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Effects of Buprenorphine and Estrous Cycle in a
Murine Model of Cecal Ligation and Puncture

Lucy H Kennedy,"” Haejin Hwang,' A Marissa Wolfe,' Joseph Hauptman,” and Jean A Nemzek-Hamlin'

The effect of opioids on the immunopathology of sepsis models in mice has been controversial. In previous work, we showed
that mortality and various inflammatory parameters did not differ between female mice given saline or buprenorphine after ce-
cal ligation and puncture. To investigate further, we hypothesized that buprenorphine would not affect outcomes of sepsis at any
stage of estrous. Female mice were allocated into 4 groups (n = 20 per group) according to stage of estrous. Mice then underwent
cecal ligation and puncture and received either buprenorphine or saline. In 3-wk survival studies, overall survival did not differ
between buprenorphine- and saline-treated mice. When mice were stratified according to stage of estrous, survival did not vary
among saline-treated groups but was lower in buprenorphine-treated mice in metestrus compared with proestrus. To investigate
inflammation as a potential mechanism for survival, we measured cell counts and cytokine levels in the peripheral blood and
peritoneal lavage fluid at 12 and 24 h after cecal ligation and puncture. At 24 h, buprenorphine-treated mice in proestrus had more
circulating neutrophils and monocytes than did saline-treated mice in proestrus and more circulating WBC than did mice in any
other stage with or without buprenorphine. Our current results suggest that the effects of buprenorphine on a 50% survival model
of sepsis in BALB/c female mice are minimal overall but that the stage of estrous has various effects in this model. Investigators

should consider the effects of buprenorphine and estrous cycle when using female mice in sepsis research.

Abbreviation: CLP, cecal ligation and puncture.

Sepsis is a complex, multifactorial disease that remains a com-
mon cause of morbidity and mortality after events such as sur-
gery, trauma, and burns.>” Sepsis is difficult to investigate with a
single animal model, but many researchers consider cecal ligation
and puncture (CLP) in rodents the ‘gold standard’ in creating
polymicrobial peritonitis.>’* However, several innate and envi-
ronmental factors cause variability in CLP studies.

One variable is the use of analgesia in rodents undergoing CLP.
The use of perioperative analgesia for studies using major surgery
is the standard of veterinary care. The 2011 Guide also reminds us
that the appropriate use of analgesics in research animals is an
“ethical and moral imperative.”? However, sepsis research fo-
cuses on the immune response during the course of the disease,
and some analgesics, including nonsteroidal antiinflammatory
drugs and opioids such as morphine and fentanyl, are known to
have immunomodulatory effects.>*

Buprenorphine is a safe and effective opioid analgesic'® for ro-
dents and is considered to be minimally immunosuppressive.”
Our laboratory has shown that a specific dosing regimen of bu-
prenorphine did not significantly affect survival or immune pa-
rameters in female ICR and C57BL/6 mice undergoing CLP,”"
whereas male C57BL/6 mice showed a dose-responsive decrease
in survival. There were no obvious changes in immune param-
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eters to explain the differences between male and female mice.
However, there are known sex-associated differences in responses
to opioids. Several reports show that opioids have greater po-
tency, efficacy, and overall analgesia in male rodents than in fe-
male, although results looking specifically at buprenorphine are
mixed.%®

In addition to differences in response to opioids, gender may
also play a role in the response to sepsis. In humans, several stud-
ies have shown that women are less susceptible to sepsis than
men.** In contrast, a different group showed that women with
sepsis have a worse survival rate than do men.* Similarly, contra-
dictory literature in mice has shown either a higher or lower sur-
vival in female mice as compared with male in sepsis studies.?*
One possible factor for these contradictory results in both rodent
and human studies is that female subjects were not grouped by
phase of the estrous or menstrual cycle. In both mice and hu-
mans, fluctuations of estrogen and progesterone occur regularly
through their respective cycles. Other hormonal factors such as
prolactin, follicle stimulating hormone, and luteinizing hormone
vary as well." Studies show that estrogen, prolactin, and other
hormones can affect the immune system with and without sep-
sis,'** Jeading to the concern that the changing hormonal status
of female subjects may affect the responses to opioids and to sep-
sis. Although several sepsis and trauma studies in rodents look
at specific stages of estrous**! or the effects of exogenous estro-
gen, 103 few target CLP specifically, and none look at this issue
in conjunction with buprenorphine.



The purpose of our study was to investigate the effects of bu-
prenorphine and the estrous cycle on a CLP model of sepsis. For
these investigations, we chose to use female BALB/c mice to as-
sess survival and immune responses. In addition, we performed
survival experiments in male mice for comparison. Coupled with
our previous studies, these findings will give a comprehensive
profile of the major mouse strains used in sepsis research.

Materials and Methods

Study design. Female mice underwent vaginal cytology and
CLP, after which they were randomized to receive either bu-
prenorphine or an equal volume of saline. To examine survival,
mice were observed for 3 wk after CLP (n = 12 to 14 mice per
stage of estrous per treatment). Behavioral scores were recorded
for 5 d after CLP. Mice were removed from the study when they
met criteria for end-stage illness, including inability to ambulate,
inability to right themselves, unconsciousness, or severe dys-
pnea.” A group of male mice underwent CLP as well and were
randomized to receive buprenorphine or an equal volume of sa-
line (1 = 10 mice per treatment); 3-wk survival and 5-d behavioral
observations were repeated in the male mice.

To investigate immune parameters, a second cohort of female
mice was euthanized at 12 or 24 h after CLP (1 = 8 to 12 mice per
stage of estrous per treatment per time point). Peripheral blood
and peritoneal lavage fluids were collected for cell counts and cy-
tokine levels (IL6, IL10, CXCL1/KC, and CXCL2/MIP2q). For all
studies with female mice, CLP was performed over multiple days
in a week to achieve our desired number of 10 mice per stage
of estrous per treatment group. Groups of mice were housed as
mixed populations so that multiple stages and treatments were
present in each cage. Mice were grouped by estrous stage accord-
ing to the vaginal cytology in the morning just prior to CLP. A
total of 104 female mice were used for the survival study, and 80
female mice were used for each immune parameter time point
(12 and 24 h).

Experimental animals. Female and male BALB/c mice (age, 12
wk) were obtained from The Jackson Laboratory (Bar Harbor,
ME). Mice were housed 4 or 5 per cage in ventilated microisola-
tion cages in an SPF barrier facility. Male mice were housed only
with the same cage mates. Mice were SPF for viruses, bacteria,
and parasites including 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 chorio-
meningitis virus, mouse adenovirus, polyomavirus, Mycoplasma
pulmonis, and pinworms. Mouse norovirus, Helicobacter spp., and
other bacterial pathogens are not tested routinely at our institu-
tion. Mice had ad libitum access to food (Laboratory Rodent Diet
5001, PMI Lab Diet, St Louis, MO) and water. The animal housing
room was maintained on a 12:12-h light:dark cycle and constant
temperature (72 + 2 °F [22.2 + 1.1 °C]). Mice were acclimated for
at least 5 d before experimental use. University of Michigan’s
Animal Care and Use Committee approved all experimental pro-
cedures.

Determination of estrous stage. To confirm the stage of estrous,
vaginal cytology was performed at a standardized time each
morning for 1 to 2 d before surgery and on the day of surgery.
A well-described technique® was used to flush the vagina with
20 pL of sterile saline and create a wet mount on a microscope
slide. The stage of estrous was determined by direct visualiza-
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tion of the cells by using light microscopy at 10x magnification. A
previously published criterion was used to describe the 4 stages
of estrous differentiated by vaginal cytology.® Based on these cri-
teria, proestrus and estrus were defined as having high estrogen
and metestrus and diestrus with low estrogen. Proestrus was de-
fined by nucleated epithelial cells as the main population seen
on cytology. Estrus was described as mainly cornified epithelial
cells with a characteristic ‘cornflake” appearance. Metestrus was
defined as having 3 different cell types on cytology: nucleated
epithelial cells, cornified epithelial cells, and leukocytes. Diestrus
consisted of mainly leukocytes and was characterized by a very
dense population of these cells.

Surgical procedures. All mice underwent CLP surgery under
isoflurane anesthesia (Vetone, Boise, ID). A single ligature of 4-0
silk was made at the halfway point of the cecum distal to the
ileocecal junction. The cecum was punctured twice by using a
21-gauge needle and then gently expressed to ensure patency
of the punctures. The abdominal musculature was closed with
sutures followed by closure of the skin with tissue glue. Lactated
Ringers solution (1 mL) was given subcutaneously immediately
after surgery and mice recovered while receiving heat support
before being placed back into their home cage. Mice then received
nutritional support in the form of a gel diet (76A formulation,
Clear H,O, Portland, ME) for 5 d after surgery.

Analgesic dosing. The treatment group received 0.1 mg/kg bu-
prenorphine (Bedford Labs, Bedford, OH) immediately before the
CLP surgery and again at 12 h after surgery for a total of 2 doses.
Dosing was determined by institutional recommendations, which
were set by doses previously published in the literature. Control
mice received an equal volume of saline only.

Behavior analysis. All mice in the survival studies were evalu-
ated once daily according to specific behavioral parameters start-
ing 24 h after surgery for 5 d. Evaluations were performed at the
same time each day, and mice were left undisturbed in their home
cage. An evaluator, blinded to treatment group, performed inde-
pendent scoring to quantify abnormal behaviors in each mouse.
Mice were scored based on previously published indices that in-
cluded activity, coat condition, posture, breathing, and relation to
other mice.”” Scores of 0 (normal) or 1 (abnormal) were given; the
maximal total behavioral score was 5.

Blood collection and processing. Mice were deeply anesthetized
with isoflurane, and approximately 500 pL blood was collected
from the retroorbital sinus into 1.5-mL tubes containing 50 uL of
160 mmol EDTA. A 50-uL aliquot of blood was used for automat-
ed CBC analysis (Hemavet Veterinary Multispecies Hematology
System, Drew Scientific, Waterbury, CT). The remainder of the
blood was centrifuged (2000 x g, 5 min) and the plasma stored at
—20 °C for later cytokine analysis. Mice then were euthanized by
cervical dislocation and bilateral pneumothorax.

Peritoneal lavage collection and cell counts. After euthanasia,
10 mL of Hanks Balanced 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 then
8 mL of the solution was drawn back into the syringe. The peri-
toneal lavage fluid was centrifuged (600 x g, 10 min), and the su-
pernatant saved at —20 °C for later cytokine analysis. The pellet
was reconstituted in 200 uL RPMI 1640 (Invitrogen) containing
0.1% heat-inactivated fetal bovine serum (Invitrogen). Cells were
counted (model Z1, Coulter Counter, Coulter, Miami, FL) after
RBC lysis (Zap-O-globin II (Coulter). Slides were centrifuged (109
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x g, 5 min), loaded with 1 x 10° cells, and stained with Diff-Quick
(Baxter, Detroit, MI). Differentials (300 cells) were counted under
light microscopy.

Cytokine ELISA. Cytokines were measured in plasma (dilution,
1:10) and peritoneal lavage fluid (dilution, 1:2) by using sandwich
ELISA. Matched pairs (biotinylated and nonbiotinylated) of anti-
murine antibodies against IL10, IL6, CXCL1/KC, and CXCL2/
MIP20 with their recombinant proteins (R and D Systems, Min-
neapolis, MN) were used in methods previously described by this
laboratory.? Peroxidase-conjugated streptavidin (Jackson Immu-
noResearch Laboratories, West Grove, PA), and the color reagent
tetramethylbenzidine were used as the detection system. The re-
action was stopped by using 1.5 N sulfuric acid, and absorbance
was read at 465 and 490 nm.

Statistical analysis. All analyses were performed by using Prism
(GraphPad, LaJolla, CA) and SAS version 9.1 (SAS Institute, Cary,
NCO).

For the survival study, Kaplan-Meier survival curves were
calculated for each group, and differences between groups were
measured by using log-rank tests. The relative risk of mortality
and corresponding 2-sided 95% CI were calculated to compare
groups. For the survival analyses considering both analgesic
treatment and stage of estrous, a Cox proportional hazards re-
gression was calculated to investigate the potential interaction
between buprenorphine and estrous stage.

For the immune parameters, normality was analyzed by using
D’Agostino—Pearson omnibus normality tests or Kolmogorov—
Smirnov tests, depending on sample size. Parametric or non-
parametric analyses then were performed depending on the
distribution of the data. Treatment group means and SD or medi-
ans and interquartile ranges were calculated for each parameter
of interest. Differences between the experimental means or me-
dians were assessed by using one-way ANOVA or Kruskal-Wal-
lis tests with post hoc Tukey or Dunn tests. Significant pairwise
comparisons were confirmed using Student f tests or Wilcoxon—
Mann-Whitney U tests.

Results

Effect of buprenorphine administration. For this evaluation, all
of the mice were included without consideration of the stage of
estrous and stratified by analgesic treatment.

Survival study. Survival was 47% for saline-treated, female
mice. Most of the mice were euthanized within the first 3 d after
CLP, and no deaths occurred after 5 d. Buprenorphine-treated
mice had a similar survival rate (53%), with no significant differ-
ence from the saline group (Figure 1 A). Survival in a group of
male BALB/c mice treated with saline and buprenorphine also
showed no overall significant difference, with survival rates of
40% and 50%, respectively (Figure 1 B).

Behavior analysis. The difference in behavior scores between
saline- and buprenorphine-treated mice was not significant for
either sex on any day. In female mice, the greatest range in scores
between saline-and buprenorphine-treated mice was at 24 h (3.5
+1.3 and 2.9 £ 1.2, respectively). Similarly, male mice showed the
greatest range at 24 h as well, with saline-treated mice scoring 4.7
+ 1.3 and buprenorphine mice 4.0 + 1.3 (Figure 2). On the follow-
ing 4 d, differences between the groups were minimal.

Immune parameters. The lack of difference in survival was ac-
companied by an overall absence of differences in immune pa-
rameters between treatment groups. All mice showed typical
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patterns of decreased peripheral white blood cell counts after
CLP3™ In plasma, buprenorphine-treated mice had significantly
(P =0.043) fewer lymphocytes at 12 h than did saline-treated mice
and significantly (P = 0.046) more neutrophils at 24 h, but these
differences did not occur at other time points (Figure 3). No sig-
nificant differences were seen in plasma cytokine levels (Table 1).
In the peritoneal fluid, no significant differences between saline-
and buprenorphine-treated mice were present in peritoneal cell
differentials (Figure 3) or cytokine levels (Table 1).

Effect of stage of estrous. For this evaluation, the female mice
were placed in groups according to stage of estrous at time of
surgery, regardless of analgesic treatment.

Survival study. When grouped according to stage of estrous,
female mice in estrus, proestrus, diestrus, and metestrus had sur-
vival rates of 62.5%, 56%, 50%, and 34.6%, respectively. Although
survival during proestrus and estrus (high estrogen groups)
seemed higher than that during diestrus and metestrus (lower
estrogen groups), there were no significant differences in survival
between any groups (Figure 4).

Immune parameters. Several significant changes in immune
parameters became apparent when mice were grouped according
to estrous stage. At 12 h after surgery, total WBC and monocyte
counts were significantly higher in mice in metestrus as com-
pared with mice in estrus (P = 0.034 and P = 0.019, respectively;
Figure 5). This difference did not persist to 24 h after surgery. At
24 h after surgery, counts in all WBC parameters were higher
(P < 0.05) in mice in proestrus compared with estrus. Similarly,
counts in total WBC, neutrophils, and monocytes were higher (P
< 0.05) during proestrus than metestrus. In addition, total WBC,
lymphocyte, and monocyte counts were higher (P < 0.05) during
proestrous than diestrus (Figure 5). There were no significant dif-
ferences between any stages of estrous for any parameter in the
peritoneum (Figure 6).

In addition, differences in cytokine concentrations in the blood
and peritoneal fluid occurred. At 24 h, plasma concentrations of
IL10 and CXCL2/MIP20 were higher for mice in diestrus as com-
pared with mice in estrus (P = 0.026 and P = 0.043, respectively).
At the same time point, peritoneal lavage fluid concentrations of
IL6 and CXCL1/KC were higher in mice in diestrus than estrus
(P =0.016 and P = 0.013, respectively; Table 2).

Effect of stage of estrous combined with analgesic treatment.
For this evaluation, mice were grouped according to stage of es-
trous at time of surgery and analgesic treatment.

Survival study. When mice that received saline were evaluated,
female mice had variable survival rates in proestrus, estrus, met-
estrus, and diestrus (41.7%, 58.3%, 38.5, and 50%, respectively),
with no significant differences between groups (Figure 7 A). Inter-
estingly, when the mice that received buprenorphine were evalu-
ated, survival in proestrus (69.2%) was higher than that metestrus
(30.8%; P = 0.045; Figure 7 B). Survival in mice in estrus (66.7%)
was similar to that in proestrus (69.2%) but did not significantly
(P = 0.064) differ from that of mice in metestrus. In mice treated
with buprenorphine, death was 2.3 times less likely to occur in
proestrus mice as compared with mice in metestrus (1%, 2.25; 95%
CI, 0.92 to 5.49) and 2.2 times less likely in mice in estrus (r?, 2.17;
95% CI, 0.87 to 5.38). When proestrus and estrus were grouped as
high-estrogen states and compared with metestrus and diestrus
as a single low-estrogen group, a Cox proportional hazards re-
gression analysis showed no significant interaction between the
effect of buprenorphine and estrogen (P = 0.51).



100+

50+ ,

% Survival

1 1 1 1
0 5 10 15 20
Time (d) after CLP

Opioids and estrous in sepsis

= Saline
100+ —— Buprenorphine

50~ I

L} Ll | 1
0 5 10 15 20
Time (d) after CLP

Figure 1. Kaplan—Meier survival curves for (A) female (1 = 52 per group) and (B) male (1 = 10 per group) BALB/c mice after CLP and treatment with
either saline or buprenorphine. No significant difference in survival was seen after buprenorphine treatment in either female or male mice.
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Figure 2. Behavioral scores (mean + 1 SD) over 5 d after CLP for (A) female and (B) male mice divided by treatment. Five behavioral criteria (coat condi-
tion, breathing, activity, posture, and relation to other mice) were scored for 5 d after CLP and treatment with either saline or buprenorphine. Higher
scores indicate more abnormal behaviors. No significant differences were seen in behavioral scores between saline- and buprenorphine-treated mice
in either female or male BALB/c mice. Number varied by day due to mortality in both groups (day 1: female, 1 = 40 per group; male n = 10 per group;
day 2: female, n = 17 to 21 per group; male, nn = 6 per group; day 3: female, n = 17 to 21 per group; male, n = 5 or 6 per group; day 4: female, n =15 to 18
per group; male 1 = 5 or 6 per group; day 5: female, n = 15 to 17 per group; male, n = 5 or 6 per group).

Immune parameters. At 24 h, significant differences in peripheral
cell counts were seen between buprenorphine, but not saline-treat-
ed, mice. Compared with most of the other groups, buprenorphine-
treated proestrus mice showed a significant increase (P < 0.05) in
peripheral counts (Figure 8). Between groups of mice in proestrus,
saline-treated mice had lower neutrophil and monocyte counts
than did buprenorphine-treated mice (P = 0.018 and P = 0.047, re-
spectively). For almost all groups, peripheral cell counts decreased
from 12 h to 24 h after CLP. However, buprenorphine-treated pro-
estrus mice trended the opposite way, with an increase in neutro-
phils at 24 h (mean, 251 cells/pL; SE, 63 cells/uL) from 12 h (mean,
115 cells/uL; SE, 40 cells/uL) as well as monocytes (24 h: mean,
99 cells/uL; SE, 18 cells/uL; 12 h: mean, 62 cells/uL; SE: 17 cells/
pL). These differences, however, were not significant. In the peri-

toneum, cell differential counts showed few differences in regard
to stage of estrous with or without treatment. At 12 h after surgery,
mice in diestrus that received buprenorphine had a significantly (P
= 0.035) higher neutrophil count (mean, 5.88 x 10° cells/mouse; SE,
1.17 x 10° cells/mouse) than did those receiving saline (mean, 3.05
% 10° cells/mouse; SE, 0.06 x 10° cells/mouse); however, this differ-
ence was no longer seen at 24 h (Figure 9).

Regarding cytokines, concentrations for all plasma cytokines
once again showed few differences between buprenorphine-treat-
ed and saline-treated mice at both 12 and 24 h after surgery. The
only significant difference seen was in IL10 at 24 h, in which the
concentration of IL10 was lower (P = 0.046) in buprenorphine-
treated mice in proestrus as compared with buprenorphine-treat-
ed mice in diestrus (Table 3). The differences seen in peripheral
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Figure 3. Plasma and peritoneal cell counts and differentials for female BALB/c mice divided by treatment (plasma: 12 h, n = 19 to 21 per group; 24 h,
n = 37 to 39 per group; peritoneum: 12 h, n = 29 per group; 24 h, n = 34 to 38 per group). Mice underwent CLP, and whole blood and peritoneal fluid
were collected for cell counts at 12 and 24 h after CLP. Box indicates interquartile range; horizontal line and cross represent the median and mean, re-
spectively. Whiskers represent the smaller of either 1.5 x interquartile range or range of the data. Dots represent outliers. For significance levels below
0.05, P values are presented.
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Table 1. Cytokine levels (ng/mL, mean + 1 SD) according to treatment in female BALB/c mice after CLP

12h 24 h
Control Buprenorphine Control Buprenorphine
Plasma
IL6 10.51 +£14.39 10.92 £18.99 3.15+6.22 1.73+247
IL10 5.00+7.20 4.80+£7.92 1.97+297 0.96 +£1.29
CXCL1/KC 0.24 +£0.31 0.21+0.33 39.28 £ 65.11 26.44 +44.29
CXCL2/MIP2o 0.33+£0.33 0.29+0.28 3.04+3.93 2.10+3.33
Peritoneum
1L6 8.39 £7.49 8.64 + 8.89 1.11+2.42 1.05+1.99
IL10 0.96 £ 1.10 0.83+0.93 0.64+0.74 0.47 £0.54
CXCL1/KC 0.03+0.03 0.03 £ 0.04 3.74+6.12 5.35+11.82
CXCL2/MIP20. 0.08 £0.04 0.07 £0.05 0.57 £ 0.60 0.76 £ 1.50
= Proestrus
1004 —— Estrus
Metestrus cant changes were seen in the circulating WBC, where proestrus
_ —— Diestrus mice treated with buprenorphine had higher cell numbers than
_g almost every other group at 24 h. The remaining differences seen
g 504 in cell counts and cytokines were few and did not persist across
() time points.
x Our results showed that the estrous cycle had minimal effects
on our study until buprenorphine treatment was added. In the
0 . . . . literature, studies have suggested that estrogen may be protec-
0 5 10 15 20 tive against sepsis and that female subjects are less susceptible to
Time (d) after CLP sepsis than are male.** In addition, estrogen causes increases in

Figure 4. Kaplan-Meier survival curve of female BALB/c mice after
CLP divided by stage of estrous (1 = 24 to 30 per group). No significant
difference in survival was seen between stages of estrous.

IL10 and CXCL2/MIP20 at 12 h when mice were grouped accord-
ing to estrous stage only (Table 2) did not appear to be associated
with buprenorphine treatment.

Overall, the patterns of peritoneal cytokines were very similar
to those seen in the peripheral blood. At 12 h, metestrus mice had
a significantly (P = 0.003) decreased CXCL2/MIP20. concentra-
tion after treatment with buprenorphine as compared with sa-
line; however, this difference was not seen at 24 h. Unlike other
parameters (survival, peripheral cell counts), in which significant
differences were seen in buprenorphine- but not saline-treated
mice, several differences in peritoneal cytokines occurred in sa-
line- but not buprenorphine- treated mice. In the peritoneum,
saline-treated mice in estrus had significantly lower concentra-
tions of both IL6 and IL10 than mice in diestrus (P = 0.033 and P
= 0.046, respectively).

Discussion

In this study, we found that there were no significant differ-
ences in survival between saline- and buprenorphine-treated
BALB/c female or male mice overall. The few differences seen in
immune parameters did not persist across time points. However,
when the estrous cycle in female mice was investigated, there
were effects on survival and immune parameters in our CLP
model when the model included buprenorphine. Other signifi-

IL6, IL8, IgG/IgM, and nitric oxide synthase production as well
as various effects on IFNy, IL2, and TNFa secretion in humans.*
All of these effects are important for the progression and resolu-
tion of the systemic inflammatory response syndrome and the
compensatory antiinflammatory response syndrome.> Our data
did not show an increased survival for female as compared with
male mice or for female mice in higher estrogen stages and so did
not support the conclusions of previous sepsis studies.?*! How-
ever, those sepsis studies were not performed in a CLP model,
and there is very little in the literature specifically looking at sex-
associated differences in the CLP model overall. Even more im-
portantly, the studies that do exist focus on differences between
male and female subjects, whereas the question of whether the
stage of the estrous cycle in intact female subjects has an effect in
sepsis remains unanswered.

There were transient significant changes in cytokine concentra-
tions in the plasma and peritoneal fluid between estrous stages.
However, the cytokine data overall showed a wide range of re-
sponses in both plasma and peritoneal fluid. This result is ex-
pected for a 50% survival model, with the animals that did not
survive representing the higher results seen." The cytokines we
investigated represent important changes in the progression of
sepsis. IL6 is a proinflammatory cytokine that increases signifi-
cantly very early in sepsis and modulates the antiinflammatory
cytokine IL10. Both IL6 and IL10 have been used to predict out-
come in the past, but we did not see a predictive effect for sur-
vival between our groups according to IL6 or IL10.** CXCL1 and
2 are neutrophil attractants that increased greatly at 24 h in both
plasma and peritoneal fluid, as is expected in the normal course
of sepsis." We also found significant changes in circulating WBC
counts due to estrous cycle alone; however the differences in both
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Table 2. Cytokine levels (ng/mL, mean + 1 SD) according to estrous stage in female BALB/c mice after CLP

12h 24 h
Proestrus Estrus Metestrus Diestrus Proestrus Estrus Metestrus Diestrus
Plasma
L6 13.53+19.5 529+822 13.97+18.12 943+17.27 1.94+2.49 0.94+0.87 2.01+3.27 4.19+7.41
IL10 6.25+10.19 295+4.32 6.04+7.85 4.15+6.17 0.92+1.06 0.73 £1.03° 1.47+1.88 2.32 £ 3.45°
CXCL1/KC 0.22+£0.25 0.18 £0.30 0.31+0.44 0.20+£0.31 33.83+£56.07 18.67+28.21  33.53+£65.80 42.79 +62.58
CXCL2/MIP20. 0.33+£0.23 0.30£0.38 0.38£0.41 0.25+£0.21 1.78 £1.87 1.31£1.06° 2.87£3.94 3.76 £5.02°
Peritoneum
IL6 9.24+593 720+6.74 8.92+11.15 8.67 £8.21 1.42+2.57 0.40£0.61¢ 1.15+3.07 1.34+1.87¢
IL10 1.00+1.03 0.94+£1.30 0.82+£0.99 0.85+0.86 0.40+0.36 0.44+£0.58 0.49 £0.67 0.79£0.77
CXCL1/KC 0.02£0.02 0.02+£0.04 0.03+£0.03 0.03+£0.04 6.47 £11.80 1.94 £ 5.524 355+7.13 6.50 + 11.89¢4
CXCL2/MIP20. 0.08 £0.05 0.07 £0.04 0.07 £0.05 0.08 £0.06 0.73+0.94 0.33+0.22 0.71+1.13 092+1.71
abedP < (.05 for each pairwise comparison
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Figure 7. Kaplan-Meier survival curves after CLP for (A) saline- (1 = 12 to 14 per group) and (B) buprenorphine- (n = 12 to 16 per group) treated female
BALB/c mice divided by estrous stage. No significant difference in survival was seen in control mice based on estrous stage, but survival was significantly
increased in buprenorphine-treated mice in proestrus as compared with buprenorphine-treated mice in metestrus. P values less than 0.05 are shown.

circulating WBC and cytokines did not seem to be clinically rele-
vant (as evidenced by survival rates) and may be easily controlled
for by taking into account the short cycle.

We grouped mice by stage of estrous immediately prior to sur-
gery. It is possible that by the 24 h time point, the mice may have
progressed to the next stage of estrous. However, sepsis is a se-
verely dysfunctional physiologic state, and it is more likely that
the mice did not continue to cycle normally after CLP. Regardless,
the results of this study suggest that the status at the time of sur-
gery will affect the outcome of that procedure. The mouse estrous
cycle is only 4 to 5 d long; therefore, it is likely that studies that
perform procedures on multiple, consecutive days end up using
mice in every stage. Even though we did not find that estrous was
synchronized within a cage of mice, we suggest that doing proce-
dures on multiple days in a week will result in less bias due to a
specific stage. However, the only definitive way to know whether
the estrous cycle is a factor in a study is to perform vaginal cytol-
ogy and subsequently stage estrous.

The question that must still be answered is what role buprenor-
phine is playing to enhance the survival during high-estrogen
stages. In our search for factors to explain these survival differ-
ences, the accompanying changes to the blood cell counts seemed
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like a potential factor. However, an increase in these parameters
has not been linked to increased survival in the CLP model.’? As
stated earlier, IL6 levels can be predictive of survival.** It has also
been shown that 17B-estradiol suppresses the IL6 gene;* however,
our data did not show significant differences in IL6 levels between
buprenorphine-treated groups in different stages of estrous.
Another possible explanation for the buprenorphine-associ-
ated effects is the previous suggestion that this drug may have
negative effects on behavior and recovery in mice that undergo
abdominal procedures.” We did not find this possibility to be
supported by behavioral analysis in C57BL/6 mice previously,
and this study in BALB/c had similar findings. We did not see
significant differences between saline- and buprenorphine-treat-
ed mice. One challenge in this particular model is that septic mice
display many of the same behaviors as do mice in pain, such as
hunched posture, scruffy coat condition, abnormal activity levels,
and loss of interest in socialization.”” However, our goal in assess-
ing abnormal behavior was to see whether buprenorphine had
an effect on long-term (days) recovery from the procedure, for ex-
ample whether mice treated with buprenorphine had differences
in time to normal coat condition, posture, and activity. We did
not find differences in long-term recovery in buprenorphine- as
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Figure 8. Plasma cell counts for female mice divided by estrous stage and analgesic treatment (12 h, n = 4 to 7 per group; 24 h, n = 8 to 12 per group).
Mice underwent CLP and were treated with either saline or buprenorphine. Whole blood was collected for automated cell counts at 12 and 24 h after
CLP. Box indicates interquartile range; horizontal line and cross represent the median and mean, respectively. Whiskers represent the smaller of either
1.5 x interquartile range or range of the data. Dots represent outliers. P values less than 0.05 are shown. The red star denotes significant difference at
the 0.05 level when compared with the proestrus + buprenorphine group.
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of either 1.5 X interquartile range or range of the data. Dots represent outliers. For significant difference below the 0.05 level, P values are presented.

280



Opioids and estrous in sepsis

Table 3. Cytokine Levels (ng/mL, mean + 1 SD) according to estrous stage and treatment in female BALB/c mice after CLP

Proestrus Estrus Metestrus Diestrus

Control Buprenorphine Control  Buprenorphine Control  Buprenorphine Control  Buprenorphine
Plasma, 12 h
IL6 12.32+17.57  14.62+21.90 7.62+£9.94  296+5.80 17.1£20.09 10.84 +16.48 598+6.25 12.88+23.64
IL10 6.37 £10.60 6.14+10.33 456+567 1.34+1.40 7.19 £8.28 49+7.71 2.51+2.03 579 £8.34
CXCL1/KC 0.23+£0.26 0.22+£0.25 0.28+0.37  0.05%0.05 0.29 £0.46 0.32£0.45 0.19£0.21 0.21£0.39
CXCL2/MIP20. 0.30£0.22 0.36 £0.25 040+£049 0.18%0.14 0.36 £0.47 0.39 £0.40 0.27+£0.16 0.23+£0.26
Plasma, 24 h
IL6 1.87£1.54 2.01+3.30 1.01£1.07 0.88+0.70 2.73+4.16 1.28 £2.03 596+10.17  2.55+3.00
IL10 1.32+0.83 052+1.172 0.75+£0.76  0.72+£1.27 1.99+2.46 0.95+0.88 3.29+4.6 1.42 £ 1.60°
CXCL1/KC 56.38 £70.53 7.52+5.63 9.29+9.76 26.18 £35.89 54.07+£89.80 12.99 £13.68 37.67£59.94 46.19 £ 66.68
CXCL2/MIP20. 1.93+£1.90 1.64£1.95 1.31£0.85 1.32+1.26 3.90+5.16 1.84+£1.94 437+4.78 3.19+5.36
Peritoneum, 12 h
IL6 6.94+5.13 11.54+6.20 8.84+789 578+5.83 8.98 +11.58 8.86 +11.63 8.58 £5.83 8.76 £10.41
IL10 1.08 +1.25 0.92+0.86 1.29+1.80 0.63+0.67 0.89 £0.82 0.76 £1.21 0.75+0.71 0.95+1.01
CXCL1/KC 0.01£0.01 0.03+£0.03 0.04+0.05 0.01+0.01 0.03 £0.03 0.03 £0.04 0.02£0.02 0.03 £0.05
CXCL2/MIP20. 0.07 £0.05 0.08 £0.06 0.06+0.05  0.07+0.03 0.11 £ 0.03° 0.04 +0.04° 0.08 £0.04 0.08 £0.07
Peritoneum, 24 h
IL6 0.82 £0.82 2.11+3.69 026 £0.22¢ 0.53+0.81 1.72+4.20 0.57 £1.25 1.45 +2.04¢ 1.25+1.80
IL10 0.45+0.34 0.33+£0.40 02940364 0.58+0.71 0.71£0.85 0.28 £0.33 0.98+0.92¢  0.61+0.58
CXCL1/KC 2.91+3.50 11.21+17.25 1.04+1.77 275+£7.52 5.88 £9.66 1.45+2.92 490 £ 6.04 7.84+£15.35
CXCL2/MIP20 0.74 +0.68 0.71+1.28 0.33+£020 0.34+£0.26 0.58 £ 0.64 0.80 +1.44 0.67 £0.75 1.12+£2.24

abedP < 0.05 for each pairwise comparison

compared with saline-treated mice. Another point to consider is
that behavioral observation could only be completed on surviv-
ing mice, such that the mice with the highest abnormal scores
dropped off when they met their endpoints and were euthanized.
That said, the survivors had similar scores no matter which group
they were in. Importantly, the score was not significantly different
between treatment groups for either male or female groups at 24
h, a time point at which all animals were alive.

Without taking estrous cycle into account, our results in
BALB/c female mice are consistent with previous studies from
our lab showing that buprenorphine did not have an overall
effect on the CLP model in female C57BL/6 or ICR mice.”"
One notable difference from our previous studies was in the
male survival curve. Our previous work in C57BL/6 male
mice showed that a buprenorphine dose of 0.05 mg/kg had
no effect on survival but that it decreased when mice were
given 0.1 mg/kg.” That higher dose had no effect on survival
in BALB/c male mice. Strain-associated variation has been re-
ported in multiple CLP studies,® with BALB/c mice reportedly
less sensitive to the model overall, according to a significantly
higher survival rate than that of C57BL/6 mice undergoing
an identical CLP procedure.® Therefore strain variations in
both sensitivity to buprenorphine and susceptibility to CLP
could be contributing to our findings here. Our choice to dose
buprenorphine every 12 h was based on the most consistent
dosing regimen found in an informal literature search, as well
as our desire to provide consistency with our previous stud-
ies. However, pharmacokinetic data shows, that by 12 h after

administration, very little buprenorphine remains in the se-
rum, and it has been suggested that dosing mice every 6 to 8
h is a more appropriate regimen. That said, other reports have
shown analgesic effect for as long as 12 h in mice.?*?¢*" This
factor could play a role in the few differences we see with bu-
prenorphine treatment, and other dosing frequencies could be
a target for future studies.

Combined with our previous data, we have shown consistently
that buprenorphine does not have an overall effect on a CLP mod-
el in female mice of 3 commonly used laboratory strains. Howev-
er, in the current study, estrous stage did seem to affect the model
that potentially was enhanced by buprenorphine. This effect can
be avoided entirely by using male mice, ovariectomized female
mice, or female mice all in one stage of estrous; however, doing
so is not always an option. When intact female mice are used,
with or without buprenorphine, the estrous cycle factor might be
controlled by doing surgeries on multiple days in a week.

Requiring analgesics for surgical procedures is becoming the
standard of care in research institutions, and buprenorphine ap-
pears to be an appropriate option for the CLP model, with minimal
changes to survival and immune parameters in most situations.
However, the combination of buprenorphine and stage of estrous
may affect outcomes in the model, and investigators should con-
sider this possible effect when designing sepsis studies.
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