increased activity, decreased food 
intake, and pica.27,42 Therefore, more choices are needed to treat 
severe pain in mice and rats.

Tramadol is a centrally acting analgesic that is structurally 
similar to codeine and morphine. Both enantiomers of tramadol 
enhance the inhibition of pain transmission through the modula-
tion of neurotransmitters: the (+)-enantiomer inhibits serotonin 
reuptake, whereas the (–)-enantiomer inhibits norepinephrine 
reuptake.18 In addition, the (+)-enantiomer and the primary 
metabolite of tramadol, (+)-O-desmethyl-tramadol, both act 
as μ-opioid receptor agonists.18 The different properties of the 

tramadol enantiomers create synergistic analgesic effects, which 
improves tolerability by decreasing various side effects common 
to other opioids, such as respiratory depression, constipation, 
and abuse potential.18,43 As a result, tramadol was not classified 
as a scheduled substance under the Controlled Substances Act 
until recently.16

Tramadol has been used successfully as a sole analgesic 
for moderate to severe perioperative pain in several spe-
cies, including humans,43 dogs,33 cats,8,53 and rats.52 It also 
has been documented as effective in rat and mouse models 
of neuropathic, orthopedic, and visceral pain at doses rang-
ing from 1.25 to 100 mg/kg.2,28,35 Tramadol’s documented 
effectiveness for other pain models in rodents make it an 
ideal candidate for a wide variety of rodent research mod-
els. In addition, we were very interested in the suitability of 
tramadol for studies of inflammation, because our previous 
studies showed little adverse effect of low-dose tramadol on 
select immune parameters in a cecal ligation and puncture 
model of sepsis.20 However, we did not assess analgesia in 
those studies, and there are no published studies to date 
regarding the efficacy of tramadol for the postoperative pain 
associated with abdominal surgery in mice. Therefore, we 
assessed tramadol in an abdominal surgery model similar 
to the model we used previously21 but lacking the sepsis 
component. We hypothesized that tramadol would provide 
effective postoperative analgesia in a mouse model of aseptic 
laparotomy. Specifically, we tested this hypothesis by using 
a series of scoring parameters to compare the behaviors, 
appearances, and mechanical sensitivity of male and female 
mice that received various doses of tramadol after a typhlec-
tomy procedure. In addition, in separate experiments, we 
measured plasma corticosterone levels and body temperature 
fluctuations in mice after surgery to compare stress levels 
and thermoregulatory abilities after tramadol administration.
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rather than another analgesic because of our interest in using 
tramadol in studies of inflammation, which might be affected 
by analgesic treatment, and in light of the lack of historical data 
with this particular model.

Pain assessment. To determine tramadol’s efficacy at curbing 
postoperative pain, a group of male (n = 45) and female (n = 44) 
mice were scored for 3 separate assessments, which included 
general appearance parameters (GAP), stretching-up (SU) 
events, and response to von Frey filaments.

GAP scores were calculated on the basis of previously 
published parameters of activity, posture, breathing pattern, 
coat condition, and interactions with other mice.34 A blinded 
observer assessed each mouse at cage side on the morning 
after surgery. Mice were assigned a score of 0 (normal) or 1 
(abnormal) for each parameter. The highest score achievable 
was 5, which indicated abnormality in all categories. Figure 1 
represents the ethogram for predefined normal and abnormal 
behaviors in each parameter.

To assess SU events, on the morning after surgery, cages of 
mice were placed in a changing station, with tops and food hop-
pers removed to encourage activity and exploratory behavior. 
A blinded observer in the room counted the SU events that oc-
curred during a 3-min period. A positive SU event was defined 
as vertical raising of the body onto the hindlimbs, resulting in 
full extension of the hocks and abdomen. Horizontal stretches 
against the cage floor or sides were excluded. We inferred that 
an increase in the number of SU events indicated decreased post-
operative pain given that the surgery was performed through 
the abdominal musculature.

Mechanical testing with von Frey filaments was performed 
in the afternoon of the day after surgery and used 5 mechani-
cal von Frey filaments of 0.4, 0.6, 1.0, 1.4, and 2.0 grams–force 
(Anesthesio Von Frey Hairs, Varese, Italy). The manual von Frey 
system requires application of different fiber sizes to produce 
a range of pressures. Mice were placed in rigid transparent 
plastic boxes measuring 15.24 cm high and 146.41 cm2 on a 
raised fiberglass mesh screen with 18 × 16 openings for every 
2.54 cm2. All animals were acclimated to the platform the day 
before surgery as well as 10 min prior to von Frey assessment. 
Starting with the smallest fiber, each size of filament was applied 
around the incision 5 times, each time in a different location on 
the abdomen. A washout period of 2 min was used between fiber 
sizes. A blinded observer monitored for a response with each 
application. A positive response was predefined as jumping, 
licking or scratching of the incision, or abdominal retraction. 
Data were recorded as the percentage of the 5 applications that 
yielded a positive response for a given fiber size.

Corticosterone. A second experiment was performed in male 
(n = 70) and female (n = 66) C57BL/6 mice to determine corti-
costerone levels as a means to measure postoperative levels of 
systemic stress. Plasma collection for all time points were done 
between 0930 and 1030. Mice were deeply anesthetized with iso-
flurane, blood was collected through the retroorbital sinus into 
EDTA microtubes, and cervical dislocation was performed. The 
plasma was diluted 1:5 and processed according to the manu-
facturer’s instructions (Corticosterone Enzyme Immunoassay 
Kit, Cayman Chemical, Ann Arbor, MI).

Body temperature. Previous work in our laboratory dem-
onstrated a significant increase in mortality in ICR mice that 
received high doses of tramadol (80 mg/kg) after cecal ligation 
and puncture when compared with mice that received bu-
prenorphine at 0.1 mg/kg.20 We wanted to determine whether 
tramadol caused significant changes in body temperatures, 
which might have contributed to the increased mortality in the 

Materials and Methods
Animals. Male (n = 133) and female (n = 110) C57BL/6 mice 

(age, 10 to 12 wk) were purchased from The Jackson Laboratory 
(Bar Harbor, ME) and housed at 3 to 5 mice of the same sex in 
ventilated microisolation cages. Each cage was supplied with 
a compressed cotton nesting pad for enrichment on arrival into 
the facility. All mice had free-choice access to water and com-
mercial chow (Laboratory Rodent Diet 5001, PMI Lab Diet, St 
Louis, MO). The rodent housing rooms were maintained at 72 
± 2 °F (22 ± 1 °C) on a 12:12-h light:dark cycle. All animals were 
acclimated for at least 5 d prior to surgical manipulation. An SPF 
status was maintained for mouse hepatitis virus, minute virus 
of mice, mouse parvovirus, enzootic diarrhea of infant mice 
virus, ectromelia virus, Sendai virus, pneumonia virus of mice, 
Theiler murine encephalomyelitis virus, reovirus, lymphocytic 
choriomeningitis virus, mouse adenovirus, and polyomavirus. 
All experiments were approved by The University of Michigan’s 
Committee on the Use and Care of Animals.

Surgical manipulation. All mice underwent a ventral midline 
laparotomy with aseptic typhlectomy to model postoperative 
pain from visceral manipulation. On the morning of surgery, 
a vaginal cytology was performed on all female mice by using 
standard methods to stage estrous.7 Anesthesia was induced by 
using an isoflurane induction chamber, and mice were main-
tained via face mask on 2.0% isoflurane mixed with oxygen at 
2.5 L/min. Mice received 1.0 mL of 37 °C saline subcutaneously 
in the left flank and either tramadol or saline according to their 
treatment group in the right flank prior to the initiation of sur-
gery. Surgeries were performed on a warming surgery table 
to provide supplemental heat during the anesthetic period. 
The abdomen was shaved and prepped by swabbing with 3 
alternating scrubs of chlorhexidine and saline. An incision 
approximately 0.5 cm was made on midline through the skin 
and linea alba. The cecum was exteriorized to the ileocecocolic 
junction. A single monofilament nylon 4-0 suture was placed 3/4 
of the distance from the apex of the cecum (1/4 of the distance 
from the ileocecocolic junction). The cecum was excised distal 
to the suture, and any remaining fecal material was removed 
from the remaining cecal tissue with iodine-soaked sterile gauze. 
The cecum and ileocecocolic junction were washed with 0.1 mL 
of sterile 0.9% NaCl and replaced in the abdomen. The linea 
alba and associated abdominal musculature was closed with 
4-0 silk suture in a continuous pattern, and the overlying skin 
was closed with tissue glue. All mice were placed in an isolated 
recovery area and provided supplemental heat support until 
fully ambulatory, at which point they were placed into a clean 
cage containing 76A Diet Gel (Clear H2O, Portland, ME) and a 
new cotton nesting pad.

Analgesic administration. Tramadol powder (a generous gift 
from Midas Pharmaceuticals, Parsippany, NJ) was compounded 
in sterile 0.9% NaCl and filtered through a 0.22-μM syringe 
filter into a sterile glass vial and stored in a dark, cool cabinet. 
Tramadol has been shown to be stable in solution for 15 d, and 
all solutions for this study were used within 10 d of preparation.4 
The range of tramadol doses selected was based on previously 
published literature for various pain models, including cancer 
and neurologic pain models.5,24,35,48 Mice were randomly as-
signed to receive either saline or tramadol at 20, 40, or 80 mg/
kg SC (corresponding to concentrations of 0, 4, 8, and 16 mg/
mL, respectively) immediately prior to surgery, followed by 2 
additional doses 12 h apart. All analgesic and control volumes 
were between 0.13 and 0.15 mL, depending on weight of the 
mice, to reduce variability of fluid amounts administered pre-
operatively. Saline was used as the control for these studies 
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at 80 mg/kg (n = 8 to 10 per group). Temperatures were re-
corded cage side every 30 min for 6 h after the administration 
of preoperative analgesics and every 30 min for 1 h after each 
subsequent injection of analgesic or saline.

Statistical analysis. All data analyses were performed by us-
ing Prism (6th edition, GraphPad Software, La Jolla, CA). For 
GAP and SU, statistical analysis was performed on total scores. 
Von Frey scores were determined by calculating the percentage 
response rate elicited for each fiber. The GAP, SU, and corticos-
terone results were tested for normality by using the D’Agostino 
and Pearson omnibus normality test. GAP and corticosterone 
results were compared by using one-way ANOVA, with correc-
tion for multiple comparisons by the Bonferroni test. SU data 
were compared by using the Kruskal–Wallis nonparametric test 
and Dunn test for correcting multiple comparisons. To compare 
response rates to the von Frey fibers, 2-way ANOVA with the 
Bonferroni multiple-comparison correction was used. Body 
temperature results were analyzed by using the Holm–Sidak 
method.

Results
Stage of estrous cycle. Vaginal cytologies of female mice 

were performed on the morning before surgery. The percent-

CLP mice that received high doses of tramadol. Implantable 
programmable temperature transponders (model IPTT-300, 
Biomedic Data Systems, Seaford, DE) were placed in a separate 
group of male mice (n = 18) prior to surgery. The transponders 
were injected subcutaneously over the thoracic vertebrae at 
the same time as administration of the first analgesics. Mice 
that received temperature transponders underwent the same 
typhlectomy procedure and postoperative analgesic schedule 
as mice in the pain assessment cohorts.

Study design. Figure 2 represents a time line for the 3 ex-
periments. For the pain assessments and plasma corticosterone 
measurements, male and female C57BL/6 mice were assigned 
randomly to control or treatment groups (n = 10 to 12 per group); 
treatment groups received tramadol at 20, 40, or 80 mg/kg 
SC, whereas the control group received an equivalent volume 
of saline. The GAP and SU scoring took place 9 h after the 
second tramadol or saline injection; manual von Frey testing 
occurred 5 h after the third tramadol or saline injection. Blood 
for the corticosterone experiments was collected at 24 or 48 h 
postoperatively, which corresponded to 12 or 24 h after the 
second and third analgesic injections (n = 7 to 10 per group). 
Thermoregulatory experiments were conducted with male 
mice randomly assigned to receive either saline or tramadol 

Figure 1. Ethogram of normal and abnormal behaviors for GAP assessments. Mice were assigned a score of 0 or 1 for the categories of activity, 
posture, breathing pattern, coat condition, and interaction with other mice.
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Comparing the sexes, male mice again demonstrated an in-
creased propensity toward postoperative pain behaviors, with 
all male treatment groups having lower average SU scores than 
those of corresponding female mice. The SU scores were signifi-
cantly (P = 0.0168) lower in the male mice when compared with 
the female mice only in the 20-mg/kg group. The higher score 
in the female mice at this treatment dose is most likely due to 
the 2 female mice that had SU scores over 30.

Von Frey testing. In all groups, the average percentage re-
sponse rate to the 5 applications of each fiber increased toward 
100% as the fiber size increased, indicating that the smallest 
fiber (0.4 g[f]) was the most sensitive at indicating differences 
between the groups (Figure 5). For the male mice, average 
percentage response rates to the 0.4-g(f) fiber were 52.7% ± 
32.6%, 54.6% ± 38.0%, 54.6% ± 25.4%, and 35.0% ± 37.3% for 
the 0-, 20-, 40-, and 80-mg/kg groups, respectively. Although 
a dose-dependent trend may be inferred, the response rate to 
the 0.4-g(f) fiber was not significantly different between the 
saline group and any of the other treatment groups (Figure 5 
A). Interestingly, the 80-mg/kg group was the only group that 
consistently demonstrated a low response rate to each fiber and, 
therefore less sensitivity than all other groups. In fact, response 
rates of the 20- and 40-mg/kg treatment groups to the 0.6- and 
1.0-g(f) fibers were significantly (P < 0.05) higher than those of 
the 80-mg/kg mice. Von Frey assessments for the female mice 
showed no significant differences between treatment groups 
(Figure 5 B). The 0-, 20-, 40-, and 80-mg/kg groups had response 
rates of 74.0% ± 19.0%, 67.3% ± 35.0%, 69.1% ± 30.2%, and 69.1% 
± 30.2%, respectively, with the 0.4g(f) fiber, suggesting no effect 
of tramadol treatment on hyperalgesia due to the indicated 
fiber sizes. Comparing the sexes, male mice had lower average 
responses (P = 0.0475) than did female mice in the 80-mg/kg 
group, suggesting that the female C57BL/6 mice were more 
sensitive to mechanical stimulation.

Corticosterone. Male mice that received only saline had an 
average plasma corticosterone level of 1.72 ± 4.13 × 104 pg/
mL at 24 h after surgery, and this value significantly (P = 0.02) 
declined to 8.84 ± 4.24 × 103 pg/mL at 48 h. All corticosterone 
levels in male mice treated with tramadol were comparable 
to their control values at both time points (Figure 6 A and B), 
suggesting that tramadol did not affect corticosterone levels 
in the male mice. In contrast, the plasma corticosterone levels 

age of mice in each stage was 1.5%, 0.0%, 43.9%, and 54.5% 
for proestrus, estrus, metestrus, and diestrus, respectively, 
such that 98.5% of female mice were in low-estrogen and low-
progesterone stages of the estrous cycle at the time of the initial 
analgesic administration and surgery. All remaining results for 
female mice were combined into a single group irrespective of 
estrous stage.

Pain assessments. GAP scores. A representative group of both 
male (n = 8) and female (n = 7) mice were scored the day before 
surgery to provide baseline behaviors. All mice received a total 
score of 0.0 with the exception of one female mouse, which re-
ceived a score of 1.0 due to a scruffy coat. For male mice, there 
were no differences in GAP scores between the saline group (2.55 
± 0.69) and mice that received 20, 40, or 80 mg/kg (2.45 ± 1.37, 
2.18 ± 0.98, and 2.50 ± 1.09, respectively; Figure 3 A). However, 
among female mice, the GAP score was significantly (P < 0.05) 
lower in the group that received 80 mg/kg (0.67 ± 0.78) when 
compared with those that received saline (1.64 ± 0.81), 20 mg/
kg tramadol (1.73 ± 0.47), or 40 mg/kg tramadol (1.73 ± 0.65; 
Figure 3 B). Comparing the sexes, the difference in GAP score 
was significant (P < 0.0001) only between male and female mice 
that received 80 mg/kg tramadol.

SU scores. The ‘stretching up’ behavior was used as an indi-
cator of decreased abdominal pain after laparotomy. Baseline 
scores were obtained from a representative group of both male 
(n = 8) and female (n = 7) mice on the day prior to surgery. The 
mean SU scores for male mice before any manipulation was 
23.5 ± 5.8, and their SU values decreased to 5.9 ± 5.0 events 
21 h after surgery; these animals were included as part of the 
saline group. The baseline for female mice started at 20.0 ± 6.5 
preoperatively and fell to 6.4 ± 3.4 after surgery. The dramatic 
drop in the number of SU events suggests a surgery-associated 
effect in both groups. Overall, the average SU scores of male 
mice did not differ between the control group (4.0 ± 3.95) and 
the 20- (5.2 ± 4.56), 40- (4.3 ± 3.20), and 80- (3.9 ± 4.58) mg/kg 
groups, suggesting that tramadol did not significantly improve 
the willingness to stretch the abdominal area (Figure 4 A). 
Female mice did not have any significant differences in SU  
scores between treatment groups, with average scores of  
5.00 ± 3.92 for the saline group and 13.00 ± 10.53, 9.00 ± 6.28, 
and 9.58 ± 8.53 for the 20-, 40-, and 80-mg/kg tramadol groups, 
respectively. 

Figure 2. Timetable for all experiments. Mice underwent laparotomy with typhlectomy and received either tramadol (20, 40, or 80 mg/kg SC) 
or saline as indicated at the 1st, 2nd, and 3rd injection time points. Pain (green), corticosterone (blue), and temperature (red) were assessed 
postoperatively.
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average body temperature (32.2 ± 0.9 °C) than did mice in the 
saline group (34.4 ± 1.8 °C). The 80-mg/kg group consistently 
had average body temperatures that were 1 to 2 °C lower than 
those of the control group for 2 h after anesthetic induction, 
demonstrating a slower return to baseline body temperatures 
in the tramadol-treated mice. Although the initial drop in 
body temperature was probably a result of surgery, the trend 
continued after subsequent tramadol administrations. For the 
second and third injections, mice received tramadol or saline 
without adjunct anesthesia. At 30 min after each of these injec-
tions, the 80-mg/kg group once again had significantly lower 
body temperatures when compared with control mice (33.2 ± 
0.9 °C compared with 36.8 ± 0.3 °C; P < 0.05). These lower body 
temperatures for the 80-mg/kg group persisted at least 60 min 
after the administration of tramadol, although an eventual 
return to normal body temperature was always evident prior 
to the next injection.

at 24 h postoperatively of female mice in the 80-mg/kg group 
(2.29 ± 0.69 × 104 pg/mL) were significantly (P < 0.05) lower 
than those of female mice given saline (3.64 ± 1.32 × 104 pg/mL; 
Figure 6 C). The corticosterone levels in the control female mice 
decreased to 2.51 ± 0.95 × 104 pg/mL by 48 h after surgery, when 
there were no significant differences between groups (Figure 6 
D). Comparing the sexes, female mice that received saline had 
significantly higher average plasma corticosterone concentra-
tions than did male mice at both 24 h (P = 0.0006) and 48 h (P = 
0.003) after surgery. This trend was also evident in comparisons 
of the 40- and 80-mg/kg groups.

Body temperature. Despite the warmed subcutaneous fluids 
and supplemental heat sources provided during and after sur-
gery, all mice had a significant drop in temperature 30 min after 
anesthetic induction (Figure 7). By 60 min after induction, the 
temperature seemed to be recovering to baseline values, but the 
mice in the 80-mg/kg group had a significantly (P < 0.05) lower 

Figure 3. GAP total scores (mean ± SEM) for (A) male and (B) female C57BL/6 mice according to treatment group (n = 10–12 mice per group). 
A blinded observer assessed the animals at 24 h postoperatively, which corresponded to 9 h after the 2nd tramadol or saline injection. The GAP 
score of female mice that received 80 mg/kg was significantly lower than those of all other groups. *, P < 0.05 compared with all other groups.

Figure 4. SU total scores (mean ± SEM) for (A) male and (B) female C57BL/6 mice according to treatment group (n = 10–12 mice per group). A 
blinded observer assessed the animals at 24 h postoperatively, which corresponded to 9 h after the 2nd tramadol or saline injection. For both 
male and female mice, none of the treatment groups differed significantly from the saline group. The female mice that received tramadol at 20 
mg/kg yielded 2 scores that were outliers; these were retained in the data set for full representation of the findings.
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Figure 5. Percentage response rate (mean ± SEM) to von Frey fibers of increasing size for (A) male and (B) female C57BL/6 mice according to 
treatment group (n = 10–12 mice per group). A blinded observer monitored response to mechanical fiber stimulation at 29 h postoperatively, 
which corresponded to 5 h after the 3rd tramadol or saline injection. No significant differences were seen between saline and treatment groups at 
any fiber size. The average response was significantly (†, P = 0.01; +, P = 0.02) lower in male mice that received tramadol at 80 mg/kg compared 
with 20 mg/kg at the 0.6 g(f) fiber and with those that received 40 mg/kg at the 1.0 g(f) fiber.

Figure 6. Plasma corticosterone concentration (pg/mL; mean ± SEM) according to treatment group (n = 7–10 mice per group per time point). 
In male mice, no groups differed significantly at either (A) 24 h or (B) 48 h after laparotomy. In female mice, plasma corticosterone was signifi-
cantly (+, P = 0.02) lower at (C) 24 h postoperatively in those that received tramadol at 80 mg/kg compared with saline; (D) no groups differed 
significantly at 48 h postoperatively.
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Figure 7. Body temperature (°C; mean ± SEM) for male C57BL/6 mice 
that received 3 injections (indicated as 1, 2, and 3) of either saline or 
tramadol at 80 mg/kg (n = 8–10 mice per group). Mice were anes-
thetized (time 0) for implantation of temperature transponders, lapa-
rotomy, and typhlectomy. Temperatures were measured every 30 min 
by using a handheld wand that read implanted subcutaneous micro-
chips. Whereas body temperature was decreased for 30 min after sur-
gery in mice that received saline (black symbols), mice that received 
tramadol (gray symbols) had significant drops in temperature that 
persisted as long as 60 min after each tramadol injection. *, Significant 
(P < 0.05) difference between treatment groups at a given time point; 
brackets indicate significant differences (P < 0.05) between time points 
within a treatment group.

Discussion
Pain assessments including GAP scores, SU events, and re-

sponse to von Frey filaments were used in this study to ascertain 
any differences in analgesic effects between mice that received 
saline or 20, 40, or 80 mg/kg tramadol. Overall, none of the 
tramadol doses produced effective postoperative analgesia in 
male C57BL/6 mice, whereas GAP and SU scores differed ac-
cording to tramadol dose in female mice. Female mice in the 
80-mg/kg group returned to normal activity and appearance 
more quickly than did female mice in the lower dose groups as 
indicated by the significantly lower GAP score. Although none 
of the treatment groups differed significantly for the SU scores, 
the female 20-mg/kg group exhibited higher average scores 
with a wider standard deviation than did all other groups. This 
group had 2 animals with exceptionally high SU scores (greater 
than 30), whereas all other mice of the same group averaged 
only 9 SU events. These 2 mice had surgery on the same day 
and were cohoused. Although these 2 mice appear to be outliers, 
we retained the data for analysis to accurately and fully repre-
sent all of the findings. Comparisons of pre- and postsurgical 
scores in mice showed clear changes in both GAP and SU tests, 
suggesting they are reliable indicators of postoperative pain. 
The results of mechanical testing with von Frey fibers is more 
difficult to interpret for several reasons. First, we acclimated 
the animals to the von Frey stand and environment but did 
not perform a preoperative assessment to reduce sensitization 
to the actual testing. However, this feature inhibits our ability 
to discern inter-individual differences in skin sensitivity that 
could have introduced variability in our data. Second, the von 
Frey measurements were performed only 5 h after the preced-
ing tramadol or saline administration. Sedative effects from the 
higher doses of tramadol could have been present and resulted 
in diminished response to the fibers. The male mice exhibited 
differences between those that received 80 mg/kg tramadol 
when compared with mice that received doses of 20 and 40 
mg/kg. This result could have been due to a sedative effect in 

the 80-mg/kg group, although the GAP and SU scores did not 
show similar dose-associated sedative effects. Alternatively, the 
20- and 40-mg/kg groups might have demonstrated a hyperal-
gesic effect. Paradoxical opioid induced hyperalgesia has been 
documented as a postoperative side effect and has specifically 
been tied to sub-analgesic doses of opioids.19,49 However, we 
are unable to differentiate opioid-induced hyperalgesia second-
ary to subeffective dosing of 20 and 40 mg/kg tramadol from 
other causes of hyperalgesia, such as acute opioid tolerance. 
Therefore, we cannot assume that the mechanical differences 
between low and high doses of tramadol seen in the male mice 
are an indicator of competent postoperative analgesia by the 
80-mg/kg dose.

Plasma corticosterone levels were measured 24 and 48 h after 
surgery to coincide with time points of 12 and 24 h after trama-
dol or saline treatments. Plasma corticosterone levels have been 
used to reliably quantify postoperative stress and may correlate 
with efficacy of analgesic treatment.46 Although the timing 
and method of sample collection can greatly influence plasma 
corticosterone concentrations,10,46,51 our results overall suggest 
tramadol administration did not alter corticosterone levels in the 
male mice but, at high doses, did lower corticosterone in female 
mice. This finding suggests that the female mice experienced 
less stress when given tramadol at the highest dose and is in 
keeping with the GAP and SU results. Interestingly, none of 
the male or female mice that received tramadol demonstrated 
a significant increase in corticosterone. Both morphine and 
fentanyl are known to cause strong immune system modulation 
and have been shown to induce dramatic spikes in corticoster-
one due to activation of the hypothalamic–pituitary–adrenal 
axis.17 Our results support the theory that tramadol has less 
immunomodulatory effects than other opioids.

One important consideration that has emerged from our 
research is the dramatic sex-dependent differences seen in the 
results of the pain assessments. Although our experiments in 
male and female mice were not run simultaneously, comparison 
of the study parameters indicates differences. The GAP and SU 
scores suggest that laparotomy affected the male mice more 
adversely than the female mice, which is in contradiction of 
common findings in human postoperative studies.47 Although 
the GAP scores displayed significant differences between the 
80-mg/kg groups only, the scores were persistently higher 
across all treatment groups for the male mice, including the 
saline group, suggesting a higher incidence of pain behavior in 
male mice postoperatively. However, very little has been done 
to compare sex-associated differences in postlaparotomy pain 
in rodents. In contrast, our female mice showed an increase in 
hypersensitivity to the von Frey fibers. This finding correlates 
with previous studies that showed exaggerated allodynia 
in female rats relative to male rats throughout diestrus and 
proestrus.22,32,36,40,50 It is important to note 98.5% of the female 
mice were in diestrus or metestrus at the time of surgery. This 
distribution is most likely due to the cohousing of female mice, 
which can prolong the diestrus and metestrus stages,32,50 which 
are the low-estrogen phases of estrous. Pain sensitivity peaks 
during the high-estradiol and -progesterone stages of the estrous 
cycle.22,40 Therefore, the female mice in the current study might 
have shown greater sensitivity, with GAP and SU scores more 
similar to those of the male mice, if they had been in either 
proestrus or estrus.

Although there were differences between males and 
females in overall pain responses, there also appeared to 
be differences in tramadol’s efficacy. The highest dose of 
tramadol appeared to be analgesic in female but not male 
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mice, as determined by GAP and SU scores as well as corti-
costerone levels. This finding is in contrast to previous work 
that demonstrated a lower ED50 value for tramadol in male 
Swiss mice than their female counterparts.14 The results of 
the previous study14 might be explained by hormonal ef-
fects such as estradiol’s negative effect on µ-opioid receptor 
binding and luteinizing hormone’s desensitization of opioid 
receptors to µ agonists. However, sexual dimorphism with 
opioid analgesics cannot be broadly characterized, given that 
several variables can affect the expression of sex-associated 
differences, including the strain, stock, or genotype of the 
rodents; potency, dose, and route of the opioid; and even the 
age of the animals.6,13,23 One possible reason for the increased 
sensitivity in our female mice is the unique dual mechanism 
of action of tramadol. The synergistic action of the μ-opioid 
agonist with the serotonin reuptake inhibition may result in 
an increased sensitivity of female rodents, which previously 
have been shown to be more sensitive than male rodents to 
selective serotonin reuptake inhibitors.25,30 Another possible 
mechanism is the κ receptor action of tramadol. Women 
consistently show greater analgesia sensitivity to combined 
μ- and κ-opioid analgesics than do men.6 Rodent studies 
have had more variable differences in analgesic efficacy of 
κ-opioid agonists, with sexual dimorphisms dependent on 
species, strain, and nociceptive assay.38

Finally, we evaluated temperature regulation after peri- and 
postoperative administration of 80 mg/kg tramadol because 
previous research led us to suspect a hypothermic effect.20 
Opioid agonists have varying effects on the thermoregulatory 
system of rats and mice, causing either or both hypothermia 
and hyperthermia.3,41 In humans, tramadol can cause a de-
crease in both the sweating and shivering thresholds as well as 
a decrease in vasoconstriction, which is only partially revers-
ible with naloxone.15 However, more recently, the homeostatic 
relationship between μ and κ agonists on body temperature 
has been detailed, with μ agonists causing hyperthermia and 
κ agonists balancing this effect with hypothermia.11,39 The 
significant hypothermia caused by tramadol with and without 
surgery supports other literature demonstrating a κ-agonist 
component to tramadol’s mechanism of action.29,45 Our results 
revealed dramatic drops in body temperature after tramadol 
administration with and without concurrent anesthesia. This 
effect should be considered carefully when using tramadol in 
research models in which changes in temperature might skew 
survival curves and other results.

Taking into account all of our pain assessments and corti-
costerone data, we conclude that tramadol at 20, 40, or 80 mg/
kg subcutaneously would not provide effective analgesia for 
severe postoperative pain in male mice. Interestingly, unlike 
other opioid analgesics, female C57BL/6 mice potentially have 
greater sensitivity to tramadol than do male mice; we hypoth-
esize that this effect is due to the dual action of tramadol as an 
opioid agonist and a serotonin reuptake inhibitor. The dose of 
80 mg/kg likely is effective for the management of postopera-
tive pain due to visceral manipulation in female mice, but this 
dose is potentially toxic. Previous studies have estimated a 
tramadol dose of 86.5 mg/kg to induce seizures in 50% of the 
population.37 Although we saw no detrimental side effects with 
the 80-mg/kg dose, other investigators at our facility described 
at least one occurrence of seizure activity in a mouse that re-
ceived 80-mg/kg tramadol. Due to the potential for seizures 
along with the extreme, albeit transient, temperature changes 
seen after administration, we are hesitant to recommend using 
a tramadol dose of 80 mg/kg. Although it offered insufficient 

efficacy for our invasive surgical model, tramadol as a sole 
analgesic remains a viable choice for mild to moderate pain 
in some cases.26 In addition, tramadol in combination with 
other analgesics has proven to have synergistic effects.9,31,52 
Finally, with the new NIH policy to balance male and female 
representation in animal studies, the significant differences in 
tramadol’s efficacy between male and female rodents should 
be considered carefully.12
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