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Effects of Buprenorphine on a Cecal Ligation and
Puncture Model in C57BL/6 Mice

Tara M Cotroneo,” Kelly MS Hugunin,® Katherine A Shuster,! Hae ] Hwang,!
Bala N Kakaraparthi,! and Jean A Nemzek-Hamlin'?

Sepsis research relies heavily on animal models. One of the most frequently used models, cecal ligation and puncture (CLP),
involves surgery, and animal use committees may require the use of analgesics after CLP. However, some analgesics are im-
munomodulatory and may affect research outcomes. In addition, both septic inflammation and responses to opioids may vary
with the sex of the subject. Therefore, we investigated the effects of buprenorphine in inbred mice of both sexes undergoing
CLP. We hypothesized that buprenorphine would not significantly change the outcome or patterns of inflammation in C57BL/6
mice after CLP. Male and female C57BL/6 mice underwent CLP surgery and were randomized into 2 groups to receive either
buprenorphine or saline. Three-week survival studies were performed (n = 20 per group). Survival did not differ between
groups of female mice, but male mice that received buprenorphine had decreased survival compared with that of controls.
Reducing the dose of buprenorphine in male mice ameliorated the difference in survival. To examine inflammation, mice (n
=10 per group) were euthanized at 12, 24, or 48 h after CLP. Cell counts and cytokines were measured in the blood and peri-
toneal lavage fluid. In female and male C57BL/6 mice, buprenorphine treatment resulted in few differences in inflammatory
parameters, although peripheral neutrophil counts were decreased transiently in male mice. The findings suggest that the
effects of buprenorphine on sepsis models in C57BL/6 mice may be sex-specific. Consequently the use of analgesics must
be assessed on a study-by-study basis, and investigators should define analgesic regimens when publishing sepsis studies.

Abbreviations: CLP, cecal ligation and puncture; KC, keratinocyte chemoattractant; MIP20, macrophage inflammatory protein 2o.

Sepsis is a complex, multifactorial inflammatory response to
an infection*? that can lead to serious consequences, including
multiple organ failure and death. Animal models are of vital
importance to improving the understanding of this complex
condition.” Cecal ligation and puncture (CLP) is considered
by some to be the ‘gold standard’ of sepsis models because it
recreates the clinical progression observed in human sepsis.®1>
This model requires abdominal surgery to create a polymicrobial
peritonitis, thus prompting animal welfare concerns, particu-
larly when analgesics are not used in the perioperative period.
Analgesics are often withheld from animal models of sepsis
due to concerns over potential immunomodulatory effects that
may interfere with the scientific goals of the study. However,
administration of perioperative analgesia is considered to be
the standard of care in veterinary medicine. In addition, feder-
ally funded animal research must adhere to the Public Health
Service Policy on Humane Care and Use of Laboratory Animals,
which states that “procedures that may cause more than mo-
mentary or slight pain or distress to animals will be performed
with appropriate sedation, analgesia, or anesthesia” unless the
procedure is justified for scientific reasons in writing by the in-
vestigator.3’ These government and institutional policies place
the onus on investigators and IACUC to determine whether
withholding analgesic agents is scientifically justified in sepsis
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models. Unfortunately, few experimental sepsis studies directly
address this controversial issue.

The scientific justifications for specific analgesic policies often
are based on results extrapolated from different analgesics or
models. These educated opinions may or may not be relevant
to a new situation. Historically, many studies investigating the
immunomodulatory effects of opioid analgesics were performed
with morphine. Morphine, the prototypical u receptor agonist,
increases corticosteroid secretion and decreases natural killer
cell activity.?’ Overall, morphine administration leads to sup-
pression of inflammatory cell proliferation, with an increase in
proinflammatory mediators and decrease in antiinflammatory
mediators.? In addition, studies have associated morphine
administration with increased endotoxin sensitivity secondary
to a combination of decreased gastrointestinal motility, immuno-
suppression, and increased bacterial translocation.'* However,
buprenorphine is a commonly used analgesic in current research
settings. It is a strong analgesic recommended for moderate
to severe pain and is often administered to ameliorate surgical
pain.*® Buprenorphine is considered to be a partial u agonist
and x antagonist, with limited immunomodulatory effects.30
The lack of immunosuppression with buprenorphine adminis-
tration is hypothesized to be due to its lack of neuroendocrine
effects.!?* In fact, our laboratory previously demonstrated that
buprenorphine administration to female ICR mice undergoing
CLP did not have significant effects on mortality or several
immune parameters when compared with those of control
animals.!® These results suggest that buprenorphine could be
used in surgical models of sepsis with limited adverse effects
to the model.
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Although buprenorphine may not affect the inflammatory
response in some situations, previous studies have not assessed
its effects on the CLP model. The CLP model is implemented
in a variety of mouse strains, and each strain potentially could
demonstrate a different response to analgesic administration.
Furthermore, an outbred stock, such as ICR, could have a
more variable immune response than would an inbred strain,
such as C57BL/6. In addition, responses to sepsis are known
to differ between male and female mice.21*” Overall, women
are believed to produce stronger humoral and T-cell responses
than do men, leading to higher rates of autoimmune disease
and potentially more effective resolution of infections in
women.'”% Reports also indicate that women are less likely to
develop sepsis than are men, particularly in the postsurgical
intensive care unit.21223> The distinct, albeit variable, effects of
sex on sepsis survival have been studied extensively. Clinical
studies and rodent models have demonstrated better survival
in female compared with male subjects.'®333 In contrast, female
patients have demonstrated worse survival than male in other
clinical studies as well as animal models.?*?* Likewise, analgesic
responses to opioids differ between male and female hosts.®
Therefore, further investigation into the effect of analgesic
administration is necessary for accurate refinement of sepsis
models. The purpose of our study was to investigate the effects
of buprenorphine administration on mortality and inflamma-
tion, assessed through cell counts and cytokine levels, in both
sexes of a commonly used inbred mouse strain, C57BL/6],
undergoing CLP-induced polymicrobial sepsis.

Materials and Methods

Study design. All male and female mice underwent cecal liga-
tion and puncture (CLP). They then were assigned randomly to
receive either buprenorphine or an equal volume of saline.

Survival study. For survival studies, buprenorphine-treated
and -untreated female C57BL/6] mice (1 = 20 per group) were
observed for 3 wk after CLP. Each survival study was performed
in 2 separate runs. Mice were removed from the study when they
met institutional criteria for endstage illness. Clinical signs used
to determine the presence of a moribund condition, as indicated
by impaired mobility, inability to remain upright, dyspnea, de-
hydration or decreased food intake for greater than 48 h, muscle
atrophy, unconsciousness, or chronic diarrhea or constipation.’
Any animal meeting one or more of these criteria was removed
from the study. Mice were monitored at least twice daily for the
first week after surgery and more often if warranted by disease
state. The study design was repeated with male mice.

Immunologic study. To examine the effect of analgesics on
inflammation, buprenorphine-treated and -untreated female
C57BL/6] mice (n = 10 per group) were euthanized at 12, 24, or
48 h after surgery. The experiment was performed in 2 separate
runs. Blood collection and peritoneal lavage were performed
at sample harvest. WBC counts and differentials and cytokine
levels (IL6, IL1B, TNFo, IL10, keratinocyte chemoattractant [KC;
also known as CXCL1], and macrophage inhibitory protein
[MIP2¢; also known as CXCL2]) were determined from these
biologic samples. The study was repeated with male mice.

Experimental animals. Male and female C57BL/6 mice (age,
12 wk) were obtained from The Jackson Laboratory (Bar Harbor,
ME). Mice were housed 5 per cage in static microisolation cag-
ing in an SPF barrier facility. Male mice were housed only with
the same cagemates throughout the study, and no evidence of
fighting was observed. Mice were SPF for viruses including
mouse hepatitis virus, minute virus of mice, mouse parvovirus,
enzootic diarrhea of infant mice virus, ectromelia virus, Sendai,

pneumonia virus of mice, Theiler murine encephalomyelitis
virus, reovirus, lymphocytic choriomeningitis virus, mouse
adenovirus, and polyomavirus. Mice had ad libitum access
to food (Laboratory Rodent Diet 5001, PMI LabDiet, St Louis,
MO) and water. The animal housing room was maintained on
a 12:12-h light:dark cycle with constant temperature (72 + 2 °F
[22.2 £ 1.1 °C]). Mice were acclimated for at least 5 d prior to
experimental use. All procedures were approved by the Univer-
sity of Michigan’s Animal Care and Use Committee.

Surgical procedures. All mice underwent CLP surgery under
isoflurane anesthesia (Vetone, Boise, ID).3! A single ligature of
4-0 silk was used to ligate half of the cecum distal to the ileocecal
junction, and 2 punctures were made with a 21-gauge needle.
The cecum was expressed gently to ensure patency of the punc-
tures. The abdominal musculature was closed with sutures,
followed by closure of the skin with tissue glue. Lactated Ringer
solution (1 mL) was administered subcutaneously immediately
after surgery. Mice were given heat support in a holding cage
and were returned to their home cage once they had recovered
completely from anesthesia.

Analgesic dosing. All analgesic treatments were provided
subcutaneously after induction of anesthesia and again at 12 h
after surgery for 2 total doses. The high-dose buprenorphine
group received 0.1 mg/kg buprenorphine (Bedford Labs, Bed-
ford, OH). Mice in the low-dose buprenorphine group each
received 0.05 mg/kg buprenorphine, based on the low end of
a published reference range.!® The control group received an
equal volume of saline without analgesics.

Behavioral analysis. All mice in the survival studies were
evaluated daily by institutional criteria for endstage illness.
However, a subset of male mice receiving either 0.1-mg/kg bu-
prenorphine or saline (control; n = 10 per group) were assigned
scores for specific parameters that might further characterize the
cause of mortality. Animal behavioral evaluations first occurred
at 24 h after surgery and continued daily for 5 d. Evaluations
were performed at the same time each day, and the mice initially
were observed, undisturbed, within their home cages. Two eval-
uators, blinded to the study condition, performed independent,
behavioral scoring to quantify pain responses in each mouse.
Previously published parameters used in mice provided the
basis behind the scoring.?* The scoring system used behavioral
and physiologic indicators, specifically through 6 recognizable
factors: activity, posture, breathing, coat condition, relation to
other mice, and response to external stimulation. Clinical signs
associated with abnormal scores include lameness, vocaliza-
tion, lethargy, hunched posture, scruffy or unkempt hair coat,
dyspnea, separation or isolation for other animals, decreased or
exaggerated responsiveness to handling. Scores of 0 (normal) or
1 (abnormal) were provided for each of these features for every
mouse; the maximal total behavioral score was 6.

Blood collection and processing. Mice (1 = 10 per group) were
anesthetized with isoflurane, and approximately 500 uL blood
was collected from the retroorbital sinus into two 500-uL EDTA
tubes (Becton Dickinson, Franklin Lakes, NJ) prior to euthana-
sia at 12, 24, or 48 h after CLP surgery. One tube of blood was
centrifuged (2000 x g, 5 min) and the plasma stored at —20 °C
for later cytokine analysis. The second tube was used to obtain
an automated CBC analysis (Hemavet Veterinary Multispecies
Hematology System, Drew Scientific, Waterbury, CT). Mice then
were euthanized by cervical dislocation.

Peritoneal lavage. After euthanasia of mice, 10 mL Hanks Bal-
anced Salt Solution (Invitrogen, Grand Island, NY) containing
1:100 heparin sodium (1000 USP U/mL; Abraxis, Schaumberg,
IL) was injected into the peritoneal cavity, and 5 mL of the solution
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Figure 1. Kaplan-Meier survival curves and daily weight graph for female mice (1 = 20 per group). Mice underwent CLP and received treat-
ment with saline (control) or high-dose buprenorphine (BH). Weight was measured daily. (A) There were no significant differences in survival

between groups. (B) Weight patterns were similar between groups.

was retrieved by using a 21-gauge needle. The peritoneal lav-
age fluid was centrifuged (600 x g, 5 min) and the supernatant
stored at —20 °C for later cytokine analysis. The cell pellet was
reconstituted in 200 uL RPMI Medium 1640 (Invitrogen, Grand
Island, NY) containing 0.1% heat-inactivated fetal bovine serum
(Invitrogen, Grand Island, NY) for cell count and differential
analyses.

Cytokine ELISA. Proinflammatory (IL6, IL1B, TNF), antiin-
flammatory (IL10), and chemotactic (KC and MIP2a) cytokines
were examined. Cytokines were measured in plasma (dilution,
1:10) and peritoneal lavage fluids (dilution, 1:2) by using sand-
wich ELISA. Matched pairs (biotinylated and nonbiotinylated)
of antimurine antibodies with their recombinant proteins (R
and D Systems, Minneapolis, MN) were used as previously de-
scribed by this laboratory.?” Peroxidase-conjugated streptavidin
(Jackson ImmunoResearch Laboratories, West Grove, PA) and
the color reagent tetramethylbenzidine were used as the detec-
tion system. The reaction was stopped by using 1.5 N sulfuric
acid, and absorbance was read at 465 and 590 nm.

Statistical analysis. Kaplan—-Meier survival curves were cal-
culated for each treatment group (Prism, Graphpad, La Jolla,
CA), and differences between survival curves were analyzed by
log rank tests. The relative risk of mortality with 95% 2-sided
confidence intervals was calculated. A t test was used to compare
differences in weight change during the first 24 h after surgery
between control and treated mice.

Two-way ANOVA (Prism, Graphpad) was used to evaluate
the effect of treatment on each immune parameter at each of the
3 time points. When an independent variable had a significant
P value, a posthoc t test with Bonferroni correction for multiple
comparisons was performed for that variable. In addition, for
the 24-h data, the 2-way ANOVA was used for each parameter
with the additional level of 0.05-mg/kg buprenorphine as a
treatment variable. If the treatment or interaction variables
were significant, posthoc ¢ tests with Bonferroni correction for
multiple comparisons were performed. Parameters in control
mice were compared across time by using a one-way ANOVA
with Bonferroni correction for multiple comparisons posthoc.
For the behavioral study, individual parameters were compared
in buprenorphine-treated and control mice by using the Fischer
exact test for each observer. The behavioral scores also were to-
taled for the 24-h time point, and the total scores were compared
separately for each observer by using a ¢ test.

Results

Buprenorphine use in female C57BL/6) mice. Survival studies.
Mortality (defined as meeting moribund criteria for euthana-
sia) in female mice was greatest during the first 5 d after CLP
(Figure 1 A). Administration of buprenorphine (0.1 mg/kg) did
not significantly change survival. Mortality was 1.3 times more
likely in buprenorphine-treated than control mice, but this dif-
ference was not significant at the 0.05-level (Relative rate, 1.308;
95% confidence interval, 0.9027 to 1.894). Percentage weight
change during the first 24 h after CLP did not differ significantly
between buprenorphine-treated and control mice (Figure 1 B).

Immune parameters. Cell counts and differentials. In female
control mice, total plasma WBC, neutrophils, and lymphocytes
demonstrated significant (P = 0.0003, 0.0480, and 0.0001, respec-
tively) decreases from 12 to 48 h after surgery, as expected in
the CLP model (Figure 2). The buprenorphine-treated group
had lower mean peripheral WBC counts at all time points
compared with control mice, but differences were significant
only at the 24-h time point for total WBC counts (P = 0.0052)
and lymphocytes (P = 0.0224).

Macrophages and neutrophils comprised the predominant
WBC in peritoneal lavage fluid (Figure 3). In control mice, neu-
trophil counts increased significantly (P =0.0170) from 12to 24 h
after CLP. Buprenorphine treatment did not result in significant
differences between treated and control mice at any time point.

Cytokine levels. Regardless of treatment, plasma levels of
TNFo and IL1 in female mice were below the lower limit of
detection at all time points. In control mice, IL10 and MIP2o. did
not vary significantly between time points (Table 1). However,
IL6 increased significantly (P = 0.0461) from 24 to 48 h after CLP,
and KC increased significantly (P = 0.0198) from 12 to 24 h after
surgery. No other significant differences in cytokine parameters
were present in buprenorphine treated animals compared with
control animals for any time point.

The TNFa level in peritoneal lavage fluid was below the lower
limit of detection at all 3 time points and therefore was excluded
from Table 1. In control mice, IL6 was highest at 12 h after CLP and
had decreased significantly (P < 0.0001) by 48 h after surgery. In
contrast, IL10, MIP20, and KC did not demonstrate a significant
difference over time (Table 1). At 12 h after surgery, plasma IL6
was significantly (P = 0.0305) lower in buprenorphine-treated
mice (1.1 0.3 ng/mL) compared with control mice (2.3 + 0.3
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Figure 2. Peripheral WBC counts for female mice (1 = 8 to 10 per group). Mice underwent CLP and received treatment with saline (control) or
high-dose buprenorphine (BH). Whole blood was collected for automated cell counts at 12, 24, and 48 h after CLP. Box indicates interquartile
range; each horizontal bar represents the median value; whiskers represent the minimal and maximal values. *, P < 0.05 compared with control

value.

ng/mL). This finding was not observed at the other time points.
Buprenorphine treatment did not produce significant changes
in other cytokines when compared with values from control
animals at any time point.

Buprenorphine use in male C57BL/6) mice. Survival studies.
For the CLP model used in male mice, the greatest number of
mortalities occurred during the first 5 d after surgery. Survival
was significantly (P = 0.0002; log-rank test) lower in the the
high-dose (0.1 mg/kg) buprenorphine group compared with
controls (Figure 4 A). Compared with that in control mice, death
was 3 times as likely to occur in mice that received high-dose
buprenorphine (relative rate, 3.000; 95% confidence interval,
1.512 to 5.954). Although there was little difference in overall
weight loss, mice in the high-dose group appeared to regain
weight more slowly than did control mice (Figure 4 B).The
percentage change in weight during the first 24 h after surgery
did not differ significantly between groups (data not shown).
Given the difference in survival curves, we repeated the
experiment by using a lower dose of buprenorphine (0.05 mg/
kg) and another group of untreated control animals (Figure 4 C).

The log-rank test did not demonstrate a significant difference
in survival between the low-dose buprenorphine and control
groups. Compared with control mice, the low-dose group had
a2 times increased chance of mortality (relative rate, 2.000; 95%
confidence interval, 0.8323 to 4.806). The percentage change in
weight during the first 24 h after CLP did not differ between
low-dose and control mice (Figure 4 D).

Behavior analysis. Behavior was evaluated on a subgroup
of male mice to determine whether specific signs were associ-
ated with mortality. Control mice experienced the highest pain
score 24 h after surgery, and the score declined over the course
of 5 d. At 24 h after surgery, the total behavioral score was not
significantly different between buprenorphine and control
mice for either the first (4.4 £ 0.7 and 5.2 + 0.3, respectively; P =
0.26) or second (4.4 + 0.6 and 4.8 £ 0.5, respectively; P = 0.57).
The percentages of animals with abnormal activity were not
significantly different between the buprenorphine and control
groups when assigned by the first (50% and 89%, respectively)
or second (38% and 44%, respectively) observer. Likewise, the
percentages of mice demonstrating isolation from other mice
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Figure 3. Peritoneal cell counts for female mice (1 = 8 to 10 per group). Mice underwent CLP and received treatment with saline (control) or high-
dose buprenorphine (BH). Peritoneal lavage was performed for automated cell counts and manual differential at 12, 24, and 48 h after CLP. Box
indicates interquartile range; each horizontal bar represents the median value; whiskers represent the minimal and maximal values.

did not differ between the buprenorphine group and controls,
as determined by either the first (50% and 89%, respectively)
or second (75% and 100%, respectively) observer.

Immune parameters. Cell counts and differentials. Among
male mice, control animals had significant declines in total
plasma WBC, neutrophils, and lymphocyte counts from 12
to 48 h after CLP (P = 0.0098, 0.0065, 0.0087, respectively).
Administration of 0.1 mg/kg buprenorphine led to significant
intergroup differences in specific CBC parameters (Figure 5).
At 12 and 24 h after surgery, mice in the high-dose group
demonstrated lower mean counts for most WBC parameters
than did control mice. These decreases were significantly (P =
0.0020) different between high-dose (0.04 £ 0.01 x 103/uL) and
control (0.12 £ 0.03 x 10?/uL) mice for eosinophil counts at 12 h.
In addition, neutrophil counts at 24 h were significantly (P =
0.0022) different between high-dose (0.80 £ 0.07 x 103/uL) and
control (0.96 + 0.06 x 10%/uL) mice. None of the differences
persisted beyond a single time point. Administration of
0.05 mg/kg buprenorphine (low dose) at 24 h significantly (P <
0.01) decreased eosinophil counts (0.028 £ 0.008 x 10*/uL) com-
pared with those in control mice (0.098 +0.017 x 10%/uL). None
of the other peripheral WBC parameters differed significantly
between control and low-dose groups.

Cell counts in peritoneal lavage fluid were dominated by
macrophages and neutrophils (Figure 6). Macrophage counts
were significantly (P < 0.05) lower in mice in the low-dose group
(0.87 £ 0. 56 x 10°/mouse) compared with control animals
(2.98 £0.78 X 10°/mouse). Otherwise, buprenorphine treatment
did not lead to significant differences in peritoneal lavage fluid
cell counts at any time point.

Cytokine levels. Regardless of treatment, plasma TNFa and
ILB levels in male mice were below the lower limit of detection
at all 3 time points. In control mice, IL6 was highest at the 12-h
time point and fell significantly (P = 0.0209) by 24 h (Table 2).

IL10 and MIP2o did not vary significantly at any time point.
KC significantly (P < 0.0001) increased from 12 to 24 h after CLP
and significantly (P < 0.0001) decreased between 24 and 48 h.
Buprenorphine treatment did not significantly change cytokines
levels as compared with control mice at any time point.

TNFo in the peritoneal lavage fluid of male mice was below
the lower limit of detection at all 3 time points. In male control
mice, IL6, IL1B, KC, and MIP2a did not differ significantly
between time points (Table 2). IL10 was highest at 24 h after
surgery and had decreased significantly (P = 0.0208) by 48 h.
Buprenorphine treatment did not produce significant changes
in cytokines levels when compared with those of control mice
at any time point.

Discussion

Sepsis studies often evaluate the efficacy of novel treat-
ments through the analysis of survival data.?® Previous
studies in our laboratory demonstrated that buprenorphine
(0.1 mg/kg SC every 12 h) did not significantly alter mortal-
ity in female ICR (outbred stock) mice after CLP. Consistent
with those results, female C57BL/6] inbred mice treated
with buprenorphine did not demonstrate much variation
in mortality from that of control animals. However, similar
buprenorphine use in male C57BL /6] mice elicited significant
differences in mortality. Male mice treated with 0.1 mg/kg
buprenorphine showed higher mortality within the first 5 d

361



Vol 51, No 3

Journal of the American Association for Laboratory Animal Science

May 2012

Table 1. Cytokine levels (ng/mL; mean + 1 SEM) in female mice after CLP

12h 24 h 48 h
Control BH Control BH Control BH
Plasma 1L6 3.2+£0.7 46+1.7 1.0+£0.6 04+0.1 52+1.3 3.7+£22
IL10 0.8+04 14+0.8 0.8+0.8 0.1+£0.1 04+02 04+0.3
KC 0.0+0.0 0.0+0.0 07403 0.3+0.1 0.0+0.0 0.0+0.0
MIP2o 1.7+£0.3 1.5+05 1.0+£0.7 02+0.1 3.7+14 14+1.0
IL1B 0.0+£0.0 0.0+£0.0 0.0+£0.0 0.0+£0.0 0.0+£0.0 0.0+£0.0
Peritoneum IL6 23+0.3 1.1+£0.32 0.6 0.3 0.3£0.1 0.6 0.3 0.6+0.3
IL10 0.1+0.0 0.0+0.0 0.1+0.1 0.1£0.0 0.0+0.0 0.0+0.0
KC 0.0+£0.0 0.0£0.0 04+04 0.0+£0.0 0.0+£0.0 0.1+£0.1
MIP20. 04£0.0 0.3+0.1 04£0.2 0.0+£0.0 05%0.2 0.2+0.1
IL1B 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
BH, high-dose buprenorphine; KC, keratinocyte chemoattractant; MIP20, macrophage inflammatory protein 2o
2P < 0.05 compared with value for control animal at same time point.
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Figure 4. Kaplan-Meier survival curves and daily weight graphs for male mice (1 = 20 per group). Mice underwent CLP and received treatment
with saline (control), high-dose buprenorphine (BH), or low-dose buprenorphine (BL). Weight was measured daily for all animals. (A) BH mice
had a significant (*, P = 0.0002; log-rank analysis) difference in survival compared with control mice. (B) BH mice appeared to regain weight
slowly compared with control mice. (C) BL mice did not have a significant difference in survival compared with controls. (D) Daily weight of

BL mice compared with control mice.

after CLP and demonstrated more late deaths than did
untreated animals. Although the significant difference in
survival rate was not apparent when male mice were given
alower buprenorphine dose (0.05 mg/kg), the current study

suggests that sepsis outcome may be altered by buprenor-
phine use in male C57BL/6] mice.

To further examine the effects on inflammation, this study
examined numerous markers including WBC, proinflammatory
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Figure 5. Peripheral cell counts for male mice (1 = 9 to 12 per group). Mice underwent CLP and received treatment with saline (control), high-
dose buprenorphine (BH), or low-dose buprenorphine (BL). Whole blood was collected for automated cell counts at various time points after
CLP. Box indicates interquartile range; each horizontal bar represents the median value; whiskers represent the minimal and maximal values. *,

P < 0.05 compared with value for controls.

and antiinflammatory cytokines, and chemokines. Male mice
showed some differences in inflammatory markers between
buprenorphine treatment and control groups. As in our previous
studies,'® none of the parameters that demonstrated significant
differences were consistently different at multiple time points.
This finding is consistent with other preclinical studies in
rodents that showed buprenorphine had minimal effects on
immune parameters including lymphoproliferation, T-cell or
macrophage function, and splenic cytokine production.?32 The
male mice with the highest mortality in our study had signifi-
cantly lower peripheral neutrophil counts at 24 h after treatment
compared with those of control mice. However, buprenorphine
may affect additional mediators of inflammation that were not
examined in the current study and that may explain the high
mortality more effectively. Some studies in rodents have shown
that buprenorphine can decrease lymphocyte proliferation and
IFNyrelease,® but whether this effect is more prominent in male
than female rodents is unknown.® Therefore, investigators may
need to evaluate the effects of buprenorphine on parameters of
interest in their specific CLP models.

Other effects of buprenorphine may contribute to the
increased mortality rate. Previous studies evaluating buprenor-
phine use in mice have demonstrated decreased activity during
the first 24 h and a drop in food intake.!* Because most of the
deaths in male mice occurred between 24 and 48 h after CLP,
we compared each behavioral parameter used to evaluate pain
in a subset of animals at 24 h after surgery. The percentage of
mice displaying altered activity was not significantly different in
the buprenorphine and control groups. Likewise, there were no
differences in the percentages of animals displaying abnormal
relationships to other mice, which could affect thermoregulation.
However, cause and effect may be difficult to interpret in this
CLP model, given that many of the behavioral parameters used
to establish pain are similar to the signs of the disease being mod-
eled. Physical parameters used to assess pain include hunched
or scruffy appearance, lethargy, segregation from other mice,
irregular breathing patterns, and decreased responsiveness to
stimulation.?* Some of these clinical signs also occur in animals
with severe infection. In addition, TNFo and IL1B, which are
produced during sepsis, activate the hypothalamo—pituitary—
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Figure 6. Peritoneal cell counts for male mice after CLP (1 = 9 to 12 per group). Mice underwent CLP and received treatment with saline (con-
trol), high-dose buprenorphine (BH), or low-dose buprenorphine (BL). Peritoneal lavage was performed for automated cell counts and manual
differential at 12, 24, and 48 h after CLP. Box indicates interquartile range; each horizontal bar represents the median value; whiskers represent

the minimal and maximal values.

Table 2. Cytokine levels (ng/mL; mean + 1 SEM) in male mice after CLP

12h 24 h 48 h
Control BH Control BH BL Control BH
Plasma IL6 1.0£0.2 09+03 0.1+0.1 1.3+£0.7 0.1+£0.0 05+0.2 07104
IL10 04+0.3 04+0.2 04+0.3 0.7+£0.3 0.0+0.0 0.1£0.0 04+04
KC 0.0£0.0 0.0+0.0 03+0.1 03+0.1 05+0.1 0.0£0.0 0.0£0.0
MIP2o 05+0.2 05+0.2 05+0.3 1.5+0.9 0.1+0.1 09+0.6 0.6+0.4
IL1B 0.0£0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0+0.0
Peritoneum IL6 1.1+0.3 1.2+0.2 1.0+£0.3 1.5+04 0.1+£0.0 0.5+0.1 0.2+0.1
IL10 0.1+0.0 0.1+0.0 02+0.1 02+0.1 0.0+0.0 0.0+0.0 0.0+£0.0
KC 0.0£0.0 0.0+0.0 0.0+0.0 0.1+0.1 0.1+0.1 0.0+£0.0 04+04
MIP20 0.3+0.1 04+0.1 0.7+0.2 09+0.2 0.1+£0.1 02+0.1 04+0.3
1L1B 0.0+0.0 0.0+£0.0 0.0+£0.0 0.1+0.1 0.1£0.1 0.0£0.0 0.0+0.0

BH, high-dose buprenorphine; BL, low-dose buprenorphine; KC, keratinocyte chemoattractant; MIP2o, macrophage inflammatory protein 2o

adrenal axis, leading to production of adrenal glucocorticoids.>!?
Therefore, evaluation of parameters such as fecal cortisol may
not accurately reflect the pain status in sepsis models. The sever-
ity of the model can contribute to the difficulty in determining
the true effects of analgesics on behavior.

The recommended dosage of buprenorphine for postsurgical
analgesia in mice is variable and controversial in the literature.
It is generally accepted that male rodents are more sensitive to
the antinociceptive effects of opioids.6 However, those studies
were performed primarily by using morphine, and some studies
in rats report no sex-associated differences in buprenorphine
analgesia.2 A commonly reported dosage in clinical references
is 0.05 to 0.1 mg/kg SC every 6 to 12 h.!®> We used 0.1 mg/kg
buprenorphine at a frequency of every 12 h, based on current

clinical laboratory animal practices and consistent with our
university postsurgical analgesic guidelines. However, doses
as high as 2.5 mg/kg have been recommended.'3'” An evalua-
tion of the duration of analgesic effect of buprenorphine based
on hot-plate and tail-flick tests in mice recommended a dose of
2 mg/kg at a frequency of 3 to 5 h.!1® Another study found de-
creased food consumption compared with a presurgical baseline
and higher pain scores compared with nonsurgical animals at
buprenorphine doses of 0.2 mg/ kg.1 Therefore, although bu-
prenorphine at 0.05 mg/kg every 12 h caused no differences in
survival among our mice, this dose may not provide sufficient
analgesia. This finding suggests that some sepsis studies may
be better refined with other analgesics that provide reliable pain
relief without immune effects. Conversely, our current study
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showed no differences in mortality in septic female C57BL/6]
mice at buprenorphine doses of 0.1 mg/kg, a result that war-
rant investigating higher doses or more frequent administration
with the benefit of increased analgesia. Because the effects of
buprenorphine may be dependent on specific study conditions,
we cannot make global recommendations at this time.

Current trends in federal regulations, local IACUC concerns,
and general public opinion suggest that analgesic use may
become a requirement for all surgical animal models.? Sepsis
studies often evaluate the efficacy of novel treatments through
the analysis of survival data.?® If analgesic administration
worsens the effects of sepsis or skews the results of mortality
studies, this complication can confound the ability to evaluate
the efficacy of therapeutics. This effect also could increase the
numbers of animals used in studies by increasing increased
mortality. Our studies suggest that the effects of buprenorphine
on CLP models vary with the sex of C57BL/6] mice. Therefore,
recommendations for analgesics cannot be extrapolated from
unrelated models, and comprehensive recommendations can-
not be given at this time. In addition, accurate documentation
of analgesic use is imperative, so that studies can be compared
appropriately. These recommendations and further investiga-
tion will support the refinement of surgical models of sepsis
and preserve the scientific integrity of the studies.
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